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  Pref ace   

 World War II saw the onslaught of the chemical industries on a global scale. In 
fact, the chemical industry was perceived as a panacea to improve the everyday life 
and bring in new comforts and styles for the human beings. Meanwhile, over this 
decades-long period, the chemicals have resulted in all possible environmental and 
human health damages which are beyond repair even in the time to come. Most of 
the impacts, such as carcinogenicity, mutagenicity and teratogenicity are prolifer-
ating to such an extent that the countries have to spend billions as a health cost to 
repair these damages. Later on, “green chemistry,” also known as clean chemistry 
or benign and sustainable chemistry came on the chemical industry scene. Green 
chemistry refers to “the design of chemicals and formulation of processes that 
reduce the risk to humans and minimize environment pollution.” Green chemistry 
traces back several decades and can be linked to impactful environmental activists, 
such as Rachel Carson. Her 1962 publication, “Silent Spring,” helped direct the 
public’s awareness to pesticides and their ties to environmental pollution. As 
refl ected in the previous decade spanning to today, there has been a shift in the 
emergence of green chemistry trends. As eco-awareness spreads to the consumer 
market and as the hazards of certain materials and chemicals become better known, 
companies and manufacturers are working to revamp the way they use and/or pro-
duce chemicals in their products. Eventually, this trend has been also parallelly 
taken over by the interest in biochemicals, that is, to produce chemicals using 
biological processes derived from plants, microorganisms and other living organ-
isms. Biochemicals derived from biomass are generally obtained through indus-
trial fermentation processes that make effi cient use of a broad range of 
microorganisms to produce high-value fi ne chemicals, bulk chemicals, enzymes 
for use in pharmaceuticals through bio-catalysis, and a broad range of industrial 
chemicals (e.g., insect repellants, solvents, plastics, antibiotics, vitamins, and food 
additives, among others). 

 Another facet of the chemical industry has been its large-scale dependence on 
petroleum-based chemicals, and it is one of the many pressing challenges facing our 
planet. We can free ourselves from the dependency of petroleum industry-based feed-
stock though the bio-revolution. In this pursuit, opportunities to develop new and 
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innovative bio-products and bio-processes are expanding every day. According to the 
Future Bio-Pathways Report released in February 2011, there are dynamic growth 
opportunities to develop new products (e.g., cellulose-based) that can be converted 
into bio-chemicals and used in novel ways, such as making bulletproof vests, food 
additives, and greener tires. Opportunities also exist to convert older, smaller-scale 
pulp mills to produce a range of bio-chemicals to serve niche markets. The potential 
market size for bio-chemicals over the next 10 years is confounding and exceeds that 
of the traditional products industry. According to the Organization for Economic 
Co-operation and Development (OECD), the bio-economy will contribute 1–14 new 
drugs per year, and will be responsible for 10 % of chemical production by 2030 (  http://
www.biotech.ca/en/policy-matters/beyondmoose-and-mountains/bioeconomyfacts.
aspx    ). Worldwide demand for industrial enzymes is expected to reach U.S. $4.4 billion 
by 2015, with a compound annual growth rate of 6 %. 

 The biochemicals offer a range of environmental and economic advantages. The 
population at large benefi ts from biochemicals through reduced pollution. The bio-
chemicals are derived from materials abundant in nature which dramatically reduces 
the amount of pollution generated from the extraction and processing of crude oil. 
Products derived from plant/microbial matter is highly biodegradable and in most 
cases can be disposed of safely and inexpensively. The private sector also accrues 
benefi ts from biochemicals in several ways. Biochemicals provide an environmental 
compliance tool for manufacturers. Increasingly stringent regulations regarding the 
use and disposal of petroleum-based chemicals are raising the administrative cost of 
these materials for manufacturers. Earlier, the manufacturers have often substituted 
a petrochemical not on the Toxic Release Inventory (TRI) to avoid environmental 
regulations only to discover that a later version of the TRI included the substitute 
petrochemical. Substituting biochemicals can be a permanent solution to the regula-
tory problem. The economics of replacing petrochemicals with biochemicals are 
increasingly favorable. Not only can a manufacturer save money by avoiding costly 
permits and compliance penalties, there is also a dramatic reduction in hazardous 
waste disposal costs. Companies using biochemicals in their manufacturing pro-
cesses also can appeal to “green” consumers, an increasing portion of the market. 

 By 2025, biochemical is expected to make up 18 billion gallons, or $50 billion 
worth, with 9–14 billion gallons coming from the biotechnological conversion of 
biomass. Through industrial biotechnology, carbon emissions can be cut and com-
panies can work towards becoming greener and it would be good to tap into this 
potential. According to a recent life cycle assessment analysis by a research group 
at Institute for Energy and Environmental Research, Heidelberg, Germany, biomass 
as a sustainable carbon source is very important for the organic chemistry and hence 
biochemicals production. 

 During the last decade there has been a tangible shift from incremental innova-
tion in the biochemicals fi eld, where some specifi c steps in existing technologies 
were replaced to save energy or to make the overall production process more effi -
cient, towards more radical innovation with the development of new production 
processes entirely based on renewable resources. This makes production of bio-
chemicals today one of the rare technologies which might help to radically change 
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production chains in terms of sustainability along the whole product life cycle. 
Although currently the market share of biotechnology-produced bio-based chemi-
cals is relatively small, the importance could grow very quickly depending on the 
substitution potential that bio-based materials have compared with their petrochem-
ical counterparts. Some industrial biotechnology processes create the same mole-
cules that are produced petrochemically. In these instances, the substitution could 
be complete, given that they are price-competitive. Other biotechnological pro-
cesses lead to the creation of different compounds that have similar functionalities 
to petrochemical products, and in this case the biotechnology-derived molecules 
may not be suitable for a complete substitution of their petrochemical counterpart. 
They may nevertheless occupy or even create a niche within the overall market. 

 There are many publications which discuss about the production of compounds 
on large scale, such as biofuels, enzymes and organic acids from agro-industrial 
wastes. However, there is dearth of literature which discusses about the biovaloriza-
tion of agro-industrial wastes into specialty biochemicals. The agro-industrial 
wastes have enormous potential to be converted to high-cost biochemicals, such as 
pharmaceuticals compounds (antibiotics, small peptides), antioxidants, aroma com-
pounds, pigments, active food ingredients, exopolysaccharides and biosurfactants 
among others. 

 This book presents current and extensive information on biovalorization 
approach for the agro-industrial waste residues. Under each section, the chapters 
presents up to date and detailed information on agro-industrial waste residues and 
bioconversion technology to obtain biochemicals of economic importance. 
Implementation of biovalorization approach for agro-industrial wastes aims to miti-
gate pollution and other environmental problems and will promote economic ben-
efi ts, such as production of biochemicals and reduction of waste management costs. 
This book covers the gap and will contain contributions from experts in fi eld of 
processing of agro- industrial waste residues to various valuable biochemical prod-
ucts. This book will provide valuable information for academic researchers, gradu-
ate students and industry scientists working in industrial microbiology, 
biotechnology, bioprocess technology, waste management and the food industry. 

 We do hope that the book will provide a complete compilation of different bio-
chemicals obtained from bioprocessing of residual biomass converging towards a 
bio-economy.  

  Québec, QC, Canada   Satinder     Kaur     Brar   
 Québec, QC, Canada   Gurpreet     Singh     Dhillon   
 Curitiba, Paraná, Brazil   Carlos     Ricardo     Soccol                          
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   Part I 
   General Concepts        



3S.K. Brar et al. (eds.), Biotransformation of Waste Biomass into High Value Biochemicals, 
DOI 10.1007/978-1-4614-8005-1_1, © Springer Science+Business Media New York 2014

1.1            Introduction 

 The sustainable socioeconomic development owing to the continued pace of world 
economic growth heavily relies upon a secure supply of raw material inputs for 
agriculture, industry, energy, and related sectors. The development heavily depends 
on energy, its applications ranging from home appliances, transportation, and indus-
trial processes to supply commodities for our daily needs. To fulfi ll the energy needs, 
we consume nearly 500 Quadrillion Btu (QBtu) of energy, and majority of it (92 %) 
comes from nonrenewable resources, such as petroleum, coal, and nuclear and natu-
ral gas (Khanal and Lamsal  2010 ). Energy demand is expected to escalate by around 
44 % by 2030 mostly due to the increasing demand from developing countries, such 
as India and China. However, today’s heavy reliance on nonrenewable resources, 
especially fossil fuels, is increasingly constrained by economic, political, and 
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 environmental factors. The dependence on these conventional resources is also 
accompanied by a heavy reliance on chemical and thermochemical processes. 
However, due to the continuous and fast depletion of the conventional energy resources 
and the growing awareness and concern regarding the environmental effects of their 
 utilization, there has been a major challenge in the recent past to identify and develop 
alternate energy sources. In this regard, the bio-based processes are growing at a 
faster pace, although currently their role in the global economy is trivial. There are 
increasing initiatives from both public and private sector interests that support 
the supply of our energy needs and other industrial products through biological 
 processes and/or biomass resources. 

 Rapid increase in volume and types of agricultural and industrial waste biomass, 
as a result of intensive agriculture in the wake of population growth, food processing, 
and improved living standards, is becoming a burgeoning problem. The waste bio-
mass being rich in carbon and other vital nutrients is highly amenable to biological 
degradation and emits methane and leachate. Moreover, the open burning of agricul-
tural wastes, such as rice stubble by the farmers to clear the lands, generates CO 2  and 
other pollutants. Hence, improper management of agricultural and agro- industrial 
waste biomass is contributing towards climate change, water and soil contamination, 
and local air pollution which jeopardizes the health of fl ora and fauna. Furthermore, 
this waste biomass is of high value with respect to material and energy recovery. 

 In the context of bio-based economy, the current chapter discusses the different 
sources, types, and nature of waste biomass. The overview of the different management 
strategies applied for the value addition of different types of waste biomass is discussed. 
This chapter also provide insights into the role of biotransformation of waste biomass 
resources for developing bio-based economy/processes. Finally, the chapter gives a 
brief summary of directly extractable high-value biochemicals from waste biomass.  

1.2     Waste Biomass 

 Biomass is a renewable resource and refers to any material having recent biological 
origin, such as plant materials, agricultural crops, and even animal manure   . 
According to   National Renewable Energy Laboratory     (NREL), biomass can be 
defi ned as any plant-derived organic matter. Biomass available for energy on a sus-
tainable basis includes herbaceous and woody energy crops, agricultural food and 
feed crops, agricultural crop wastes and residues, wood wastes and residues, aquatic 
plants, and other waste materials including some municipal wastes. Biomass is a 
very heterogeneous and chemically complex renewable resource. Owing to its natu-
ral abundance, sustainability, and often low cost, biomass is a potential alternative 
to nonrenewable energy sources for production of chemicals. Biomass has a chemi-
cal composition comprised of C, H, O, and N, similar to fossil feedstocks which 
contain C and H. Currently, the annual worldwide production of biomass is esti-
mated to exceed 100 trillion kilograms (Xu et al.  2008 ). However, presently, only 
5 % of chemicals are derived from renewable resources (Lucia et al.  2006 ). Hence, 
there is an enormous potential for production of bio- based chemicals to compete 
with their fossil-derived counterparts. 

S. Kaur et al.
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1.2.1     Types of Waste Biomass/Potential Waste Biomass 
Resources 

 Globally, 140 billion metric tons of biomass is generated every year from agricul-
ture. The main sources of biomass waste are given below (Fig.  1.1 ).

•      Agricultural and agro-industrial wastes : Agricultural biomass generally com-
prises of leftovers after grain separation, such as residual stalks, straw, leaves, 
roots, husk, nut or seed shells, waste wood, and animal husbandry waste. Some 
common examples are coconut (fronds, husk, shell), coffee (hull, husk, ground), 
corn (cob, stover, stalks, leaves), cotton (stalks), nuts (hulls), peanuts (shells), 
rice (hull/husk, straw, stalks), sugarcane (leavings, bagasse, molasses), vegetable 
wastes, etc.  

•    Animal husbandry wastes : Manure from cattle, poultry, and hogs.  
•    Food processing wastes : Include by-products and leftovers processing, such as 

fruit pomace wastes (peels, seeds, and pulp) and wastewater sludge, brewery 
wastes (brewer’s spent grain, spent hops, wastewaters, and surplus yeast), winery 
wastes (solid by-products include marcs, pomace, and stems and may account on 
average for almost 30 % (w/w) of the grapes and liquid sludge from organic 
wastewater treatment plants), starch industry wastes, dairy industry wastes 
(whey), and meat processing wastes.  

•    Forestry residues : Wood chips, bark, sawdust, timber slash, and mill scrap.  
•    Municipal waste : Solid household wastes, wastewater sludge, waste paper, and 

yard clippings.  
•    Marine processing wastes : fi sh industry waste (scales, skin, visceral mass 

 (viscera, air bladder, gonads, and other organs), head, fi ns, and visceral mass) 
and crustacean shell and shell fi sh waste (head and body carapace).  

  Fig. 1.1    Different types of waste biomass       

Agricultural crops
& residues

Forestry crops
& residues

Marine processing
wastes

Agro/food
industrial wastes

Animal processing
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process waste

Biodiesel 
production waste

 

1 Waste Biomass: A Prospective Renewable…



6

•    Biotechnological industry wastes : Waste fungal/bacterial/yeast/microalgae 
biomass.  

•    Biodiesel industry wastes : Crude glycerol from biodiesel production.    

 This high volume of biomass can be converted to an enormous amount of energy 
and raw materials. Agricultural waste biomass converted to energy can substantially 
displace nonrenewable-based fossil fuels, reduce emissions of greenhouse gases 
(GHG), and provide renewable energy. Biomass is a renewable resource that has a 
steady and abundant supply, especially those biomass resources that are by-products 
of agricultural activity. With the increasing global concerns to combat climate 
change, countries are now looking for alternative sources of energy to minimize 
GHG emissions. Apart from being carbon neutral, the utilization of biomass for 
energy decreases reliance on the consumption of fossil fuel, hence, contributing to 
energy security and climate change mitigation while closing the carbon cycle loop. 
Currently, as the debate on food versus fuel gets intensifi ed, the biomass can pro-
vide extra income to farmers without compromising the production of main food 
and even nonfood crops. 

 Although there is an increasing trend on the utilization of biomass for energy and 
other industrial products, biomass is still largely underutilized and left to rot or 
openly burned in the fi elds, especially in developing countries. Mostly, these coun-
tries do not have strong regulatory laws to control such environmentally unfriendly 
practices or either fail to implement them. As a common practice, the burning of 
agricultural residue (e.g., open fi eld burning of rice stubble) results in air pollution 
which poses risk to human and ecological health. Biomass is a renewable resource 
that causes problems when not used. The challenge, therefore, is to convert biomass 
as a resource for energy and other productive uses.  

1.2.2     Nature of Biomass Feedstock 

 Agricultural crops can be roughly divided according to the composition of their 
(main) economic products, such as sugar, starch (grains, tubers), oilseed, protein, or 
fi ber crop and crops for specialty products (pharmaceutics, cosmetics, dyes, fra-
grance, and fl owers). Besides the main harvested product, all crop processing sys-
tems yield more or less secondary products/by-products and residues. These 
products may fi nd an application depending on demand and possibilities for eco-
nomic conversion. Biomass residues can be categorized into three main groups: (1) 
primary biomass residues, available at the farm; (2) secondary biomass residues, 
released in the agro- food industry; and (3) tertiary biomass, which is remaining 
after use of products. The characteristics that infl uence availability and suitability of 
the waste biomass as feedstocks are the nature of biomass, moisture content, the 
density, and the seasonality of supply. 

 Lignocellulosic biomass comprising forestry, agricultural, and agro-industrial 
wastes are abundant, renewable, and inexpensive energy sources. Such wastes 
include a variety of materials, such as sawdust, poplar trees, sugarcane bagasse, 
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waste paper, brewer’s spent grains, coconut coir and shell, fruit pomace and liquid 
sludge, switch grass, and straws, hull, stems, stalks, leaves, husks, shells, and peels 
from cereals like rice, wheat, corn, sorghum, and barley, among others. 
Lignocellulosic biomass is chemically composed of three main fractions: cellulose, 
hemicellulose, and lignin in varied concentrations (Table  1.1 ) with smaller amounts 
of proteins, lipids, and ash (Fig.  1.2 ). Cellulose is a polymer of glucose (a C6 sugar), 
which can be used to produce glucose monomers for fermentation to produce a 
variety of products, such as renewable fuels, platform chemicals, organic acids and 
biopolymers among others. Hemicellulose is a copolymer of different C5 and C6 
sugars including xylose, mannose, and glucose, depending on the type of biomass. 
Lignin is a branched polymer of aromatic compounds. Both the C5 sugars and the 
lignin fragments can be used as feedstock for the production of various value-added 
products including high-value biochemicals in a biorefi nery.

These polymers are closely associated with each other constituting the cellular 
complex of the vegetal biomass. Basically, cellulose forms a skeleton which is sur-
rounded by hemicellulose and lignin (Fig.  1.2 ). The pretreatment of lignocellulosic 
biomass helps to disrupt the 3D network structure of lignin, cellulose, and hemicel-
lulose, allowing high yields of fermentable sugars to be produced in subsequent 
enzymatic hydrolysis. Different pretreatments used for the separation of different 
polymers in lignocellulosic waste are given in Fig.  1.3 . The pretreatments help the 
enzymes for easy excess for the biomass hydrolysis to simple sugars.   

 Currently, biomass pretreatment is still a necessary step to establish a cheap 
sugar platform for bioethanol and other biochemicals. An ideal pretreatment tech-
nology should target the three basic requirements: simple process, cost-effective, 
and high sugar recovery. 

 Cellulose and hemicellulose are sugar-rich fractions of interest for use in fermen-
tation processes, since microorganisms may use the sugars for growth and 

   Table 1.1    The main components of different lignocellulose wastes (refs. Nigam et al.  2009 ; 
Dhillon et al.  2011b )   

 Lignocellulose waste  Cellulose (wt %)  Hemicellulose (wt %)  Lignin (wt %) 

 Sugarcane bagasse  40.0  27.0  10.0 
 Rice straw  36.2  19.0  9.9 
 Wheat straw  32.9  24.0  8.9 
 Barley straw  33.8  21.9  13.8 
 Rye straw  37.6  30.5  19.0 
 Oat straw  39.4  27.1  17.5 
 Corn cobs  33.7  31.9  6.1 
 Corn stalks  35.0  16.8  7.0 
 Cotton stalks  58.5  14.4  21.5 
 Soya stalks  34.5  24.8  19.8 
 Sunfl ower stalks  42.1  29.7  13.4 
 Apple pomace   7.2  –  23.5 
 Brewer’s spent grain  13.1–25.4  28.4–29.96  11.9–27.8 
 Citrus waste   8.8   4.4  3.7 
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  Fig. 1.2    The structure of lignocellulosic material and routes for its biotransformation to high- 
value biochemicals       
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  Fig. 1.3    Different pretreatments for the hydrolysis of lignocellulosic biomass       
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production of value-added compounds, such as ethanol, food additives, organic 
acids, enzymes, among others. Submerged and solid-state fermentation systems 
have been used to produce compounds of industrial interest from lignocellulosic 
wastes, as an alternative for valorization of these wastes and also to solve environ-
mental problems caused by their disposal. When submerged fermentation systems 
are used, a previous stage of hydrolysis for separation of the lignocellulose constitu-
ents is required. 

 Few common primary and secondary residues from agricultural crops are given 
in Table  1.2 . There is signifi cant variation in the quantities available. For instance, 
in some cases, residues amount to only about 10–20 % of the crop by weight, 
whereas in other cases, the residues might actually be greater than the original crop. 
As evident from the Table  1.2 , grain crops tend to have the highest overall residue 
ratio, amounting to as much as double the crop weight. For this reason, utilization 
of straw from grains should be a much higher priority for utilization of this largely 
untapped reservoir of biomass resources.

   Lignocellulose wastes are accumulated every year in large quantities, causing 
environmental problems. However, due to their chemical composition based on sug-
ars and other compounds of interest, they could be utilized for the production of a 
number of value-added products. Therefore, besides the environmental problems 
caused by their accumulation in the nature, the nonuse of these materials constitutes 
a loss of potentially valuable sources. .  

  The underutilized biomass resources from different possible sources, such as 
primary agricultural production, agro-industries, and municipal waste, are generally 
available in abundant quantities at negligible costs. Agriculture-based wastes, such 

    Table 1.2       Examples of biomass residues for different crops   

 Type of crop  Primary residues  Secondary residues  Residue ratio a  

 Fruits and nuts  Seeds  – 
 Fruit pulp, peelings, 

fruit pomace 
 0.2–0.4 

 Vegetables  Leaves, stems, etc.  0.2–0.5 
 Peelings, skin  0.1–0.2 

 Grains (wheat, corn, rice, 
barley, millet) 

 Straw (stover)  –  1.0–2.0 
 Chaff (hulls, husks)  Bran, cobs  0.2–0.4 

 Sugarcane  Leaves and tops  –  0.3–0.6 
 –  Bagasse  0.3–0.4 

 Molasses  – 
 Tubers, roots (potato, 

cassava, beet) 
 Foliage, tops  –  0.2–0.5 

 Peels  0.1–0.2 
 Oil seeds  Hulls  0.2–1.2 

 Press cake  0.1–0.2 
 Sunfl ower, olive  Foliage, stems  0.2–0.5 
 Cocos, palm oil  Husks, fronts  Shells  0.3–0.4 
 Soy, rape, peanut  Foliage  Seed coat, shells  0.3–0.5 

   Sources :    UNDP ( 2007 ),    Van Dam ( 2002 , Rosillo-Calle et al. ( 2007 ) 
  a Residue ratio refers to ratio of dry matter weight to crop produced  
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as straws or seed hulls, can be harvested and collected at the farm or at central pro-
cessing units. Others wastes, such as food industry wastes, are only available in 
dispersed/diluted forms and need collection systems to be installed at particular 
industries. 

 Earlier, agricultural residues were promoted mainly for energy (e.g., bioethanol 
production) use, often at low effi ciency (Fig.  1.4 ). However, it is now more widely 
recognized that there are in fact other possible routes that may provide higher-
value- added products or could serve as complementary products via coproduction 
schemes alongside energy applications.    The sugar-rich syrups produced after pre-
treatment and enzymatic hydrolysis of lignocellulosic biomass can be used for the 
production of high-value products. Currently, such integrated processes are recur-
ring theme in industrial  biotechnology development (van Dam et al.  2005 ). For 
instance, microalgae/fungal/yeast cultivations involving production of various 
products result in waste microalgae/fungal/yeast biomass as a by-product. The fun-
gal biomass is rich in chitin which can be extracted and transformed to its deacety-
lated derivative, chitosan (Dhillon et al.  2012a ; Kaur and Dhillon  2013a ). Similarly, 
microalgae biomass resulting after lipid extraction for biodiesel is also rich in car-
bohydrates, proteins and other products, such as pigments.

   Crude glycerol (CG) is a waste by-product of biodiesel production process. For 
every 100 kg of biodiesel produced by transesterifi cation of vegetable oil/animal 
fat/microalgae-derived lipids, 10 kg of CG is produced. CG is a carbon-rich source 

  Fig. 1.4    Process showing the pretreatment and enzymatic hydrolysis of lignocellulosic biomass to 
produce sugar syrups for production of bioethanol       
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and an emerging and less expensive feedstock for bioprocess technology. CG can 
be used for the production of a wide range of products, such as ethanol and biohy-
drogen. More recently, it has been evaluated for the production of high-value bio-
chemical, such as eicosapentaenoic acid, docosahexaenoic acid, glycolipid, 
 biosurfactant, 1,3-propanediol, and antibiotics, such as cephalosporin C (Pyle et al. 
 2008 ; Athalye et al.  2009 ; Liu et al.  2011 ; Shin et al.  2011 ; Ferreira et al.  2012 ).   

1.3     Bio-Based Economy/Processes 

 Recently, a great deal of research is being devoted to the area of sustainable pro-
cesses (Bruggink et al.  2003 ). The need for such processes stems from the burgeon-
ing human population and the accompanied required growth in availability of 
materials and energy (Song  2006 ). A signifi cant part of the developments is dedi-
cated to bio-based sustainable processes, which make use of renewable feedstocks, 
such as agro-industrial wastes and industrial by-products, to decrease the use of 
nonrenewable fossil resources which are depleting very quickly. Owing to the 
higher effi ciency in terms of energy and materials and the reduction of environmen-
tally unfriendly wastes, the bio-based processes are clearly advantageous. In view 
of bio-based green processes, the identifi cation and assessment of environmentally 
sound technologies that promote the use of biomass, i.e., conversion of lignocellu-
losic biomass into energy and raw materials, is highly desired. 

 The bio-based economy can be defi ned as consisting of those sectors that derive 
a majority of their market value from biological processes and/or products derived 
from natural materials, as compared to products/processes allied with nonrenewable 
resources and/or purely based on chemical processes. The industrial portion of the 
bio-economy is somewhat distinct from agricultural, forestry, and other sectors, in 
the sense that raw materials are utilized to make industrial feedstocks or products or 
to drive industrial processes. Sustainable feedstock supply is one of the key issues 
for the evolution towards the bio-based economy. Therefore, the resource base 
needs to be identifi ed from the perspective of supply and demand. The waste bio-
mass derived from crop residues of food and feed production, forestry residues, 
fermentation process wastes, food/beverage processing wastes, marine crops and 
processing wastes, municipal waste, manure and animal products, and biological 
process-derived wastes are potential candidates/resources towards the realization of 
a bio-based economy. 

 The deliberate importance of the bio-economy is linked to those areas in which 
bio-based products and processes can provide alternative for fossil- or mineral- 
based products and/or chemical processes. Since the vast majority of industrial 
products and processes are currently centered on nonrenewable resources and min-
erals, such substitution has considerable potential to make various industry sectors 
more sustainable in the long run while also reducing environmental impacts in the 
near future, especially with regard to the Kyoto protocol aiming towards reducing 
GHG emissions and land disposal requirements. The utilization of bio-based 
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renewable resources holds great potential value for industries in various sectors, 
such as energy, platform chemicals, biopolymers, and health/personal care  products. 
In  general, a bio-based economy offers many benefi ts and opportunities:

•    New areas of economic growth and development for the many regions especially 
rural areas that have abundant biomass resources.  

•   Creation of new innovative business sectors and entrepreneurial skills.  
•   Improved energy security, by reducing dependence on nonrenewable resources, 

such as fossil fuels.  
•   Enhanced economic and environmental linkages between the agricultural sector 

and a more prosperous and sustainable industrial sector.  
•   Mitigation of GHG emissions.  
•   Improved health by alleviating exposure to harmful substances through substitu-

tion of natural bio-based materials for chemical and synthetic materials.  
•   Employment creation and rural development.  
•   Avoid the competition of land used as raw material for industry with other land 

uses, especially in relation to food and animal feed (competition for other uses of 
biomass, especially food, feed, and fi ber).     

1.4     Value Addition of Waste Biomass 

 Transformation of waste biomass to various biotechnological products and bioen-
ergy is carried out through different routes. The major routes comprise biological, 
chemical, and thermal processes and are depicted in Fig.  1.5 . The conversion of 
biomass either can result in fi nal products or may provide building blocks for fur-
ther processing.

1.4.1       Biotransformation of Biomass 

 Biological transformation involves the utilization of living organisms or enzymes 
(biocatalysts)  to catalyze the conversion of biomass into specialty and commodity 
chemicals. Generally, it is considered to be the most fl exible mode for conversion of 
 biomass into various industrial products (Dale  2003 ). Compared to chemical trans-
formations, where high temperatures and pressures are involved, operating condi-
tions for biological transformations are relatively mild. Fermentation is the 
primogenital and the most fundamental and mature area of biotechnology for bio-
logical transformation. For centuries, fermentation was used for preserving and pro-
cessing food and beverages. Only in the last several decades due to current 
advancements in biotechnology, it has been used to bring to market a wide variety 
of fermentation-based products, including platform chemicals, renewable fuels, 
biopolymers, antibiotics, amino acids, organic acids, and pharmaceuticals using 
various agro-industrial feedstocks   . Some commercial bulk chemicals, such as etha-
nol, lactic acid, citric acid, acetone, and butanol, have been produced via yeast, 
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fungal and bacterial fermentation processes (Atsushi et al.  1996 ; Huang et al.  2005 ; 
Ezeji et al.  2007 ; Dhillon et al.  2011c ). 

 Recently, there has been increasing interest in the utilization of biocatalysts to 
transform renewable resources into biochemicals, owing to high yield and selectiv-
ity, and fewer by-products as compared to chemical synthesis. Table  1.3  shows the 
biotransformation of different wastes to high-value biochemicals through different 
processes. However, due to the metabolic restriction in microorganisms, only a few 
bulk products currently are produced via fermentation (Danner and Braun  1999 ). 
Therefore, development of new technologies to broaden the product range is neces-
sary. Advances in genetic engineering have been viewed as a powerful tool for 
genetic manipulation of multistep catalytic systems involved in cell metabolism 
(Zha et al.  2004 ). Recombinant DNA technology has been used to clone and manip-
ulate gene encoding enzymes in organisms. Recombinant microorganisms, with 
altered sugar metabolism, are able to ferment sugar to few specialty biochemicals, 
which cannot be produced by the corresponding wild strain (Danner and Braun 
 1999 ). For instance, catechol and adipic acid were produced from glucose using 
genetically modifi ed  Escherichia coli . Both glucose and xylose, in cellulosic bio-
mass, have been converted into ethanol by recombinant  Saccharomyces  strains 
(Anastas and Kirchhoff  2002 ). Hence, it is imperative that the recombinant strains 
can be used for the effi cient utilization of pentose and hexose sugars from the abundant 
lignocellulosic biomass. Moreover, immobilized enzyme systems and whole cells 
have been used to produce various biochemicals from biomass.

  Fig. 1.5    Conversion routes of biomass to bioenergy and other biotechnological products       
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   Currently, research efforts are ongoing to isolate, identify, characterize, and even 
tailor microorganisms and enzymes in order to better utilize renewable resources to 
produce structurally diverse and complex chemicals. Biotransformation of biomass 
to higher-value chemicals provides advantages of high yield and selectivity, as well 
as minimum waste streams. However, there are still problems with current biologi-
cal transformation technologies including both upstream and downstream pro-
cesses. The capital costs related to energy requirements, such as pretreatment, 
sterilization, production, agitation, aeration, temperature control, and fi nally recov-
ery of target products from aqueous systems with low product concentration, result 
in high-cost processes (Danner and Braun  1999 ). Further, considerable investment 
is required to make processes highly effi cient and continuous (Dodds and Gross 
 2007 ). Therefore, there are research opportunities in the development of new eco-
nomic biological transformation technologies which could effectively transform 
biomass into high-value biochemicals. 

 Biological conversion or biotransformation is a well-established process and 
comprises of fermentation and anaerobic digestion. Sugar and starchy crops provide 
the main feedstocks for the process of fermentation in which a microorganism con-
verts the sugars into bioethanol. As an economic alternative to costly sugars, ligno-
cellulosic biomass can be used as feedstock after pretreatment which helps to break 
it down into simple sugars. The pretreatment can be carried out by enzymes or acids. 
Although acid hydrolysis offers the more mature conversion platform, enzymatic 
hydrolysis appears to offer the best long-term option in terms of technical effi ciency. 
Besides its recalcitrant structure, the effi cient hydrolysis of lignocellulosic wastes 
and subsequent conversion of sugar syrups to various value-added products also 
depends upon various other factors, such as crystalline structure of cellulose, amount 
and nature of lignin present, and production of various inhibitory compounds during 
acid hydrolysis (Fig.  1.6 ). Lignocellulosic conversion would greatly increase the 
supply of raw materials available for production of various high-value products. The 
lignin residues could be used as fuel for the energy required and even providing sur-
plus energy, resulting in signifi cantly improved energy balances and resulting poten-
tial reductions in GHG emissions. The following sections discusses the potential of 
two underutilized wastes (marine processing and biotechnological process wastes) 
for the production of high-value biochemicals.

1.4.1.1       Biotransformation of Marine Processing Wastes 

 Large quantities of marine processing by-products are accumulated as aquaculture 
waste and shells of crustaceans and shellfi sh. Generally, the fi shery by-products 
fi nd applications for production of low-economic-value products, such as fi sh oil, 
fi shmeal, fertilizer, pet food, and fi sh silage (Choudhury and Gogoi  1995 ). 
Currently, studies have identifi ed a number of high-value bioactive compounds 
from fi sh wastes, such as fi sh muscle-derived peptides, collagen and gelatin, fi sh oil 
(source of omega-3 fatty acids), fi sh bone (consists of 60–70 % of inorganic sub-
stances, mainly composed of calcium phosphate and hydroxyapatite), and other 

1 Waste Biomass: A Prospective Renewable…
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visceral organs (rich in a range of proteolytic enzymes including pepsin, trypsin, 
chymotrypsin, and collagenases) (Kim et al.  2001 ; Je et al.  2005 ). Lipid-based 
compounds that can be recovered from fi sh waste include fi sh oil, omega-3 fatty 
acids, phospholipids, squalene, vitamins, and cholesterol. Recovery of oil or lipids 
from fi sh industry waste offers not only the revenue generation but makes it suit-
able for other applications, such as spreading on land as a fertilizer or feedstuffs in 
swine diets to meet the protein requirements and as a substitute for common protein 
sources (i.e., soybean meal and commercial fi shmeal) (Esteban et al.  2006 ). 

 Similarly, the other important class of by-products from marine bioprocessing 
plants includes crustacean shells and shellfi sh wastes mainly in the form of head and 
body carapace. These body parts comprise 48–56 % depending on the species. The 
effi cient utilization of shellfi sh and crustacean shell by-products also becomes an 
environmental priority due to increased quantity of accumulation from processing 
plants as well as slow natural degradation of these materials. Shellfi sh and crustacean 
shells are a potential source of high-value biochemicals, such as biopolymers (chitin, 
chitosan), pigments (a carotenoid, astaxanthin), minerals, and proteins (Kaur and 
Dhillon  2013a ,  b ) (Fig.  1.7 ). Most crustaceans, such as shrimp, lobsters, and crabs, 
are important reservoirs of natural carotenoids, such as astaxanthin and its esters 
(Sachindra et al.  2005 ).

   However, the recovery of shell waste products, such as pigments and proteins, 
through chemical methods is complicated and the biological value of chemically 
extracted compounds is low. Additionally, these methods generate large quantities 
of hazardous chemical wastes. This has led to amplifi ed interest in biotechnology 
research regarding the identifi cation and extraction of high-grade, low-volume bio-
active compounds produced from crustacean shell wastes. Recently, fermentation 

  Fig. 1.6    Schematic diagram showing different aspects of lignocellulosic hydrolysis and its value 
addition       
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has also been reported as a suitable and economic method to extract carotenoid 
 pigments from crustacean shell wastes. These bioactive compounds can be extracted 
and purifi ed with technologies varying from simple to complex. Furthermore, some 
of these bioactive compounds have been identifi ed to possess nutraceutical poten-
tials that are benefi cial in human health promotion. Therefore, development of new 
technologies in exploration of new bioactive compounds from marine processing 
wastes will alleviate costs associated with its safe disposal. The bioactive com-
pounds from marine processing wastes will add high value to marine waste and 
represent unique challenges and opportunities for the seafood industry. 

 The commercial applications of marine fi sh processing by-products are expanded 
every year. However, their applicability as bioactive compounds and their nutraceu-
tical properties are not well described. High-value profi t can be achieved by identi-
fying bioactive compounds and exploring their nutraceutical properties and 
pharmaceutical and personal care applications. Identifi cation of nutraceutical poten-
tial of natural compounds is a growing fi eld and marine processing by-products 
represent potential feedstocks for this purpose. To date, only a limited number of 
bioactivities have been identifi ed from isolated compounds and mandate future 
research developments to apply them for the human health promotion.  

  Fig. 1.7    Schematic diagram for preparation of proteins, pigments, chitin, chitosan, and their 
oligomers from marine wastes       
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1.4.1.2     Biotransformation of Fermentation/Biotechnological 
Process Wastes 

 The advancements in bioprocess technology led to commercialization of various 
biotechnological/fermentation processes for the production of various bioproducts, 
such as food and beverages, organic acids, antibodies, pharmaceutical products, and 
renewable fuels among others. These microorganism-mediated processes result in 
thousands of tons of waste biomass, such as of yeast, bacteria, fungi, and algae. 
These waste are rich in various kinds of bioactive compounds, such as biopolymers, 
proteins, lipids, and pigments, among others. 

 Chitin and chitosan occur naturally in some fungi ( Mucoraceae ). Fungal cell 
walls are composed of polysaccharides and glycoproteins. Polysaccharides, such as 
chitin and glucan, are the structural components, whereas the glycoproteins, namely, 
mannoproteins, galactoproteins, xylomannoproteins, and glucuronoproteins, form 
the interstitial components of fungal cell walls (Bowman and Free  2006 ; Dhillon 
et al.  2012a ). Commercially, chitin and chitosan are mainly derived from the marine 
processing wastes, such as shrimp, crabs, squids, and lobsters shell by chemical 
deacetylation, using a hot concentrated base solution (30–50 % w/v) at high tem-
peratures (<100 °C) for a prolonged time (Dhillon et al.  2012a ). However, the chi-
tosan obtained by such treatments suffers some inconsistencies, such as protein 
contamination, inconsistent levels of deacetylation, and high molecular weight 
(MW), which results in variable physicochemical characteristics (No et al.  2000 ). 
There are some additional problems, such as environmental issues, due to the large 
amount of waste (concentrated alkaline solution), seasonal limitation of seafood 
shell supply, and high cost (Wu et al.  2005 ). In this context, production and purifi ca-
tion of chitin and chitosan from the cell walls of waste fungal mycelium (Fig.  1.8 ) 
offers the advantage of being environmentally friendly and provides greater poten-
tial for a consistent product (Dhillon et al.  2012a ; Kaur and Dhillon  2013a ). 
Additionally,  β -glucan can also be isolated from the mycelia chitosan–glucan com-
plex and has important applications in biomedicine (Pomeroy et al.  2001 ).

   Edible mushrooms are produced and consumed on a large scale. The amount of 
waste remaining after removing the edible part mainly consists of stalks and mush-
rooms with irregular dimensions and shapes and accounts for 5–20 % of the total pro-
duction volume. In the USA alone, mushroom production results in nearly 50,000 
metric tons of mushroom waste material per year with no suitable commercial applica-
tion (Wu et al.  2005 ). The huge amount of wastes of edible mushrooms, such as 
 Agaricus bisporus ,  Lentinus edodes ,  Pleurotus  species, and  Volvariella  volvacea , 
among others, can be potentially used for the extraction of the high-value-added prod-
uct chitosan, which nowadays fi nds promising applications in various fi elds (Dhillon et 
al.  2012a ; Kaur and Dhillon  2013a ; Dhillon et al.  2013 ). 

 Aspergillus niger  strains are extensively used for the bioproduction of citric acid 
(CA) (Dhillon et al.  2011a ,  b ,  c ,  2012b ,  c ). The annual worldwide production of CA is 
estimated to be 1.7 million tons, which results in 0.34 million tons of  A. niger  myce-
lium waste per year, and furthermore, the industry continues to expand with an annual 
growth rate of 5 % (Wu et al.  2005 ; Dhillon et al.  2011c ).  A. niger  strains contain 
approximately 15 % chitin, which can be separated and transformed into chitosan 
(Dhillon et al.  2012a ). 
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  Penicillium chrysogenum  is widely used for the large-scale production of antibi-
otics. As a by-product of the antibiotic industry, a large amount of  P .  chrysogenum  
mycelia waste is managed by incineration. Only a small percentage is used as an 
additive for cattle feed and in agriculture as fertilizers. Similarly, another important 
microbial strain,  Rhizopus oryzae , is widely used in the food industry. Some yeast 
strains, such as  Saccharomyces cerevisiae , fi nd commercial applications in the 
brewery and bioethanol production. These yeasts strains are rich source of proteins 
and biopolymers. The development of bio-based economy mandates need to develop 
some integrative technology to utilize the unlimited waste mycelium resulting from 
fermentation industries which has not only a commercial advantage but also an 
ecological benefi t.   

1.4.2     Direct Extraction of Biochemicals from Biomass 

 Generally, the waste biomass contains many extractable compounds of high value 
which can be extracted directly from waste biomass. Fruit industry wastes, such as 
apple pomace (AP), are rich source of natural antioxidant compounds. Due to health 

  Fig. 1.8    Extraction of chitosan and other products from waste fungal mycelium ( SmF  submerged 
fermentation,  SSF  solid-state fermentation)       
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and environmental awareness, sustainable food production and value addition of 
agro-industrial wastes is the principal issue in the agro- and food processing 
 industry. AP is an excellent source of natural antioxidants, such as catechins, procy-
anidins, caffeic acid, phloridzin, phloretin glycosides, quercetin glycosides, chloro-
genic acid, among others. Apple pomace, including seeds, contains polyphenolics 
with the strong antioxidant activity of quercetin glycosides, phloridzin, and its oxi-
dative products (Schieber et al.  2003 ; Sanchez-Rabaneda et al.  2004 ; Guyot et al. 
 2007 ; Cetkovic et al.  2008 ). Similarly, many other fruit wastes are rich source of 
various natural oxidants and hence can be viewed as potential sources of bioactive 
phenolics. 

 Ferulic acid, a precursor for vanillin, occurs in a relatively high concentration 
in the form of xylan polysaccharide ester in corn fi ber. The ferulic acid was 
extracted from corn fi bers using novel fungal and bacterial feruloyl esterases (   Shin 
et al.  1978 ). Vanillin is commonly used in the fl avor and fragrance industries and 
it can be recovered by alkaline oxidation of lignin in the presence of a copper cata-
lyst (Azadbakht et al.  2004 ). Ecket et al. ( 2007 ) described a more benign and cost- 
effi cient method to extract vanillin from lignin using a gas-expanded liquid. 
Arabinogalactan and quercetin dihydrate were isolated from larch wood 
(Kuznetsova et al.  2008 ). Direct extraction of high-value biochemicals is a prom-
ising pathway for utilizing renewable resources, irrespective of scale. From an 
economic point of view, the extraction of high-value-added chemicals from bio-
mass can be the most profi table, though the availability and variety of chemicals 
are limited. 

 Brewer’s spent grains are the by-products of mashing process in brewery which 
is carried out in order to solubilize the malt and cereal grains to ensure adequate 
extraction of the wort (water with extracted matter). Following different separation 
strategies, the amount of BSG generated could be about 85 % of the total by- products 
(Tang et al.  2009 ). BSG is a readily available, high-volume, low-cost by- product of 
brewing and is a potentially valuable resource for industrial exploitation (Dhillon 
et al.  2012d ). According to Stojceska et al. ( 2008 ) about 3.4 million tons of BSG 
from the brewing industry is produced in the EU every year. Ferulic (4-hydroxy-
3-methoxy-cinnamic acid) and  p -coumaric acid (4-hydroxycinnamic acid) are the 
most abundant phenolic acids in BSG (Bartolomè et al.  1997 ,  2002 ,  2003 ). The 
extraction of these high-value biochemicals opens up new possibilities for the use of 
BSG. Ferulic acid exhibits a number of potential applications, such as natural anti-
oxidant, food preservative/antimicrobial agent, anti-infl ammatory agent, photopro-
tectant, and as a food fl avor precursor, while  p -coumaric exhibits chemoprotectant 
and antioxidant properties (Bartolomè et al.  2002 ; Mussatto et al.  2007 ). Similarly, 
winery waste which is composed of solid pomace is rich in antioxidant polyphenols 
which can be extracted by various mild hydrolysis methods. 

 The food processing industry produces large volumes of both solid and liquid 
wastes. These wastes pose increasing dumping and severe pollution problems and 
represent a loss of valuable biomass and nutrients. In the past they often have been 
dumped or utilized without treatment for low-value applications, such as for animal 
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feed or as fertilizers. However, due to the increasing environmental awareness as 
well as for economic motives and the need to conserve energy and new materials, 
recently new methods and policies for waste handling and treatment have been 
introduced in the recovery, bioconversion, and utilization of valuable constituents 
from these wastes. With the advancement in technology, food processing wastes 
might have a potential for recycling raw materials or for conversion into useful 
products of higher value as a by-product, or even as raw material for other indus-
tries, or for the use as food or feed/fodder after biological treatment. The biotrans-
formation of food processing residues is receiving increased attention regarding the 
fact that these residual matters represent a possible and utilizable resource for trans-
formation to high-value products.   

1.5     Conclusions and Future Prospects 

 Interest in waste biomass utilization has increased dramatically over the last few 
years as a renewable resource alternative for fossil fuels as well as an input into 
other industrial processes. The environmental impacts of waste biomass utilization 
for energy and other commodity products are quite signifi cant and are arguably 
greater in scale and scope than any other class of energy resources, viz., renewable 
or nonrenewable, due to the intensive use of land, water, and other resources. 
Developing countries have a vast agricultural resource base for alternatives for bio-
energy and industrial biotechnology. The majority of biomass is found in rural areas 
resulting from agriculture processes. Therefore, the bio-economy has the potential 
to provide much needed diversifi cation of the rural economy. The biomass has been 
viewed as an alternative to energy; while it has potential it can also be used as input 
into various biotechnological processes for production of various consumer prod-
ucts. Production of value-added by-products serves to expand a bio-based economy 
or sustainable development, offering alternatives for fossil fuel-based products and 
facilitating a lower overall cost of production. A greater reliance on bio-based 
resources and biological processes is an inevitable part of an overall sustainability 
transition, and thus the main questions for technical innovation and policy develop-
ment relate to how to positively impact the nature and pace of such changes. In 
many developing countries, biomass is currently a signifi cant source of energy and 
materials only for local and traditional uses. The biomass is generally used ineffi -
ciently with very few higher-value-added product markets. Bio-based renewable 
resources can provide raw materials for many new and growing biotechnological 
industries while also stimulating rural development, job creation, and GHG reduc-
tion. In assessing the options and strategies of a bio-based economy, economic, 
environmental, and social issues need to be addressed to ensure that sustainable 
development  objectives can be met.     
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2.1            Introduction 

 The utilization of agro-residues as substrate to generate new products of  commercial 
interest through a bioprocess is considered an important strategy for the development 
of sustainable technologies that are essential, nowadays, for many reasons: (1) the 
use of a residue of an industrial process will demand less efforts and resources to 
treat and dispose the residue through conventional techniques, and (2) value addi-
tion of these wastes besides saving money on conventional treatment will provide a 
raw material at a relatively low cost. The proposal is ideally based on integrated 
processes, where the residue of one process will not be only treated and disposed 
but used as raw material for a new process mainly through biotechnological 
 pathways. The use of agro-industrial residues as raw material for new bioprocesses 
usually deserves a study of many key points to evaluate the feasibility of the pro-
posal. Among the points to be carefully analyzed is the residue nature, involving a 
complete characterization to determine the carbon source type, the presence of the 
appropriate nutrients and/or toxic compounds, and pretreatment steps to avoid dete-
rioration of the material and/or to ensure the material accessible to chemical or 
biochemical transformation and the accessibility of the carbon source and nutrients 
to the microorganism metabolism. An appropriate pretreatment step may also be 
necessary for the detoxifi cation of the residues that contains anti-metabolites. These 
pretreatments include (1) drying or concentration, (2) grinding and size classifi cation, 
(3) improvement of the accessibility to the carbon sources through thermal or enzy-
matic treatment, (4) balancing the nutrient contents, (5) reduction of the concentration 
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of toxic compounds, and (6) transformation of recalcitrant compounds. Consideration 
about transportation, drying, grinding and sieving, thermochemical and/or enzy-
matic hydrolysis, detoxifi cation cases, analysis, and composition  considerations, 
including technical and economical aspects, will be discussed. The characterization 
of the residue and the choice of suitable pretreatment strategies are essential as these 
steps directly affect the whole process.  

2.2     Residue Characterization 

 The appropriateness of a residue to a particular application depends on its effective 
composition. Hence, the fi rst step for a suitable choice of any alternative substrate 
is its composition characterization. Some important points to be evaluated are: 

2.2.1     Physical State 

 It is practical to use the raw material in its original physical state. This will eliminate 
at least one operation to prepare the material for the new industrial processing. 
Among the alternatives available to use a residue as substrate, submerged fermenta-
tion (SmF) for liquid media and solid state fermentation (SSF) for solid media with-
out free water and a range of fermentation alternatives between both strategies are 
used. Solid substrates, for example, can be used preferably through SSF.    When it is 
not possible or viable, if the raw material is at solid state, to dissolve or hydrolyze 
the nutrients present at the solid matrix is necessary to develop a process through 
submerged fermentation. Glucose syrup, for example, to be used in SmF can be 
obtained from acid or enzymatic hydrolysis of potato starch residue or starch cas-
sava bagasse. On the other hand, a liquid residue should be used preferably in sub-
merged fermentation or while searching a solid support to be impregnated with the 
liquid medium if the target process is through SSF. Hence, to improve a process 
using a residue as raw material, the fi rst alternative is to use the residue in its origi-
nal physical state. In any case, technical and technological aspects and alternatives 
of the process must be studied.  

2.2.2     Nature of Carbon Source 

 Each plant species has a particular composition in terms of structural molecules 
that depends on the variety, cultivar, climate, and soil where it is produced and time 
of the harvest. Each industrial process suitable to extract from the plant the main 
industrial product (starch, oil, protein) produces a residue besides the main product. 
The residue composition of each process varies depending on the processing itself, 
the technology used, the raw material processed, and the kind of main product 
recovered. Depending on the plant species, the carbon composition can also vary. 
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In relation to the nature of the carbon source, biomass organic matter can be 
 classifi ed into various types: 

2.2.2.1     Phytobiomass 

 The biomass is produced through the photosynthesis using the solar energy and inor-
ganic molecules, such as carbon dioxide and water, in the presence of chlorophyll. 
The plant species synthesize its biomass and acquire its energetic resources through 
photosynthesis. With a structural matrix composed of cellulose, hemicelluloses, and 
lignin, according to Carioca and Arora ( 1984 ) depending on the nature of the addi-
tional energetic molecule synthesized, phytobiomass can be classifi ed into:

    (a)    Saccharide crops: Besides the cellulose, hemicelluloses, and lignin structure, 
this phytobiomass is characterized by the accumulation of energetic molecules 
in the form of a simple sugar. This directly fermentable sugar is the main ener-
getic source of the species. The accumulated sugar depends on the species and 
can be a monosaccharide, such as glucose, fructose, and galactose; a disaccha-
ride, such as sucrose; a polysaccharide, such as pectin, inulin, xylans, and 
galactoxylans; or a mixture of them in different proportions but at least one of 
them. Examples of saccharide species biomass are sugarcane juice, grape juice 
and grape skin, citric juice and citric pulp, apple juice and pomace, and sweet 
sorghum juice, among others. This kind of phytobiomass has a great impor-
tance due to a considerable part of the biomass being composed of directly 
fermentable or easily hydrolyzed sugar.   

   (b)    Starchy crops: This phytobiomass species is characterized by an accumulation 
of energetic molecules in the amylaceous form at a certain part of the plant usu-
ally the root, but not only there. Crude starch is the main energetic source of the 
vegetal specie, such as cassava, potato, and corn, among others, and its process-
ing residues, cassava bagasse and corn steep liquor, for example. This poly-
meric molecule (starch) can be hydrolyzed in acid or enzymatic medium to 
release mainly glucose from the starchy grain, producing a broth with large 
sugar concentration. Another strategy to use this phytobiomass or the residue of 
its industrial processing is to select an amylase-producing microorganism that 
will hydrolyze the starch during its growth and metabolism. Normally, this 
plant species is a substrate to produce and recover amylases. Among the micro-
organisms, amylase producers are fi lamentous fungi, such as  Aspergillus , 
 Pleurotus ,  Rhizopus , some yeasts, and bacteria.   

   (c)    Oilseed biomass: Soya, sunfl ower, palm, and olive are examples of this phyto-
biomass species characterized by an accumulation of an oil energetic molecule, 
usually in its seed, grain, or pulp. The plant species is industrially processed in 
order to obtain the oil, for commercial aims, and the processing residue can be 
reprocessed to recover other molecules, such as protein, sugar, bioactive prod-
ucts, and others. For fermentative processes, specifi cally, these residues are of 
special interest due to the presence of large amounts of carbohydrates, nitrogen, 
and minerals besides residual oil.   
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   (d)    Lignocellulosic biomass: The most important phytobiomass available all over 
the world. It has a complex composition formed by cellulose fi bers, hemicellu-
loses, protected by a lignin matrix in a very typical structure responsible for its 
mechanical, chemical, and biological resistance. Depending on the species, a 
specifi c extract and ashes complete its composition. These species include hard-
wood; wood from trees, such as broadleaves (oak, eucalyptus); and softwood, 
such as wood from coniferous ( Pinus ). It also includes agricultural residues and 
industrial residues, such as husks, bagasse, grass, straw, leaves, branches, shav-
ings, and all kinds of trimmings and prunings. The amount, diversity, and pres-
ence all over the world of this source demonstrate its importance. Nowadays, the 
industrial exploration of this species is spotted mainly to produce cellulose pulp 
from the paper industry through some known thermochemical processes. 
Hemicellulose residues and lignin form the black liquor, residue of the process. 
Many processing alternatives are being studied to effi ciently recover these frac-
tions, mainly the sugars from the hemicellulosic fraction, due to its potentiality 
to be used as substrate for fermentative processes, producing a large number of 
biomolecules. Alternatives including mild thermochemical processes in acid 
medium are being studied to fi rstly hydrolyze the hemicelluloses followed by 
alkaline wash to remove the lignin and lastly recover and hydrolyze the cellu-
lose. Nowadays, the search of processes to generate biofuels to substitute fossil 
fuels has urged the research groups around the world to improve technical and 
economic knowledge for a viable second- generation biofuel production.    

  Hemicelluloses are amorphous polysaccharides non-starchy and noncellulosic 
constituents, depending on the species, comprising hexoses (glucose, mannose, 
galactose), pentoses (xylose, arabinose), uronic acids (glucuronic,    methylgluc-
uronic, galacturonic), and deoxyhexoses    (rhamnose, fucose). The hemicellulosic 
hydrolysate contains the simple sugar that constitutes the hemicelluloses of the 
plant species. This syrup can be potentially fermented by a selected microorganism 
to produce many biomolecules of industrial importance, including ethanol. 

 Cellulose is a crystalline homopolymer, constituted by glucose units linked by 
β-(1–4) linkage, generating a linear and fl at structure, allowing the packing and 
superposition of the cellulose molecules, producing a compact and stable structure, 
which characterize the cellulose fi ber. Acidic or enzymatic hydrolysis will furnish 
directly and easily fermentable glucose syrup. 

 Lignins are complex polymers, specifi c for each plant species; it is a three- 
dimensional network constituted by units derivated from phenyl propane with dif-
ferent degrees of methoxylation and acetylation linked by carbon–carbon or ether 
linkage. Lignin is linked to the hemicellulose structure through molecular bond. 
The physicochemical nature of the lignin and diversity of components are respon-
sible for its recalcitrant characteristics.  

2.2.2.2     Microbial Biomass 

 A complex carbon source due to its particular composition has been used as nitro-
gen source for many large-scale processes. For economic reasons, nitrogen source 
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compounds should be chosen among the low-price materials, for example, 
 ammonium salts, urea, and nitrate salts, but depending on the microorganism, an 
organic nitrogen source must be tested. In these cases, some organic residues rich in 
nitrogen can be tested to compose the fermentative medium.    Yeast extract is a nitro-
gen source and substrate for many microorganisms, containing many amino acids 
(alanine, arginine, cystine, glutamic acid, glycine, histidine, leucine, isoleucine, 
valine, serine, threonine, proline) and peptides, vitamins (thiamine, ribofl avin, nia-
cinamide, pantothenic acid), and carbohydrates (glycogen and trehalose) that can be 
hydrolyzed to glucose. Yeast extract can be produced through autolysis at 45–55 °C 
or plasmolysis by using high concentrations of a soluble salt, mainly NaCl. Both 
differ in quality depending on the process used, but in general, the fi rst one pos-
sesses high preservative properties.  

2.2.2.3     Animal Biomass 

 Other protein hydrolysates, peptones from meat, casein, gelatin, and keratin can 
also be used as organic nitrogen source to supply complex nitrogen components. 
They largely vary in composition depending on the origin; thus, the amino acid and 
oligopeptide composition must be carefully analyzed, and it is a good option when 
a specifi c substance is necessary to make up the fermentation medium. To supply 
proline, peptone from gelatin can be used, but it lacks sulfur-containing amino 
acids. Keratin peptone can supply proline and cystine, but has no lysine. Even being 
an option to specifi c amino acid supplementation, the utilization of peptones usually 
is limited by the price, due to its relatively high production cost, mainly for indus-
trial fermentation, involving high substrate volumes.   

2.2.3     Nutrient Sources 

 Media used as substrate in fermentative process must contain all components in a 
proper form and concentration to address the microorganism physiology. When 
properly balanced, it gives all conditions for the cell growth, energetic metabolism, 
and metabolic products production. At lab scale, pure substances can be used for a 
medium composition, but at industrial scale, less expensive yet balanced materials 
must be tested. Normally complex and undefi ned substances, but properly charac-
terized, can be used.  

2.2.4     Toxic Compounds 

 The presence of toxic compounds in the residue composition may demand some 
kind of special treatment in order to remove or previously degrade these toxic 
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compounds such as solvent extraction, lixiviation, sparging for volatile toxic 
 compound release, and chemical or enzymatic degradation to generate two or more 
nontoxic substances or at least less toxic chemical products. If these strategies were 
not technical/economic possible, the selection of a resistant strain must be tried to 
run the fermentative process.   

2.3     Transport and Storage Considerations 

 To use any agro-industrial residue, the place where it is generated, the place where 
it will be used, and its stability may be a concern, since agro-industrial residues, 
besides their organic nature, may have a high microbial load and usually are easily 
degraded. Transportation costs can be prohibitive to the whole process, due to dis-
tance and/or temperature control needs. In general, it is recommended to place the 
unit where the residue will be used near by the factory where it is generated, to be 
reused within a short period of time. If not possible, the logistic of the process must 
be studied in order to preserve the residue characteristics and consider all transpor-
tations costs. 

 Marrison and Larson ( 1995 ) developed the standard expression for transport 
costs as given in ( 2.1 ):

   Cost in ton fixed costs UTC distance( $ / ) ( )= + ×    ( 2.1 )    

where UTC is the unitary transport cost, in $ per ton × km, and distance is in km. 
Most transportation of residual biomass is done by trucks, for which fi xed costs may 
vary from 3.7 to 5.7 U$/t and variable costs may range from 0.085 to 0.146 U$/t.km 
for straw and stover or for wood chips, respectively, in Canada, data corrected for 
2012 dollars (Searcy et al.  2007 ). Rail and barrage transportation have fi xed costs of 
17.1 and 34.1 and variable costs of 0.03 and 0.01, respectively (Montross and 
Crofcheck  2010 ). In Brazil, the fi xed costs are around 7.5 U$/t and variable costs 
are around 0.06 U$/t.km for transportation by trucks. 

 Storage is usually cheap, but it should be as short as possible, because of the risk 
of degradation and infestation, and care must be taken about fi re and for exposed 
heaps of wetting by rain.  

2.4     Pretreatment Strategies 

2.4.1     Drying and Concentration 

 Drying is the process of removal of a volatile substance, usually but not exclusively 
water, from a solid material through the evaporation. Humidity is the amount of 
water present in a material, and during the material drying, the humidity is reduced 
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to a fi nal acceptable or an equilibrium value. In most cases, drying is a fi nishing 
product operation, but for agro-industrial residues, it is necessary to reduce the 
water activity, in order to prevent deterioration reactions, microbial growth, chemi-
cal redox reaction, and the enzymatic reactions (   Pessoa and Kilikian  2005 ). 

 According to Coulson and Richardson ( 1991 ), drying process is essential for (1) 
reduction of volume and weight of the material, (2) improvement of storage and 
handling characteristics of the product, and (3) reduction of transportation, packing, 
and storage costs. 

 The liquid content of a residue may be reduced by mechanical processes, such as 
centrifugation or pressing, but the fi nal solid still contains high humidity and water 
activity ( a  w ). Drying must be more effective and reduce the humidity to suitable 
values. Hence, thermal methods are more adequate and will be discussed in this 
chapter. 

2.4.1.1     Drying Process 

 During the drying process, the liquid aggregated on the material is removed by 
evaporation, passing from the liquid to the gaseous phase. The evaporation happens 
at a temperature below the liquid boiling temperature at the internal system pres-
sure. Thus, drying is a complex process that involves simultaneously heat and mass 
transfer, resulting in signifi cant changes in the physical, chemical, and structural 
properties. Water loss can cause cellular structural stress, microstructure alteration, 
increasing porosity, and material shrinkage (Laopoolkit and Suwannaporn  2011 ). 

 When the material is put in contact with hot air, heat is transferred from the air 
to the material under the effect of temperature gradient between them. Simultaneously, 
the partial pressure difference of water vapor between the air and the material sur-
face determines the mass transfer of water vapor from the material to the air (Perry 
et al.  1997 ). 

 According to Mc Cabe et al ( 1993 ) and Coulson and Richardson ( 1991 ), the mate-
rial can be in different forms such as fl akes, granules, crystals, powder, plates, or 
leaves showing different properties. Also, the liquid to be removed can be at the solid 
surface or at its interior, or partially outside and inside, in two basic forms: (1) free 
moisture, the water in excess relative to the equilibrium humidity content, and 
(2) bound moisture, the water retained in such way that it has a vapor pressure below 
the free water at the same temperature. It can be inside small capillaries, adsorbed 
on the surface, or inside the material cells. Aspects of the raw material, characteris-
tics, and quality of the fi nal product must be considered during the drying process.  

2.4.1.2     Drying Rate 

 The drying rate or the variation of the humidity of each material along time is an 
important parameter for the process. The humidity variation depends on the differ-
ences of the moisture inside each material (free/bounded). The curve obtained during 
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monitoring of the variation of the moisture content with time allows the determination 
of the drying velocity for moisture content, and the curve shape varies with the struc-
ture, kind and granulometry of the material, thickness of the material layer, and kind 
of dryer (Coulson and Richardson  1991 ). 

 The main factors to be evaluated to correctly choose the drying method/equip-
ment are directly related to the mass and heat transfer mechanism, to the physical 
material characteristics, and to the desirable fi nal quality of the product. 

 Figure  2.1  shows a typical drying curve. AB segment represents the unsteady- 
state period. BC segment is the constant-rate drying part, where the entire exposed 
material surface is saturated with water and drying proceeds from a free liquid sur-
face without the infl uence of the solid. CD segment is the period with a decreasing 
drying rate, where there is a lack of free liquid at the material surface as the liquid 
movement to the surface is slower than the movement of mass from the surface to 
the drying air. At point D and at lower moisture values, there is no signifi cant 
amount of liquid at the material surface. The wet part of the surface dries by convec-
tive transfer of heat and mass to the drying gas stream, and vapor from inside of the 
material diffuses to the dry places of the surface and then into the gas stream. This 
mechanism is slower than the convective transfer from the saturated surface. All 
evaporation occurs from the interior of the solid, and the material moisture contents 
continue to fall until the equilibrium moisture content (EMC) is reached (X E ) and 
the drying process stops.

   Figure  2.2  shows simulated drying curves for a 1,000 kg of  Miscanthus  grass. 
The initial biomass humidity is 30 %, reasonable for grasses and straw partially air- 
dried in the fi eld. The drying temperature and the initial air moisture determine the 
drying rate and the equilibrium moisture content.

  Fig. 2.1    Typical drying curve for constant drying conditions, moisture content as a function of 
time (Adapted from Foust et al.  1960 )       
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   Materials with free water, such as fruit residues, may have an initial lower drying 
rate than a constant drying rate period and fi nally an exponential decay of the drying 
rate as shown in Fig.  2.1 ; materials without free water (as is the case) show only the 
falling rate period. 

 The EMC of a material depends on the ambient temperature and relative humid-
ity, being inversely proportional to the temperature and directly proportional to the 
relative humidity (RH). To know the behavior of a certain material is useful to 
determine the suitable humidity for storage, considering the usual weather. 

 Figure  2.3  shows EMC isotherms for selected biomasses. While  Jatropha  seeds, 
for example, show relatively stable moisture content for a wide range of RHs, the 
EMC of a grass such as  Miscanthus  grows from 10 to 20 % with RH going from 40 
to 80 %. The RH in the isotherm may be used to predict the  a  w  of the solid, which 
should be below 0.8 to prevent the growth of most fungi.

2.4.1.3        Equipment 

 The classifi cation of the drying equipment depends on the heat transfer method and 
the properties and characteristics of the material to be dried. In general, drying 
equipment can be divided into two groups: (1) direct dryers where the material is 
put in direct contact with the drying gas heat and (2) indirect dryers where the heat 
is supplied through other way, such as radiation, conduction, high-frequency elec-
tric fi eld, and microwave (Mc Cabe et al.  1993 ; Perry et al.  1997 ). Both types can be 
used for residue drying. 

  Fig. 2.2    Simulated drying curves for  Miscanthus  at several temperatures. Inlet air is at 20 °C and 
50 % relative humidity. Data based on the equilibrium curve of Fig.  2.3  and literature thermody-
namic data for water       
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 There is a large variety of equipment and drying processes. The fi rst criterion to be 
analyzed is the volume and characteristic of the material to be dried. Later, the heating 
method, material feeding mode, and cost must be evaluated (Al-Kassir et al.  2005 ). 

 For industrial scale, tray dryers, conveyors and tunnel dryers, rotatory dryers, 
and fl uidized and fi xed bed dryers can be used. According to Perry et al. ( 1997 ), the 
main dryers are: 

  Conveyors and tunnel dryers : The material is transported through a drying tunnel, 
where hot air circulates, transversal, countercurrent, or parallel to the material. The 
advantage of this equipment is the operational fl exibility, and it can be used to dry 
materials of various sizes and forms, as the hot air velocity can be adjusted and the 
residence time does not depend on the particle characteristics, although it will deter-
mine the material fi nal humidity. 

  Rotatory dryers : Consists of a big slightly inclined cylinder, rotating around an axis, 
with internal paddles that enhance the thermal exchange between the hot air and the 
material. Beyond the cylinder movement and the gravity action, the material is con-
stantly rebutted favoring the drying and driven to the dryer discharge while the vola-
tile mass is transported by the gas fl ow. Normally, dryers operate in countercurrent, 
where the hot air enters opposite to the material discharge, enhancing the process 
thermal yield. In this case, parameters such as density, form, particle size, and the 
equipment inclination signifi catively infl uence the biomass velocity along the dryer 
and the retention time. 

  Tray dryers : It consists of a thermal isolated camera, with heating systems and 
forced ventilation through trays placed in shelves. The air movement allows heat 

  Fig. 2.3    Equilibrium 
moisture curves for 5 
biomasses. Regression 
models using the Oswin 
modifi ed equation and data 
from Arabhosseini et al. 
( 2010 ), Kallemullah and 
Kailappan ( 2004 ), Kartikaa 
et al. ( 2012 ), Fioretin et al. 
( 2010 ), Achargee et al. 
( 2011 )       
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conservation and improves drying effi ciency. It is the simplest equipment, used 
mainly for discontinuous operation and in low scale.   

2.4.2     Grinding and Size Classifi cation 

 When searching a substrate for a fermentative process from a solid material or resi-
due, the medium size of the particles must be defi ned, taking in view some particu-
larities of the process; mainly about size, the substrate particles should be neither 
big nor small. Smaller particles provide bigger surface areas and consequently big-
ger transformation grade as far as its enhanced surface contact favors microbial 
growth but on the other hand can result in clumping and clogging of the fermenta-
tion medium, negatively affecting respiration/aeration, microbial growth, and pro-
cess yield. Solid medium must have a proper granulometry to avoid medium 
compaction, preserving empty space among particles to allow air circulation through 
the mass, an effi cient oxygen supply necessary, and an effi cient dissipation of gas 
and heat produced during the microorganism activity, harmful to the process (Del 
Bianchi et al.  2001 ; Souza et al.  2007 ; Santos et al.  2005 ; Ruiz et al.  2012 ). 

 Particle material size and porosity will directly affect the superfi cial surface and 
the microorganism accessibility to the substrate, the enzyme activity, and the micro-
organism metabolism which are surface phenomena (Santos et al.  2005 ). In general, 
it is considered that the size reduction of a substrate is better for the fermentation 
process. However, there is a limit to decrease the particle size. 

 The ideal particle size is arbitrary and varies according to the substrate, microor-
ganism, and process used. The particle uniformity in terms of size will provide a 
uniform process even for chemical and biochemical reaction (Izumi et al.  2010 ; 
Hendriks and Zeeman  2009 ). 

 Pandey et al. ( 2001 ) studied wheat bran and corn fl our particles at the proportion 
of 9:1 with diameters between 425 and 500 µm and 500 and 600 µm, respectively, 
which reached the highest amyloglucosidase production, although they showed that 
diameter between 180 µm and 1.4 mm had presented similar yields. 

 Kumar et al. ( 2003 ) studied four different sugarcane bagasse granulometry varying 
between 0.64 and 2.0 mm for citric acid production. The best results were obtained 
with particle size between 1.2 and 1.6 mm. This particle size provided solid medium 
with high porosity, resulting in better heat and mass transfer. On the other hand, bigger 
particles (1.6–2.0 mm) provided smaller surface area to the microorganisms and pre-
sented lower citric acid production. For the test using smaller particles (0.64–1.2 mm), 
the production was affected by the low heat and mass transfer. 

 Studies of neomycin production using the  Streptomyces marinensis  mutant strain 
by Bapiraju et al. ( 2004 ), with three particles sizes of wheat fl our (small, intermedi-
ate, and big), found that the best yield was obtained with the larger granulometry. 

 Yuan et al. ( 2011 ) investigated the infl uence of the wheat stem particle size (1–5 
and 10 mm) to produce hydrogen, acetate, and butyrate using a microfl ora from a 
biogas plant; they obtained the best results with the smaller particle size. 
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2.4.2.1     Grinding Process 

 During grinding or particle size reduction, the average size of the solid particles is 
reduced by the application of an impact force, compression, or abrasion. Advantages 
of the particle size reduction are (1) increase of the ratio surface/volume of the 
material and (2) uniformity of the material particle size, helping the homogeneity of 
the substrate (Mc Cabe et al.  1993 ;    Gauto and Rosa  2011 ). 

 The different methods for particle size reduction are classifi ed according to the 
range of the particle size produced; crushers are used for the production of bigger 
and medium particles or mills that produce smaller particles and fi ne dust (Gauto 
and Rosa  2011 ; Coulson and Richardson  1991 ).  

2.4.2.2     Equipment Used for Fragmentation 

 There is a large variety of equipment for solid size reduction that must be evaluated 
according to the fi nality, initial investment, and the operational cost. The proper 
equipment choice must take into account the nature, amount, and dimensions of the 
material to be treated. The main properties to be evaluated are hardness, structure, 
humidity, crushing strength, tendency to slip or impaste, dust production, and explo-
sion risks (Coulson and Richardson  1991 ). 

 Large and medium particle sizes are produced using crushers or shredders, such 
as mandibles, swivels, hammer, rolls, discs, and conicals. They have little applica-
tion to fragment industrial residues to biotechnological use, where smaller particle 
dimensions are necessary. In this case, mills are the best choice, which produce 
medium to fi ne particle size. The main types of mills are: 

  Disc mill : They are generally used to reach a fi ne granulation. They are constructed 
with two steel discs placed on horizontal axis, one or both movable. One of them is 
mounted on to an eccentric support, allowing that the two milling faces of the disc 
are continuously approaching and moving away. The material is fed at the center of 
the discs and discharged by centrifugal force. Fine material granulometry is obtained 
(Perry et al.  1997 ). 

  Roll mills : They are used for cereal milling; it provides a product with uniform tex-
ture. There are basically two or more heavy cylinders with the same diameter that 
spin in opposite directions with equal or different velocities. Fed particles are sub-
mitted to compression and cutting forces. The distance between the rolls is regu-
lated and must be adjusted to the raw material conditions and desired granulometry 
(Coulson and Richardson  1991 ). 

  Knives and hammer mills : They are used to produce a material thinner than the rolls 
mill. This equipment is appropriate for cereal milling destined to extract any cereal 
component and/or to produce a fi ne powder. It is a mill of impact, constructed with 
a rotor that spins at high velocity inside a cylindrical camera. At the edge of the 
rotor is fi xed a series of hammers or knives. The material is broken or cut under the 
impact of the hammers or knives and pulverized by the blades of the mill while 
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forced to pass through a screen placed at the opening between the hammer or knives 
and the camera. They are used for milling fi brous or brittle materials (Coulson and 
Richardson  1991 ). 

  Ball mills : It is basically a cylinder that spins supported on a horizontal or slightly 
inclined axis, with the internal space charged with balls of steel or porcelain.    The 
size reduction takes place by the impact and friction of the material with the balls 
when the mill spins, producing a very homogeneous material even in liquid medium. 
They are recommended to obtain a very uniform liquid suspension mainly for the 
ceramic industry. The fi nal size of the particles depends on the material properties, 
weight and diameter of the balls, spin cylinder velocity, time of the processing, and 
level of the material inside the cylinder (Coulson and Richardson  1991 ).  

2.4.2.3    Granulometric Separation 

 Grinded material classifi cation in different granulometries is required for better 
material homogenization and to assure a uniform process.    Figure  2.4  shows the 
simplest and most common method in the granulometric separation that consists of 
passing the material through a series of sieves with meshes progressively smaller 
during vibration. Fractions are separated according to the meshes of the screens. 
The average particle size of each fraction and the amount of material of each frac-
tion are determined. Later, it is possible to build a granulometric distribution curve 

  Fig. 2.4    Sieving       
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of each milling process (   Gomide  1983 ). In lab scale, a set of sieves with screens 
progressively smaller can separate effi ciently the size fractions of a milled material. 
However, at industrial scale, a continuous sieving process must be used.

   For large-scale processes the available equipment are:

 –     Slug sieve : They are constituted of a long horizontal cylinder perforated (screen) 
with slight inclination, spinning at a low velocity. The screen opening along the 
cylinder increases progressively in the exit direction and allows the separation of 
the various material size fractions.  

 –    Shaking sieves : In this case, the particle movement in the sieving surface allows 
the size separation. Normally, these sieves are horizontal but sometimes inclined 
to provoke the material displacement.  

 –    Vibrating sieves : They are equipment of high capacity and effi ciency, mainly for 
obtaining fi ne particles. They differ from the shaking sieves at the frequency and 
vibration amplitude and are bigger than the vibrating ones.      

2.4.3     Thermochemical Hydrolysis 

 Many natural substrates, such as lignocellulosic biomass, have a complex micro-
structure that makes the material hard to digest. One approach to enhance further 
processing and/or to recover each constituent of the material as a partial hydrolysis 
or fi ber expansion can be tried. Some thermochemical methods have been proposed 
for pretreating and hydrolyzing agro-industrial lignocellulosic wastes, such as dilute 
acid hydrolysis (Hernández-Salas et al.  2009 ; Balat et al.  2008 ; Zhang et al.  2007 ), 
steam explosion (Hernández-Salas et al.  2009 ; Hendriks and Zeeman  2009 ; Balat 
et al.  2008 ; Ramos et al.  1992 ; Ramos et al.  2000 ; Glasser and Wright  1997 ), alkali 
washing (Hernández-Salas et al.  2009 ; Hendriks and Zeeman  2009 ; Balat et al. 
 2008 ), and ammonia fi ber expansion (Hendriks and Zeeman  2009 ; Balat et al. 
 2008 ), among others. 

2.4.3.1    Acid Hydrolysis 

 Dilute acid hydrolysis can be an effective pretreatment to recover the sugars from 
the hemicellulosic part of the material, to improve further lignin separation, and to 
produce partially pure cellulose. Sulfuric acid can be used for pretreatment and 
hydrolysis (Lavarack and Griffi n  2002 ), but other reagents, such as hydrochloric, 
nitric, and other acids, can also be used (Gámez et al.  2006 ; Rodríguez-Chong et al. 
 2004 ). Chen et al. ( 2012 ) found that the pretreatment using dilute sulfuric acid has 
been considered as one of the most cost-effective methods. The biomass into dilute 
acid solution is submitted to controlled and moderate temperature by means of con-
ventional heating that hydrolyzes the sugars from the hemicelluloses and causes the 
softening of the lignin, facilitating its alkaline removal from the residual material, 
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generating relatively pure cellulose. Microwave-assisted heating can also be used to 
pretreat biomass. The microwave electromagnetic fi eld may create nonthermal 
effects which accelerate the destruction of crystal structures. Binod et al. ( 2012 ) 
developed a process using biomass microwave treatment in alkali solution (1 % 
NaOH) followed by acid pretreatment (1 % H 2 SO 4 ) and enzymatic hydrolysis, 
achieving an overall reduction of sugar yield of 0.83 g/g dry sugarcane bagasse. 

 Hot acid pretreatment has been used to hydrolyze the simple sugars derived from 
the biomass of polysaccharides, mostly hemicelluloses. The resulting sugars can 
degrade to furfural (from pentoses) and to 5-hydroxy-methyl-furfural or HMF (from 
hexoses). These compounds are inhibitory for microorganisms, and their production 
means loss of fermentable sugars. Organic acids, such as maleic and fumaric, have 
been suggested as alternatives to avoid HMF formation (   Kootstra et al.  2009 ), but 
mild thermal conditions can prevent formation of furfural and HMF.  

2.4.3.2    Steam Explosion 

 Steam explosion is a promising method for the pretreatment of lignocellulosic bio-
mass (Soccol et al.  2011 ) and can be performed in the presence or absence of an acid 
or alkali catalyst. The grinded biomass is treated with high-pressure saturated steam, 
at temperatures varying from 160 to 260 °C, and then the pressurized reactor is 
quickly decompressed, releasing the material to the normal pressure, undergoing an 
explosion. The process causes the disrupting of the material’s structure, degradation 
of hemicellulose, and lignin partial disruption due to the high temperature, thus 
facilitating the subsequent obtention of cellulose for further hydrolysis (Öhgren 
et al.  2007 ). 

 Rocha et al. ( 2012 ) used steam explosion process to treat sugarcane bagasse 
(50 % of moisture) at a pressure of almost 1.3 MPa (190 °C) during 15 min, depres-
surizing suddenly the reactor after this time. The treatment recovered an average of 
82.7 ± 4.3 % of the hemicelluloses, and cellulose was hydrolyzed at the ratio of 
11.8 ± 3.7 %, probably from the polymer amorphous region. Lignin was solubilized 
at the proportion of 7.9 ± 9.1 %. Furfural and HMF production is more pronounced 
at the steam explosion process due to the hard thermal conditions used.  

2.4.3.3    Alkaline Pretreatment 

 The biomass alkaline pretreatment has being studied a lot because it can remove and 
modify the lignin from the biomass crystalline structure, improving hydrolysis of the 
remaining polysaccharides and removing acetyl groups and various uronic acid sub-
stitutions on hemicellulose.    Depending on the temperature and alkali concentration, 
most of the hemicellulose sugars are degraded; thus, treatment conditions must be 
carefully studied. Alkaline pretreatment probably causes saponifi cation and hydroly-
sis of intermolecular ester bonds cross-linking of xylan hemicelluloses and lignin or 
lignin and other hemicelluloses. Dilute NaOH treatment of lignocellulosic material 
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causes rupture of structural linkages between lignin and  carbohydrates of hemicellu-
loses and disruption of the lignin structure, leading to a decrease in the lignin polym-
erization degree, a decrease in cellulose crystallinity, and a separation of the 
hemicellulose sugars (Soccol et al.  2011 ; Fan et al.  1987 ). 

 Rocha et al. ( 2012 ) reported a process where sugarcane bagasse was submitted 
to the steam explosion and then reacted with a NaOH solution 1.0 % (w/v), for 1 h 
at 100 °C, using a solid–liquid ratio of 1:10 (w/v). They got 92.7 ± 3.9 % of lignin 
removal from the biomass, hydrolyzed 31.1 ± 3.5 % of the cellulose, and achieved 
94.7 ± 0.9 % of the hemicellulose hydrolysis.  

2.4.3.4    Ammonia Fiber Expansion 

 During ammonia fi ber expansion (AFEX) process, biomass is treated with liquid 
ammonia under pressure (100–400 psi) and temperature (70–200 °C) before rapidly 
releasing to the atmospheric pressure (Bals et al.  2010 ). This process causes the 
decrease in the crystalline cellulose, increasing the rate of enzymatic hydrolysis; 
hydrolyzes hemicellulose; solubilizes and depolymerizes lignin; and increases the 
size and number of micropores in the plant cell wall (Mosier et al.  2005 ). 

 Krishnan et al. ( 2010 ) working with sugarcane bagasse and cane leaf residues 
reported that AFEX pretreatment improved the accessibility of cellulose and hemi-
celluloses to the enzymatic hydrolysis by breaking ester linkages and other lignin–
carbohydrate complex bonds. The enzymatic hydrolysis effi ciency of the AFEX 
pretreated bagasse and cane leaf residue by cellulases was approximately 85 %, and 
the use of hemicellulases during enzymatic hydrolysis promoted the xylan hydroly-
sis to 95–98 %.  

2.4.3.5    Organosolv 

 Organosolv is the biomass pretreatment with an aqueous solution of an organic 
solvent with or without an acid or alkali catalyst. The process effi ciently solubilizes 
lignin from lignocellulosic materials promoting the partial hydrolysis of lignin 
bonds and solubilization of the most of the hemicelluloses sugars, resulting in a 
liquid phase containing the lignin and hemicellulosic sugars and a solid phase com-
posed by a cellulose-enriched pulp. The addition of a catalyst can enhance the lignin 
removal effi ciency (Mesa et al.  2011 ; Sun and Cheng  2002 ). The possibility of lig-
nin and polyoses recovering from the liquid phase by distillation with the simultane-
ous recycling of solvents is an important advantage of this technique when compared 
with other aqueous-based processes (Novo et al.  2011 ). 

 Novo et al. ( 2011 ) developed a process using glycerol–water mixtures and 
obtained a pulp with a residual lignin amount lower than 8 %, extent of delignifi ca-
tion close to 80 %, and residual cellulose content higher than 80 %. 

 Mesa et al. ( 2011 ) processed sugarcane bagasse with the combination of a dilute 
acid pretreatment followed by the organosolv pretreatment with ethanol and NaOH 
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under optimized conditions (60 min, 195 °C, 30 % (v/v) ethanol), yielding a  residual 
solid material containing 67.3 % (w/w) glucose, which was easily recovered by 
enzymatic hydrolysis.   

2.4.4     Enzymatic Hydrolysis 

 Enzymes can be used to hydrolyze lignin, cellulose, and hemicellulose which are 
the main components of lignocellulosic agro-industrial wastes. The advantages of 
enzymatic hydrolysis over the previous methods may include mild reaction condi-
tions, higher product yields and fewer side reactions, less energy demand, and less 
reactor resistance to pressure and corrosion (Lee  1997 ). 

 White-rot basidiomycetes produce several ligninolytic enzymes that catalyze 
one-electron oxidation of lignin units, producing aromatic radicals (Giardina et al. 
 2000 ). Lignin is normally not degraded as sole carbon and energy sources, requiring 
additional co-substrates such as cellulose, hemicellulose, or glucose (Silva et al. 
 2010 ). There are four major groups of ligninolytic enzymes produced by the white- 
rot fungi: lignin peroxidase (LiP; 1,2-bis(3,4-dimethoxyphenyl)propane- 1,3- 
diol:hydrogen-peroxide oxidoreductase; EC 1.11.1.14), manganese-dependent 
peroxidase (MnP; Mn(II):hydrogen-peroxide oxidoreductase or manganese peroxi-
dase; EC 1.11.1.13), versatile peroxidase (VP; EC 1.11.1.16), and laccase (benzene-
diol: oxygen oxidoreductase; EC 1.10.3.2). However, the process of lignin 
biodegradation can be further enhanced by the action of other enzymes, such as gly-
oxal oxidase (EC 1.2.3.5), aryl-alcohol oxidase (veratryl alcohol oxidase; EC 1.1.3.7), 
pyranose 2-oxidase (glucose 1-oxidase; EC 1.1.3.4), cellobiose/quinone oxidoreductase 
(EC 1.1.5.1), and cellobiose dehydrogenase (EC 1.1.99.18) (Wong  2009 ). 

 Both LiP and MnP belong to the class of peroxidases that oxidize their substrates 
by two consecutive one-electron oxidation steps with intermediate cation radical 
formation. Due to its high redox potential, the preferred substrates for LiP are non-
phenolicmethoxyl- substituted lignin subunits, and the oxidation occurs in the pres-
ence of H 2 O 2  (Tuor et al.  1995 ; Wong  2009 ), whereas MnP acts exclusively as a 
phenoloxidase on phenolic substrates using Mn 2+ /Mn 3+  as an intermediate redox 
couple (Tuor et al.  1995 ). Versatile peroxidases are a group of enzymes, primarily 
recognized as manganese peroxidases, which exhibit activities on aromatic sub-
strates similar to that of LiP. These enzymes not only are specifi c for Mn (II) but 
also oxidize phenolic and non-phenolic substrates that are typical for LiP, including 
veratryl alcohol, methoxybenzenes, and lignin model compounds in the absence of 
manganese (Wong  2009 ). 

 Laccases are blue multicopper oxidases able to oxidize a variety of phenolic 
compounds including polyphenols, methoxy-substituted phenols, diamines, and a 
considerable range of other compounds, with concomitant reduction of molecular 
oxygen to water (Autore et al.  2009 ; Dwivedi et al.  2011 ). They oxidize phenols and 
phenolic lignin substructures by one-electron abstraction with formation of radicals 
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that can repolymerize or lead to depolymerization (Higushi  1989 ). These enzymes 
have been found to oxidize also non-phenolic compounds in the presence of a medi-
ator (e.g., 2,2′-azinobis-3-ethylbenzthiazoline-6-sulfonate or ABTS) (Wong  2009 ). 
Laccases are more readily available and easier to manipulate than both LiP and 
MnP. Moreover, these enzymes fi nd many industrial applications in the areas of 
food products, pulp and paper, textiles, nanobiotechnology, soil bioremediation, 
synthetic chemistry, and cosmetics (Couto and Herrera  2006 ). 

 Enzymatic hydrolysis can also be employed to produce reducing sugars from 
cellulose and hemicellulose. Utility cost of enzymatic hydrolysis is low compared 
to acid or alkaline hydrolysis because it is usually conducted at mild conditions (pH 
4.8 and temperature 45–50 °C) and does not cause corrosion problems mainly for 
cellulose hydrolysis (Duff and Murray  1996 ). Both bacteria and fungi can produce 
cellulases and hemicellulases for hydrolysis of lignocellulosic materials. 

 The factors that affect the enzymatic hydrolysis of cellulose and hemicellulose 
include substrates, enzymatic activity, and reaction conditions (Sun and Cheng 
 2002 ). Substrate concentration is one of the main factors that affect the yield and 
initial rate of enzymatic hydrolysis. At low substrate levels, an increase of substrate 
concentration normally results in an increase of yield and reaction rate of the hydro-
lysis (Cheung and Anderson  1997 ). 

 When cellulose is used as raw material, the cellulase complex is responsible for 
enzymatic hydrolysis of pretreated cellulosic biomass. There are three major types 
of cellulases involved in the hydrolysis of cellulose: endo-β-1,4-glucanase (EG), 
which acts randomically at the molecule producing reducing and nonreducing ends 
in the cellulose polymer; cellobiohydrolase (CBH) or exoglucanase, which liberates 
cellooligosaccharides and cellobiose from these reducing and nonreducing ends; 
and β-glucosidase (BGL) that cleaves cellobiose and liberates glucose (Mathew 
et al.  2008 ). 

 The enzymes of the cellulase complex are strongly inhibited by their hydrolysis 
products: glucose and short cellulose chains. Several methods have been developed 
to reduce the inhibition of hydrolysis, including the use of high concentrations of 
enzymes, the supplementation of β-glucosidases during hydrolysis, and the removal 
of sugars during hydrolysis by ultrafi ltration or simultaneous saccharifi cation and 
fermentation (Lin and Tanaka  2006 ).   

2.5     Conclusion 

 The search of economical and more effi cient industrial processes is the objective of 
many research groups around the world, some of them supported by important compa-
nies and some from researcher’s institutes. Moreover, the development of environmen-
tally friendly processes, with fewer losses, less wastage, generating fewer residues, or 
reusing the residues in a new process, appears as an alternative to a sustainable world. In 
addition, use of the energy of the green carbon, phytobiomass produced by photosynthe-
sis will make the world independent of the fossil carbon energy, seems to be the 
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reasonable way to reach this goal. Many steps and various technologies must be 
 developed to harness the phytobiomass energy. It requires the establishment of some 
operations in sequence to set a proper and particular industrial process.     
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3.1            Introduction 

 “Biochar” might be a relatively new term; however, it is not a new product. Biochar 
(BC) is the thermochemical degradation product of organic materials in the absence 
of oxygen. It can be distinguished from charcoal by its reaction conditions for pro-
duction as well as its application potential in soil amendments. Soils throughout the 
world contain biochar deposited through natural events, such as forest and grassland 
fi res (Krull et al.  2008 ). In fact, areas high in naturally occurring biochar, such as the 
west Mississippi River and east Rocky Mountains in North America, are some of 
the most fertile soils in the world. Historical use of biochar dates back at least 2,000 
years (O’Neill et al.  2009 ). In the Amazon Basin, evidence of extensive use of bio-
char can be found in the unusually fertile soils known as Terra Preta and Terra 
Mulata by ancient indigenous civilizations (O’Neill et al.  2009 ). Due to the large 
amounts of biochar incorporated into its soils, this region still remains highly fertile 
despite centuries of leaching from heavy tropical rains. In parts of Asia, notably 
Japan and Korea, the use of biochar in agriculture also has a long history. Recently, 
heightened interest in more sustainable farming systems, such as Korean Natural 
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Farming, has revived the use of biochar in Western agriculture. As of now, the 
 possible connections between biochar properties and the soil biota and their impli-
cations for soil processes have yet to be studied systematically. Nevertheless, the 
comparative estimation of effects of biochar on overall soil properties has mostly 
concluded biochar as an advantageous agent for agriculture. 

3.1.1     What Is Biochar? 

 Biochar is char derived from the thermal conversion of biomass that is used for 
nonenergy purposes. It may however have an alternative use as an energy carrier 
(Mašek and Brownsort  2010 ). Syngas or pyrolysis gas is the noncondensable prod-
uct of pyrolysis containing CO, CO 2 , H 2 , CH 4 , and higher hydrocarbons. Biochar is 
the charred by-product of biomass pyrolysis, the heating of plant-derived material 
in the absence of oxygen in order to capture combustible gases. The term biochar is 
a relatively recent development, emerging in conjunction with soil management and 
carbon sequestration issues (Lehmann et al.  2006 ). Biochar is a name for   charcoal     
when it is used for particular purpose, such as soil amendment. Similar to all char-
coal, biochar is created by   pyrolysis     of   biomass    . 

 It has previously been used in connection with charcoal production 
(Karaosmanoglu et al.  2000 ; Demirbas  2004a ,  b ). The rationale for avoiding the 
term “charcoal” when discussing fuel may stem from the intent to distinguish it 
from coal. Indeed, coal is formed very differently from charcoal and has separate 
chemical and physical properties, although in very specifi c cases the differences in 
properties can become blurred. The establishment of the term “agrichar” is closely 
related to that of biochar, with the desire to apply charred organic matter to soil. 
“Biochar” is preferred here as it includes the application of charred organic matter 
in settings outside of agriculture, such as promoting soil remediation or other envi-
ronmental services. And the term emphasizes biological origin, distinguishing it 
from charred plastics or other nonbiological material. “Char” is a term that is often 
used interchangeably with charcoal, but is sometimes applied to refer to a material 
that is charred to a lesser extent than charcoal, typically as a product of fi re (Schmidt 
and Noack  2000 ). Biochar is charcoal created by pyrolysis of biomass (Laird et al. 
 2009 ). The resulting charcoal-like material is a form of carbon capture and storage. 
Charcoal is a stable solid and rich in carbon content and thus can be used to lock 
carbon in the soil. Biochar is of increasing interest because of concerns about cli-
mate change caused by emissions of carbon dioxide (CO 2 ) and other greenhouse 
gases (GHG). Biochar is a way for carbon to be drawn from the atmosphere and is 
a solution to reducing the global impact of farming (and in reducing the impact from 
all agricultural waste). Since biochar can sequester carbon in the soil for hundreds 
to thousands of years, it has received considerable interest as a potential tool to slow 
global warming. The burning and natural decomposition of trees and agricultural 
matter contributes a large amount of CO 2  released to the atmosphere. Biochar can 
store this carbon in the ground, potentially making a signifi cant reduction in 
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atmospheric GHG levels; at the same time its presence in the earth can improve 
water quality, increase soil fertility, raise agricultural productivity, and reduce pres-
sure on old growth forests. 

 Biomass is defi ned as a renewable source of fi xed carbon in the short term. This 
includes agricultural residues such as crop residues, manures, industrial wastes such 
as paper mill sludge, and residues from sugar mills and waste wood products 
(Roberts et al.  2010 ). 

 Shackley and Sohi ( 2010 ) defi ned biochar as the porous carbonaceous solid pro-
duced by thermochemical conversion of organic materials in an oxygen-depleted 
atmosphere. Likewise, according to Lehmann and Joseph ( 2009 ), biochar is com-
monly defi ned as charred organic matter, produced with the intent to deliberately 
apply to soils to sequester carbon and improve soil properties.  

3.1.2     The Origin of Biochar Management and Research 

 The scientifi c attention towards biochar originates from the research in charcoal 
amended anthropogenic soils situated close to current or historical settlements in 
the Amazon region and estimated to cover an area of 500 km 2  (Smith  1980 ). The 
term biochar originated in the bioenergy literature in the late 1990s to distinguish 
grain-derived activated carbon from similar coal-derived materials. The two con-
cepts of using charcoal as a soil improver and as a greenhouse gas mitigation strat-
egy arose separately in the early 1990s. Biochar is an ancient practice that converts 
agricultural waste into a soil enhancer that can hold carbon, boost food security, and 
discourage deforestation. The process creates a fi ne-grained, highly porous charcoal 
that helps soils retain nutrients and water. Although the practice of charcoal applica-
tion for soil fertility building is thought to be several thousand years old, the research 
in biochar for carbon sequestration is relatively new, emerging with the rising scien-
tifi c and political awareness of climate change (Bruun  2011 ). Biochar is found in 
soils around the world as a result of vegetation fi res and historic soil management 
practices. It seems that can be an important tool to increase food security and crop-
land diversity in areas with severely depleted soils, scarce organic resources, and 
inadequate water and chemical fertilizer supplies. Biochar also improves water 
quality and quantity by increasing soil retention of nutrients and agrochemicals for 
plant and crop utilization (Sohi et al.  2009 ). All over the world, scientists are inves-
tigating the incredible properties of Biochar. If revitalizing soil and capturing car-
bon were not enough, the production of charcoal produces gas, called syngas that 
can be used as fuel, providing clean, renewable energy. When the biochar is buried 
in the ground as a soil enhancer, the system can become carbon negative. The 
matching of the term “biochar” with the climate change mitigation concept did not 
occur until 2005 (Lehmann et al.  2005 ). While both research and development of 
biochar for environmental management at a global scale are a somewhat recent 
development, it is by no means new in certain regions and has even been the subject 
of scientifi c research for quite some time. For example, Trimble ( 1851 ) shared 

3 Thermochemical Transformation of Agro-biomass into Biochar…



54

observations of evidence of the effect of charcoal dust in increasing and quickening 
vegetation. Early research on the effects of biochar on seedling growth (Retan  1915 ) 
and soil chemistry (Tryon  1948 ) yielded detailed scientifi c information. The use of 
biochar has, for some time, been recommended in various horticultural contexts as 
a substrate for potting mix (Santiago and Santiago  1989 ). Morley ( 1927 ) considers 
that charcoal acts as a sponge in the soil, absorbing and retaining water, gases, and 
solutions. He even remarks that “as a soil’s purifi er and an of moisture’s absorber, 
charcoal has no equal” (Morley  1929 ). Liebig ( 1878 ) describes a practice in China 
where waste biomass was mixed and covered with soil and set on fi re to burn over 
several days until a black earth is produced, which reportedly improved plant vigor.  

3.1.3     Production of Biochar 

 Biochar production can only be estimated based on certain assumptions as the com-
mercial scale processes for biochar are still underway to establish their market. In 
other words, biochar might require some more time to be added as a mainstream 
product in economy. Nevertheless, the research till date on biochar as a valuable 
product for agriculture and environment always suggested its vast potential (Denyes 
et al.  2012 ; Anderson et al.  2011 ; Barrow  2011 ; Cross and Sohi  2011 ; Fabbri et al. 
 2011 ; Galinato et al.  2011 ). Technically, biochar production is a feasible and sus-
tainable process both energetically and economically; however, in order to over-
come initial hurdles such as social and cultural acceptance, a persistent political will 
might be needed to facilitate its commercialization. Until date, many estimates of 
biochar production have been carried out by several researchers, which forecasted 
biochar production for future years (Gaunt and Lehmann  2008 ). According to 
Lehmann et al. ( 2006 ), the global estimated potential of biochar production was 
already in the order of gigatonnes (approximately, 0.6 ± 0.1 × 10 9  tonnes per year by 
2006). Recently, the authors also extrapolated their calculations for future potential 
of biochar production, for example, the biochar production could reach about 5.5–
9.5 gigatonnes per year by 2100. However, such approximation seems to be too 
susceptible to even minor variations in parameters of estimation (up to about 
1,000 %); therefore, Woolf et al. ( 2010 ) came up with a reasonably conservative 
assumption that if all existing agricultural crop residues were used to produce bio-
char, it would contribute to about 1 gigatonne per year at present. The gigatonne 
scale per year of carbon emission is equivalent to about 12 % of current anthropo-
genic carbon emission. Moreover, at this pace, it is fairly possible to offset global 
atmospheric carbon emissions by year 2050, and if a concerted effort is made by 
countries worldwide, this goal is possible even by year 2030. The authors also 
marked that these goals are achievable in a sustainable manner, without endanger-
ing food security, habitat, or soil conservation. Interestingly, the authors did not 
consider about municipal, forestry, and industrial biomass for biochar production, 
which can be substantial resources for biochar; therefore, the estimation made by 
the authors is easily achievable as far as biochar feedstock is concerned, if a 
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strategic plan for carbon sequestration through biochar production is in place. 
As also explained earlier, defi nition of biochar is inclusive of products, such as 
wood charcoal. Therefore, if wood charcoal production is analyzed from its utility 
as biochar, about 47.2 × 10 6  tonnes of wood charcoal was produced in the year 2011, 
which is mostly derived from forestry biomass (FAO  2012 ). This quantity is about 
5 % of annual gigatonne scale biochar production. The chemical composition and 
proportions of these constituents can vary greatly with the type of biomass; there-
fore, the suitability of a particular biomass as a potential feedstock for biochar pro-
duction could depend upon various factors such as moisture content, calorifi c value, 
carbon, hydrogen, nitrogen, oxygen, volatile compounds, and ash content. In addi-
tion, compatibility with existing equipments for pretreatment and/or handling is 
important for mass scale processing. Therefore, several other possible biochar feed-
stocks are plausible. Moreover, application of suitable biochar production tech-
niques such as pyrolysis can also make the biochar production economically feasible 
and energetically autonomous. Therefore, biochar production goal can be achieved 
at commercial scale.  

3.1.4     Biomass Resources for Biochar Production 

 Biochar can be produced from various types of feedstock, such as agricultural crop 
residues, forestry residues, wood waste, organic portion of municipal solid waste, 
and animal manures. Nevertheless, the applicability of each type of biomass as 
feedstock depends upon the physical characteristics, chemical composition, envi-
ronmental, as well as social, economic, and logistical factors (Duku et al.  2011 ; 
Verheijen et al.  2010a ,  b ). The feedstock materials as biomass resources for biochar 
can be categorized as shown in the fl ow diagram below (Fig.  3.1 ).

   As a matter of fact, biochar can be sourced from almost everything that contains 
organic matter rich in carbon and hydrogen. Therefore, there is a very wide range of 
biomass that can be a potential candidate; nonetheless, production process require-
ment will be a decisive factor in its usability as feedstock. As also mentioned earlier, 
that even by moderately conservative estimates, a signifi cant portion of biomass can 
be available for biochar production. In particular, Canada has major biomass 
resource (approximately, 15 million tonnes per year) in the form of municipal solid 
waste and forestry residues (Verma et al.  2012 ). In addition, Canada is also a major 
supplier of wood pellets for fuel in world market (approximately, 10 % of 10 million 
tonnes per year wood pellets). Likewise, many biomass-based countries such as 
Ghana have annual agricultural biomass residues production capacity of about four 
million tonnes per year, in addition to about one million tonnes per year from for-
estry, municipal, and miscellaneous sectors. Therefore, biochar production can be 
commercially viable if a government-supported strategic plan is put in place as the 
feedstock for this product can be obtained from diverse sources in a sustainable 
manner. The support from government will be required mainly to overcome initial 
barrier of social acceptance and to demonstrate its viability.   
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3.2     Biochar Production from Biomass by Thermochemical 
Conversion Technologies 

 Thermochemical conversion technologies for biomass into biochar include carbon-
ization, pyrolysis, and gasifi cation processes (Masek et al.  2011 ; Shackley et al. 
 2011 ; Yoder et al.  2011 ; Mahinpey et al.  2009 ). The difference between carboniza-
tion and pyrolysis processes is subtle, as both processes have similar principle of 
operation; however, carbonization is aimed at biochar as primary product, whereas 
pyrolysis produces biochar as a by-product. Different biomass conversion pro-
cesses for biochar production are presented in Fig.  3.2 . The biochar produced from 

  Fig. 3.1    Potential and concurrent resources for biochar production       
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these processes varies greatly in terms of C, H, N, S, O, and ash content depending 
not only upon feedstock source and pretreatments such as particle sizing and drying 
but also upon the operating conditions of production (e.g., temperature, heating 
rate, residence time, and pressure). Likewise, the characteristics of biochar such as 
density, particle size distribution, moisture content, and pH depend on the feedstock 
type as well as pyrolysis reaction conditions. For example, biochar produced from 
wood is reported to be coarse and highly resilient with carbon content up to 80 %. 
These properties of biochar were reported to be due to the high lignin content (e.g., 
olive husks) which also yields high biochar content in the pyrolysis products as a 
result of the stability of lignin to thermal degradation. On the other hand, biochar 
produced from crop residues (e.g., maize, wheat, rye) and animal manures is gener-
ally fi ner and less robust with low mechanical strength due to lower lignin content 
(Demirbas  2004a ,  b ). Similarly, particle size distribution of biochar produced from 
sawdust and woodchips under different slow pyrolysis conditions showed that par-
ticle size generally decreased with increase in temperature in the range of 450–
700 °C (Abdullah and Wu  2009 ). In general, the process conditions in the slow 
pyrolysis are long vapor residence times (≥10 s), reaction temperatures between 
450 and 650 °C at atmospheric pressure, and heating rates in the range of 0.01–
2.0 °C s −1 . At these conditions, the rate of increased cracking reactions increases 
that shifts the liquid organic (bio-oil) yield towards the biochar yield (Sohi et al. 
 2009 ). From the existing literature, it can be concluded that slow pyrolysis and 
intermediate pyrolysis both are suitable for higher biochar yields, whereas fast 
pyrolysis provides higher liquid yields, which can be suitable for biofuel produc-
tion for energy. Therefore, the production of biochar can be optimized via slow 
pyrolysis and intermediate pyrolysis processes. The operating conditions for high 
biochar yields are (a) high lignin, ash, and nitrogen contents in the biomass, (b) low 
pyrolysis temperature (<400 °C), (c) reaction at high pressure, (d) higher residence 
time, (e) extended vapor/solid interaction, (f) low heating rate, (g) large biomass 
particle size, and (h) optimized heat transfer. These processes for the production 
of biochar can be carried out in batch or continuous modes depending upon pro-
duction scale.

  Fig. 3.2    Different 
thermochemical processes for 
biochar production       
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3.2.1       Physical and Thermal Characteristics and Chemical 
Composition of Biochar 

 As also mentioned earlier, the elemental composition of biochar is mainly C, H, N, 
S, and O. In addition, biochar also has ash content. These biochar components vary 
with feedstock source as well as operating conditions of the production process. An 
example of biochar chemical composition and calorifi c values at different operating 
pressure is shown in Table  3.1 .

   It is evident from this table that the elemental composition of biochar substan-
tially changes for any change in operating parameter (e.g., pressure) for a given 
biomass type. This change was also found to be infl uential in affecting the HHV 
(high heating value). Moreover, Table 1 also presents biochar elemental composi-
tion due to variation in operating temperature.  

3.2.2     Environmental Impact of Biochar Application to Soils 

 Biochar has substantial potential for soil improvement because of its unique physi-
cal, chemical, and biological properties and their interactions with soil and plant 
communities. Biochar characteristics (chemical composition, surface chemistry, 
particle and pore size distribution) as well as physical and chemical stabilization 
mechanisms of biochar in soils regulate the effects of biochar on soil functions 
(Verheijen et al.  2010a ,  b ). Biochar addition to the soil improves soil fertility by 
improving the soil carbon storage, reducing the loss of N through percolating water, 
and fi xing atmospheric N through biological nitrogen fi xation. Biochar incorpora-
tion into soil is expected to enhance overall sorption capacity of soils towards 
anthropogenic organic contaminants (polycyclic aromatic hydrocarbons (PAHs), 
pesticides, and herbicides), in a mechanistically different (and stronger) way than 
amorphous organic matter. 

 Understanding and improving environmental quality by reducing soil nutrient 
leaching losses, reducing bioavailability of environmental contaminants, sequester-
ing C, reducing greenhouse gas emissions, and enhancing crop productivity in 
highly weathered or degraded soils has been the goal of agroecosystem researchers 
and producers for years (Novak and Busscher  2012 ). The review by Spokas et al. 
( 2012 ) presents a compelling introduction to the environmental impacts of biochar. 
In addition to holding considerable carbon sequestration potential, biochar has been 
shown to improve soil quality and crop yields. The positive effects have mainly 
been attributed to biochar’s ability to absorb plant nutrients (Chan et al.  2007 ; 
Steiner et al.  2008 ) and to increase soil water holding capacity (Brockhoff et al. 
 2010 ). Besides, biochar can be a simple yet powerful tool to combat climate change. 
As organic materials decay, greenhouse gases such as carbon dioxide and methane 
(which is 21 times more potent as a greenhouse gas than CO 2 ) are released into the 
atmosphere. By charring the organic material, much of the carbon becomes fi xed 

M. Verma et al.



59

   Ta
bl

e 
3.

1  
  E

ff
ec

t o
f o

pe
ra

tin
g 

te
m

pe
ra

tu
re

 o
n 

bi
oc

ha
r y

ie
ld

 a
nd

 e
le

m
en

ta
l c

om
po

si
tio

n 
fr

om
 d

if
fe

re
nt

 w
oo

d-
ba

se
d 

bi
oc

ha
r s

am
pl

es
 (K

im
 e

t a
l. 

 20
12

 ; A
bd

ul
la

h 
an

d 
W

u 
 20

09
 , a

nd
 M

ah
in

pe
y 

et
 a

l. 
 20

09
 ) 

  

 Sa
m

pl
e 

 Y
ie

ld
 

 M
 

 A
sh

 
 FC

 
 V

M
 

 C
 

 H
 

 N
 

 S 
 O

 
 B

E
T

 
(m

 2  /
g)

 
 H

H
V

 
(k

J/
kg

) 

 W
oo

d 
ch

ar
—

co
nt

ro
l 

 – 
 4.

5 
 1.

3 
 14

.8
 

 79
.4

 
 49

.1
 

 6.
1 

 0.
13

 
 0.

02
 

 44
.7

 
 – 

 – 
 W

oo
d 

ch
ar

 3
00

 °
C

 
 – 

 4.
6 

 0.
7 

 35
.3

 
 59

.5
 

 60
.3

 
 5.

3 
 0.

1 
8 

 0.
02

 
 34

.1
4 

 – 
 – 

 W
oo

d 
ch

ar
 3

20
 °

C
 

 – 
 2.

9 
 0.

9 
 56

.9
 

 39
.3

 
 72

.9
 

 4.
6 

 0.
24

 
 0.

02
 

 22
.2

1 
 – 

 – 
 W

oo
d 

ch
ar

 3
30

 °
C

 
 – 

 2.
7 

 1.
1 

 59
.2

 
 37

 
 73

.6
 

 4.
5 

 0.
27

 
 0.

03
 

 21
.5

2 
 – 

 – 
 W

oo
d 

ch
ar

 4
00

 °
C

 
 – 

 4.
5 

 1.
2 

 69
.9

 
 24

.4
 

 79
.1

 
 3.

7 
 0.

29
 

 0.
04

 
 16

.8
 

 – 
 – 

 W
oo

d 
ch

ar
 4

50
 °

C
 

 – 
 4 

 1.
4 

 75
.3

 
 19

.3
 

 82
.9

 
 3.

3 
 0.

32
 

 0.
03

 
 13

.3
8 

 – 
 – 

 W
oo

d 
ch

ar
 5

00
 °

C
 

 – 
 4.

5 
 1.

3 
 79

.8
 

 14
.4

 
 85

.5
 

 3 
 0.

34
 

 0.
03

 
 11

.1
4 

 – 
 – 

 C
ol

lie
 c

oa
l 

 – 
 5.

5 
 8.

5 
 51

.1
 

 34
.9

 
 74

 
 4.

3 
 1.

3 
 0.

6 
 19

.8
 

 – 
 – 

 B
io

ch
ar

—
co

nt
ro

l 
 – 

 – 
 4.

5 
 – 

 – 
 48

.8
 

 6 
 0.

2 
 – 

 45
 

 – 
 – 

 B
io

ch
ar

 3
00

 °
C

 
 60

.7
 

 – 
 7.

9 
 – 

 – 
 63

.9
 

 5.
4 

 0.
3 

 – 
 30

.4
 

 2.
9 

 – 
 B

io
ch

ar
 4

00
 °

C
 

 33
.5

 
 – 

 7.
7 

 – 
 – 

 70
.7

 
 3.

4 
 0.

4 
 – 

 25
.5

 
 4.

8 
 – 

 B
io

ch
ar

 5
00

 °
C

 
 14

.4
 

 – 
 0.

3 
 – 

 – 
 90

.5
 

 2.
5 

 0.
3 

 – 
 6.

7 
 17

5.
4 

 – 
 W

he
at

 s
tr

aw
—

co
nt

ro
l 

 – 
 – 

 – 
 – 

 – 
 40

.8
 

 5.
8 

 0.
2 

 0.
3 

 52
.9

 
 – 

 16
,2

98
 

 W
he

at
 s

tr
aw

 c
ha

r 
at

 1
0 

ps
i 

 – 
 – 

 – 
 – 

 – 
 71

.1
 

 3.
0 

 0.
3 

 0.
0 

 25
.6

 
 – 

 28
,0

49
 

 W
he

at
 s

tr
aw

 c
ha

r 
at

 2
0 

ps
i 

 – 
 – 

 – 
 – 

 – 
 71

.2
 

 3.
0 

 0.
3 

 0.
0 

 25
.5

 
 – 

 28
,1

35
 

 W
he

at
 s

tr
aw

 c
ha

r 
at

 3
0 

ps
i 

 – 
 – 

 – 
 – 

 – 
 69

.6
 

 3.
0 

 0.
5 

 0.
0 

 27
.0

 
 – 

 27
,2

35
 

 W
he

at
 s

tr
aw

 c
ha

r 
at

 4
0 

ps
i 

 – 
 – 

 – 
 – 

 – 
 69

.6
 

 2.
9 

 0.
4 

 0.
0 

 27
.2

 
 – 

 27
,1

52
 

  Y
ie

ld
s ≡

 w
t%

, w
et

 b
as

is
; e

le
m

en
ta

l a
na

ly
si

s 
(C

,H
,N

,S
,O

) ≡
 w

t%
, d

ry
 b

as
is

; a
sh

 a
na

ly
si

s ≡
 w

t%
, d

ry
 b

as
is

; B
E

T-
N

 2  ≡
 su

rf
ac

e 
ar

ea
 (

m
 2  /

g,
 d

ry
 b

as
is

)  

3 Thermochemical Transformation of Agro-biomass into Biochar…



60

into a more stable form, and when the resulting biochar is applied to soils, the car-
bon is effectively sequestered (Liang et al.  2008 ). It is estimated that use of this 
method to tie up carbon has the potential to reduce current global carbon emissions 
by as much as 10 % (Woolf et al.  2010 ). 

 There is a large imbalance between carbon release to the atmosphere and carbon 
uptake by other compartments that leads to a continued increase in atmospheric 
CO 2 . Biochar was of great importance in increasing soil carbon storage, improving 
soil fertility, as well as maintaining the balance of soil ecosystems, and it could act 
as a kind of soil fertilizer or amendment to increase crop yield and plant growth by 
supplying and retaining nutrients. Biochar is the carbon-rich product obtained when 
biomass, such as wood, manure, or leaves, is heated in a closed container with little 
or no available air pyrolysis. In more technical terms, biochar is produced by the 
so-called thermal decomposition of organic material under limited supply of oxy-
gen (O 2 ) and at relatively low temperatures (<700 °C). When plant tissues are used 
as raw materials for biochar production, heat produced during combustion volatil-
izes a signifi cant portion of the hydrogen and oxygen, along with some of the car-
bon contained within the plant’s tissues. The remaining carbonaceous materials 
contain many poly-aromatic (cyclic) hydrocarbons, some of which may contain 
functional groups with oxygen or hydrogen. The pyrolysis process greatly affects 
the qualities of biochar and its potential value to agriculture in terms of agronomic 
performance or in carbon sequestration. Because of its macromolecular structure 
dominated by aromatic C, biochar is more recalcitrant to microbial decomposition 
than uncharred organic matter. Biochar is believed to have long mean residence 
times in soil, ranging from 1,000 to 10,000 years. “Biochar” is the appropriate term 
where charred organic matter is applied to soil in a deliberate manner, with the 
intent to improve soil properties. This distinguishes biochar from charcoal that is 
used as fuel for heat, as a fi lter, as a reductant in iron making, or as a coloring agent 
in industry. 

3.2.2.1     Increases Soil Carbon Storage 

 Most carbon in the soil is lost as greenhouse gas (CO 2 ) into the atmosphere if  natural 
ecosystems are converted to agricultural land. Soils contain 3.3 times more carbon 
than the atmosphere and 4.5 times more than plants and animals on earth (Goudriaan 
 1995 ). This makes soil an important source of greenhouse gases but also a potential 
sink if right management is applied. The use of biochar can permanently increase 
the soil’s carbon content and establish a carbon sink for atmospheric CO 2 . Biochars 
are stable forms of charcoal produced through a high-temperature, low- oxygen 
combustion process known as pyrolysis. Biochars have the potential to store carbon 
for very long periods. However, the amount of carbon stored in the soil is the bal-
ance between the rate at which organic matter is added and the rate at which it 
decomposes and returned to the atmosphere as CO 2 . There is a large imbalance 
between carbon release to the atmosphere and carbon uptake by other compart-
ments which leads to a continued increase in atmospheric CO 2  equivalent to a rate 
of 4.1 × 10 9  tons of carbon per year (IPCC  2007 ). 
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 Biochar has twofold higher carbon content than ordinary biomass. Moreover, 
biochar locks up rapidly decomposing carbon in plant biomass in a much more 
durable form. Once biochar is incorporated into soil, it is diffi cult to imagine any 
change in practice that would cause a sudden loss of stored carbon. Plant biomass 
decomposes in a relatively short period of time, whereas biochar is orders of more 
stable magnitudes. Lehmann ( 2007 ) investigated the behavior of biochars in arable 
and forest soil in a greenhouse experiment in order to prove that these amendments 
can increase carbon storage in soils (Fig.  3.3 ).

3.2.2.2        Reduces Leaching of N into Groundwater 

 The incorporation of biochar into biosolids-amended soil mitigates nitrate leaching 
over the short term. This delay should be benefi cial both to the environment, which 
receives lower nitrate loadings, and to plants, which have N held in the root zone for 
longer periods. Biochar can play a key role in nutrient cycling, potentially affecting 

  Fig. 3.3    Biochar sequestration—a carbon-negative technology (adapted from Lehmann  2007 )       
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nitrogen retention when applied to soils. Knowles et al. ( 2011 ) indicate in their 
study that by including biochar in biosolids, soil amendment can mitigate nitrate 
leaching from over the short term. Major et al. ( 2012 ) studied nutrient leaching in a 
Columbian Oxisol following a 20 Mg ha −1  biochar application. In general, nutrient 
leaching with biochar applications relative to unamended soils was greater at 0.6 m 
than at the 1.2 m in depth. Leaching differences were evident even though no differ-
ences in net water fl ux were present between the two treatments. The authors sug-
gested that biochar may have infl uenced nutrient retention throughout the root zone. 
Schomberg et al. ( 2012 ) found that some biochars reduced N leaching losses, but 
soil N fractions were not increased with biochar application. Much of the apparent 
reductions in leaching were due to NH 3  volatilization loss from high ash biochars.  

3.2.2.3     Reduction in Emissions of Greenhouse Gases (GHGs) 

 Soil biochar application is promoted as a climate change mitigation tool, due to its 
potential to increase long-term soil carbon pools and reduce greenhouse emissions. 
Biochars are reputed to affect soil N transformation processes, but only a few stud-
ies have tested in detail the infl uence of biochars on soil N 2 O emissions and inor-
ganic N leaching (Pal Singh et al.  2010 ; Major et al.  2009 ). Biochar is potentially a 
mitigation option for reducing the world’s elevated carbon dioxide emissions, since 
the embodied carbon can be sequestered in the soil. Biochar also has the potential 
to benefi cially alter soil nitrogen transformations. Adding a charred biomass mate-
rial called biochar to glacial soils can help reduce emissions of the greenhouse gases 
carbon dioxide and nitrous oxide, according to Yanai et al. ( 2007 ) and Pal Singh 
et al. ( 2010 ). Biochar application to soil could affect N 2 O emissions by altering soil 
properties (pH, aggregation, CEC) and the availability and distribution of key elec-
tron acceptors (O 2 , NO 3  − ) and donors (NH 4  + , dissolved organic matter), inducing 
catalytic reduction of N 2 O to N 2  following oxidation and subsequent reactions of 
biochars with soil minerals and infl uencing microbial community structures, and 
microbial enzymes and processes (N mineralization–immobilization turnover, nitri-
fi cation, denitrifi cation) involved in N cycling in soil (Šimek and Cooper  2002 ; 
Yanai et al.  2007 ; Van Zwieten et al.  2009 ).  

3.2.2.4     Increases Cation Exchange Capacity 

 The summation of values from the compulsive exchange of cations (isomorphic sub-
stitution of calcium, sodium, potassium, and magnesium) is often used as a quantita-
tive method for determining the ability of a substrate to retain positively charged ions 
on its surface cation exchange capacity (CEC). This value can then give an indication 
of the surface charge of the substrate, depending on pH and the size of the exchang-
ing ions (Waters et al.  2010 ). However, charge in soils can be both permanent and pH 
dependent (Bohn et al.  2001 ). The surface charge of substrates can also be deter-
mined by the difference between pH KCl  and pH H2O  (Black and Waring  1976 ). Hence, 
a net negative number would suggest a negative surface charge, and vice versa.  
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3.2.2.5     Moderating Soil Acidity 

 Soil acidity is a serious constraint for crop production in many regions of the world. 
According to Klau Berek et al. ( 2011 ), the addition of biochar to agricultural soils 
has recently received much attention due to the apparent benefi ts to soil quality and 
enhanced crop yields, as well as the potential of gaining carbon credits by carbon 
sequestration. Biochar reduces soil acidity which decreases liming needs, but in 
most cases does not actually add nutrients in any appreciable amount.  

3.2.2.6     Increases Water Retention 

 Water retention of soil is determined by the distribution and connectivity of pores in 
the soil matrix, which is largely affected by soil texture, aggregation, and soil organic 
matter content (Brady and Weill  2004 ). Biochar has a higher surface area and greater 
porosity relative to other types of soil organic matter and can therefore improve soil 
texture and aggregation, which improves water retention in soil. These starting 
physical properties in biochar occur at a range of scales and affect the proportion of 
water that can be retained. Soil moisture retention improvement is an indirect result 
of alterations in soil aggregation and structure after biochar application (Brodowski 
et al.  2006 ). Tryon ( 1948 ) studied the effect of charcoal on the percentage of avail-
able moisture in soils of different textures and found different response among soils. 
In sandy soil, the addition of charcoal increased available moisture by 18 % after 
adding 45 % biochar by volume, while no changes were observed in loamy soil, and 
soil available moisture decreased in the clayey soil. The high surface area of biochar 
can lead to increased water retention, although the effect seems to depend on the 
initial texture of the soil. Improved water holding capacity with biochar additions is 
most commonly observed in coarse-textured or sandy soils (Gaskin et al.  2007 ; 
Glaser et al.  2002 ). The impact of biochar additions on moisture content may be due 
to increased surface area relative to that found in coarse-textured soils (Glaser et al. 
 2002 ). Therefore, improvements in soil water retention by biochar additions may 
only be expected in coarse-textured soils or soils with large amounts of macropores. 
Additionally, a large amount of biochar may need to be applied to the soil before it 
increases water retention.  

3.2.2.7     Increases Number of Benefi cial Soil Microbes 

 Biochar properties may enhance soil microbial communities and create microenvi-
ronments that encourage microbial colonization. Biochar pores and its high internal 
surface area and increased ability to absorb organic matter provide a suitable habitat 
to support soil microbiota that catalyzes processes that reduce N loss and increase 
nutrient availability for plants (Winsley  2007 ). The pores are suggested to serve as 
a refuge by protecting microbes from predation and desiccation, while the organic 
matter adsorbed to biochar provides C energy and mineral nutrient requirements 
(Warnock et al.  2007 ; Saito and Marumoto  2002 ).   
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 Unlike fertilizers, biochar has an extremely long life in soils. Charcoal is carbon- 
rich and gives it the ability to persist in the soil indefi nitely by not being susceptible 
to biological decay. Biochar also attracts microbes and benefi cial fungi and holds on 
to nutrients that are put into the soil. One of the major challenges in agriculture is to 
make the nutrients in the soil available to the plant when the plant can benefi t from 
them. Furthermore, biochar helps conserve plant nutrients. Biochar in soil also has 
the ability to hold moisture and save on irrigation costs. Besides, it modifi es the 
soil’s performance by retaining moisture and making it available during periods of 
low precipitation and dry soil conditions (Trujillo  2002 ; Skjemstad et al.  2002 ; 
Lehmann  2007 ; Yu et al.  2009 ). Lehmann ( 2007 ) may think that biochar being black 
in color would heat up in the sun, but biochar helps the soil stay moist even in full 
sunlight (Lehmann et al.  2006 ; Lehmann  2007 ). Biochar also has signifi cant impacts 
on soil drainage, and its addition compensates for the native soil defi ciency. Biochar 
also makes a signifi cant contribution to mycorrhiza by promoting microbe popula-
tions (Read et al.  2004 ; Rillig and Mummey  2006 ). It increases the availability of 
mycorrhiza by detoxifying soil water by adsorbing compounds that inhibit microbe 
growth, providing a protective habitat for microbes and improving soil moisture 
management in which mycorrhiza thrives. 

3.3.1     Biochar and Climate Change 

 Climate change and global warming are two terms used for the predicted and 
observed increase in temperature. While the current temperature increase is caused 
by human infl uence on the earth’s carbon cycle, the greenhouse effect is a naturally 
occurring process. Besides global warming mitigation, biochar can also be viewed 
from the perspective of adaptation to climate change. In a world dependent on fossil 
energy, it is easy to see the carbon capture benefi ts of biochar as offsets against cur-
rent and future fossil fuel emissions. As we face the catastrophic impacts of climate 
change, efforts to wangle the climate are proliferating. Among these is a proposal to 
use soils as a medium for addressing climate change by scaling up the use of bio-
char. Biochar application to soils, therefore, may play both a global warming miti-
gation and a climate change adaptation role. Biochar is a soil supplement that 
sequesters carbon in the soil and thus may help to mitigate global climate change. It 
has the potential to curtail greenhouse gas emissions and other environmental haz-
ards in the near term and to benefi t agricultural producers as a soil amendment and 
source of renewable energy (Bracmort  2010 ). Many scientists believe there is 
already an unsafe excess of carbon dioxide in the atmosphere; this obligates the 
nations that caused the excess to abate it (Schils et al.  2008 ). The carbon in biochar 
resists degradation and can hold carbon in soils for hundreds to thousands of years. 
Biochar is produced through pyrolysis or gasifi cation processes that heat biomass in 
the absence (or under reduction) of oxygen. In addition to creating a soil enhancer, 
sustainable biochar practices can produce oil and gas by-products that can be used 
as fuel, providing clean, renewable energy (Denman et al.  2007 ). When the biochar 
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is buried in the ground as a soil enhancer, the system can become carbon negative. 
Biochar and bioenergy coproduction can help combat global climate change by dis-
placing fossil fuel use and by sequestering carbon in stable soil carbon pools. It may 
also reduce emissions of nitrous oxide (Van Zwieten et al.  2010 ; Yanai et al.  2007 ).   

3.4     Conclusions and Future Outlook Required 

 This paper reviewed a number of conclusions that can have practical importance for 
future experiments and real world application of biochar in agriculture and environ-
ment. Biochar production and application in soils has a very promising potential for 
the development of sustainable agriculture and climate change mitigation. It is clear 
that biochar has different effects in different soils and climates. However, many other 
benefi ts are attached with biochar such as reduction of greenhouse gas emissions, 
increase in nutrient and water retention of soils, stabilization of native soil organic 
matter, and decrease in the bioavailability of a range of contaminants within soils. 
Though a number of benefi ts have been identifi ed within the literature, biochar has 
been found to improve agriculturally signifi cant soil parameters such as soil pH, 
cation exchange capacity, and soil water holding capacity. Researchers have found 
the increase in these performance parameters has improved nitrogen use effi ciency 
and therefore crop productivity in limited fi eld trials. Further, biochar has the poten-
tial to reduce greenhouse gas emissions through carbon sequestration, as well as 
potentially decreasing methane and nitrous oxide emissions from the soil. The posi-
tive effects of biochar application and its potential for C-sequestration are accompa-
nied by the production of thermal energy during the pyrolysis. Thermochemical 
processes have advantage over “biological only” processes where lignocellulosic 
biomass needs various pretreatment steps, time, and investments. At present, thermo-
chemical processes have a foothold at commercial scale for heat and electricity. Due 
to the lack of research about their effect on sustainable development, future research 
should strive to delineate and identify what characteristics can be attributed to differ-
ent impacts and outcomes. And since there are both agronomic and environmental 
benefi ts of biochar production and application in soil, implementation of agricultural 
schemes involving the application of biochar should fi rst be critically evaluated.     
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4.1            Introduction 

    There are three main sources of color additives for foods, drugs, and cosmetics: 
(1) synthetic colors, (2) plant-derived pigments, and (3) microbial pigments. In chemical 
terms, soluble colored substances are colorants and insoluble are pigments; however, 
in biological context, the colored substances are called pigments irrespective of its 
solubility. Although the term “biopigment” has a bit of redundancy, it is used to refer 
pigments of natural origin. 

 Microbial pigments or biopigments are multitude of chemical structures capable 
of absorbing light in the visible range (400–700 nm). There is an ever-growing 
number of biopigments. These molecules may possess other properties, which may 
or may not be compatible with the industrial use: vitamins ribofl avin or β-carotene, 
antioxidants as most carotenoids and xanthophylls, and antimicrobial activity of 
some fungal polyketides. This chapter presents an overview of microbial pigments 
as potential food and drug color additives, presenting a brief description of the origin 
of their color and the physiological role of pigments in microorganisms, followed 
by a prospect of their use and a fi nal section with representative classes of biopig-
ments which may be produced using agro-industrial wastes. 

    Chapter 4   
 Microbial Pigments 

                           Júlio     C.     De     Carvalho     ,     Lígia     C.     Cardoso    ,     Vanessa     Ghiggi    , 
    Adenise     Lorenci     Woiciechowski    ,     Luciana     Porto de     Souza     Vandenberghe    , 
and     Carlos     Ricardo     Soccol   

        J.  C.   De   Carvalho (*) •         V.   Ghiggi •       A.  L.   Woiciechowski    
   L.  P.   de S.   Vandenberghe •       C.  R.   Soccol    
  Department of Biotechnology and Bioprocess Engineering , 
 Federal University of Paraná—UFPR ,   Rua Cel. Francisco H dos Santos, 
100, Caixa Postal 19060, ACF Centro Politécnico ,  81531-980   Curitiba ,  PR ,  Brazil   
 e-mail: jccarvalho@ufpr.br   

    L.  C.   Cardoso    
  Positivo University ,   Curitiba ,  PR ,  Brazil    



74

4.1.1     The Origin of Color 

 When light interacts with matter, there may be absorption, refl ection, refraction, and 
even reemission depending on the wavelength of incident light, chemical composi-
tion, and physical structure of the material giving rise to the multitude of colors that 
we see. A material may absorb the incident light unspecifi cally or selectively: if the 
absorption is unspecifi c, we perceive the color of the material as white, gray, or 
black, while if the absorption of one or more wavelengths is more pronounced, we 
perceive the material as having the complimentary color of that absorbed. Figure  4.1  
illustrates the relationship between structure and color: molecular orbitals absorb 
and reemit light, and substances with multiple conjugated double bonds (a common 
trait in organic colored substances) tend to do so in the visible range (Nassau  2003 ; 
Meléndez-Martínez et al.  2007 ). Color may also arise or be modifi ed on interaction 
of transition metal ions in complexes, as in porphyrin rings in hemoglobin and 
chlorophyll.

  Fig. 4.1    The number of conjugated bonds (molecular structures on  top ) affects the absorption 
band and the color of the pigments; the  graphic  shows the transmittance spectrum for  Monascus  
pigments, which appear  red .  Sources : Chemical structures from The Merck index,  2006 ; transmit-
tance curve obtained at laboratory       
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   Electrons in molecular orbital’s absorb photons, which leap to higher energetic 
states and revert towards its fundamental state by releasing the energy, perhaps 
with several smaller leaps and radiations of different wavelengths. The wave-
lengths reemitted are usually outside the visible range, the effect being the net and 
selective absorption of visible light. However, if the reemission occurs in the 
 visible range, we have a fl uorescent pigment: for example, phycocyanin absorb 
mostly green,  yellow, and orange light and reemit a bit of red light as can be seen 
in Fig.  4.2 .

   The part of a molecule responsible for light absorption is called a chromophore. 
Despite the enormous variety of biopigments, some recurring structures appear in 
nature and are illustrated in Fig.  4.3 . There are a number of biological roles for these 
molecules, the most important ones being (a) their antioxidant nature, (b) their use 
as antennae for energy absorption, and (c) reserve substances.

   Several microbial pigments are powerful antioxidants because their conjugated 
systems are susceptible to electrophilic attack. That is the case for carotenoids and 
xanthophylls, which are generally several times more effi cient than ascorbic acid or 
butyl hydroxyl toluene (BHT) as antioxidants. Colored substances may also act as 
a sunscreen, protecting the cell by absorbing UV radiation and thus reducing the 
formation of DNA-damaging free radicals. Photosynthetic microorganisms such 
as cyanobacteria and microalgae rely on pigments such as chlorophylls and 
 phycobilins for transferring light energy to electrons which will be used for carbon 
 reduction in photosynthesis—a mechanism which produced the oxygen in our 
atmosphere and is in the base of virtually all food chains. Some biopigments such 
as phycobilins, chlorophyll, and prodigiosin may also act as nitrogen reserve in 
microorganisms. Besides these functions, there are several other cases in which 
light-absorbing molecules play an important role, such as in eyespots of microor-
ganisms and in light- activated response mechanisms, such as the circadian rhythms 
of  Neurospora  sp. or as UV-induced damage correction mechanisms. Whenever 
these light-absorbing molecules selectively absorb in visible range, the result is a 
colored substance.  

  Fig. 4.2    Aqueous solution of phycocyanin from cyanobacteria and its absorption and emission 
spectra ( Sources : photograph from Walter et al.  2011 ; spectra from Tooley et al.  2001 )       
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4.1.2     Current Use of Biopigments 

 Several foods are naturally strongly colored and may be processed into extracts or 
powders used as food colors. That is the case of tomato-based lycopene, beet  powder, 
paprika, and carrot oil. However, several nonfood plants are used for FD&C (food, 
drug, and cosmetic) colors, such as alfalfa for chlorophyll, marigold for lutein, annatto 
for bixin and norbixin, and cochineal (this, an insect) for carmine. Table  4.1  lists the 
natural color additives approved by the FDA (United States Food and Drug 
Administration) for food and feed use, excluding the mineral pigments. The pigments 
in the list are exempt from certifi cation and may be used according to specifi c 
 legislation for each type of food product (in general,  ad quantum satis  or as much as 
needed according to current good manufacturing practices).
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   Biopigments are usually more susceptible to chemical attack than their synthetic 
counterparts (Aberoumand  2011 ) and may not resist the processing or the intended 
shelf life in some formulated products. However, this very limitation may be a refl ex 
of a desirable trait at least in some cases: for example, the molecules would be easily 
degraded in the body. 

 There is a high degree of homology among eukaryotic metabolism, and animals 
are expected to manage diverse metabolites from fungi, yeast, and algae (with some 
 notable exceptions such as mycotoxins). Most of the natural pigments are easily 
oxidized (e.g., carotenoids), hydrolyzed (e.g., phycobilins), or excreted due to its 
aqueous solubility (e.g., ribofl avin). Table  4.2  shows the most important natural 
food colors derived from microorganisms, its origin, and possible metabolic roles. 
While some pigments such as astaxanthin are merely healthy, others such as those 
with provitamin A activity (β-carotene and β-cryptoxanthin) are actually essential 
for human nutrition.

   Table 4.1    Color additives approved by the FDA for use in human food   

 Straight color  Uses and restrictions 

 Algae meal, dried  Chicken feed only 
 Annatto extract  GMP 
 Astaxanthin  Salmonid fi sh food only 
 Beet juice or powder  GMP 
 Canthaxanthin  Foods, salmonid fi sh feed, broiler 

chicken feed 
 Caramel  GMP 
 β-Apo-8′-carotenal  Foods and feeds 
 β-Carotene, natural and synthetic  GMP 
 Carmine or cochineal extract  GMP 
 Carrot oil  GMP 
 Corn endosperm oil  Chicken feed only 
 Copper chlorophyllin, sodic  Citrus-based dry beverage mixes 
 Cottonseed fl our, toasted partially defatted cooked  GMP 
 Ferrous gluconate or lactate  Ripe olives 
 Fruit juice  GMP 
 Grape color extract  Non-beverage food only 
 Grape skin extract (enocianina)  Beverages and beverage bases 
  Haematococcus  algae meal  Salmonid fi sh feed only 
 Lycopene, tomato extract, or concentrate  GMP 
 Paprika and paprika oleoresin  GMP 
  Paracoccus  pigment  Salmonid fi sh feed only 
  Xanthophyllomyces dendrorhous  ( Phaffi a ) yeast  Salmonid fi sh feed only 
 Ribofl avin  GMP 
 Saffron  GMP 
 Tagetes (Aztec marigold) meal and extract  Chicken feed only 
 Turmeric and turmeric oleoresin  GMP 
 Vegetable juice  GMP 

  From: FDA ( 2012 ). GMP, “good manufacturing practices,” vary with the class of food  
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   For application in processed products, a biopigment must be formulated 
(which will be discussed at the end of the chapter) to be stable enough in its life 
cycle. For products with low water activity such as liquors, drugs, and several 
cosmetics, stability is hardly an issue, however in moist formulations two  problems 
arise: fi rst, the  pigment must be adequately dispersed—and lipophilic pigments 
require a suitable vehicle for dispersion—and, second, the chromophores may 
behave differently in different pHs, just as happens with fruit anthocyanins. 
Finally, some pigments may require the addition of an antioxidant in the formula-
tion, or a protective barrier (such as specifi c packaging) in the processed food, but this 
is an issue already addressed because of the other sensitive chemical components 
of foods and cosmetics. 

 The market for food biopigments grows steadily despite of economic turmoil. 
Estimated as a 35 million USD market in the late 1980s, 250 million in 2000, and 
600 million in 2011 (Yarnell  2012 ), biopigments grew from an 11 % niche of food 
colors in 1987 to a 27 % share in 2000. When dried foods (vegetables and microal-
gae) and nature-identical carotenoids used for fi sh and poultry feeds are included, 
the market surpasses 1.2 billion, with an annual growth of 2.3 % (BBC Research 
 2010 ). The steep rise in the biopigment market may be attributed to a mix of more 
stringent regulations regarding synthetic colors, the development of new pigment 
formulations, and the increase in fi sh farming. Considering the industrialization and 
consumption of processed food by countries like China, India, and Brazil, it would 
not be an over estimation that the biopigment market will grow to over 1.5 billion 
USD by 2020.  

     Table 4.2    Microbial production of pigments in use as natural food colorants or with technology 
well developed and possible metabolic roles   

 Molecule (color)  Microorganism  Metabolic role 

 Lutein (yellow)   Spongiococcum excentricum   Antioxidant, may help slow 
macular degeneration 

 Ankafl avin (yellow)   Monascus  sp.  Antimicrobial 
 Anthraquinoid (red)   Penicillium oxalicum  
 Astaxanthin (salmon)   Haematococcus pluvialis   Antioxidant 

  Xanthophyllomyces dendrorhous  
  Paracoccus carotinifaciens  

  β -carotene (orange)   Blakeslea trispora    Provitamin - A activity ,  antioxidant  
  Dunaliella salina  

 Monascorubramin (red)   Monascus  sp.  Antimicrobial 
 Phycocyanin (blue)   Arthrospira platensis    Antioxidant  
 Ribofl avin (yellow)   Ashbya gossypii    Vitamin B2  
 Rubropunctatin (orange)   Monascus  sp.  Antimicrobial 
 Lycopene (red)   Blakeslea trispora   Antioxidant 

   Sources : adapted from Nelis and De Leenheer ( 1989 ); Margalith ( 1992 ); Soni ( 2007 )  
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4.1.3     Why Microbial Pigments? 

 There are several natural pigments derived from vegetables and animals, in some 
cases from agro-industrial wastes such as tomato (lycopene), grape (anthocyanins), 
and palm (carotenoids) processing residues. However, source variability and 
 presence in low concentration of pigment in those target fruits require processing of 
large amounts of agro-industrial waste. On the other hand, the use of selected micro-
organisms which are able to synthesize specifi c pigments has the advantages of 
consistent batches and high concentration and quality. Besides these advantages, 
microorganisms may be selected or modifi ed in search of suitable color additives. 

 The selection of color-producing microorganisms is straightforward: the obser-
vation of colored colonies in agar plates. A diffusion halo is formed if the pigment 
is liberated to the medium and is at least partially water soluble (Fig.  4.4 ). The isolation 
of new microorganisms may be directed towards an acid stable pigment by controlling 
the pH of the isolation medium.

   Further mutagenesis may lead to enhanced production. After initial isolation, the 
microorganism must be cultivated in a suitable medium so that the pigment may 
subsequently be isolated in order to determine eventual biological activity and 
fi nally be identifi ed by LC-MS. In order to enhance the production of pigments, the 
careful evaluation of the effect of several substrates, macro- and micronutrients, as 
well as pH and temperature is done. The comprehension of the metabolic pathways 
leading to the target molecule is also important, for these pathways may be manipu-
lated either by using inductors or repressors in the culture media or by gene knock-
out or promotion. 

  Fig. 4.4    Monascus colonies 
in an YM agar plate. 
Mycelium is colored and 
pigments diffuse through 
the medium       
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 Despite of possible usefulness as bioactive compounds, the antibiotic pigments 
have much restricted use, and the route to market will be far more complicated. For 
example,  Monascus  pigments have been used for centuries in the Western countries 
but are still not regulated (therefore not permitted) in the USA and Europe 
(Puttananjaiah et al.  2011 ). Antioxidant pigments, at the other side, are generally 
welcome and even if the molecule is new, there is the possibility of its use as a nutra-
ceutical ingredient, although petitions to regulatory agencies still will have to be 
done for FD&C compliance. This is easier with pigments derived from GRAS 
microorganisms, such as phycocyanin from  Spirulina  sp. Table  4.2  shows the most 
important microbial biopigment either in production or in late development state.   

4.2     Biopigment Production Cases 

 With hundreds of microbial genera capable of producing biopigments, there are 
only a handful of substances which are industrially produced, as shown in Table  4.2 . 
For these biopigments, technological and regulatory barriers have been transposed, 
which does not mean that there is no space for further development. Actually, these 
are the most likely platforms to be used at agro-industrial valorization initiatives, 
from which new or improved strains and products may progressively be developed. 
This section describes some cases selected by microorganism type, i.e., the produc-
tion using yeasts, microalgae and cyanobacteria, fi lamentous fungi, and bacteria, for 
selected pigments. 

4.2.1     Carotenoids from Yeast and Fungi 

 The color and nutraceutical properties of carotenoids have attracted the attention of 
food, cosmetic, and pharmaceutical industries. The food industry uses this kind of 
molecule as natural food colorants, as dietary supplements, and fortifi ed foods 
(Vílchez et al.  2011 ). For example, β-carotene, the carotenoid with the largest 
 market share can be found in margarine, cheeses, and fruit juices. The carotenoids 
are also used in pharmaceutical and cosmetic due to their nutraceutical properties. 

 Carotenoids are naturally found in bacteria and fungi (Table  4.3 ) and microalgae 
(Table  4.4 ). These important natural pigments have colors ranging from yellow to 
red (Perez-Fons et al.  2011 ). More than 600 different structures of these biomole-
cules, synthesized in vegetables and microorganisms, have been characterized.

    It is clear, from Table  4.3 , that the productivity of biopigments is quite diverse. 
For comparison, the vegetative cycle of carrots is around 100 days, with 70 mg/kg 
of β-carotene and for watercress 50–70 days, with 60 mg/kg of β-carotene. The 
slowest growing microorganism from Table  4.3  has a 5-day cycle (considering 10 % 
inoculum), with a fi nal carotenoid concentration of 250 mg β-carotene/kg of 
 biomass, on average. 
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 The sequence of carotenoid biosynthesis in microorganisms is summarized in 
Fig.  4.5 . The biosynthesis starts with the mevalonic acid that by different reactions 
(initial steps) produces the geranylgeranyl pyrophosphate (GGPP). Two molecules 
of GGPP are condensed to synthesize phytoene, which is transformed into lycopene 
through few steps of desaturation. β-carotene is fi nally formed from lycopene 
through cyclization. Oxygenation of carotenoids gives the xanthophylls such as 
astaxanthin (Wang et al.  2007 ).

   There are several ways to improve carotenoid synthesis in fungi and yeasts, such 
as addition of inducing substances and light stimulation. But since these organisms 
are heterotrophs, culture media optimization is by far the most important aspect for 
a production system. Nowadays, the challenge is to reduce the production costs of 
carotenoids from bioprocesses. The use of cheap industrial by-products as nutrient 
sources and use of a microorganism with high carotenoid yield can contribute to 
the minimization of production cost (Tinoi et al.  2005 ). As showed on Table  4.3 , 
 carotenoids can be produced by microorganisms able to use different kinds of waste 
substrates as carbon sources. Grape must, glucose syrup, beet molasses, sugar cane 
molasses, soybean fl our extract, technical glycerol, and whey are examples of 
 by- products that have been reported in the literature as low-cost substrates for carot-
enoid production (Buzzini and Martini  1999 ; Razavi and Marc  2006 ; Khodaiyan 
et al.  2008 ; Papaioannou and Liakopoulou-Kyriakides  2010 ; Yang et al.  2011 ). 

 Marova et al. ( 2012 ) have shown in their work the ability of the yeast  Rhodotorula 
glutinis  to use industrial waste (whey) for high-value β-carotene production. 

Xanthophylls

Oxygen

Cyclization

Desaturation

PhytoeneSynthesis

InitialSteps

B-carotene

Lycopene

Phytoene

Geranylgeranyl pyrophosphate

Mevalonic acid

  Fig. 4.5    Carotenoid biosynthesis pathway (Silva  2004 )       
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Another source of carotenoids from yeast may be as by-products of nutraceutical oil 
production, although the fractionation of the mixture may be challenging. 

 The production of β-carotene by  Blakeslea trispora , which is one of the best 
known processes today, was at a time elusive: carotenoids after conversion into 
pheromones are used as basis for communication in this fungus, and the use of two 
mating types is the key for the production of the large amounts of carotenoids 
(Papaioannou and Liakopoulou-Kyriakides  2010 ). However, microalgal carotenoid 
productivity may surpass that of fungi, as is discussed in the next section.  

4.2.2     Carotenoids from Microalgae 

 Carotenoids are synthesized by microalgae for photoprotection, oxidation- protective 
agent, and as part of the light-harvesting complexes for photosynthesis. Being ubiq-
uitous in microalgae, carotenoids are even used as a primary classifi cation key for 
genera. Table  4.4  presents cases of carotenoid-producing microalgal cultures. 

    Table 4.4    Selected carotenoid-producing algae   

 Microalga  Carotenoid  Medium a    X  (g/L) 
 Conc. 
(mg/g) 

 Maximum 
specifi c 
growth rate  References 

  Chlorella 
zofi ngiensis  

 Astaxanthin  BBM with 
glucose 

 10.2  1  0.031 h −1   Ip and Chen 
( 2005 ) 

  Coelastrella 
striolata  

 Canthaxanthin 
 Astaxanthin 
  β -carotene 

 BBM  2.7  47.5  0.30 day −1   Abe et al. 
( 2007 )  1.5 

 7 
  Coccomyxa 

onubensis  
  β -carotene  K9  1.6  2.88  0.50 day −1   Vaquero et al. 

( 2012 )  Lutein  6.48 
  Haematococcus 

pluvialis  
 Astaxanthin  BBM  2.2  13.5  –  Harker et al. 

( 1996 ) 
  Chlorella 

zofi ngiensis  
 Astaxanthin  Bristol, 

modifi ed 
 10  1.25  0.043 h −1   Ip et al. ( 2004 ) 

  Dunaliella 
salina  

  β -carotene  f2  –  14 b   0.55 day −1   Kleinegris et al. 
( 2011 ) 

  Haematococcus 
pluvialis  

 Astaxanthin  Standard  3  12–15  0.56 day −1   Garcıa- Malea 
et al. ( 2005 ) 

  Muriellopsis  sp.  Lutein  Arnon, 
modifi ed 

 5.37  6.51  0.17–
0.23 h −1  

 Del Campo 
et al. ( 2000 ) 

  H .  pluvialis  
(wild type) 

 Astaxanthin  NIES medium  1.6  47.62  0.07  Hong et al. 
( 2012 ) 

  H .  pluvialis  
(mutant) 

 2.25  54.78  0.08 h −1  

   a Except where specifi ed, these are mineral-based media. Recipes may be found at UTEX, SAG, or 
CCMP collections web sites 
  b Estimated. The original reference reports 28.1 mg/L carotenoids  
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 Although β-carotene holds the largest market for carotenoids, astaxanthin—a 
high-value keto-carotenoid pigment—is increasingly being used as feed additive in 
aquaculture. Farmed salmonid production was almost nonexistent in 1980 but 
reached 2.41 million tons in 2010 and had an average increment of 3.8 % per year 
in the previous 8 years (data from FAO  2012 ). This represents a huge market for fi sh 
feed, in which astaxanthin is included in order to confer the attractive coloration of 
these fi sh, and helps maintain their normal growth and survival (Shen et al.  2009 ). 
In addition, the strong antioxidative activity of astaxanthin over other carotenoids 
such as β-carotene, zeaxanthin, and lutein has attracted tremendous commercial 
interest for medicinal and nutraceutical uses (Miki  1991 ). 

 The occurrence of astaxanthin in the freshwater microalga  Haematococcus  pluvialis  
led to the development of two-stage cultures of this alga: the production intracellular 
pigment involves changes in the metabolism associated with a morphological transfor-
mation from green vegetative cells to deep-red, astaxanthin-rich, immobile aplanospores 
(Elliot  1934 ) that take place when the culture is subjected to stress conditions such as 
high irradiances (Kobayashi et al.  1992 ) usually in combination with nutrient depriva-
tion (Boussiba et al.  1992 ; Margalith  1999 ; Orosa et al.  2001 ). 

 The incorporation of well-developed  Haematococcus  and  Dunaliella  production 
systems into conventional (agro industrial) wastewater treatment reduces produc-
tion costs of algal biomass, which in turn can be applied to production of bioactive 
substances, bioenergy, or valuable chemicals (Hoffmann  1998 ). Municipal waste-
waters and piggery wastes are very rich in nutrients but must not be used to feed 
microalgae until effl uent preprocessing and biomass post-processing guarantee 
pathogen destruction. But agro-industrial wastes such as  manipueira  (cassava 
 processing wastewater) and vinasse (ethanol production wastewater) may be conve-
niently used as culture media for mixotrophic growth of microalgae (Soccol et al. 
 2012 ). Table  4.5  shows the main components of autotrophic of culture media and of 
two residues.

   In a conventional biological wastewater treatment process, external carbon 
sources such as methanol or acetate are usually needed to convert nitrate into 
 nitrogen gas (Tchobanoglous et al.  2003 ), and excess biomass generated needs to be 
treated and disposed of in a safe and cost-effective way—which leads to high 
 operating costs (Yang et al.  2003 ). However, the assimilation of nitrate by microalgae 
has two advantages over conventional biological nutrient removal: (1) nitrate can 
be converted into biomass without any external carbon source, and (2) high-value 
products such as astaxanthin can be extracted from excess biomass. Because of the 
low rates of growth and nitrate uptake in microalgae, it may be diffi cult for this 
microalgal treatment process to be used in a mainstream treatment process, but it 
may have potential application as a subsidiary process in biological nutrient removal 
(Kang et al.  2006 ). Actually, the fi nal step in wastewater treatment (stabilization) 
usually has a healthy population of microalgae. 

 At the other side,  direct  (i.e., untreated) use of agro-industrial wastewaters, even 
with a high organic load is possible, for suitably adapted species. Direct cultivation 
in these residues may even work as a selective trait: extreme pH or high osmolality, 
coupled to cultivation in shallow ponds, and high inoculum concentration may be 
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enough to guarantee the predominance of one algal species in open systems. In closed 
systems, the problem is reduced to a question of sterilization—to which bioindus-
tries are well acquainted. 

 Comparing media in Table  4.5 , one may note that the residues have high 
 potassium and low nitrate concentration but carry organic nitrogen and phosphate, 
which explain why some algae thrive in these wastewaters. Kang et al. ( 2006 ) intro-
duced the cultivation of  H .  pluvialis  into secondary treatment of the primary-treated 
sewage (PTS) and primary-treated piggery wastewater (PTP), containing low and 
high concentrations of nitrate, respectively. The authors examined the characteristics 
of algal growth, nitrate assimilation, and astaxanthin biosynthesis by red cyst cells 
of  H .  pluvialis  through subsequent strong photoautotrophic induction. The work 
showed that the inorganic wastes in the wastewater were removed successfully by 
 Haematococcus  cultivation, after which green vegetative cells were transformed by 
photoautotrophic induction to red aplanospores with substantial astaxanthin content 
of 39.7 mg L −1  and 83.9 mg L −1  on PTS and PTP-2 cultures, respectively. 

 Carotenoid bioavailability depend on post-processing of the biomass produced; 
intact astaxanthin-rich cysts of  Haematococcus  are poorly absorbed in salmonids 
(Sommer et al.  1991 ), and the biomass should be processed in order to enhance 
digestibility, e.g., via high-pressure homogenization.  

4.2.3     Other Photosynthetic Pigments from Microalgae 

 Chlorophyll (which exists in several forms in microalgae and cyanobacteria) is 
 usually produced from alfalfa, through solvent extraction and then purifi ed and 
 converted to cupric complexes. However, microalgae have much higher contents of 
chlorophylls (for example, 37.1 mg/g biomass in  Chlorella , against 3.84 mg/g in 
alfalfa), and the prospective production of large amounts of microalgal biomass for 
biofuels or protein may provide raw material for microalgae-based chlorophyll. 

 In order to enhance the absorption of light, besides chlorophyll and carotenoids, 
several microorganisms have specialized phycobilin proteins. These antennae 
 pigments are present in cyanobacteria and some algae (rhodophyta, cryptophyta, 
and glaucophyta) and have absorption spectra complementary to that of chlorophylls. 
Among phycobilins, phycocyanin is one of the most interesting pigments with a 
distinct blue color. Also, being a water-soluble pigment, it offers a large array of 
potential applications. Table  4.6  presents the production characteristics for repre-
sentative photosynthetic microorganisms.

   Phycocyanin production is done by cultivating the chosen microorganism and 
then processing the biomass. Since  Spirulina  supports very high pH for growth, 
large-scale open cultures of this cyanobacterium have been done even with mixotro-
phic cultures. However, without the total dependence of light, cells may reduce the 
concentration of photosynthetic pigments—for example, chlorophyll content drops 
in mixotrophic cultures, from approximately 23 mg/g in Chlorella to around 4 mg/g 
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(Cheirsilp and Torpee  2012 ); light intensity also affects the production, although 
cell concentration must be taken into account when analyzing irradiance. 

 While chlorophyll may be extracted from algal biomass just as in plant-based 
processes, phycocyanin processing requires cell disruption in a buffer, followed by 
fi ltration or centrifugation of the debris, concentration, and drying. Broiler additives 
may be produced by simply drying the biomass. Pure phycobilins may be obtained 
by fractional precipitation at 25 and 60 % ammonium sulfate, followed by a DEAE- 
Sepharose chromatography with a gradient from pH 5–3.6, reaching phycocyanin 
purity of 5.59 ( A  620 / A  680 ) and allophycocyanin purity of 5.19, with recoveries of 
67 % and 80 %, respectively (Yan et al.  2011 ). 

 As it could be expected with a protein, phycocyanin is stable only in the pH 
range of 5.5–6, with a temperature below 47 °C (Chaiklahan et al.  2012 ). Outside 
this range, partial degradation of the pigment occurs through denaturation, insolubi-
lization, and possibly due to hydrolysis (in extreme pHs). Several solutes may aid 
the stabilization, as well as the use of high-temperature, short-time (HTST) processing 
rather than long heat-incubation times.  

   Table 4.6    Selected phycocyanin (PC), phycoerythrin (PE) and chlorophyll (CHL), and 
allophycocyanin (APC)—producing microorganisms   

 Microorganism  Molecule 
 Culture 
medium 

  X  max  
(g/L) 

  P  max  
(mg/g)  μ (day −1 )  References 

  S platensis   PC  ZRK + 2.5 g/L 
glucose, 
4klux 

 2.66  121  0.62  Chen et al. 
( 1996 ) 

  S platensis   PC  ZRK  167  Yan et al. ( 2011 ) 
 APC  ZRK  36.6  Yan et al. ( 2011 ) 

  S platensis   ZRK  10.24  54–125  Chen and Zhang 
( 1997 ) 

  A platensis   PC  ZRK, 2.5 g/L 
glucose, 
12 kLux 

 1.33  0.49  Ben et al. ( 2010 ) 
 Better production 

in high light, 
low glu; not 
optimized 

  Synechocystis  sp.  PC  Modifi ed 
BG-11 

 0.2  120 

  Galdieria sulphuraria   PC  Glucose and 
ammonia 
based, fed 
batch, high 
concn. 

 109  27  1.4  Graverholt and 
Eriksen 
( 2007 ) 

  Pseudanabaena  sp.  PE  ASN-III  0.89  44  0.1     Mishraa et al. 
( 2012 ) 

  S .  platensis   CHL  Mineral, 
nitrate 
based 

 1.9  11.6  0.15  Rangel-Yagui 
et al. ( 2004 ) 

   ZRK  Zarrouk medium;  S  ( Spirulina ) and  A  ( Arthrospira ) refer to the same microorganism, but the 

original denomination given by the reference was maintained  
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4.2.4     Pigments from Fungi 

 There are hundreds of colored pigments produced by fungi. Several of these 
 substances are bioactive, having, e.g., antibiotic, immunomodulatory, nephrotoxic, 
and hepatotoxic properties. Considering that fungi are usually unable to use light, 
the color of the pigment could be a consequence of interaction with light of a struc-
ture with other functionalities. Several accounts on the potential for biopigments 
production by fungi were done by Durán et al. ( 2002 ) and others, compiling data 
for several classes of biopigments mainly including melanins, fl avins, carotenoids, 
 quinones, and azaphilones. If at one side this large diversity represents an untapped 
source of promising molecules, at the other the bioactivity is a barrier to the market. 
Table  4.7  presents the most important fungal pigments which are used in foods 
(even if  Monascus , as already stated, is limited to oriental countries).

   Ribofl avin (vitamin B2) is a well-known, permitted, stable water-soluble pig-
ment added to a multitude of products to impart yellow color and as a nutritional 
ingredient. Although more than 75 % of the worldwide ribofl avin production is 
synthetic, its industrial production by fungi is well established. 

 An anthraquinoid pigment, Arpink red, from  Penicillium oxalicum  species has a 
structure similar to that of cochineal carmine and may be an important substitute to 
the insect-derived pigment in the future. As a stable nontoxic pigment, its use for 

   Table 4.7    Pigments produced by fungi in agro-industrial residues   

 Microorganism  Molecule 
 Culture 
medium   X  max    P  max   References 

  Monascus  sp.  Polyketide mix  Rice, SSF  330 mg/g 
substrate 

 1.87 mg/g 
substrate 

 Carvalho et al. 
( 2006 ) 

  Monascus  sp.  Polyketide mix  Cassava 
bagasse, 
SSF 

 0.3 mg/g 
substrate 

 Carvalho et al. 
( 2007 ) 

  Monascus  sp.  Polyketide mix  Jackfruit 
seed + min-
erals, SSF 

 Babitha et al. 
( 2006 ) 

  Monascus 
purpureus  

 Polyketide mix  Gluten and 
bran-free 
wheat fl our 
SmF 

 10.34 g/L  2.46 mg/g 
substrate 

 Dominguez- 
Espinosa 
and Webb 
( 2003 ) 

  Monascus 
kaoliang  

 Polyketide mix  Wheat meal, 
SSF 

 60.64 mg/g 
substrate 

 Lin ad Iizuka 
( 1982 ) 

  Penicillium 
oxalicum  

 Arpink red  Molasses, 
yeast 
autolysate 

 1.5 g/L  Dufossé 
( 2006 ) 

  Ashbya 
gossypii  

 Ribofl avin  Corn steep 
liquor, 
peptone, 
soybean oil 

 1–5 g/L  Lim et al. 
( 2001 ) 

   SmF  submerged fermentation,  SSF  solid substrate fermentation  
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foods has been proposed (Dufossé  2006 ). A patent application claims that the com-
pound and its derivatives have anticancer activity (Sardaryan  2006 ). The production 
by fermentation is straightforward, and its acidic functional group makes concentra-
tion very simple, via precipitation of the pigment by pH regulation. 

  Monascus  pigments are sold either as raw fermented powders, concentrated or 
dried, or as fractionated extracts. Its production is done in submerged fermentation 
or, more usually, in solid substrate fermentation. There are dozens of substrates 
tested for its production, although rice and wheat meals (either integral or broken 
residual cereal) give the highest pigment production. After 7–10 days fermentation, 
the mass ( koji , in the case of rice) may be dried or extracted with a suitable solvent. 
The solution may be concentrated and dried.  Monascus  pigments stability depend 
on pH and temperature; for pH 7–8 in aqueous media, the pigment resists process-
ing for 30 min at 100 °C but may lose up to 20 % tinctorial strength at pH 4 (Carvalho 
et al.  2005 ). Alcoholic solutions are very stable. Monascus pigments may bind to 
amino groups, which may lead to increased stability in some formulations. Care 
must be taken for most strains produce citrinin, a yellow nephrotoxic mycotoxin; 
also, raw biomass may contain the anti-hypercholesteremic molecule lovastatin. 

 Another microbial pigment producer whose metabolites are bioactive is  Pycnoporus 
sanguineus , a ubiquitous wood-growing fungus which produces phenoxazine analogs 
with antimicrobial activity.  

4.2.5     Bacterial Pigments: Prodigiosin, Violacein, 
Pyocyanin, etc. 

 There are several well-studied bacterial pigments but these are not introduced in 
market because of its antimicrobial and eventual toxic activity, as is the case of 
prodigiosin and violacein. However, these pigments may have niche food uses (e.g., 
avoid  fungal proliferation on the surface of meat products) or nonfood uses, as in 
textiles. At the other side, some bacteria produce harmless carotenoids. Examples of 
bacterial pigments produced using fermentation are presented in Table  4.8 .

   Prodigiosins are a class of tripyrrole antibiotic pigments produced by several 
microorganisms such as  Serratia marcescens  and  Hahella chejuensis . These sub-
stances received recent renewed attention because of its reported immunosuppres-
sant and anticancer properties (Williamson et al.  2006 ; Gulani et al.  2012 ) and 
potential involvement in the reduction of algal proliferation in algal blooms (Kwon 
et al.  2010 ).  Serratia  cultures produce almost 500 mg/L of prodigiosin in 2 days, at 
30 °C. Giri et al. ( 2004 ) obtained excellent production in peanut seed broth 
(38.75 g/L), which indicated that peanut (and perhaps soy) processing residues could 
be an  adequate substrate for the pigment. 

 Violacein is a purple diindole-pyrrole pigment derived from tryptophan. It is 
 soluble in ethanol, and its biosynthesis and potential uses are still being studied. The 
same applies to the blue phenazine pigment pyocyanin, produced by  Pseudomonas 
aeruginosa . Pyocyanin is a highly reactive metabolite which, being toxic to mammal 
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cells, cannot be used in foods; however, it is possible that its conjugation to proteins 
in leather and other materials may stabilize it, permitting its use as a textile pigment. 

  Paracoccus carotinifaciens  is a bacterium which accumulates a mix of  carotenoids. 
Recent patents cover proprietary isolates and mutant strains, and although the carot-
enoid content is not superior to that of selected microalgae, the specifi c growth rate 
is probably high, as common in bacteria. This biomass hit market relatively quickly 
and is already permitted as a fi sh feed supplement in the USA.   

4.3     Biopigment Production and Formulation 

 Among the biopigments discussed in this chapter, few are produced in industrial 
scale; in some cases, the technology is relatively new and scaling up is being devel-
oped (as is the case for phycobilins), or there are regulatory issues (as with  Monascus  
pigments in Europe and in the USA). The following section presents suitable, 
laboratory- tested conditions for producing and concentrating selected pigments. 

 Although the pigments discussed here vary widely, there are some general 
 considerations which apply: we may be interested in the integral biomass or in a 
concentrated pigment. The substances of interest may be intra- or extracellular 
(or both), predominantly lipo- or hydrosoluble, and probably thermolabile and 
prone to  oxidation. Finally, biomasses destined for feeds and supplements may have 
poor digestibility, requiring a cell disruption step. Four selected cases of biopigment 
production  systems follow: 

   Table 4.8    Selected pigments produced by bacteria   

 Microorganism  Molecule 
 Culture 
medium 

  X  max  
(g/L) 

  P  max  
(mg/L)  References 

  Serratia marcescens   Prodigiosin  Maltose and 
peanut 
oil based 

 –  535  Gulani et al. 
( 2012 ) 

  Serratia marcescens   Prodigiosin  Powdered 
peanut 
medium 

 –  39,000  Giri et al. 
( 2004 ) 

  Hahella chejuensis , 
mutant 

 Prodigiosin  Sucrose and 
peptone 
based 

 –  2,600  Kim et al. 
( 2008 ) 

  Chromobacterium 
violaceum  

 Violacein  Glucose and 
peptone 
based 

 21  430  Mendes et al. 
( 2001 ) 

  Paracoccus 
carotinifaciens  

 Astaxanthin, 
canthaxanthin 

 Glucose and 
peptone 
based 

 –  25–40 
(mg/g) 

 Hirschberg 
et al. ( 1999 ); 
Tanaka et al. 
( 2011 ) 
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4.3.1     Production 

 β-carotene from  Blakeslea trispora : inocula of spores of mating types + and − are 
used in the ratio 1:10 (e.g., 10 4  spores of type + and 10 5  spores of type −) (Varzakakou 
et al.  2010 ) in a suitable culture medium, such as (in g/L)  d -glucose 50, olive oil 5.4, 
soybean oil 5.4, sunfl ower oil 5.4, corn steep liquor 80.0, span 20 10.0, Tween 80 
0.1, casein hydrolysate 2.0, yeast extract 1.0,  l -asparagine 2.0, KH 2 PO 4  1.5, 
MgSO 4 ·7H 2 O 0.5, BHT 0.02, and thiamine-HCl 0.005, as proposed by Papaioannou 
and Liakopoulou-Kyriakides ( 2010 ). After 8 days in aerated culture with moderate 
agitation at 26 °C, the cells are separated from the broth by fi ltration, partially dehy-
drated and slowly extracted with a suitable solvent such as chloroform. The solvent 
is separated from the biomass and evaporated; the dry raw extract is further 
 processed. From 62 kg of corn steep liquor and 38 kg of glucose, there should be 
produced 20 kg of biomass which, extracted with 50 L chloroform, would give 
approximately and 8 kg extract containing 90 g of β-carotene. 

 Carotenoids from  Haematococcus : This microalga may be cultivated in synthetic 
mineral media or in residues if suffi cient nitrogen and phosphorus is present. An initial 
cell count of 10 3  cells/mL is a suitable inoculum to a basal medium containing (in g/L): 
KNO 3  2, K 2 HPO 4  0.2, MgSO 4 ·7H 2 O 0.2, soil extract 30 mL (according to SAG  2012 ), 
and micronutrients. Cultivation is done at 25 °C for 10–15 days, at moderate irradia-
tion. Biomass should reach 2–3 g/L, and at this point the irradiation should be increased 
to 30–40 kLux with the addition of NaCl reaching a concentration of  0.4–0.6 %, 
 conditions which induce carotenogenesis. After 5 days, carotenoid- rich biomass is 
separated by centrifugation. The biomass is thermally processed in order to enhance 
the digestibility of the algae meal (for instance, right before spray drying). From 
100 kg of salts, there may be produced 125 kg of biomass with 1.65 kg of  astaxanthin, 
requiring a production area (for a pond) of 200 m 2 . 

 Phycocyanin from  Arthrospira  sp.: this cyanobacterium may be suitably 
 cultivated in agro-industrial wastes, provided that there is enough nitrogen and 
phosphorus and that the pH is increased (if necessary) to around 9, which usually 
requires addition of bases. Growth in  manipueira , for example, produces at least 
2–3 g/L of biomass (or 10–15 g/L of residue, since it is diluted to 20 %). From 
1,000 L of residue, diluted to 20 % and inoculated with a previous culture to an 
initial concentration of 0.1 g/L, approximately 12.5 kg of biomass may be obtained 
after 10–15 days, depending on irradiation and eventual contamination. This biomass 
is harvested by fl occulation with a cationic copolymer such as a polyacrylamide- 
amine, followed by fi ltration and drying of the paste, in the case of algae meal for 
broilers. For phycocyanin production, the wet biomass is resuspended in 100 L of 
0.1 M phosphate buffer and successively frozen and thawed (4 cycles). The phycobilins 
are liberated to the buffer, which is then centrifuged and desalinized by ultrafi ltra-
tion and dialysis, giving a raw extract with 1.25–1.5 g of phycocyanin. Further 
purifi cation is possible using fractional precipitation with ammonium sulfate. Such 
a process requires a production area of 25 m 2 . 
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 Pigments from  Monascus : this fungus may be cultivated over residual cereals 
from mill processing, e.g., broken rice. The cereal is mixed with one part water and 
autoclaved, giving a product with approximately 56 % water. This cooked rice is 
inoculated with a spore suspension or with a fermented powder previously obtained, 
and is then cultivated for 7–10 days at 30 °C. In this solid substrate fermentation, it 
is important to maintain aeration through the medium. After cultivation, the mate-
rial may be dried for production of a meal or extracted (without drying) with 95 % 
 ethanol (2–3 L:kg of rice initially used). The extract is then fi ltered, concentrated by 
evaporation, and the viscous precipitate that forms may be processed into a powder 
or a liquid formulation. From 100 kg of broken rice, an extract or powder with 
approximately 200 g of mixed pigments may be produced. Further fractionation is 
uncommon but may be done by chromatography.  

4.3.2     Formulation 

 The distribution (in the mass transfer sense) of a pigment in a product matrix is 
determined by its structure and formulation. Therefore, besides producing the 
 molecule, it is usually desirable to have several physicochemically distinct present-
able forms of the pigment, e.g., hydrosoluble and liposoluble concentrates, solid 
dispersible powders, and solid additives for feed. Microencapsulation and/or 
 additives may be used to protect the pigment. Of the products to which biopigments 
may be applied, perhaps foods represent the most complex class, because of its 
naturally complex composition; however, the considerations below may be also 
applied to drugs and cosmetics. 

  Hydrosoluble pigments : Ribofl avin, phycocyanin, cupric chlorophyllin, and 
other hydrosoluble pigments may be directly added to foods, in accordance with the 
 Codex Alimentarius  regulations. These pigments may be prepared and stored as dry 
powders or liquid concentrates, eventually with dispersing agents. Dry powders are 
preferred because of its low water activity and high stability. 

  Liposoluble pigments : Carotenoids, several xanthophylls, and chlorophyll dissolve 
poorly in water but may readily be dissolved in hot oils, fats, or highly concentrated 
alcoholic solutions (e.g., spirits). For lipid-rich foods, these pigments may be 
applied directly, but for foods with high water contents, the application must be 
done carefully to avoid phase separation. For example, application of β-carotene in 
emulsions such as sausages may lead to segregation of the pigment to lipid droplets 
and lead to a heterogeneous aspect. Prior assessment of color stability is necessary. 
Formulations for these pigments are usually solutions in oil (e.g., lycopene in soy 
oil) or dry powders. 

 There are commercial hydrosoluble preparations of these pigments: these are 
stable emulsions with edible oil micelles stabilized by USP/FDA/EC-approved 
emulsifi ers. These are lipo- and hydrosoluble, mostly intended for use in beverages. 

  Microencapsulation  consists of preparing a mixture of the pigment with a  suitable 
support which surrounds or dissolves it: for example, hydrophobic carotenoids may 
be mixed with cyclodextrins forming water-soluble complexes; hydrophilic pigments 
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such as phycocyanin may be emulsifi ed in light oil with the aid of a lecithin, followed 
by spray drying. For example, one commercial astaxanthin formulation contains the 
extract dispersed into soy protein and contains alginate and hydroxypropyl cellulose, 
besides antioxidants to protect the material during processing and storage.   

4.4     Future Developments 

 There are several ways in which biopigment research should focus: vegetable and 
animal cell cultures may lead to the production of already permitted pigments 
(for example, anthocyanins from grapes) using “cell reactors.” Genetic tools are 
much more likely to be used in order to develop genetically modifi ed hosts which 
will produce the desired pigment with very high productivities. For example, Das 
et al. ( 2007 ) report that yields of up to 18, 49, and 11.4 mg/g DCW of lycopene, 
β-carotene and astaxanthin were obtained in specifi c studies where  E. coli  was mod-
ifi ed for production of carotenoids. The elucidation of the composition of structural 
 pigments such as helically coiled cellulose in  Pollia  fruits (Vignolini et al.  2012 ) 
may lead to exciting new GMO structural pigment producers—today, pearlescent 
effects are obtained using mica, a mineral. 

 Molecular tools may be used for knockout of genes for toxin production in fungi, to 
enhance concentration through multiple gene copies, and regulating of pathways: 
mutagenesis as in  Ashbya gossypii  and further understanding of pheromone and caro-
tene biosynthesis regulation in  Phycomyces blakesleeanus  (Tagua et al.  2012 ) is lead-
ing to enhanced production of carotenoids. 

 On the more traditional side, the fungal, bacterial, and microalgal diversity is yet 
to be explored, and new tools for molecule identifi cation may be used for high 
throughput screening of ambiental samples. The fact that one of the newest 
 biomasses permitted for feed use is a newly bacterial isolate ( Paracoccus  sp.) shows 
the potential of bioprospection. At the other side, species with known behavior may 
be mutated, with selective pressure, in order to develop better pigment producers—
as it has been done successfully with  Haematococcus  algae.     
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5.1            Introduction 

 Aroma compounds or fragrances are the chemical compounds having pleasant 
smell. In general, they are volatile compounds which can easily reach the olfactory 
system. An aroma compound could also be a fl avor which has a smell as well as a 
taste (e.g., diacetyl, 2-phenylethanol, acetoin, and vanillin). Aroma compounds are 
the integral parts of foods and beverages as well as they are also found in cosmetics 
and personal care products. Presently, fl avors represent around 25 % of global food 
additive market (Longo and Sanromán  2006 ). Aroma/fl avor compounds may natu-
rally occur in foods and beverages or it could be externally included to enhance their 
taste/quality. Aroma/fl avor compounds of foods and beverages may come from the 
raw materials or they may be produced during processing (e.g., fermentation) of 
such materials. Likewise, artifi cially added aroma/fl avor compounds may be of 
natural origin, such as plant-derived materials, compounds produced by fermenta-
tion, or could be synthetic materials produced by chemical process. Most fl avoring 
compounds presently available in the market are either synthetic compounds or 
products obtained by extraction from natural sources (Longo and Sanromán  2006 ). 
The foods and beverages containing aroma/fl avor compounds of natural origin are 
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preferred by the customers and it could be considered as a marketing advantage 
(Krings and Berger  1998 ; Longo and Sanromán  2006 ). Actually, the value of natu-
rally produced aroma/fl avor compounds is signifi cantly higher than their chemically 
synthesized counterparts. For example, vanillin produced by conventional chemical 
process has a market value of US $ 12/kg; however, at the same time natural vanillin 
could have a market value as high as US $ 1,200–4,000/kg (Sindhwani et al.  2012 ). 
Meanwhile, fl avor compounds extracted from natural sources, such as botanical 
sources, are also considered natural and an environment/health friendly alternative 
to chemically synthesized products. However, the extraction methods may be time 
consuming and laborious and require more space and chemicals/organic solvents 
for feedstock pretreatment and product extraction. For example, prior to extraction 
of natural vanillin, vanilla plants should be cultivated in large scale and the fl ower 
should be manually pollinated. Therefore, it is a labor-intensive process and it is 
diffi cult to encourage the farmers for large-scale plantation of vanilla plants 
(Ramachandra Rao and Ravishankar  2000 ). Alternatively, production of natural 
aroma/fl avor compounds by microorganisms through fermentation has great poten-
tial and this option has been largely investigated for these products (Feron et al. 
 1996 ). In fact, considerable advancements have been made in genetic engineering, 
enzyme, or bioprocess technology for fl avor/aroma production. However, owing to 
economic constrains only a small fraction of commercially available natural fl avor 
compounds are produced by microbial technology (Feron and Waché  2006 ). 
Requirement of expensive synthetic media components could be considered as the 
most important factor to limit the economic feasibility of such processes. 
Alternatively, utilization of agro-industrial wastes as the feedstock for biotechno-
logical production of fl avor/aroma compounds could bring economic feasibility for 
such commercial processes (Bicas et al.  2010 ). Thus, the present chapter discusses 
about a few commercially important aroma/fl avor compounds for which biotechno-
logical production has been widely explored. Furthermore, possible application of 
agro-industrial waste for the production of such compounds has been analyzed as 
well as recent advances on aroma compounds production using agro-industrial 
wastes has been summarized.  

5.2     Types and Few Industrially Important Aroma 
Compounds 

 Based on physicochemical as well as sensorial properties, aroma compounds 
could be of different types. If only chemical properties are considered, they may 
be volatile fatty acids or esters, aldehydes, ketones, alcohols, and lactones. The 
detailed classifi cation of different aroma compounds has been reviewed by 
Dastager ( 2009 ). Similarly, a detailed list of biotechnologically produced aroma/
fl avor compounds, their precursors, and market potential could be found in Feron 
and Waché ( 2006 ). Among these compounds some particular aroma compounds 
have been widely investigated for possible commercial production by bioprocess 
technology. In this section, few aroma compounds have been discussed to have a 
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better understanding about their substrate specifi city, microorganism involved in 
their production, productivity, present scale of production, and possible metabolic/
genetic engineering strategy for improved product yield. Similarly, this discussion 
will be helpful to determine the suitability and nature/type of agro-industrial waste 
which could be possibly used for such processes. 

5.2.1     Diacetyl 

 Diacetyl is a fl avor compound having butter-like fl avor which may be naturally 
present or could be artifi cially added as a fl avoring agent to certain foods, such as 
dairy products (Duboff et al.  1996 ; Hugenholtz et al.  2000 ; Alvandi and Azar  2008 ; 
Quach et al.  2012 ). Diacetyl is a by-product resulting during beer and wine produc-
tion process (Garc  1994 ; Fornachon and Lloyd  2006 ). The well-known chemical 
synthesis method for diacetyl production is through oxidative decarboxylation of 
α-acetolactate (Hugenholtz et al.  2000 ). In the case of fermentative diacetyl produc-
tion, pyruvate is fi rst converted to α-acetolactate which is further broken down to 
diacetyl by enzymatic reaction (Benson et al.  1996 ; Swindell et al.  1996 ). Actually, 
two molecules of pyruvate can produce one molecule of α-acetolactate by enzy-
matic condensation reaction (Hugenholtz et al.  2000 ). Lactic acid bacteria, such as 
 Lactococcus lactis and Lactobacillus casei,  are mostly investigated for fermentative 
diacetyl production (Benson et al.  1996 ; Swindell et al.  1996 ; Boumerdassi et al. 
 1997 ; Nadal et al.  2009 ). Alvandi and Azar ( 2008 ) have optimized different process 
parameters (temperature, agitation, and media components) for diacetyl production 
by lactic acid bacteria of  Lactococcus  and  Leuconostoc  genus. Based on the opti-
mized parameters, a scale-up study using 10 L fermenter resulted in maximum 
diacetyl concentration of 945 mg/L (Alvandi and Azar  2008 ). Similarly, a patented 
study by Duboff et al. ( 1996 ) have demonstrated that diacetyl yield of above 
500 ppm could be achieved by fermentation of a pectin substrate using lactic acid 
bacteria (Duboff et al.  1996 ). Meanwhile, in different investigation it was observed 
that in the case of citrate-positive  Lactococcus lactis  diacetyl production could be 
enhanced by the addition of Cu 2+  and Fe 3+  and simultaneously, citrate uptake activ-
ity could be inhibited probably due to the accumulation of diacetyl (Kaneko et al. 
 1990a   ). Redox potential of the culture media can play an important role in diacetyl 
production. According to Monnet et al. ( 1994 ), the redox potential of the culture 
drops towards the end of the process and for diacetyl production a high redox poten-
tial is preferable. Further, by constant agitation a relatively higher redox potential 
could be maintained as compared to an unagitated system and a higher diacetyl 
production could be obtained by a process with continuous agitation (Monnet et al. 
 1994 ). Likewise, initial oxygen concentration is another important factor in diacetyl 
production. Bassit et al. ( 1993 ) showed that diacetyl production could be improved 
by a factor of 18 by increasing the initial oxygen concentration from 0 to 100 % 
(Bassit et al.  1993 ). Furthermore, different genetic engineering strategies for 
improved diacetyl production are also known. According to Benson et al. ( 1996 ), 
the production of α-acetolactate, the intermediate of diacetyl production by 
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3.2.3     As a Valuable Soil Amendment 

 Biochar is a solid material obtained from the carbonization of biomass. However, it 
may be added to soils to improve soil functions and to reduce greenhouse gas emis-
sions from biomass. Biochar also has appreciable carbon sequestration value. These 
properties are measurable and verifi able in a characterization scheme, or in a carbon 
emission offset protocol. The application of biochar in soils is based on its agricul-
tural value from enhanced soil nutrient retention and water holding capacity, its abil-
ity to permanent carbon sequestration, and reduced greenhouse gas emissions and 
methane (CH 4 ) release (Lehmann et al.  2006 ; McLaughlin  2010 ). Biochar is found 
in soils around the world as a result of vegetation fi res and historic soil management 
practices. It can be an important tool to increase cropland diversity in areas with 
severely depleted soils, scarce organic resources, and inadequate water and chemical 
fertilizer supplies. Further, biochar improves water quality and quantity by increas-
ing soil retention of nutrients and agrochemicals for plant and crop utilization.   

3.3     The Biochar Option to Improve Plant Yields 
and Crop Productivity 

 Several papers in this special collection describe plant growth responses to biochar. 
Research consistently reveals that poor soils enriched with biochar grow bigger, 
stronger plants that yield higher crop quantity and quality. Currently, a large number 
of studies have been conducted where biochar application has shown signifi cant 
agronomic benefi ts with a minor number of studies showing no signifi cant effects of 
biochar application on crop productivity and some studies reporting adverse effects. 
Biochar increases crop productivity in many tropical soils. Yield increases have 
frequently been reported that are directly attributable to the addition of biochar 
(Lehmann et al.  2003 ). The reasons probably include improved water retention, 
reduced leaching, and better availability of nutrients to plant roots. The majority of 
currently published studies assessing the effect of biochar on crop yield is generally 
small scale, almost all short term, and sometimes conducted in pots where environ-
mental fl uctuation is removed. 

 Field trials with biochar application have also shown increased yields of many 
plants, especially where they are added with mineral fertilizers or with organic 
 fertilizers, such as manure. 

 Field experiments carried out by Islami et al. ( 2011 ) reported the benefi cial 
effects of biochar on the productivity of cassava ( Manihot esculenta Crantz )-based 
cropping system in the degraded uplands of East Java. Many studies revealed that 
biochar seems to increase crop yields (Yamato et al.  2006 ; Chan et al.  2008 ). 
Although increases in cowpea and maize yield (Yamato et al.  2006 ), soybean (Tagoe 
et al.  2008 ), upland rice (Asai et al.  2009 ), and lowland rice (Masulili et al.  2010 ) 
following biochar application have been reported. 
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pyruvate bioconversion, is catalyzed by two α-acetolactate synthases produced by 
 Lactococcus lacti . The authors have used a plasmid-based gene expression strategy 
and 3.6-folds improvement in product formation has been reported (Benson et al. 
 1996 ). Boumerdassi et al. ( 1997 ) have used chemical mutagen  N -methyl- N ′-nitro-N - 
nitrosoguanidine to develop three mutant strains of  Lactococcus lactis . The isolated 
mutants capable of diacetyl production were reported to have improved glucose 
utilization ability (Boumerdassi et al.  1997 ). Similarly, improved diacetyl produc-
tion by genetic manipulation of  Lactococcus lactis  MG1363 has been reported by 
Swindell et al. ( 1996 ). According to the report, ilvBN – the genes encoding 
α-acetolactate synthase – was overexpressed in a mutant of  Lactococcus lactis  
MG1363 and the resulting strain was able to produced higher level of the aroma 
compounds, such as acetoin and diacetyl (Swindell et al.  1996 ). Likewise, improved 
diacetyl and acetoin production by genetic manipulation of  Lactobacillus casei  has 
also been reported. Recently, Nadal et al. ( 2009 ) have mutated a  L. casei  strain hav-
ing acetohydroxy acid synthase encoding ilvBN genes of  Lactococcus lactis . 
According to the authors, the mutant was capable of improved production of diace-
tyl using whey permeate (Nadal et al.  2009 ). Similarly, application of yeast, such as 
 Debaryomyces hansenii,  is also known for diacetyl production (Deiana et al.  1990 ). 
From cheese, two strains of  Debaryomyces hansenii  have been isolated by Deiana 
et al. ( 1990 ). The production of the aroma compound by the isolated strains could 
vary depending upon the substrate as well as strain used (Deiana et al.  1990 ). Thus, 
from this discussion it could be concluded that considerable investigations on possi-
ble biotechnological production of diacetyl have been made and signifi cant success 
have been achieved. Hence, diacetyl could be an ideal candidate for possible indus-
trial production by using agro-industrial waste feed stocks. However, at the same 
time recent report on health hazards associated with vaporized diacetyl and its 
 possible effect on diacetyl market should also be considered (Quach et al.  2012 ).  

5.2.2     2-Phenylethanol 

 2-Phenylethanol is an aroma compound with rose-like fragrance which is widely 
used in cosmetics, food, and pharmaceutical industries (Hua and Xu  2011 ). 
Relatively small amount of it is also used in soft drinks and cookies for improving 
the fl avor (Fabre et al.  1998 ; Etschmann et al.  2003 ). Biotransformation of 
 L - phenylalanine  by suitable yeast strain is mostly used for biotechnological production 
of 2-phenylethanol (Etschmann et al.  2003 ; Hua and Xu  2011 ; Achmon et al.  2011 ; 
Rong et al.  2011 ). Likewise, 2-phenylethanol can be extracted from the distillation 
residues of alcohol production (Savina et al.  1999 ). However, presently 2-phenyle-
thanol is mostly produced by chemical synthesis. Benzene and styrene are the two 
raw materials mainly used for chemical synthesis of 2-phenylethanol; however, both 
of them are known as health/environmental hazards (Etschmann et al.  2003 ; Hua 
and Xu  2011 ). Flavors produced by such chemical processes are not considered as 
safe products and even their uses in food, beverages, and cosmetics have been 
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restricted by European legislation (Xu et al.  2007 ). Similarly, botanical production 
of 2-phenylethanol is also known where the product is extracted from rose or essen-
tial oils; however, such processes are expensive (Etschmann et al.  2003 ). Thus, bio-
technological production of food grade 2-phenylethanol has well prospective. 

 As shown in Table  5.1 ,  Saccharomyces cerevisiae  and  Kluyveromyces marxianus  
are the two commonly used yeast strains for this purpose. Ehrlich pathway present 
in yeast, such as  S. cerevisiae,  can convert a range of amino acids to a variety of 
alcohols which are commonly known as fusel alcohols. Production of 2- phenylethanol 
by biotransformation of the amino acid  L -phenylalanine is one common example of 
Ehrlich pathway. Moreover, recently a metabolically engineered  Escherichia coli  
strain has been developed which can produce 2-phenylethanol along with fi ve other 
aroma compounds (Koma et al.  2012 ). Further, from Table  5.1  it can be easily 
assumed that biotransformation of  L -phenylalanine for 2-phenylethanol production 
has been extensively investigated by different researchers. Etschmann et al. ( 2003 ) 
have screened 14 different yeast strains for 2-phenylethanol production and accord-
ing to the author,  Kluyveromyces marxianus  CBS 600 and CBS 397 were the two 
most productive strains (Etschmann et al.  2003 ). Similarly, Rong et al. ( 2011 ) have 
reported fed-batch production of 2-phenylethanol by using active dry yeast ( S. cere-
visiae ). The authors also have investigated the catalytic effect of ethanol on the 
process and different parameters have been optimized (Rong et al.  2011 ). Similarly, 
Mameeva et al. ( 2010 ) have reported high (1.21 g/L) 2-phenylethanol production by 
 S. cerevisiae  UCM Y-514 and UCM Y-524 (Mameeva et al.  2010 ). In an interesting 
study by Wittmann et al. ( 2002 ),  13 C labeled  L -phenylalanine has been used as the 
substrate for 2-phenylethanol production by  Kluyveromyces marxianus . Finally, the 
authors have concluded that during the process, 73.3 % of the labeled  L - phenylalanine  
was converted to the major products (2-phenylethanol and 2-phenylethylacetate), 
22.4 % was catabolized via the cinnamate pathway, and 4.3 % was utilized for pro-
tein synthesis (Wittmann et al.  2002 ). Further, Eshkol et al. ( 2009 ) have screened 

     Table 5.1    Biotechnological production of 2-phenylethanol   

 Microorganism  Major substrate (s) 
 Production 
scale  References 

  Saccharomyces cerevisiae  
Ye9612 

  L -phenylalanine  25 mL  Achmon et al.  2011  

 Active dry yeast 
 Saccharomyces 
cerevisiae  powder 

 Ethanol (6–50 g/L) and 
 L -phenylalanine (8 g/L) 

 500 mL  Rong et al.  2011  

  Kluyveromyces marxianus  
CBS 600 

 Beet molasses (60 g/L) and 
 L -phenylalanine (7 g/L) 

 300 mL  Etschmann et al.  2003  

  Saccharomyces cerevisiae  
UCM Y-514 and UCM 
Y-524 

 Sucrose (9–18 %), yeast 
extract (0.75–1.5 %), 
and  L -phenylalanine 
(0.1–0.2 mg/L) 

 750 mL  Mameeva et al.  2010  

  Kluyveromyces marxianus  
CBS 5670 

 Glucose.H 2 O (77 g/L) and 
 L -phenylalanine (7 g/L) 

 100 mL  Wittmann et al.  2002  

5 Utilization of Agro-industrial Waste for the Production…



104

different thermotolerant and multi-stress resistant  S. cerevisiae  strains for improved 
2-phenylethanol production. Growth rate, biomass dry weight, and product yields 
were considered as the basic criteria for the selection and according to the authors 
high biomass production could be correlated with high product concentration. 
Moreover, based on the investigation thermotolerant strain, Ye9-612 has been identi-
fi ed as the most effi cient strain for 2-phenylethanol production among different 
strains considered (Eshkol et al.  2009 ). Thus, a number of successful investigations 
could be found for 2-phenylethanol production; however, most of the investigations 
were carried out in relatively small scale and pilot scale effi ciency of the process 
needs to be evaluated. Similarly, from Table  5.1  it could also be observed that apart 
from  L -phenylalanine, the process should be  supplemented with relatively high 
amount of carbon source, such as glucose, sucrose, or molasses. Likewise, in situ 
product recovery (ISPR) is a commonly used technique for biotechnological produc-
tion of 2-phenylethanol. Actually, accumulation of 2-phenylethanol in the culture 
media is inhibitory for further product formation and hence, it needs to be continu-
ously removed during fermentation. Liquid-liquid two- phase system, application of 
hydrophobic microsphere, and application of resin for preferential simultaneous 
adsorption/separation of the product from the culture broth are different techniques 
presently used for in situ recovery of 2-phenylethanol. In a two-phase system devel-
oped by Etschmann et al. ( 2003 ), oleyl alcohol was used as the second liquid phase for 
in situ product recovery. According to the author the strategy was successful to improve 
2-phenylethanol production and product yield as high as 3 g/L has been reported 
(Etschmann et al.  2003 ). In a recent investigation, Wang et al. ( 2011 ) have used resin 
FD0816 (by weight 10 % of the medium) to obtain the overall 2-phenylethanol 
concentration as high as 13.7 g/L (Wang et al.  2011 ). Similarly, Hua et al. ( 2010 ) 
have screened a range of macroporous adsorbent resins and resin HZ818 has been 
selected for in situ recovery of 2-phenylethanol. The authors also have indicated 
that resin HZ818 can preferably adsorbed 2- phenylethanol with minimum adsorp-
tion of  L -phenylalanine, the parent amino acid. Further, by adding the selected 
resin 2-phenylethanol concentration was found to be improved by 66.2 % (Hua 
et al.  2010 ). Similarly, application of hydrophobic polymethylmethacrylate 
microspheres for in situ recovery of 2-phenylethanol has been reported by Achmon 
et al. ( 2011 ). Microspheres of 1.53 ± 0.10 µm diameter were used for continuous 
removal of the product by the mechanism of swelling. The authors have reported 
tenfolds improvement in 2-phenylethanol productivity for an in situ product 
recovery system containing nearly 10 % (w/v) of the microspheres (Achmon et al. 
 2011 ). Likewise, improved production of 2-phenylethanol using ISPR technology 
has also been reported by Rong et al. ( 2011 ). Sendovski et al. ( 2010 ) have used 
immiscible ionic liquids as the second phase in a two-phase system used for in 
situ recovery of 2-phenylethanol. Nine different liquids were screened based on 
their biocompatibility with respect to yeast and anions [Tf2N] were reported to be 
the most biocompatible nonaqueous phase among them. Further, the authors have 
also reported that 3–5-folds improvement could be achieved by the application of 
ISPR technique using a biocompatible immiscible ionic liquid (Sendovski et al.  2010 ). 
Serp et al. ( 2003 ) have successfully developed a highly absorbent and mechanically 
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stable resin to facilitate ISPR and to increase the volumetric productivity of 
2-phenylethanol by a factor of 2. Moreover, according to the authors, the product 
could be easily back extracted from the resin and unlike a two- liquid phase system, 
no stable emulsion would be formed during the process. Therefore, the authors 
have concluded that easier downstream processing and possible commercial appli-
cation of the proposed system could be expected (Serp et al.  2003 ). In order to study 
ISPR of 2-phenylethanol, Etschmann et al. ( 2005 ) have demonstrated improved 
2-phenylethanol production by introducing an organophilic pervaporation unit 
(having a polyoctylmethylsiloxane membrane) for ISPR of 2-phenylethanol from 
the bioreactor (Etschmann et al.  2005 ). Thus, it can be concluded that 2-phenylethanol 
has signifi cant prospect as biotechnological product and it has been widely explored 
by different researchers mostly in last decade. Further, possible application of 
agro-industrial waste as a substrate for 2- phenylethanol production could be con-
sidered. Most importantly, as ISPR is widely used for product recovery and the 
downstream processing is relatively simple, application of a complex feedstock, 
such as agro-industrial waste should not be a concern. Biotechnological production 
of 2-phenylethanol has been reviewed in detail by Etschmann et al. ( 2002 ) and Hua 
and Xu ( 2011 ) and potential readers can consult those work for further detail.

5.2.3        Acetoin 

 Acetoin is another fl avor compound with typical butter-like fl avor (Xu et al.  2011  b ). 
It can be found in wine, honey, coffee, and dairy products, such as butter, cheese, and 
fruits, such as strawberry and currants (Xu et al.  2011  b ; Liu et al.  2011 ). Owing to its 
fl avor, it is mostly used as artifi cial fl avor enhancer in food products. Moreover, it is 
also a precursor/intermediate for the synthesis of valuable fi ne chemicals and widely 
used as platform chemical (Xu et al.  2011  b ; Liu et al.  2011 ). Acetoin could be pro-
duced by traditional chemical processes; however, being a food additive its natural 
production has good commercial prospect. In recent years, biotechnological produc-
tion of acetoin has been investigated by different researchers and considerable success 
has been achieved (Table  5.2 ).

   In an interesting report, Kaneko et al. ( 1990b   ) have reported that hemin 
(an iron-containing porphyrin) or Cu 2+  can stimulate the activity of certain enzymes 
(e.g., diacetyl synthase) of acetoin production pathway and can improve acetoin 
production from glucose by  Lactococci  sp. (Kaneko et al.  1990  b ). Similarly, Teixeira 
et al. ( 2002 ) have identifi ed initial glucose concentration and temperature as the 
main parameters that can affect acetoin production by  Hanseniaspora guilliermon-
dii . According to the authors, 63 g/L initial glucose concentration and 28 °C incuba-
tion temperature were found to be optimum for acetoin production (Teixeira et al. 
 2002 ). Recently, the acetoin production by  Bacillus licheniformis  MEL09 has been 
investigated by Liu et al. ( 2011 ) and maximum acetoin concentration of 41.26 g/L 
was obtained (Liu et al.  2011 ). 
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 Similarly, Sun et al. ( 2012 ) have used sucrose and corn steep-based media and 
concluded that the concentration of these two components has signifi cant effect on 
acetoin production. Further, the authors have proposed a two-stage agitation strat-
egy for improved acetoin production and maximum concentration of 60.5 g/L has 
been reported (Sun et al.  2012 ). Two-stage agitation strategy has also been tested for 
acetoin production by  Bacillus amyloliquefaciens  FMME044 (Zhang et al.  2012a ). 
The authors showed that upon depletion of glucose level in the media, 2,3- butanediol 
(produced during the process) could be transformed to acetoin. Interestingly, lower 
agitation is suitable for 2,3-butanediol production whereas, higher agitation speed 
could be attributed to further transformation of 2,3-butanediol to acetoin. Therefore, 
the authors have used 350 rpm in fi rst 24 h and it was increased to 500 rpm for rest 
of the fermentation to record improved acetoin production (Zhang et al.  2012a ). 
Likewise, Zhang et al. have investigated acetoin production by newly isolated 
 Paenibacillus polymyxa  CS107. According to the authors, fed-batch fermentation 
using a 5 L fermenter was capable of achieving a maximum concentration of 
55.3 g/L of acetoin (Zhang et al.  2012b ). Considering possible industrial production 
of acetoin by fermentation technology, feasibility of pilot scale production of acet-
oin has also been investigated. Xu et al. ( 2011a   ) have developed a mutant strain of 
 Bacillus subtilis  (TH-49) and investigated it for acetoin production by using a 100 L 
fermenter. The author have reported that  Bacillus subtilis  TH-49 was capable of 
producing acetoin as high as 56.9 g/L by using glucose as the main feedstock (Xu 
et al.  2011a   ). Thus, based on above discussion it could be concluded that acetoin is 
an industrially important aroma compound and considerable success has been 
achieved for its large-scale production by fermentation technology. However, 
techno-economic feasibility of the process should be evaluated and the possibility 
of reducing the process cost should be explored.  

    Table 5.2    Biotechnological production of acetoin   

 Microorganism 
 Major 
substrate 

 Production 
scale 

 Maximum product 
concentration  Reference 

  Lactococcus lactis  subsp. 
lactis 3022 

 Glucose  100 mL  1.054 mol/L  Kaneko et al. 
 1990  b  

  Hanseniaspora guilliermondii   Glucose  –  367 mg/L  Teixeira et al. 
 2002  

  Bacillus subtilis  CICC 10025  Molasses  5 L  35.4 g/L  Xiao et al. 
 2007  

  Bacillus licheniformis  MEL09  Glucose  –  41.26 g/L  Liu et al.  2011  
  Serratia marcescens  H32  Sucrose  3.7 L  60.5 g/L  Sun et al.  2012  
  Bacillus subtilis  TH-49  Glucose  100 L  56.9 g/L  Xu et al. 

 2011a    
  Bacillus amyloliquefaciens  

FMME044 
 Glucose  7 L  51.2 g/L  Zhang et al. 

 2012a  
  Paenibacillus polymyxa  CS107  Glucose  5 L  55.3 g/L  Zhang et al. 

 2012b  
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5.2.4     Vanillin 

 It is one of the industrially produced aroma compounds, which is a crystalline 
powder in its isolated form (Priefert et al.  2001 ). Major application of vanillin is as 
fl avoring agent in foods and beverages; however, a signifi cant portion of vanillin 
produced in the world is also used in cosmetics and pharmaceutical products 
(Priefert et al.  2001 ).  Vanilla planifolia , a vanillin-containing orchid is the major 
natural source of vanillin (Sindhwani et al.  2012 ). Similarly, other natural sources of 
vanillin are Peru balsam, essential oil of  Java citronella  and clove bud oil; however, 
it is mostly produced from guaiacol or lignin by using chemical processes (Priefert 
et al.  2001 ; Sindhwani et al.  2012 ). Alternatively, fermentative production of vanil-
lin by biotransformation of ferulic acid, eugenol, and isoeugenol has been exten-
sively investigated (Hua et al.  2007 ). Similarly, microbiological de novo synthesis 
of vanillin is also known (Hua et al.  2007 ). Due to high consumer perception, natu-
rally prepared vanillin is considered more suitable as a food additive and hence, it 
has higher market value as compared to its synthetic version (Priefert et al.  2001 ; 
Hua et al.  2007 ; Sindhwani et al.  2012 ). A summary of the recent investigations on 
biotechnological production of vanillin is provided in Table  5.3 .

   For improved vanillin production by ferulic acid bioconversion, a genetically 
engineered  E. coli  strain (JM109) with genes from  Pseudomonas fl uorescens  BF13 
has been developed by Barghini et al. ( 2007 ). The recombinant strain was found to 
be capable of producing vanillin without accumulation of undesirable metabolites 
(Barghini et al.  2007 ). 

    Table 5.3    Biotechnological production of Vanillin   

 Microorganism  Major substrate 
 Production 
scale 

 Maximum 
product 
concentration  Reference 

  Streptomyces  sp. strain V-1  Glucose, ferulic 
acid 

 500 mL fl ask  19.2 g/L  Hua et al.  2007  

  Escherichia coli  strain 
JM109 

 Ferulic acid  100 mL fl ask  2.52 g/L  Barghini 
et al.  2007  

 Engineered  Saccharamyces 
cerevisiae  

 Glucose  2 L  500 mg/L  Brochado 
et al.  2010  

  Aspergillus niger  
CGMCC0774 and 
 Pycnoporus cinnabari-
nus  CGMCC1115 

 Ferulic acid 
(from waste 
residue of 
rice bran oil) 

 25 L  2.8 g/L  Zheng 
et al.  2007  

  Staphylococcus aureus   Ferulic acid and 
glucose 

 100 mL fl ask  45.7 mg/L  Sarangi 
et al.  2010  

 Bacillus species  Eugenol and 
dimethyl 
sulfoxide 

 500 mL fl ask  0.32 mg/L  Sindhwani 
et al.  2012  

 Strain KK-02  Ferulic acid  50 L  15 g/L  Yiyong and 
Hong  2011  
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 In silico metabolic engineering strategy could be another interesting strategy for 
improved vanillin production. Recently, Brochado et al. ( 2010 ) have recently devel-
oped a metabolically engineered  Saccharomyces cerevisiae  strain and according to 
the authors, fi vefold improvement in vanillin production has been achieved 
(Brochado et al.  2010 ). As already mentioned, similar to ferulic acid eugenol could 
also be used as a substrate for fermentative vanillin production. Sindhwani et al. 
( 2012 ) have screened a range of eugenol-degrading bacteria for vanillin production. 
Based on their investigation the authors have identifi ed  Bacillus species  strain BR 
as a novel eugenol-degrading bacterium capable of vanillin production (Sindhwani 
et al.  2012 ). Although, vanillin could be produced from more than one feedstock, all 
vanillin producing microorganisms are not capable of producing vanillin from dif-
ferent substrates. Bloem et al. ( 2007 ) have investigated vanillin production from 
different substrates by lactic acid bacteria. The authors have reported that tested 
lactic acid bacteria were not able to produce vanillin from the substrates, such as 
eugenol, isoeugenol, and vanillic acid. However,  Lactobacillus  sp. tested was capa-
ble of producing vanillin by using ferulic acid as the substrate (Bloem et al.  2007 ). 
Similarly, vanillin production by ferulic acid biotransformation has also been 
described by Sarangi et al. ( 2010 ). According to the authors, vanillin production by 
 Staphylococcus aureus  could be improved by nearly fourfold by the addition of 
glucose as the supplementary carbon source (Sarangi et al.  2010 ). Recently, Yiyong 
and Hong ( 2011 ) have demonstrated that fi nal vanillin concentration of 15 g/L could 
be achieved by biotransformation of ferulic acid in a 50 L fermenter (Yiyong and 
Hong  2011 ). 

 Product inhibition is one common problem associated with fermentative produc-
tion of vanillin. According to Hua et al. ( 2007 ), fed-batch production of vanillin by 
bioconversion of high concentration of ferulic acid could be problematic owing to 
substantial product inhibition (Hua et al.  2007 ). In situ product recovery could be 
considered as a potential technology to mitigate such problem for improved product 
yield. Hua et al. ( 2007 ) have screened a range of macroporous adsorbent resins for 
in situ recovery of vanillin produced during bioconversion of ferulic acid by 
 Streptomyces  sp. strain V-1. The results indicated that resin DM11 was the most 
effi cient among tested adsorbents and was able to improve the productivity (Hua 
et al.  2007 ). 

 The compound isoeugenol could also be used as a substrate for vanillin produc-
tion. Li et al. ( 2005 ) have investigated enzymatic conversion of isoeugenol into 
vanillin. According to the authors, the effi ciency of the process could be improved 
by addition of an adsorbent to the process. Further, the authors have reported that a 
maximum vanillin concentration of 2.46 g/L could be achieved in 36 h using 10 g/L 
of powdered activated carbon as an adsorbent (Li et al.  2005 ). Less expensive down-
stream processing could be considered as a prerequisite for successful commercial-
ization of biotechnological products. Vanillin is also not an exception and 
considerable success has been achieved in this regard. In a recent report, Badcock 
( 2011 ) has described an organophilic pervaporation method for vanillin recovery 
from fermentation media. This method is a single step, sustainable, and solvent/
adsorbent-free technique for effi cient vanillin recovery (Badcock  2011 ). 
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 Thus, it could be concluded that considerable success has been obtained for 
biotechnological vanillin production. However, possible application of agro-industrial 
waste as substrate could be considered as an option to alleviate the overall produc-
tion cost.   

5.3     Possible Application of Agro-Industrial Wastes 
for Aroma Compound Production 

 From above discussion it is evident that different investigations on aroma/fl avor 
production by fermentation technology are remarkably successful. Further, it should 
be noted that in almost all such studies carbon sources, such as glucose, other syn-
thetic supplementary media components, and precursor of the particular aroma 
compound, were unavoidably used (Tables  5.2  and  5.3 ). However, application of 
such synthetic media components can increase the process cost of fl avor production. 
At the same time, it should be noted that aroma/fl avor compounds produced by 
chemical processes are less expensive. Thus, biotechnologically produced products 
(aroma/fl avor compounds) should at least have a reasonable price, if not lesser than 
the products produced by chemical processes. In this context, application of agro- 
industrial waste materials as the substrate for the production of aroma/fl avor com-
pounds could be considered. These are generally plant-based materials containing 
polysaccharides, proteins, and minerals (Gonçalves et al.  2011 ), and hence, they 
have great potential as the feedstock to be used for fermentation. Moreover, utiliza-
tion of these materials may solve inherent environmental pollution and disposal 
problem associated with agro-industrial wastes (Chapla et al.  2010 ). Successful 
application of various agro-industrial wastes, such as sugarcane bagasse, sugar beet 
pulp, wheat stillage, apple pomace, and cassava bagasse for high-volume low-value 
products, such as ethanol, single cell protein, and mushrooms, could be found in the 
literature (Sasaki et al.  1991 ; Pandey et al.  2000 ; Davis et al.  2005 ; Ruanglek et al. 
 2006 ; Philippoussis  2009 ). However, relatively fewer reports on aroma/fl avor com-
pounds production using agro-industrial waste could be found in the literature and 
some of such reports are summarized in Table  5.4 .

   Fruity fl avor production by  Ceratocystis fi mbriata  has been studied by Soares 
et al. ( 2000 ). The authors have investigated possible application of coffee husk as 
the substrate for fruity aroma production using solid-state fermentation. Further, the 
report has also described the addition of glucose as additional carbon source as well 
as the effect of precursor (e.g., leucine, soya bean oil) and saline supplements on 
aroma production (Soares et al.  2000 ). According to the authors, acetaldehyde, eth-
anol, isopropanol, and ethyl acetate were the major volatile compounds identifi ed in 
the headspace of the system. Similarly, production of other volatile compounds, 
such as ethyl isobutyrate, isobutyl acetate, isoamyl acetate, and ethyl-3-hexanoate, 
were also detected albeit at lower concentrations (Soares et al.  2000 ). Similarly, 
Christen et al. ( 1997 ) evaluated wheat bran, sugarcane bagasse, and cassava bagasse 
as possible substrates for aroma/fl avor production by  Ceratocystis fi mbriata.  
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According to the authors, sensory characteristics of the fi nal product could vary 
with respect to the synthetic supplement added to the process and the aroma produc-
tion process was found to be growth associated. Nearly 20 compounds including 
alcohols, aldehyde, esters, and ketones were detected in the headspace gas mixture 
of the process (Christen et al.  1997 ). In yet another report of aroma compound pro-
duction by  Ceratocystis fi mbriata  Rossi et al. ( 2009 ) have demonstrated that citric 
pulp, a waste generated during citric juice production could be successfully utilized 
for aroma compound production. The solid-state fermentation was carried out in 
250 mL Erlenmeyer fl asks and the results showed that application of supplementary 
carbon and nitrogen sources have a great role in improved aroma production using 
the waste feedstock. Soy molasses, soy bran, sugarcane molasses, and urea were 
used as supplementary nutrients, and it has been demonstrated that enrichment of 

    Table 5.4    Aroma compound production from agro-industrial waste-based substrate   

 Aroma/aroma 
compound 

 Waste-based 
substrate  Microorganism 

 Production 
scale  Reference 

 Pineapple aroma 
and banana 
odor 

 Coffee husk 
supplemented 
with glucose 

  Ceratocystis 
fi mbriata  

 250 mL 
Erlenmeyer 
fl asks 

 Soares et al. 
 2000  

 Fruity aroma and 
banana aroma 

 Wheat bran, 
cassava 
bagasse, and 
sugarcane 
bagasse with 
supplements 

  Ceratocystis 
fi mbriata  

 –  Christen et al. 
 1997  

 Vanillin  Waste residue of 
rice bran oil 

  Aspergillus niger  
CGMCC0774 
and  Pycnoporus 
cinnabarinus  
CGMCC1115 

 25 L fermenter  Zheng et al. 
 2007  

 Acetaldehyde, 
ethyl propio-
nate, and 
3-methyl 
butanol 

 Amaranth grain   Rhizopus oryzae   250 mL 
Erlenmeyer 
fl asks 

 Bramorski 
et al.  1998  

 Fruity aroma 
compounds 

 Cassava bagasse 
and giant palm 
bran 

  Kluyveromyces 
marxianus  

 250 mL 
Erlenmeyer 
fl asks 

 Medeiros et al. 
 2000  

 Acetoin  Molasses, soybean 
meal 
hydrolysate, 
and 
supplements 

  Bacillus subtilis  
CICC 10025 

 5 L fermenter  Xiao et al. 
 2007  

 Fruity aroma  Citric pulp, soya 
bran, 
sugarcane 
molasses, and 
other 
supplements 

  Ceratocystis 
fi mbriata  

 250 mL 
Erlenmeyer 
fl asks 

 Rossi et al. 
 2009  
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the citric pulp with soy bran (50 %), sugarcane molasses (25 %), and mineral saline 
solution was found to have positive effect on the aroma production (Rossi et al. 
 2009 ). Likewise, a two-step process for vanillin production from waste residue of 
rice bran oil derived ferulic acid has been demonstrated by Zheng et al. ( 2007 ). 
According to the process, fi rst vanillic acid was produced by  Aspergillus niger  
CGMCC0774 and it was further bioconverted into vanillin by  Pycnoporus cinnaba-
rinus  CGMCC1115 (Zheng et al.  2007 ). Edible fungus  Rhizopus oryzae  is known to 
produce volatile aroma compounds, such as acetaldehyde using solid agro- industrial 
waste as substrates. Bramorski et al. ( 1998 ) have demonstrated the production of 
volatile metabolites by  R. oryzae  using solid-state fermentation of various tropical 
agro-industrial waste substrates, such as amaranth grain and cassava bagasse 
(Bramorski et al.  1998 ). 

 The application of yeast strains for the production of aroma production from 
agro-industrial waste have been also attempted by different researchers. Medeiros 
et al. ( 2000 ) have studied aroma compound production from different agro- industrial 
wastes by the yeast  Kluyveromyces marxianus  and cassava bagasse and giant palm 
bran were found to be the potential substrates. The authors also have mentioned that 
addition of glucose as an additional carbon source was found to have signifi cant 
effect on aroma compound production. Based on headspace gas analysis, the authors 
have reported that alcohols, aldehyde, and esters were present in the produced gas 
mixture and esters were responsible for its fruity aroma (Medeiros et al.  2000 ). 
From above discussion it could be concluded that fungi are the most investigated 
organism for biotechnological production of aroma compounds using agro- industrial 
wastes (Table  5.4 ). However, yeast strains could also be potentially used for this 
purpose. The application of bacteria for aroma compound production using agro- 
industrial by-products has also been researched. Xiao et al. ( 2007 ) have investigated 
agro-industrial by-products, such as molasses and soybean meal hydrolysate, as the 
feedstock for acetoin production by  Bacillus subtilis  CICC 10025. The authors have 
optimized the nutritional requirement by statistical techniques and concluded that 
molasses and soybean meal hydrolysate has remarkable infl uence on acetoin pro-
duction with 99 % signifi cant level (Xiao et al.  2007 ).  

5.4     Concluding Remarks 

 Agro-industrial waste materials, such as cassava bagasse, giant palm bran, citric 
pulp, soya bran, and sugarcane molasses, have been successfully utilized for the 
production of a range of natural aroma/fl avor compounds. Considering the nature of 
the feedstock, solid-state fermentation was the mostly used process for this purpose. 
Produced compounds were generally volatile; hence, complex nature of agro- 
industrial waste-based feedstock is not going to be a problem for downstream pro-
cessing. Different fungal and bacteria as well as yeast strains are known to be used 
for aroma compound production using agro-industrial waste; however, fungi are the 
mostly used microorganisms. The fact that fungi can easily grow on solid feed 
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stocks as they resemble their natural habitats could be a possible reason for such 
observation. Similarly, it is also observed that so far investigations were being car-
ried out in relatively lab scale, using Erlenmeyer fl asks. Therefore, scaling up of the 
process and an evaluation of its techno-economic feasibility are necessary. A range 
of volatile compounds may produce during the process and some of these com-
pounds may be unwanted as an aroma compound. However, downstream processing 
of produced gas mixture is hardly dealt with in any reports and it will be interesting 
to explore it. Meanwhile, in the case of mostly studied aroma compounds such as, 
2-phenylethanol and vanillin, product inhibition has been observed and therefore, 
in situ product recovery (ISPR) techniques are widely applied. Therefore, effi ciency 
of such techniques should be demonstrated on industrial scale prior to their com-
mercial application. Further, along with the precursor glucose is exclusively used as 
the supplementary carbon source for the production of the aroma compounds, such 
as 2-phenylethanol and vanillin. Hence, considering possible industrial production 
of such compounds by bioprocess technology, less expensive agro-industrial wastes 
could be evaluated as a replacement of glucose.     

  Acknowledgements   The authors are sincerely thankful to the Natural Sciences and Engineering 
Research Council of Canada (Discovery Grants 355254) and INRS-ETE for fi nancial support. The 
views or opinions expressed in this article are those of the authors.  

      References 

       Achmon Y, Goldshtein J, Margel S, Fishman A (2011) Hydrophobic microspheres for in situ 
removal of 2-phenylethanol from yeast fermentation. J Microencapsul 28(7):628–638. doi:  10.
3109/02652048.2011.599443      

      Alvandi H, Azar M (2008) Diacetyl production in batch fermentation process by lactic starter 
culture. Iran J Food Sci Technol 5(2):27–39  

  Badcock M (2011) Sustainable recovery of pure natural vanillin from fermentation media in 
one step.   http://blogs.rsc.org/gc/2011/08/01/sustainable-recovery-ofpure-natural-vanillin-from-
fermentation-media-in-one-step/    . Accessed on 30 Oct 2012  

      Barghini P, Di Gioia D, Fava F, Ruzzi M (2007) Vanillin production using metabolically engi-
neered  Escherichia coli  under non-growing conditions. Microb Cell Fact 6(1):13  

     Bassit N, Boquien C-Y, Picque D, Corrieu G (1993) Effect of initial oxygen concentration on 
diacetyl and acetoin production by  Lactococcus lactis  subsp. lactis biovar diacetylactis. Appl 
Environ Microbiol 59(6):1893–1897  

       Benson K, Godon J, Renault P, Griffi n H, Gasson M (1996) Effect of < i > ilvBN -encoded 
α-acetolactate synthase expression on diacetyl production in Lactococcus lactis. Appl 
Microbiol Biotechnol 45(1):107–111. doi:  10.1007/s00253005065      

    Bicas JL, Silva JC, Dionísio AP, Pastore GM (2010) Biotechnological production of biofl avors and 
functional sugars. Ciência e Tecnologia de Alimentos 30(1):07–18  

     Bloem A, Bertrand A, Lonvaud‐Funel A, De Revel G (2007) Vanillin production from simple phe-
nols by wine‐associated lactic acid bacteria. Lett Appl Microbiol 44(1):62–67  

      Boumerdassi H, Monnet C, Desmazeaud M, Corrieu G (1997) Isolation and properties of 
 Lactococcus lactis  subsp. lactis biovar diacetylactis CNRZ 483 mutants producing diacetyl and 
acetoin from glucose. Appl Environ Microbiol 63(6):2293–2299  

      Bramorski A, Christen P, Ramirez M, Soccol CR, Revah S (1998) Production of volatile com-
pounds by the edible fungus  Rhizopus oryzae  during solid state cultivation on tropical agro- 
industrial substrates. Biotechnol Lett 20(4):359–362  

S.J. Sarma et al.

http://dx.doi.org/10.3109/02652048.2011.599443
http://dx.doi.org/10.3109/02652048.2011.599443
http://blogs.rsc.org/gc/2011/08/01/sustainable-recovery-of-pure-natural-vanillin-from-fermentation-media-in-one-step/
http://blogs.rsc.org/gc/2011/08/01/sustainable-recovery-of-pure-natural-vanillin-from-fermentation-media-in-one-step/
http://dx.doi.org/10.1007/s00253005065


113

      Brochado AR, Matos C, Møller BL, Hansen J, Mortensen UH, Patil KR (2010) Improved vanillin 
production in baker’s yeast through in silico design. Microb Cell Fact 9(1):84  

    Chapla D, Divecha J, Madamwar D, Shah A (2010) Utilization of agro-industrial waste for xyla-
nase production by  Aspergillus foetidus  MTCC 4898 under solid state fermentation and its 
application in saccharifi cation. Biochem Eng J 49(3):361–369. doi:  10.1016/j.bej.2010.01.012      

      Christen P, Meza J, Revah S (1997) Fruity aroma production in solid state fermentation by 
Ceratocystis fi mbriata: infl uence of the substrate type and the presence of precursors. Mycol 
Res 101(8):911–919  

    Davis L, Jeon YJ, Svenson C, Rogers P, Pearce J, Peiris P (2005) Evaluation of wheat stillage for 
ethanol production by recombinant  Zymomonas mobilis . Biomass Bioenergy 29(1):49–59  

      Deiana P, Cecchi L, Lodi R, Berardi E, Farris G, Fatichenti F (1990) Some aspects of diacetyl and 
acetoin production by  Debaryomyces hansenii . Ital J Food Sci 2(1):35–42  

    Dastager SG (2009) Aroma compounds, biotechnology for agro-industrial residues utilisation. In: 
Pandey A, Nigam P (eds) Utilisation of Agro-Residues. Springer, Netherlands, pp 105–127. 
doi:  10.1007/978-1-4020-9942-7_6      

     Duboff SA, Kwon SS, Vadehra DV (1996) Diacetyl production. EP Patent 0,564,770  
     Eshkol N, Sendovski M, Bahalul M, Katz‐Ezov T, Kashi Y, Fishman A (2009) Production of 2‐

phenylethanol from L‐phenylalanine by a stress tolerant  Saccharomyces cerevisiae  strain. 
J Appl Microbiol 106(2):534–542  

    Etschmann M, Bluemke W, Sell D, Schrader J (2002) Biotechnological production of 
2- phenylethanol. Appl Microbiol Biotechnol 59(1):1–8  

            Etschmann MMW, Sell D, Schrader J (2003) Screening of yeasts for the production of the aroma 
compound 2-phenylethanol in a molasses-based medium. Biotechnol Lett 25(7):531–536. doi:  
10.1023/a:1022890119847      

     Etschmann MMW, Sell D, Schrader J (2005) Production of 2-phenylethanol and 2- phenylethylacetate 
from L-phenylalanine by coupling whole-cell biocatalysis with organophilic pervaporation. 
Biotechnol Bioeng 92(5):624–634. doi:  10.1002/bit.20655      

    Feron G, Bonnarme P, Durand A (1996) Prospects for the microbial production of food fl avours. 
Trend Food Sci Technol 7(9):285–293. doi:  10.1016/0924-2244(96)10032-7      

     Feron G, Waché Y (2006) Microbial biotechnology of food fl avor production. Food Sci Technol 
148:407, Marcel Dekker, New York  

    Fornachon J, Lloyd B (2006) Bacterial production of diacetyl and actoin in wine. J Sci Food Agric 
16(12):710–716  

    Fabre C, Blanc P, Goma G (1998) 2-Phenylethyl alcohol: an aroma profi le. Perfumer fl avorist 
23(3):43–45  

    Garc AI (1994) Modelling of diacetyl production during beer fermentation. J Inst Brew 
100:179–183  

    Gonçalves FA, Sanjinez-Argandoña EJ, Fonseca GG (2011) Utilization of agro-industrial residues 
and municipal waste of plant origin for cellulosic ethanol production. J Environ Protect 
2(10):1303–1309  

           Hua D, Ma C, Song L, Lin S, Zhang Z, Deng Z, Xu P (2007) Enhanced vanillin production from 
ferulic acid using adsorbent resin. Appl Microbiol Biotechnol 74(4):783–790. doi:  10.1007/
s00253-006-0735-5      

     Hua D, Lin S, Li Y, Chen H, Zhang Z, Du Y, Zhang X, Xu P (2010) Enhanced 2-phenylethanol 
production from L-phenylalanine via in situ product adsorption. Biocatal Biotransform 
28(4):259–266. doi:  10.3109/10242422.2010.500724      

       Hua D, Xu P (2011) Recent advances in biotechnological production of 2-phenylethanol. 
Biotechnol Adv 29(6):654–660. doi:  10.1016/j.biotechadv.2011.05.001      

      Hugenholtz J, Kleerebezem M, Starrenburg M, Delcour J, De Vos W, Hols P (2000)  Lactococcus 
lactis  as a cell factory for high-level diacetyl production. Appl Environ Microbiol 
66(9):4112–4114  

       Kaneko T, Watanabe Y, Suzuki H (1990a) Enhancement of diacetyl production by a diacetyl- 
resistant mutant of citrate-positive  Lactococcus lactis  ssp. lactis 3022 and by aerobic condi-
tions of growth. J Dairy Sci 73(2):291–298. doi:  10.3168/jds.S0022-0302(90)78672-9      

5 Utilization of Agro-industrial Waste for the Production…

http://dx.doi.org/10.1016/j.bej.2010.01.012
http://dx.doi.org/10.1007/978-1-4020-9942-7_6
http://dx.doi.org/10.1023/a:1022890119847
http://dx.doi.org/10.1002/bit.20655
http://dx.doi.org/10.1016/0924-2244(96)10032-7
http://dx.doi.org/10.1007/s00253-006-0735-5
http://dx.doi.org/10.1007/s00253-006-0735-5
http://dx.doi.org/10.3109/10242422.2010.500724
http://dx.doi.org/10.1016/j.biotechadv.2011.05.001
http://dx.doi.org/10.3168/jds.S0022-0302(90)78672-9


114

     Kaneko T, Takahashi M, Suzuki H (1990b) Acetoin fermentation by citrate-positive  Lactococcus 
lactis  subsp. lactis 3022 grown aerobically in the presence of hemin or Cu2+. Appl Environ 
Microbiol 56(9):2644–2649  

    Koma D, Yamanaka H, Moriyoshi K, Ohmoto T, Sakai K (2012) Production of aromatic com-
pounds by metabolically engineered  Escherichia coli  with shikimate pathway expansion. Appl 
Environ Microbiol 78:6203–6216. doi:  10.1128/aem.01148-12      

    Krings U, Berger R (1998) Biotechnological production of fl avours and fragrances. Appl Microbiol 
Biotechnol 49:1–8  

       Li YH, Sun ZH, Zhao LQ, Xu Y (2005) Bioconversion of isoeugenol into vanillin by crude enzyme 
extracted from soybean. Appl Biochem Biotechnol 125(1):1–10  

        Liu Y, Zhang S, Yong YC, Ji Z, Ma X, Xu Z, Chen S (2011) Effi cient production of acetoin by the 
newly isolated  Bacillus licheniformis  strain MEL09. Process Biochem 46(1):390–394  

      Longo MA, Sanromán MA (2006) Production of food aroma compounds: microbial and enzy-
matic methodologies. Food Technol Biotechnol 44(3):335–353  

        Mameeva O, Ostapchuk A, Podgorsky V (2010) The 2-phenylethanol and ethanol production by 
yeast  Saccharomyces cerevisiae .   http://www.nbuv.gov.ua/Portal/Chem_Biol/Mib/2010_1/2.
pdf    . Accessed on 17 Nov 2012  

      Medeiros ABP, Pandey A, Freitas RJS, Christen P, Soccol CR (2000) Optimization of the produc-
tion of aroma compounds by  Kluyveromyces marxianus  in solid-state fermentation using facto-
rial design and response surface methodology. Biochem Eng J 6(1):33–39. doi:  10.1016/
s1369-703x(00)00065-6      

     Monnet C, Schmilt P, Divies C (1994) Diacetyl production in milk by an α-acetolactic acid accu-
mulating strain of  Lactococcus lactis  ssp. lactis biovar. diacetylactis. J Dairy Sci 77(10):
2916–2924. doi:  10.3168/jds.S0022-0302(94)77232-5      

      Nadal I, Rico J, Pérez-Martínez G, Yebra M, Monedero V (2009) Diacetyl and acetoin production 
from whey permeate using engineered  Lactobacillus casei . J Ind Microbiol Biotechnol 
36(9):1233–1237  

    Pandey A, Soccol CR, Nigam P, Soccol VT, Vandenberghe LPS, Mohan R (2000) Biotechnological 
potential of agro-industrial residues. II: cassava bagasse. Bioresour Technol 74(1):81–87  

    Philippoussis AN (2009) Production of mushrooms using agro-industrial residues as substrates. 
Biotechnology for agro-industrial residues utilisation. Springer, Netherlands, pp 163–196  

       Priefert H, Rabenhorst J, Steinbüchel A (2001) Biotechnological production of vanillin. Appl 
Microbiol Biotechnol 56(3):296–314. doi:  10.1007/s002530100687      

    Quach AT, Liu C, Davies IY, Elston LD (2012) Toxicology report for Diacetyl.   http://www.jake-
heng.com/lulu.pdf    . Accessed on 17 Nov 2012  

    Ramachandra Rao S, Ravishankar G (2000) Vanilla fl avour: production by conventional and 
 biotechnological routes. J Sci Food Agric 80:289–304  

        Rong S, Ding B, Zhang X, Zheng X, Wang Y (2011) Enhanced biotransformation of 2- phenylethanol 
with ethanol oxidation in a solid–liquid two-phase system by active dry yeast. Curr Microbiol 
63(5):503–509. doi:  10.1007/s00284-011-0008-0      

      Rossi S, Vandenberghe L, Pereira B, Gago F, Rizzolo J, Pandey A, Soccol C, Medeiros A (2009) 
Improving fruity aroma production by fungi in SSF using citric pulp. Food Res Int 42(4):
484–486  

    Ruanglek V, Maneewatthana D, Tripetchkul S (2006) Evaluation of Thai agro-industrial wastes for 
bio-ethanol production by  Zymomonas mobilis . Process Biochem 41(6):1432–1437  

      Sarangi PK, Nanda S, Sahoo H (2010) Maximization of vanillin production by standardizing 
 different cultural conditions for ferulic acid degradation. NY Sci J 3(7):77–79  

    Sasaki K, Noparatnaraporn N, Nagai S, Martin A (1991) Use of photosynthetic bacteria for the 
production of SCP and chemicals from agroindustrial wastes. Bioconversion of waste materials 
to industrial products. Elsevier, New York, NY, pp 225–264  

   Savina JP, Kohler D, Brunerie P (1999) Method for extracting 2-phenylethanol. Google Patents  
     Sendovski M, Nir N, Fishman A (2010) Bioproduction of 2-phenylethanol in a biphasic ionic 

 liquid aqueous system. J Agric Food Chem 58(4):2260–2265. doi:  10.1021/jf903879x      

S.J. Sarma et al.

http://dx.doi.org/10.1128/aem.01148-12
http://www.nbuv.gov.ua/Portal/Chem_Biol/Mib/2010_1/2.pdf
http://www.nbuv.gov.ua/Portal/Chem_Biol/Mib/2010_1/2.pdf
http://dx.doi.org/10.1016/s1369-703x(00)00065-6
http://dx.doi.org/10.1016/s1369-703x(00)00065-6
http://dx.doi.org/10.3168/jds.S0022-0302(94)77232-5
http://dx.doi.org/10.1007/s002530100687
http://www.jakeheng.com/lulu.pdf
http://www.jakeheng.com/lulu.pdf
http://dx.doi.org/10.1007/s00284-011-0008-0
http://dx.doi.org/10.1021/jf903879x


115

     Serp D, von Stockar U, Marison IW (2003) Enhancement of 2-phenylethanol productivity by 
 Saccharomyces cerevisiae  in two-phase fed-batch fermentations using solvent immobilization. 
Biotechnol Bioeng 82(1):103–110. doi:  10.1002/bit.1054      

          Sindhwani G, Ilyas U, Aeri V (2012) Microbial transformation of eugenol to vanillin. J Microbiol 
Biotechnol Res 2(2):313–318  

       Soares M, Christen P, Pandey A, Soccol CR (2000) Fruity fl avour production by  Ceratocystis fi m-
briata  grown on coffee husk in solid-state fermentation. Process Biochem 35(8):857–861  

      Sun J, Zhang L, Rao B, Han Y, Chu J, Zhu J, Shen Y, Wei D (2012) Enhanced acetoin production 
by  Serratia marcescens  H32 using statistical optimization and a two-stage agitation speed con-
trol strategy. Biotechnol Bioprocess Eng 17(3):598–605  

       Swindell SR, Benson KH, Griffi n HG, Renault P, Ehrlich S, Gasson MJ (1996) Genetic manipula-
tion of the pathway for diacetyl metabolism in  Lactococcus lactis . Appl Environ Microbiol 
62(7):2641–2643  

      Teixeira R, Cavalheiro D, Ninow J, Furigo A Jr (2002) Optimization of acetoin production by 
 Hanseniaspora guilliermondii  using experimental design. Braz J Chem Eng 19(2):181–186  

     Wang H, Dong Q, Guan A, Meng C, Xa S, Guo Y (2011) Synergistic inhibition effect of 
2- phenylethanol and ethanol on bioproduction of natural 2-phenylethanol by  Saccharomyces 
cerevisiae  and process enhancement. J Biosci Bioeng 112(1):26–31. doi:  10.1016/j.
jbiosc.2011.03.006      

      Wittmann C, Hans M, Bluemke W (2002) Metabolic physiology of aroma‐producing  Kluyveromyces 
marxianus . Yeast 19(15):1351–1363  

       Xiao Z, Liu P, Qin JY, Xu P (2007) Statistical optimization of medium components for enhanced 
acetoin production from molasses and soybean meal hydrolysate. Appl Microbiol Biotechnol 
74(1):61–68  

    Xu P, Hua D, Ma C (2007) Microbial transformation of propenylbenzenes for natural fl avour 
 production. Trends Biotechnol 25(12):571–576  

        Xu H, Jia S, Liu J (2011a) Production of acetoin by Bacillus subtilis TH-49. In: Consumer 
Electronics, Communications and Networks (CECNet), International Conference, 2011, IEEE, 
pp 1524–1527  

      Xu H, Jia S, Liu J (2011b) Development of a mutant strain of  Bacillus subtilis  showing enhanced 
production of acetoin. Afr J Biotechnol 10(5):779–788  

      Yiyong DUYZZZ, Hong C (2011) A new bioprocess to produce natural vanillin by microbial 
 fermentation. Flavour Frag Cosmet 3:003  

     Zhang Y, Li S, Liu L, Wu J (2012a) Acetoin production enhanced by manipulating carbon fl ux in a 
newly isolated  Bacillus amyloliquefaciens . Bioresource Technol 130:256–260.   http://dx.doi.
org/10.1016/j.biortech.2012.10.036      

     Zhang L, Chen S, Xie H, Tian Y, Hu K (2012b) Effi cient acetoin production by optimization of 
medium components and oxygen supply control using a newly isolated  Paenibacillus poly-
myxa  CS107. J Chem Technol Biotechnol 87(11):1551–1557  

       Zheng L, Zheng P, Sun Z, Bai Y, Wang J, Guo X (2007) Production of vanillin from waste residue 
of rice bran oil by  Aspergillus niger  and  Pycnoporus cinnabarinus . Bioresour Technol 
98(5):1115–1119    

5 Utilization of Agro-industrial Waste for the Production…

http://dx.doi.org/10.1002/bit.1054
http://dx.doi.org/10.1016/j.jbiosc.2011.03.006
http://dx.doi.org/10.1016/j.jbiosc.2011.03.006
http://dx.doi.org/10.1016/j.biortech.2012.10.036
http://dx.doi.org/10.1016/j.biortech.2012.10.036


117S.K. Brar et al. (eds.), Biotransformation of Waste Biomass into High Value Biochemicals, 
DOI 10.1007/978-1-4614-8005-1_6, © Springer Science+Business Media New York 2014

6.1  Introduction

Antioxidants are the molecules that prevent cellular damage caused by oxidation of 
other molecules. Oxidation is a chemical reaction that transfers electrons from one 
molecule to an oxidizing agent. Oxidation reactions are known to produce free radi-
cals. These free radicals are highly reactive species which contains one or more 
unpaired electrons in their outermost shell. Once they are formed, the chain reaction 
starts. Antioxidant reacts with these free radicals and terminates this chain reaction 
by removing free radical intermediates and inhibits other oxidation reactions by 
oxidizing themselves.

Though oxidation reactions are crucial for life, they can also be damaging. Plants 
and animals have a complex system of multiple types of antioxidants, such as vitamin 
C and vitamin E, as well as enzymes, such as catalase (CAT), superoxide dismutase 
(SOD), and various peroxidases (Hamid et al. 2010). Oxidative stress plays a key role 
in causing various human diseases, such as cellular necrosis, cardiovascular disease, 
cancer, neurological disorder, Parkinson’s dementia, Alzheimer’s disease, inflamma-
tory disease, muscular dystrophy, liver disorder, and even aging (Amit and Priyadarsini 
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2011). Besides, there are some antioxidants in the form of micronutrients which cannot 
be manufactured by the body itself such as vitamin E, β-carotene, and vitamin C, and 
hence these must be supplemented in the normal diet (Teresa et al. 2011).

Antioxidants can also act as prooxidants when these are not present at the right 
place at the right concentration at the right time (Touriño et al. 2008). The relative 
importance of the antioxidant and prooxidant activities is not yet explored fully and 
needs further research.

In this chapter, authors have tried to discuss the various types, sources, synthesis, 
uses, and protective efficacy of antioxidant with examples.

6.2  Classification of Antioxidants

Antioxidants can be classified into two major types based on their source, i.e., natu-
ral and synthetic antioxidants (schematic representation of the classification of anti-
oxidants is shown in Fig. 6.1).

6.2.1  Natural Antioxidants

Natural antioxidants either are synthesized in human body through metabolic 
 process or are supplemented from other natural sources, and their activity very 
much depends upon their physical and chemical properties and mechanism of 
action. This can be further divided into two categories, i.e., enzymatic antioxidants 
and nonenzymatic antioxidants.

6.2.1.1  Enzymatic Antioxidants

Enzymatic antioxidants are uniquely produced in the human body and can be sub-
divided into primary and secondary antioxidant.

Primary Antioxidants

Primary antioxidants mainly include superoxide dismutase (SOD), catalase (CAT), 
and glutathione peroxidase (GPx) as described below.

Superoxide Dismutase Superoxide dismutase (SOD) enzyme is found in both the 
dermis and the epidermis. It removes the superoxide radical (O2

.−) and repairs the body 
cells damaged by free radical. SOD catalyzes the reduction of superoxide anions to 
hydrogen peroxide (6.1). SOD is also known to compete with nitric oxide (NO) for 
superoxide anion, which inactivates NO to form peroxynitrite. Therefore, by scavenging 
superoxide anions, it promotes the activity of NO (Chakraborty et al. 2009).

 2O H H O O2
.- SOD+  → ++2 2 2 2  (6.1)
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Catalase Catalase enzyme (CAT) is found in the blood and most of the living cells 
and decomposes H2O2 into water and oxygen (6.2). Catalase with glucose peroxidase 
is also used commercially for the preservation of the fruit juices, cream consisting 
of egg yolk, and salad by removing the oxygen (Chakraborty et al. 2009).

 2 22 2 2 2H O H O OCAT → +  (6.2)

Glutathione Peroxidase Glutathione peroxidase (GPx) is a group of selenium-
dependent enzymes, and it consists of cytosolic, plasma, phospholipid hydroperoxide, 
and gastrointestinal glutathione peroxidase (Chakraborty et al. 2009). GPx (cellular 
and plasma) catalyzes the reaction of H2O2 by reduced glutathione (GSH); as a 

Fig. 6.1 Schematic representation of classification of antioxidants
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result, oxidized glutathione (GSSG) is produced (6.3) and it is again recycled to its 
reduced form by glutathione reductase (GR) and reduced nicotinamide adenine 
dinucleotide phosphate (NADPH).

 2 22 2 2GSH H O GSSG H OGPx+  → +  (6.3)

Secondary Antioxidant

Secondary antioxidant includes glutathione reductase (GR) and glucose-6- phosphate 
dehydrogenase (G6PDH). G6PDH generates NADPH. GR is required to recycle the 
reduced glutathione (GSH) using secondary enzyme GR and NADPH (6.4).

 GSSG NADPH NADP GSHGR+  → + 2  (6.4)

Glutathione is a cysteine containing peptide-type antioxidant and is synthesized 
in the body cells. The thiol group in its cysteine moiety is a reducing agent and can 
be reversibly oxidized and reduced. A high level of glutathione is found in the cells 
(~3,100 μg/g of tissue) (Hissin and Hilf 1976), maintained in the reduced form 
(GSH) by the enzyme GR, and in turn reduces other metabolites and enzyme sys-
tems, such as ascorbate. Due to its high concentration and its role in maintaining 
redox state in the cells, it is considered one of the most important cellular antioxi-
dants. (Outline of the mechanism of enzymatic antioxidants in the removal of free 
radical is shown in Fig. 6.2.)

6.2.1.2  Nonenzymatic Antioxidants

They are a class of the antioxidants which are not found in the body naturally but 
are required to be supplemented for the proper metabolism (Raygani et al. 2007). 
Some of the known nonenzymatic antioxidants are minerals, vitamins, carotenoids, 
polyphenols, and other antioxidants as listed below.

Fig. 6.2 Outline of the 
mechanism of enzymatic 
antioxidants in the removal of 
free radical
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Minerals

Minerals are required in the body cells for the proper functioning of the enzymes. 
Their absence is known to affect the metabolism of many macromolecules. They 
include selenium, copper, iron, zinc, and manganese. They act as cofactors for the 
enzymatic antioxidants.

Iron (Fe) Iron is the most abundant trace metal found to bound with protein in the 
biological system. Normally the concentration of free iron is very low and the low 
concentrations of iron-binding proteins promote ROS production, lipid peroxidation, 
and oxidative stress (Dabbagh et al. 1984). Hence iron supplementation helps in 
reducing the oxidative stress.

Magnesium (Mg) Magnesium is a cofactor for glucose-6-phosphate dehydrogenase 
(G6PD) and 6-phosphogluconate dehydrogenase (6PGD) involved in pentose cycle 
which catalyzes the production of NADPH from NADP during the glucose 
metabolism and hence maintains the normal ratio of GSH to GSSG and a normal 
redox state in cells. Deficiency of magnesium reduces GR activity and GSSG does 
not reduce to GSH, hence causing oxidative damage to the cells (Fang et al. 2002).

Selenium (Se) Selenium is also a very important component of enzymatic 
antioxidant. In the presence of selenium (Se), glutathione peroxidase (GPx) plays a 
protective role against oxidation of lipid and protects the cell membrane and takes 
part in H2O2 and lipids’ hydroxyperoxide metabolism. Hence, Se behaves like 
vitamin E and can be substituted in place of vitamin E and is used to prevent the risk 
of cancer and cardiovascular diseases (Sikora et al. 2008).

Copper (Cu), Zinc (Zn), and Manganese (Mn) SOD is a class of enzyme that consists 
of different types of SODs, depending upon their metal cofactor such as Cu–Zn and 
Mn. Cu–Zn SOD is found in the cytosol having Cu and Zn at their active sites which 
helps in proton conduction, whereas Mn-SOD is found in mitochondria and has Mn 
at its active site. These metals are responsible for SOD’s antioxidant activities.

Vitamins

Vitamins form the class of micronutrients required for the proper functioning of the 
body’s antioxidant enzyme system, such as vitamin A, vitamin C, vitamin E, and 
vitamin B. They cannot be synthesized in our body and hence need to be supple-
mented in the diet.

Vitamin A Vitamin A is helpful in night vision and in maintenance of epithelial cells 
in mucus membranes and skin. Because of its antioxidant properties, it assists 
immune system also and is found in three main forms: retinol, 3,4-didehydroretinol, 
and 3-hydroxyretinol. The main sources of this include sweet potatoes, carrots, 
milk, egg yolks, and mozzarella cheese.

Vitamin C Vitamin C is water soluble and is also called as ascorbic acid. It is found 
in fruits (mainly citrus), vegetables, cereals, beef, poultry, fish, etc. It is helpful in 
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preventing some of the DNA damage caused by free radicals, which may contribute 
to the aging process and the development of diseases, such as cancer, heart disease, 
and arthritis.

Vitamin E Vitamin E is a lipid-soluble vitamin. This consists of eight different 
forms such as α-, β-, γ-, and δ-tocopherol and α-, β-, γ-, and δ-tocotrienol. 
Most abundantly found in almonds, safflower oil, soybean oils, oil of wheat germs, 
nuts, broccoli, fish oil, etc., α-tocopherol possesses highest bioavailability and is the 
most important lipid- soluble antioxidant which reacts with the lipid radical and 
protects the membranes from lipid peroxidation; as a result, oxidized α-tocopheroxyl 
radicals are produced that can be recycled to the reduced form through reduction by 
other antioxidants, such as ascorbate and retinol.

Carotenoid

Carotenoid consists of β-carotene, lycopene, lutein, and zeaxanthin. They are fat- 
soluble colored compounds found in fruits and vegetables. β-Carotene is found 
mostly in radish-orange-green color food items including carrots, sweet potatoes, 
apricots, pumpkin, mangoes, and cantaloupe along with some green and leafy veg-
etables, including collard greens, spinach, and kale. Lutein is abundant in green 
leafy vegetables such as collard greens, spinach, and kale (Hamid et al. 2010). 
Lutein is best known for its role in protection of retina against harmful action of free 
radicals and also prevents atherosclerosis (Sikora et al. 2008).

Although lycopene, lutein, canthaxanthin, and zeaxanthin do not possess provi-
tamin A activity, β-carotene is known as a precursor for vitamin A (Fang et al. 
2002). Tomato is a good source of lycopene and spinach is a good source of zeaxan-
thin. It has been shown that lycopene is a potent antioxidant and is the most effective 
compound in removing singlet oxygen found in tomatoes, watermelon, guava, 
papaya, apricots, pink grapefruit, and other foods.

Polyphenols

Polyphenols is a class of the phytochemicals that possess marked antioxidant activi-
ties. Their antioxidant activities depend on their chemical and physical properties 
which in turn regulates the metabolism depending on their molecular structures 
(Ajila et al. 2011). These consist of phenolic acids, flavonoids, gingerol, curcumin, 
etc. (Amit and Priyadarsini 2011).

Flavonoid is a major class of polyphenolic compound and is mostly found in 
vegetables, fruits, grains, seeds, leaves, flower, bark, etc. Some of the spices, such 
as ginger and turmeric, are also good sources of polyphenolic compound, e.g., gin-
gerol is obtained from the rhizomes of ginger, whereas curcumin (diferuloylmeth-
ane) is the main bioactive component of turmeric and is known to possess good 
antioxidant activity. Curcumin is an excellent scavenger of ROS, such as O2

.− radi-
cals, lipid peroxyl radicals (LO2

.), OH radicals, and nitrogen dioxide (NO2
.) 
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radicals, which induced oxidative stress. Curcumin has been shown to inhibit lipid 
peroxidation and has been shown to increase GSH levels also in epithelial cells 
which lead to lower ROS production (Biswas et al. 2005).

Other Antioxidants

Transition Metal-Binding Proteins Albumin, ceruloplasmin, hepatoglobin, and 
transferrin are the transition metal- binding proteins found in human plasma, bind 
with transition metals, and control the production of metal catalyzed free radicals. 
Albumin and ceruloplasmin are the copper ion sequesters, hepatoglobin is 
hemoglobin sequester, and transferrin acts as free iron sequester.

Nonprotein Antioxidants Bilirubin, uric acids, and ubiquinol are nonprotein 
antioxidants which inhibit the oxidation processes by scavenging free radicals 
(Papas 1998).

Bilirubin Bilirubin is an end product of heme catabolism. It is a lipid-soluble 
cytotoxic product that needs to be excreted. However, bilirubin efficiently scavenges 
peroxyl radical at micromolar concentrations in in vitro model (Stocker et al. 1987) 
and is regarded as the best antioxidant against lipid peroxidation.

Uric Acid Uric acid is a powerful antioxidant and is a scavenger of singlet oxygen 
and radicals. Urate reduces the oxo-heme oxidant formed by peroxide reaction with 
hemoglobin and protects erythrocytes from peroxidative damage. The plasma-urate  
levels in humans are about 300 μM, making it one of the major antioxidants in 
humans (Ames et al. 1981).

Coenzyme Q Coenzyme Q is also known as ubiquinol (Co Q) and is an oil-soluble 
antioxidant. This is produced in the body through monovalent pathway, in heart, 
liver, kidney, pancreas, etc. The mechanism of the action may occur in two ways:

In the first mechanism, reduced form of ubiquinol (CoQH) acts as chain- breaking 
antioxidant and reduces peroxyl (ROO.) and alcoxyl radicals (LO.) (Papas 1998) 
(6.5 and 6.6).

 CoQH ROO Q ROOH+ → +. .

 (6.5)

In the second mechanism, it reacts with vitamin E radical (TO.) and regenerating 
vitamin E.

 CoQH TO Q ROOH+ → +. .

 (6.6)

6.2.2  Synthetic Antioxidants

Synthetic antioxidants are artificially produced or synthesized using various tech-
niques. Generally, they are polyphenolic compounds mainly that capture the free 
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radicals and stop the chain reactions. Polyphenolic derivatives usually contain more 
than one hydroxyl or methoxy group. Ethoxy quinine is the only heterocyclic, 
N-containing compound reported to be used as antioxidant in the food, especially 
animal feed. Mostly reported synthetic phenolic antioxidants are p-substituted, 
whereas the natural phenolic compounds are mostly o-substituted. The p- substituted 
substances are preferred because of their lower toxicity. Synthetic phenolic antioxi-
dants are always substituted with alkyl groups to improve their solubility in fats and 
oils and to reduce their toxicity. These synthetic compounds possessing antioxidant 
activity are commonly used in pharmaceuticals, as preservatives for cosmetics and 
to stabilize the fat, oil, and lipid in food (Gupta and Sharma 2006).

These new findings about the synthetic antioxidants have led the researches to 
develop new synthetic antioxidants in terms of their water solubility, stability, and 
non-toxicity. Characteristics of some of the known synthetic antioxidants, such as 
butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), ethylenediami-
netetraacetic acid (EDTA), 6-ethoxy-1,2-dihydro-2,2,4-trimethylquinoline (ethoxy-
quin), propyl gallate (PG), and tertiary butylhydroquinone (TBHQ), are given below 
(Hamid et al. 2010) (structures of these antioxidants are shown in Fig. 6.3).

6.2.2.1  BHA

It is a monophenolic, lipid-soluble antioxidant, better used for the lipid oxidation in 
animal fat compared to vegetable oil.

6.2.2.2  BHT

It is also a monophenolic fat-soluble antioxidant but is more stable than BHA at 
high temperature, and both act synergistically. Many commercially available anti-
oxidant formulations contain both of these antioxidants. BHA interacts with peroxy 
radicals to produce a BHA phenoxy radical which in turn may remove a hydrogen 
atom from the hydroxyl group of BHT. BHA is regenerated by the hydrogen radical 
provided by BHT. The BHT radicals so formed can react with a peroxy radical and 
act as a chain terminator.

Fig. 6.3 (1) BHA, (2) BHT, (3) EDTA, (4) Ethoxyquin, (5) PG, (6) TBHQ
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6.2.2.3  EDTA

EDTA is a common sequestrant, water-soluble antioxidant added to foods, body 
care, and household products. It binds with trace minerals, such as copper, iron, and 
nickel, that may be present in the food product. If not inactivated, these minerals 
may lead to discoloration, rancidity, and textural breakdown. When added as an 
antioxidant, EDTA prevents oxygen from causing color changes and rancidity.

6.2.2.4  Ethoxyquin

It is as an antioxidant primarily used to protect carotenoid oxidation in animal feeds, 
vegetables, and fruits during storage.

6.2.2.5  PG

It is an ester formed by the condensation of gallic acid and propanol. It acts as an 
antioxidant which is used as a food additive to protect mainly oils and fat in the food 
products.

6.2.2.6 TBHQ

TBHQ is a highly effective diphenolic antioxidant. In foods, it is used as a preserva-
tive for unsaturated vegetable oils and many edible animal fats. It does not cause 
discoloration even in the presence of iron and does not even change flavor or odor 
of the material to which it is added. It is used industrially as a stabilizer to inhibit 
auto-polymerization of organic peroxides. It is also used as a corrosion inhibitor 
in biodiesel. In perfumery, it is used as a fixative to lower the evaporation rate 
and improve stability. It is also added to varnishes, lacquers, resins, and oil  
field additives. It can be used alone or in combination with BHA or BHT  
(Said et al. 2002).

6.3  Sources of Antioxidants

Antioxidants can be derived from two main sources: natural source such as fruits, 
vegetables, cereals, legumes, beverages, spices, and animals (Table 6.1) and from 
agro-industry, e.g., waste processing industry (Table 6.2).

6 Antioxidants
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6.3.1  Natural Sources

6.3.2  Agro-industry

In recent past, agro industry is also found to be one of the major sources for the 
production of antioxidants. They can be derived either from the waste produced 
from the agro industries or as a by-product during the processing of the food 
material.

Food processing processes generally produce large amount of waste as well as 
by-products along with reasonable quantity of effluent. These food processing by- 
products, agro-industrial waste, and effluents typically consist of high amounts  
of proteins, sugars, and lipids along with specific organic compounds as well. 
Therefore, this could be used as a cheap and abundant source of fine chemicals  
and secondary metabolites. Valuable natural antioxidants, antimicrobial agents, 

Table 6.2 List of source of antioxidants from agro industry (waste and processing industry)

Source Antioxidant compounds References

Liquid state culture  
of Phanerochaete 
chrysosporium  
ATCC 24275 with 
apple pomace sludge 
and synthetic medium

Polyphenolic compounds Gassara  
et al. (2012)

Aspergillus niger NRRL 
567 cultivated on 
apple pomace as a 
solid substrate

Citric acid Dhillon  
et al. (2013)

Olive mill wastewater 
(OMW)

Derivative of benzoic acid: 4- hydroxybenzoic, 
protocatechuic, vanillic acids

Federici  
et al. (2009)

Derivative hydroxycinnamic acid: ferulic acid  
caffeic acids

Tyrosol: 4-hydroxyphenethyl alcohol, homovanillyl 
alcohol: 4-hydroxy-3- methoxyphenethyl alcohol

Hydroxytyrosol: 3,4-dihydroxyphenethyl alcohol
Grape pomace Flavonol glycosides: quercetin 3-O-glucoside and 

quercetin 3-O-glucuronide
Spatafora  

and Tringali 
(2012)Anthocyanin: malvidin 3-O-glucoside

Methanolic extract: flavonols, flavonols glucosides, 
flavanols and their gallate esters, anthocyanins, 
and low molecular weight proanthocyanins

Ethanolic extract: triterpenes lupeol, oleanolic acid, 
flavonol quercetin, and daucosterol

Tomato peel and seed 
by-products

Peel byproduct as carotenoids: lycopene, lutein, 
β-carotene, and cis-β-carotene

Knoblich et al. 
(2005)

Seed byproduct as carotenoid: lycopene and other 
carotenoids

Mamta et al.
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vitamins, etc., along with macromolecules, can be produced by pretreating the 
waste by physical and biological agents followed by tailored recovery procedures. 
Efficient pretreatment is necessary for the optimal recovery of the main classes of 
products. Here we have discussed a case study related to the agro-industrial waste 
management for the recovery of the natural antioxidants. Some of the known sources 
of the agro-industrial waste and the recovery vis-à-vis by-production of antioxi-
dants are summarized in Table 6.2

6.3.2.1 Some Examples

There are very few scientific groups involved in this kind of studies worldwide. 
Some of the examples for such studies are briefly described below.

The use of liquid state culture of Phanerochaete chrysosporium ATCC 24275 for 
the production of polyphenolic compounds by employing apple pomace sludge and 
synthetic medium has been studied. Increased polyphenol content was observed by 
acetone extraction (383–720 mg Gallic Acid Equivalent/l) (GAE/l) during the fer-
mentation of apple pomace and it is further increased by ∼1.5-fold until 67 h of 
fermentation by ethanolic extraction (Gassara et al. 2012).

The bioproduction of citric acid and optimization of extraction from Aspergillus 
niger NRRL 567 cultivated on apple pomace as a solid substrate with inducers, 
ethanol and methanol, by rotating drum-type solid-state bioreactor has been carried 
out. Results showed that optimum conditions achieved for higher citric acid biopro-
duction (220.6 ± 13.9 g/kg dry solids, DS) were 3 % (v/v) methanol, intermittent 
agitation of 1 h after every 12 h at 2 rpm and 1 vvm (volume per volume per minute) 
of aeration rate and 120 h incubation time. Highest production of citric acid was of 
294.19 g/kg DS (dry substrate) (Dhillon et al. 2013). In this study, scientists have 
reviewed the results of various studies carried out for the recovery of value-added 
products from the Olive mill wastewater (OMW). OMW is supposed to be a rich 
source of polyphenolic compounds, such as benzoic acid derivatives 
(4- hydroxybenzoic, protocatechuic, vanillic acids), hydroxycinnamic acid deriva-
tives (ferulic acid, caffeic acids), tyrosol (4-hydroxyphenethyl alcohol), homovanil-
lyl alcohol (4-hydroxy-3-methoxyphenethyl alcohol), and hydroxytyrosol 
(3,4- dihydroxyphenethyl alcohol). Methods have been optimized for the maximum 
yield of hydroxytyrosol (a polyphenols). The process for the recovery of these anti-
oxidants involved filtration to eliminate the suspended solids followed by physico-
chemical processes, such as ultrafiltration, nanofiltration, and reverse osmosis. 
However, hydroxytyrosol is one of the main polyphenol recovered from OMW 
(Federici et al. 2009).

The antioxidant phenolic compounds were isolated and identified by HPLC, 
LC-MS, and flash chromatography in the fractions of methanolic and ethanolic 
extracts of destemmed grape pomace. The analytical studies showed the presence of 
the main flavonols, flavonol glucosides and their gallate esters, anthocyanins, and 
low molecular weight proanthocyanins. Five pyranoanthocyanins were also identi-
fied for the first time in grape pomace. Quercetin 3-O-glucoside and quercetin 
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3-O-glucuronide resulted the most abundant flavonol glycosides, and malvidin 
3-O-glucoside is the main anthocyanin. Triterpenes lupeol, oleanolic acid, flavonol 
quercetin, and daucosterol were the main constituents identified for the ethanolic 
extract (Spatafora and Tringali 2012).

In the study, carried out by Knoblich et al. (2005), tomato peel and seed by-
products were used for the isolation of antioxidants (carotenoids). The lycopene 
content of peel byproduct was found to be 734 μg/g of dry material. Significant 
amount of lutein, β-carotene, and cis-β-carotene were also identified. Seed by- 
product mainly contained lycopene while the other carotenoids were approximately 
half of that present in the peels (Knoblich et al. 2005).

6.4  Mechanism of Antioxidant Activity

There are mainly three types of mechanism known for the antioxidant activity, viz., 
chain breaking, preventive, and synergetic. Schematic representation of these mech-
anisms is given in Fig. 6.4a–c.

6.5  Techniques for Measurement of Antioxidant Activity

There are three major techniques mostly used for the measurement of antioxidant 
activity in various samples.

6.5.1  Chemical Assays for Antioxidant Activity

There are many chemical assays used for the assessment of antioxidant activity in 
the products (herbal, nutraceuticals, and food items). Some of the well-documented 
and most practiced methods are described below.

6.5.1.1 Oxygen Radical Absorption Capacity

Oxygen radical absorption capacity (ORAC) method uses dichlorofluorescein as the 
fluorescent probe and an azo-compounds, such as 2,2′-azobis(2-amidinopropane) 
dihydrochloride (AAPH) as the radical generator. It measures the inhibition of the 
peroxyl radical induced oxidation initiated by thermal decomposition of AAPH. 
Over time, the free radical generated from the thermal decomposition of AAPH 
quenches the signal from the fluorescent probe fluorescein. The subsequent addition 
of an antioxidant produces a more stable fluorescence signal due to the inhibition of 
fluorescein decay by single antioxidant and/or complex mixture. Rate of decay of 
fluorescence measures the antioxidant’s capacity (Číž et al. 2010).

Mamta et al.



Fig. 6.4 (a–c) showing schematic representation of mechanism of chain breaking, preventive and 
synergetic action of antioxidants respectively
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6.5.1.2 Determination of Total Phenolic Content (TPC)

Total phenolic content of the extracts are determined using Folin–Ciocalteu (FC) 
reagent using spectrophotometer, measured at 725 nm. This method is based on 
reduction ability of phenolic functional group. Oxidation and reduction reaction of 
phenolate ion takes place at base condition. The reduction of phosphotungstate–
phosphomolybdenum complex (Folin–Ciocalteu reagent) by phenolat ion will 
change its color to blue. The reduction of complex will increase when the extract 
contains more phenolic compounds. Thus the color will be darker and the absor-
bance will be higher, showing higher antioxidant activity (Prior et al. 2005).

6.5.1.3 1,1′-Diphenyl-2-Picrylhydrazyl

DPPH (1,1′-diphenyl-2-picrylhydrazyl) assay is carried out as per the reported 
method of Brand-Williams et al. (1995). DPPH− free radical is obtained by dissolv-
ing DPPH in methanol and is stable when placed under the dark at −20 °C until 
used. As DPPH− reacts with antioxidants present in the sample, color changes from 
violet to yellow and absorbance of the solution so obtained is measured spectropho-
tometrically at 515 nm (Brand-Williams et al. 1995).

6.5.1.4 Trolox Equivalent Antioxidant Capacity

In this assay, ABTS {2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)} is 
used to measure the antioxidant capacity of the substance (food stuffs). Trolox 
equivalent antioxidant capacity (TEAC) is also known as ABTS assay and the pro-
cedure is based on the reported method of Arnao et al. (2001). When ABTS reacts 
with potassium persulfate, it becomes a free radical (ABTS+) which gives blue 
color to the solution. The phenolics, thiols, or vitamin C present in the food stuffs 
scavenge this ABTS+ free radical and convert it into its neutral colorless form 
which is measured spectrophotometrically. ABTS+ absorbs light at 734 nm 
(Arnao et al. 2001).

6.5.1.5 Ferric Reducing Antioxidant Power

Ferric reducing antioxidant power (FRAP) assay is carried out using the earlier 
reported method as described by Benzie and Strain (1996). When ferric chloride 
reacts with 2,4,6-tripyridyl-s-triazine (TPTZ) at low pH, ferric is converted into fer-
rous causing formation of ferrous tripyridyl triazine complex. FRAP values are 
obtained by comparing the absorbance change at 593 nm in reaction mixture with 
those containing ferrous ions in known concentration (Benzie and Strain 1996).

Mamta et al.



133

6.5.1.6 Determination of Total Reducing Power (TRP)

TRP is determined following the method of Negi et al. (2005). It is measured spec-
trophotometrically in terms of their capacity to reduce the potassium ferricyanide 
(Fe3+) to the potassium ferrocyanide (Fe2+), depending upon the concentration of the 
antioxidant compounds present in the sample, which in turn reacts with ferric chlo-
ride to form ferric ferrous complex that has an absorption maximum at 700 nm 
(Negi et al. 2005).

6.5.2  Biochemical Assays for Antioxidant Activity Assessment

Antioxidant activity may also be measured in biological system, i.e., in vivo and in 
vitro models. These include measurement of oxidative stress marker of the adduct 
or end product of ROS with the molecules, such as lipid, protein, DNA, and other 
molecules. These methods include thiobarbituric acid reactive substances (TBARS), 
SOD, CAT, GPx, GSH, and ferrous oxidation-xylenol orange (FOX) assay. These 
assays may be carried out in blood, urine, breath and tissues. Some of the examples 
are described below:

6.5.2.1 TBARS

TBARS method determines the extent of lipid peroxydation in sample. TBARS is 
the reaction product of thiobarbituric acid (TBA) and malondialdehyde (MDA) 
which results from the decomposition of lipid hydroperoxide in the sample which is 
read spectrophotometrically at 532 nm (Ohkawa et al. 1979).

6.5.2.2 Protein Carbonyl

Protein carbonyl content results from the oxidative cleavage of protein. In this case, 
2,4-dinitrophenylhydrazine (DNPH) reacts with protein carbonyl and forms a Schiff 
base to produce corresponding hydrazone. The amount of protein hydrazone pro-
duced is quantified spectrophotometrically at an absorbance between 360 and 
380 nm (Levine et al. 1990).

6.5.2.3 FOX

Hydroperoxide content of the lipid can be determined from its ability to oxidize  ferric 
(Fe2+) to ferrous (Fe3+). Ferrous (Fe3+) formed a complex with xylenol orange reagent 
(bluish- purple color) which is measured at 560 nm (Nourooz-Zadeh et al. 1994).
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6.5.2.4 CAT

Catalase activity can be measured by using H2O2 as a substrate according to the 
method of Aebi (1984).

6.5.2.5 SOD

SOD is measured using the method of Kakkar et al. (1984) where nicotinamide 
adenine dinucleotide (NADH) is used as a substrate. The color intensity of the chro-
mogen (purple color) in butanol layer is measured against butanol (blank) on spec-
trophotometer at 560 nm (Kakkar et al. 1984).

6.5.2.6 ROS

In this assay, 2′,7′-dichlorofluorescein diacetate (DCFDA) is used to measure 
ROS level. It undergoes cellular oxidation by ROS and gets converted into fluores-
cent dichlorofluorescein (DCF) which is highly fluorescent at 530 nm (Moein and 
Moein 2012).

6.5.3  Instrumental Technique (Antioxidant Analyzer)

Recently, an instrument named PHOTOCHEM Antioxidant Analyzer developed by 
Analytik Jena UK is being used for the measurement of antioxidant property of dif-
ferent products. It is capable of measuring both water-soluble and lipid-soluble anti-
oxidants in a single system. It is based on the principle of photochemiluminescence 
with luminometric detection. It can measure the antioxidant capacity of lyophilized 
vegetables, fruits juices, beer, and water; lipid-soluble antioxidative capacity in 
baker’s yeast, cheese, tea, and coffee; and lipid-soluble antioxidative capacity in 
edible oil and salami extracts (http://www.selectscience.net/product-news/rapid-and- 
accurate-antioxidant-measurement-in-foods).

6.6  Conclusions

Antioxidant defense system is always maintained in the body to counter the adverse 
effect of oxidative stress developed in the biological system due to the formation of 
reactive oxygen species. Oxidative stress is a key factor which plays an important 
role in the progression of various pathological diseases. There are many reactive 
species produced in the body as a result of metabolic functions. These active oxygen 
species are crucial for life because they are also responsible for various 
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physiological activities, such as production of energy, synthesis of essential com-
pounds, and in signal transduction. They may also attack the macromolecules 
including protein, DNA, and lipid, causing cell damage. Each body type maintains 
a particular ratio of antioxidants and ROS and the imbalance causes oxidative stress. 
Therefore, antioxidants are widely supplemented in diets for the maintenance of 
proper health and prevention of various pathological diseases. Besides, they also 
have many industrial uses, such as for the preservation of food and cosmetics as 
well as in preventing the degradation of rubber and gasoline.

It is further concluded that production of antioxidant compounds from the agro- 
industrial waste should be highly encouraged and practiced more and more in order 
to minimize the waste production and reduce the adverse effect on the environment.
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7.1            Introduction 

 The agro-industrial residues are generated globally and a major portion is left 
 unutilised, leading to loss of biomass and an environmental pollution problems. 
Wide agricultural practices and activities of agro-based industries produce tonnes of 
by- products, viz., sugarcane bagasse, sweet sorghum, citrus and agave, seeds and 
peels, rice, barley, wheat and oat straw, corn straw and corncobs. Based on the nutri-
tional properties, the agro-industry residues are classifi ed into two major groups: 
fi brous residues (higher and lower digestibility) and brans. High digestibility fi brous 
residues include citrus pulp, corn gluten bran, soy husk and brewing residues, and 
those with low digestibility include sugarcane bagasse, cereal, wheat, corn, cotton, 
soy and peanut husk. Brans include rice, peanut, soy and cotton (Graminha et al. 
 2008 ). Considering the properties and chemical constitution, these agricultural resi-
dues can be used as a natural bioresource for the production of bioactive compounds 
such as secondary metabolites from various selected microorganisms. 

 In microbial cultures, the end of primary growth phase initiates the synthesis of 
secondary metabolites. Various groups of secondary metabolites can play many dif-
ferent roles, such as antibiotics, toxins, ionophores and bioregulators, and involve in 
intra- and interspecifi c signalling. These metabolites represent some of the most 
important industrial products and possess tremendous economic importance. Most 
certainly, the antibiotics are the best-known subdivision of this group of metabo-
lites. Several species of fi lamentous fungi and actinomycetes followed by other bac-
teria, such as  Bacillus ,  Pseudomonas , myxobacteria and cyanobacteria, have been 
used in utilising the agricultural residues through fermentation techniques due to 
their ability to grow on particle surfaces as sources of carbon and energy and 
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produce important secondary metabolites including antibiotics (Marinelli and 
Marcone  2011 ). Initial researches are in the view that secondary metabolites have 
no functional importance in the growth of the producing cultures. However, the cur-
rent opinions have changed that every secondary metabolite is synthesised to confer 
a survival advantage for the producing organism in a particular habitat (Brakhage 
et al.  2009 ). One of the predominant secondary metabolites, antibiotic, have greater 
importance in human health and possess a high pharmaceutical and commercial 
importance (Table  7.1 ). The alarming rise of multidrug-resistant pathogens and its 
infections has prompted a desperate search for novel antibiotics. It is noteworthy 
that microorganisms have the ability to meet the challenges of change, e.g. a new 

   Table 7.1    Examples of bacterial and fungal biosynthesis of secondary metabolite, antibiotics   

 Class  Antibiotics  Producing microorganisms  Reference 

 Aminoglycoside  Streptomycin   Streptomyces griseus   Miyake et al. ( 1990 ) 
 Aminonucleoside  Puromycin   Streptomyces alboniger   Tercero et al. ( 1996 ) 
 β-Lactams  Cephalosporin   Acremonium chrysogenum   Teijeira et al. ( 2011 ) 

 Cephamycin C   Streptomyces clavuligerus   Devi and Padma ( 2000 ) 
 Cephabacin   Lysobacter lactamgenus   Sohn et al. ( 2001 ) 
 Penicillin   Penicillium chrysogenum   Barrios-Gonzalez et al. 

( 1993 ) 
 Nocardicin A   Nocardia uniformis   Jeanne and Craig 

( 2009 ) 
 Polyketide  Actinorhodin   Streptomyces coelicolor   Elibol ( 2004 ) 

 Enterocin   Enterococcus faecium   Kumar and Srivastava 
( 2011 ) 

 Rifamycin B   Amycolatopsis mediterranei   Venkateswarlu et al. 
( 2000 ) 

 Tetracenomycin   Streptomyces glaucescens   Gramajo et al. ( 1991 ) 
 Polypeptide  Actinomycin   Streptomyces chrysomallus   Haese and Keller ( 1988 ) 
 Macrolide  Carbomycin   Streptomyces 

thermotolerans  
 Epp et al. ( 1987 ) 

 Erythromycin   Saccharopolyspora 
erythraea  

 El-Enshasy et al. ( 2008 ) 

 Oleandomycin   Streptomyces antibioticus   Quirs and Salas ( 1995 ) 
 Oxytetracycline   Streptomyces rimosus   Yang and Swei ( 1996 ) 
 Pimaricin   Streptomyces natalensis   Recio et al. ( 2006 ) 
 Spiramycin   Streptomyces ambofaciens   Karray et al. ( 2010 ) 
 Tetracycline   Streptomyces aureofaciens   Asanza et al. ( 1997 ) 
 Tylosin   Streptomyces fradiae   Bate et al. ( 2000 ) 

 Lipopeptide  Iturin   Bacillus subtilis   Shih et al. ( 2008 ) 
 Surfactin   Bacillus subtilis   Wei et al. ( 2007 ) 

 Anthracyclines  Daunorubicin   Streptomyces peucetius   Otten et al. ( 1995 ) 
 Streptogramin  Pristinamycin   Streptomyces 

pristinaespiralis  
 Mehmood et al. ( 2012 ) 

 Aminocyclitol  Spectinomycin   Streptomyces spectabilis   Hyun et al. ( 2000 ) 
 Cyclopentanoid  Methylenomycin   Streptomyces coelicolor   Obanye et al. ( 1996 ) 
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streptogramin antibiotic etamycin produced by an actinomycetes species against 
methicillin-resistant  Staphylococcus aureus  (Haste et al.  2010 ).

   A wide variety of agricultural residues are readily available as underutilised 
resources, which can be considered as inexpensive renewable carbon source for the 
commercial production of secondary metabolites (Poonam Singh and Pandey 
 2009 ). Bioconversion of agricultural residues for antibiotic production would hold 
a prominent position in future fermentation technologies, mainly because of its 
cost- effectiveness, eco-friendliness and feasibility in both developed and develop-
ing countries. Finally, the catabolism and utilisation of agricultural residues repre-
sent an important contribution to the implementation of biotechnology concepts 
and to the reduction of environmental problems associated with the disposal of 
solid wastes.  

7.2     Antibiotics 

 One of the greatest achievements of medical science was the discovery of antibiot-
ics which have profound importance on human health. Antibiotics are one of the 
best-known groups of the secondary metabolites synthesised by microorganisms, 
which are active against other microorganisms. Antibiotics affect a multitude of 
targets and essential cellular functions, which include DNA replication (actinomy-
cin and griseofulvin), transcription (rifamycin), translation by 70S (S-Svedberg 
sedimentation mass value) ribosomes (chloramphenicol, tetracycline, erythromycin 
and streptomycin), transcription by 80S ribosomes (cyclohexamide), transcription 
by 70S and 80S ribosomes (puromycin and fusidic acid), cell wall synthesis (cyclo-
serine, bacitracin, penicillin, cephalosporin and vancomycin) and cell membrane 
disruption (polymyxin and amphotericin, ionophores such as gramicidin, lonomy-
cin and monensin) (Indu  2006 ). 

 Due to its enormous importance in human health care, demand for antibiotics 
is increasing worldwide. Moreover, continuous efforts are being made to decrease 
its production cost by process optimisation using raw materials like agricultural 
residues through different fermentation processes like SmF and SSF. Inexpensive 
substrates, such as agricultural residues and agro-industrial waste products have 
been found to be very valuable for economy and appropriate for biotechnological 
process. Their usage as substrate has widely opened the potential to reduce pro-
duction costs up to 60 % by reducing the cost of raw material during fermentations 
(Lotfy  2007 ). The importance of agro-industrial residues in SSF system for the 
production of antibiotics and other secondary metabolites has gained much recog-
nition in recent years (Mahalaxmi et al.  2010 ). Antibiotic production using SSF 
requires very minimum energy and less investment cost, and recently it has gained 
increased importance due to its higher productivity through fermentation, eco-
friendliness and lesser disadvantages when compared to SmF (Poonam Singh and 
Pandey  2009 ). 
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7.2.1     Secondary Metabolites and Growth 

 Metabolites are organic compounds produced by organisms using multitude of 
enzyme-catalysed biochemical reactions called metabolic pathways. Metabolites 
can be the initial, the intermediary or the end products of these biochemical reac-
tions. A variety of metabolites and reactions combine and work together allowing 
an organism to sustain life. Primary metabolites are found in almost all species 
within broad phylogenetic groups, produced by nearly the same pathway and are 
normally involved in growth, development and reproduction. The secondary metab-
olites are often restricted to a very narrow set of species within the same phyloge-
netic group. Secondary metabolites secreted by organisms are the chemical 
components that do not involve or interact in normal growth and development, but 
usually have a potent function. The growth and metabolism of many microorgan-
isms in fermentation generally implies a series of phases. In microorganisms, sec-
ondary metabolites are not usually produced during the log or exponential phase of 
a culture (trophophase), but are synthesised in culture medium after a period of 
complete consumption of key nutrients, such as carbon, nitrogen, phosphate and 
mineral sources. Although primary and secondary metabolism share the common 
transcriptional and translational machinery, the nutrient depletion initiates the 
actions of precursors to accumulate products other than primary metabolites called 
the secondary metabolites during a subsequent production stage (idiophase).  

7.2.2     Biosynthesis of Microbial Secondary Metabolites 

 The evolution of exciting and new secondary metabolic pathways is likely to have 
been driven by the ecological robustness, abiotic and biotic stresses and survival in 
unique ecosystem. Microbial secondary metabolites show enormous diversity of 
chemical structures. The biosynthetic pathways have emerged from network of pri-
mary metabolisms at a relatively small number of points (Barrios-Gonzalez et al. 
 2003 ) and evolve later independently. 

 Most secondary metabolites are synthesised from one or a combination of differ-
ent biosynthetic pathways (Fig.  7.1 ):

     1.    Metabolites derived from sugars (streptomycin, neomycin and kanamycin)   
   2.    Metabolites derived from shikimic acid pathway; shikimic acid is one of the 

major source for the biosynthesis of antibiotics (ansamycin and rifamycin)   
   3.    Metabolites derived from aliphatic amino acid pathway for the biosynthesis of 
β-lactam antibiotics (penicillin, cephalosporins and cephamycins)   

   4.    Metabolites derived from chorismic acid pathway (candicidin, nystatin and 
chloramphenicol)   

   5.    Metabolites derived from aromatic amino acid pathway (actinomycin, indolmy-
cin, novobiocin, lincomycin and polymyxin)   

   6.    Metabolites derived from the acetyl-CoA and malonyl-CoA (erythromycin, van-
comycin and tetracyclines)    
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7.3        Regulatory Mechanisms Involved in the Biosynthesis 
of Antibiotics 

 Antibiotic production is a multi-complex and highly regulated process, controlled by 
different physicochemical, biological and environmental factors. Although a wide range 
of primary and secondary metabolites from microorganisms has been identifi ed, these 
products cannot be easily distinguished on the origin of precursors, chemical structures, 
functional analysis or its synthesis. In common, products of the primary metabolism 
serve as precursors of secondary metabolic pathways and increase its production. 

7.3.1     Inducer 

 Microorganisms have evolved the ability to survive and proliferate to a constantly 
changing physical and chemical environment. The ability of microbial cells to live, 
function and replicate in a suitable environment depends on the presence of a 

  Fig. 7.1    Metabolic pathways leading to biosynthesis of secondary metabolite, antibiotics       
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specifi c compound. These compounds, the inducer, initiate the production of 
 biochemical metabolites or intermediates based on their requirements. In certain 
pathways, amino acids stimulate the production of secondary metabolites either by 
increasing the quantity of a limiting precursor or by inducing a biosynthetic enzyme. 
Inducers include valine for valine dehydrogenase of the tylosin process in 
 Streptomyces fradiae  (Nguyen et al.  1995 ), lysine for lysine-ε-aminotransferase in 
the cephamycin pathway of  Streptomyces clavuligerus  (Rius et al.  1996 ) and methi-
onine for δ-( L -α- aminoadipyl )- L -cysteinyl- D -valine (ACV) synthetase, isopenicil-
lin-N and deacetylcephalosporin- C synthase in the cephalosporin pathway of 
 Acremonium chrysogenum  (Juan and Arnold  2002 ). In the production of cephamy-
cin C by  Nocardia lactamdurans  using SSF, addition of 1,3-diaminopropane acted 
as an inducer having a benefi cial effect on production and increased the yield to 
27.64 mg/g dry substrate (Kagliwal et al.  2009 ).  

7.3.2     Autoregulator 

 Autoinducers are one of the best-known regulators of secondary metabolism in bac-
teria (Recio et al.  2006 ) and fungi (Martin et al.  2011 ). There are different types of 
autoregulatory molecules having ability to trigger wide ranges of antibiotic produc-
tion (Recio et al.  2006 ). The regulatory factors of antibiotic biosynthesis are of great 
interest. One of the most established family of autoregulators consists of 
γ-butyrolactones, which are active even at nano-level concentrations and elicit antibi-
otic production by modulating the DNA-binding activity of cognate receptor proteins. 
Thus, the γ-butyrolactones have been referred to as bacterial hormones (Takano 
 2006 ). In several  Streptomyces  species, γ-butyrolactone autoregulator-receptor sys-
tems are well known to regulate antibiotic production (Arakawa et al.  2007 ). In 
 Streptomyces coelicolor , a furan-type autoregulator, methyl furan was seen to induce 
antibiotic production (Corre et al.  2008 ). In  Amycolatopsis mediterranei , B-factor 
[3′-(1-butylphosphoryl)adenosine] induced rifamycin production (Kawaguchi et al. 
 1988 ). In certain cases, modifi ed peptides (Kleerebezem et al.  1997 ) and other small 
molecules, such as 2,3-diamino-2, 3-bis(hydroxymethyl)-1,4-butanediol (Recio et al. 
 2006 ) and 1,3-diaminopropane (Martin et al.  2011 ), serve as autoregulators. In 
 Pseudomonas fl uorescens , pyoluteorin serves as an autoregulator, positively infl uenc-
ing its own production. In addition to its autoregulatory role, pyoluteorin infl uenced 
the production of another secondary metabolite, 2,4-diacetylphloroglucinol. This 
fi ndings elucidate that pyoluteorin establishes its contribution to regulation of at least 
two metabolic pathways within the bacterial cell (Brodhagen et al.  2004 ).  

7.3.3     Carbon Catabolite Repression 

 The concentrations of carbon, nitrogen and phosphate imply an important regulatory 
effect on primary and secondary metabolism in different microorganisms. Antibiotic 
production rate can be infl uenced by manipulating the type and concentration of 
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nutrients formulating the production medium. Carbon sources, such as glucose and 
other carbohydrates, are excellent sources for growth and metabolism in microor-
ganisms, but they interfere with antibiotic synthesis and this effect depends on the 
rapid utilisation of the preferred carbon source. Once the preferred carbon source is 
completely utilised, the next available carbon source is used for the production 
phase, known as the “idiophase”. The readily available carbon source exerts some 
negative effect on the production of antibiotics. Different mechanisms have been 
described in bacteria and fungi to explain the negative effects of carbon catabolites 
on antibiotic production. This carbon catabolite regulation mechanism is widely dis-
tributed among microbial systems. In this regulation, the microorganisms catabolise 
the readily assimilable carbon source through biochemical pathways suppressing the 
secondary metabolite biosynthesis. In the fi lamentous fungus  Aspergillus nidulans  
and  A. chrysogenum , the biosynthesis of the β-lactam antibiotic penicillin and ceph-
alosporin is repressed by glucose, respectively (Espeso et al.  1995 ; Jekosch and 
Kuck  2000 ).  

7.3.4     Nitrogen Regulation 

 Many secondary metabolic pathways are infl uenced by nitrogen sources available 
for growth of microorganisms. Various nitrogen sources, inorganic (ammonium and 
nitrate) and organic (different amino acids), are used to enhance the production of 
secondary metabolites. The complex media used in fermentation often include a 
protein source (soybean meal) and the defi ned media usually contain a slowly 
assimilated amino acid (proline) as the nitrogen source for production of antibiotics 
(Gupte and Kulkarni  2002 ). Production of some aminoglycoside antibiotics is unfa-
vourably affected by ammonium, e.g. neomycin and kanamycin (Shapiro  1989 ), 
whereas nitrate and certain amino acids possess stimulatory effect. Doull and Vining 
( 1990 ) observed the nitrogen catabolite regulation during the actinorhodin produc-
tion in  S. coelicolor . Ammonium, either directly supplied as a nitrogen source or 
originating from the breakdown of amino acids, plays a vital role in nitrogen cata-
bolic repression of pristinamycin production by  Streptomyces pristinaespiralis  
(Voelker and Altaba  2001 ).  

7.3.5     Phosphate Regulation 

 Phosphate, an essential component of the energy dynamics of cells, regulates the 
biosynthesis of many different types of antibiotics and other secondary metabolites. 
High concentration of phosphate had a negative effect on the biosynthesis of strep-
tomycin, oxytetracycline, clavulanic acid, tylosin, echinomycin, cephalosporin, 
cephamycin and thienamycin (Juan  2004 ). In certain cases, negative phosphate con-
trol is exerted at the transcriptional level. Recently, it was shown that phosphate 
control of antibiotic biosynthesis in  Streptomyces lividans  and  S. coelicolor  is 
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mediated by the two-component PhoR–PhoP system that also controls the ( phoA ) 
alkaline phosphatase gene (Juan  2004 ). Phosphate limiting nutritional condition 
regulates biosynthesis of two antibiotic secondary metabolites, prodigiosin and car-
bapenem, through a multiple biochemical pathways, incorporating transcriptional 
control mediated by three regulators, PhoB, SmaR and Rap, in  Serratia  39006 
(Gristwood et al.  2009 ). Several mechanisms have been proposed and illustrated to 
explain the effect of phosphate on the biosynthesis of antibiotic, such as phosphate 
stimulating primary metabolic pathway, phosphate transferring carbohydrate cata-
bolic pathways and phosphate inhibiting the formation of precursors required for 
antibiotic synthesis (Juan  2004 ).  

7.3.6     Feedback Regulation 

 Many secondary metabolites inhibit or repress their own biosynthetic and catabolic 
pathways. Secondary metabolites can regulate and/or operate the activity of pre- 
existing enzymes (feedback inhibition) or stop their synthesis (feedback repres-
sion). The role of feedback regulation in controlling primary and secondary 
metabolism is well established. In tylosin synthesis, feedback control of polyketide 
metabolism is observed (Butler et al.  2001 ). Bacitracin represses enzyme bacitracin 
synthetase involved in its biosynthetic process (Froyshov et al.  1980 ). In tetracy-
cline synthesis, enzyme anhydrotetracycline oxygenase is inhibited by tetracycline, 
chlortetracycline and oxytetracycline (Behal et al.  1983 ).   

7.4     Genetic Regulation of Antibiotic Production 

 The genetic regulation of secondary metabolite biosynthesis includes multitude lay-
ers of cellular control. These genetic elements, though poorly understood, are com-
petent of infl uencing rates of biosynthesis signifi cantly in microorganisms. 

 Malik ( 1979 ) groups the genes controlling antibiotic production into fi ve classes. 
These are as follows:

    1.    Structural genes coding for enzymes that specify the biosynthesis of the second-
ary metabolite   

   2.    Regulatory genes that determine the onset and extent of repression of the struc-
tural genes for biosynthesis   

   3.    Genes that determine the resistance of the producing organism to the product 
(product toxicity)   

   4.    Genes controlling the permeability to the compound (transport/excrete complex 
metabolites)   

   5.    Regulatory genes that control primary pathways (precursors and cofactors) 
needed for antibiotic synthesis    
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7.4.1      Gene Clusters 

 Details of the pathways involved in the biosynthesis of antibiotics have been 
widely studied in microorganisms. Furthermore, suffi cient information is avail-
able on the regulation of genes, important for antibiotic production. Many 
researches showed that the genes encoding specialised and myriad functions for 
the biosynthesis of many antibiotics are often coded by clustered genes on chro-
mosomal DNA and less frequently on plasmid DNA (Brakhage and Schroeckh 
 2011 ). In operonic organisation of genes, the groups of functional and closely 
related genes are expressed as a single polycistronic mRNA, regulating the pro-
cess of transcription and subsequent translation (Koonin et al.  2001 ). This is 
the governing principle of genomic organisation and expression in most 
microorganisms. 

 Karray et al. ( 2007 ) analysed the biosynthetic gene cluster for spiramycin pro-
duction in  Streptomyces ambofaciens  and demonstrated the origin of precursors 
used by polyketide synthase. The 12-membered macrolide antibiotics, namely, 
methymycin and neomethymycin, and 14-membered macrolide antibiotics, namely, 
narbomycin and pikromycin, produced by  Streptomyces venezuelae  have gene clus-
ter which is a polyketide synthase that encodes a six-module enzyme system (Xue 
et al.  1998 ). Gutierrez et al. ( 1999 ) elucidated the biosynthetic gene cluster in 
 Penicillium chrysogenum  consisting of three genes pcbAB, pcbC and penDE 
responsible for penicillin production. Brautaset et al. ( 2000 ) observed the biosyn-
thetic gene cluster consisting of six genes coding for polyene antibiotic nystatin in 
 Streptomyces noursei . The cloning and functional analysis of nucleoside antibiotic, 
polyoxin, and the biosynthetic gene cluster showed 20 different genes involved in 
antibiotic biosynthesis in  Streptomyces cacaoi  (Chen et al.  2009 ). Keller et al. 
( 2010 ) identifi ed a gene cluster encompassing 50 kb of contiguous DNA containing 
28 genes with the biosynthetic functions on the chromosome of  Streptomyces chrys-
omallus  involved in the biosynthesis of actinomycin. Gene cluster, gene order rep-
resentation for the biosynthesis of antibiotic and manipulation of the genes identifi ed 
may potentially lead to the generation of novel antibiotics as well as yield enhance-
ments in the microbial strains. Expression of the secondary metabolite gene clusters 
in wild-type microbial strains in natural habitats is frequently very low and is modu-
lated in response to different physical, chemical or environmental stimuli (Laich 
et al.  1999 ). 

 In some cases most of the genes required for the secondary metabolite biosynthe-
sis remain dormant, although it is likely that they may be expressed under unknown 
conditions (Scherlach and Hertweck  2009 ). The expression levels of several genes 
involved directly or indirectly in cephalosporin C (CPC) biosynthesis in  A. chrys-
ogenum  are studied under a variable pH in SmF and SSF. Differences in intermedi-
ate and certain biosynthetic gene expression levels are observed predominantly and 
they evidence the relationships between physiological features and gene expression 
that open important advancement perspectives for fermentation systems (Lopez- 
Calleja et al.  2012 ).   
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7.5     Solid-State Fermentation Production Systems 

 Antibiotics are usually produced, using SmF, which require high energy and capital 
investment. Continuous requirements for huge amounts of antibiotics with mini-
mum production costs are the need of the hour for the constant fi ght against dreadful 
diseases and multidrug-resistant pathogens. Recently, SSF has gained much impor-
tance due to higher productivity, shorter production time, lower energy and less 
capital investment using agricultural wastes as low cost carbohydrate sources and 
with much lesser disadvantages when compared with SmF (Table  7.2 ).

   In the SSF process, the solid substrate supports the growth of microorganisms by 
providing nutrients and essential cofactors. The substrate that provides all the essen-
tial nutrient sources to the microorganisms should be considered as the ideal sub-
strate for process optimisation. However, in certain cases, single natural substrate 
can provide the nutrient and it is essential to provide them externally. In general, 
SSF can be distinguished into two types, depending on the nature of solid phase 
matrix (Barrios-Gonzalez and Mejia  1996 ).

    1.    Solid culture of single support-substrate phase: solid phase addressing the func-
tions of support and nutrient source. Examples include agriculture residues or 
animal wastes as support substrate.   

   2.    Solid culture of dual substrate-support phase: solid phase is constituted by an 
inert matrix impregnated with a liquid medium, which serves as a reservoir for 
nutrients, water and additional supplements. Examples include polyurethane as 
inert support.    

  In both cases, the success of the fermentation and antibiotic production process 
is related to the physical characteristics (particle size and shape, porosity and con-
sistency) of the support, which favours gases, nutrients and metabolites diffusion. 

7.5.1     SSF on Natural Support Systems 

 Cultivation on natural substrates, SSF system uses natural materials that could serve 
both as a support matrix and as a nutrient source. Agricultural residues are one of 
the ideal substrates for the cultivation of the culture in SSF. These materials are typi-
cally    starch or lignocellulose-based agricultural products or agro-industrial sources 
such as grains and grain by-products, cassava, soybean, sugar beet, sweet potato, 
potato and sweet sorghum; crop residues such as bran and straw of wheat and rice, 
bran of maize, ragi, green gram, black gram and red gram, hull of soy, corn and rice, 
sago and bagasse of sugarcane and cassava; residues of the coffee processing indus-
try such as coffee pulp, coffee husk, coffee spent ground; residues of fruit- processing 
industries such as pomace of apple and grapes, wastes of pineapple and carrot pro-
cessing, banana waste, waste of oil-processing mills such as coconut cake, soybean 
cake, peanut cake, canola meal and palm oil mill waste; and others such as sawdust, 
corncobs, carob pods, tea waste, chicory roots and bread. 

G.K. Arumugam et al.



149

   Table 7.2    Application of agro-industrial residues as a substrate for antibiotic production   

 Antibiotic  Species  SSF substrate  Reference 

 Bacitracin   Bacillus licheniformis   Soya bean meal, 
sunfl ower meal, 
wheat bran 

 Farzana et al. ( 2005 ) 

 Cephalosporin C   Cephalosporium  sp.  Wheat bran, wheat 
grains, rice grains, 
barley and rice bran 

 Ellaiah et al. ( 2002 ) 

  Acremonium 
chrysogenum  

 Wheat bran and rawa, 
bombay rawa, 
barley, rice bran 

 Adinarayana et al. ( 2003 ) 

  Acremonium 
chrysogenum  

 Sugarcane bagasse, 
sugarcane molasses, 
corn steep waste 

 Cuadra et al. ( 2008 ) 

 Cephamycin C   Nocardia 
lactamdurans  

 Soybean fl our  Kagliwal et al. ( 2009 ) 

  Streptomyces 
clavuligerus  

 Soybean meal  Bussari et al. ( 2008 ) 

  Streptomyces 
clavuligerus  

 Wheat rawa, cotton 
seed deoiled cake, 
sunfl ower cake 

 Kota and Sridhar ( 1999 ) 

 Compactin   Penicillium 
brevicompactum  

 Groundnut oil cake, 
wheat bran, soybean 
meal 

 Shaligram et al. ( 2009 ) 

 Cyclosporin A   Tolypocladium  sp.  Wheat bran  Sekar et al. ( 1997 ) 
  Tolypocladium 

infl atum  
 Wheat bran fl our and 

coconut oil cake 
 Survase et al. ( 2009 ) 

 Iturin A   Bacillus subtilis   Soya bean curd residue, 
okara 

 Mizumoto et al. ( 2006 ) 

 Griseofulvin   Penicillium 
griseofulvum  

 Rice bran  Saykhedkar and Singhal 
( 2004 ) 

 Meroparamycin   Streptomyces  sp.  Rice, wheat bran 
quaker, bread, 
ground corn 

 El-Naggar et al. ( 2009 ) 

 Mevastatin   Penicillium citrinum   Wheat bran  Ahamad et al. ( 2006 ) 
 Neomycin   Streptomyces fradiae   Apple pomace, cotton 

seed meal, soy bean 
powder, wheat bran 

 Vastrad and Neelagund 
( 2011 ) 

  Streptomyces 
marinensis  

 Wheat, rice, maize and 
ragi bran, red, green 
and black gram 
bran, wheat and rice 
rawa, rice husk rice 
straw, corn and 
jowar fl our, sago and 
sugar cane bagasse 

 Ellaiah et al. ( 2004 ) 

(continued)
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 Antibiotic  Species  SSF substrate  Reference 

 Tetracycline   Streptomyces rimosus   Peanut shells, corncob, 
corn pomace, 
cassava peels 

 Asagbra et al. ( 2005a ) 
  Streptomyces 

albofl avus  
  Streptomyces 

aureofaciens  
  Streptomyces 

vendagensis  
 Oxytetracycline   Streptomyces rimosus   Corncob  Yang and Swei ( 1996 ) 

  Streptomyces rimosus   Peanut shells, corncob, 
corn pomace, 
cassava peels 

 Asagbra et al. ( 2005b ) 
  Streptomyces 

albofl avus  
  Streptomyces 

aureofaciens  
  Streptomyces 

vendagensis  
 Penicillin   Penicillium 

chrysogenum  
 Sugarcane bagasse  Barrios-Gonzalez et al. 

( 1993 ) 
 Rifamycin B   Amycolatopsis  sp.  Cornhusk corncob and 

wheat bran 
 Mahalaxmi et al. ( 2010 ) 

  Amycolatopsis 
mediterranean  

 Coconut oil cake, 
groundnut oil cake, 
groundnut shell and 
rice husk 

 Vastrad and Neelagund 
( 2012 ) 

  Amycolatopsis 
mediterranei  

 Wheat bran  Venkateswarlu et al. 
( 2000 ) 

 Surfactin   Bacillus subtilis   Soybean curd residue 
(okara) 

 Ohno et al. ( 1995 ) 

Table 7.2 (continued)

 The classical method of optimisation of fermentation medium involves changing 
one independent variable (nutrient, pH, temperature, etc.) while maintaining all oth-
ers at a constant level. This is a time-consuming and expensive process for analys-
ing a large number of fermentation variables. In order to overcome this diffi culty, 
the fermentation parameters were further optimised by experimental factor design 
(EFD) and response surface methodology (RSM). The nutritional parameters for 
neomycin production by  Streptomyces marinensis  under SSF is optimised using 
EFD and RSM. The maximum productivity of antibiotic was 17,150 mg/kg of 
wheat rawa under optimum conditions of dextrin 14.1 g/kg, raspberry seed powder 
64.91 g/kg and mineral salt solution 172.6 ml/kg (Adinarayana et al.  2003 ). 

 RSM was employed to optimise the cultivation conditions of  Bacillus subtilis  S3 
in SSF for the enhancement of iturin A, a lipopeptide antibiotic. Maximum produc-
tion of iturin A reached 11.44 mg/g when  B. subtilis  S3 was cultivated at 25 °C for 
5 days in SSF containing high gluten fl our and rice bran (Shih et al.  2008 ). Soybean 
fl our was used as substrate in SSF for the production of cephamycin C by using 
 N. lactamdurans  and fermentation parameters were optimised by RSM. Under opti-
mal SSF conditions, maximum production of 15.75 ± 0.27 mg/g of cephamycin C was 
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observed when compared to 8.37 ± 0.23 mg/g dry substrate before optimisation 
(Kagliwal et al.  2009 ).  

7.5.2     SSF on Inert Support Systems 

 One of the negative factors of SSF processes, which utilise agricultural materials as 
substrate, is the impurity of the product. These impurities complicate the down-
stream processing when an end product of high purity is demanded. One of the 
potential alternatives to tackle these problems is to use an inert carrier as a support-
ing system. Recent results also show that the artifi cial inert support matrix enhanced 
the production of antibiotics. The use of inert supports for SSF resulted in the pro-
duction of novel antibiotics, pyrrocidins A and B from  Cylindrocarpon  sp. and acre-
monidins A–E from  Acremonium  sp. In these experiments, the  Cylindrocarpon  sp. 
was cultured on a polyester-cellulose support on malt extract agar wherein pyrroci-
din, which contains an unusual 13-membered macrocyclic ring, was produced. In 
contrast, a simple liquid version of the same medium failed to support the synthesis 
of the antibiotic. In the second case, an  Acremonium  strain produced the polyketides 
acremonidins A–E when cultured on a polyester-cellulosic support in malt extract 
medium, signifi cantly in elevated levels over those produced in culture without the 
support (Bigelis et al.  2006 ).   

7.6     Optimisation of Fermentation 

7.6.1     Selection of Supplements 

 Research studies have proven that the optimisation of supplements has played a 
vital role in increasing the yields from different metabolites and solid substrates. 
The big advantage of selection of supplements is their uniqueness, since they often 
provide some variations in the secondary metabolite synthesis. Apart from usage of 
C and N sources and minerals in the substrate, the additional supplements can act as 
inducers or precursors in the process of synthesis. 

 In the process of cephamycin C production in SSF, wheat rawa enhanced the 
growth of  S. clavuligerus  and gave the highest titre value. Supplementation of sun-
fl ower deoiled cake, cotton seed deoiled cake and corn steep liquor enhanced pro-
duction and at 0.5, 1.0 and 50 % weight of support, respectively, gave highest titres 
of (10 mg/g) cephamycin C (Kota and Sridhar  1999 ). External carbon sources like 
glycerol addition to the solid substrate resulted in the maximum Cyclosporin 
A (CyA) production of 4,659 ± 58 mg/kg followed by the sugars, dextrin and malt-
ose. Addition of nitrogen sources like ammonium sulphate resulted in maximum 
production of 5,014 ± 65 mg/kg followed by 4,858 ± 45 mg/kg bacto-peptone and 
4,827 ± 47 mg/kg casein peptone, respectively. The combination of glycerol (1 %) 
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and ammonium sulphate (1 %) gave a remarkable CyA production of 5,454 ± 44 mg/
kg (Survase et al.  2009 ). 

 Yang and Swei ( 1996 ) utilised corncob, as SSF substrate in the production of 
oxytetracycline by  Streptomyces rimosus , supplemented with 20 % (w/w) rice bran 
or 1.5–2.5 % ammonium sulphate and showed a yield of 10–11 mg/g substrate. 
Sircar et al. ( 1998 ) used supplementary sources including soya fl our, KH 2 PO 4  and 
sunfl ower oil cake and improved the production of clavulanic acid by  S. clavu-
ligerus . The maximum productivity of cephalosporin C (22,281 µg/g) employing 
 A. chrysogenum  ATCC 48272 was achieved by utilising wheat rawa with optimised 
process parameters including 1 % w/w soluble starch and 1 % w/w yeast extract as 
additives (Adinarayana et al.  2003 ). 

 The use of ammonium oxalate as a supplementary nitrogen source for cephamy-
cin C production using  S. clavuligerus  NT4, under the optimised conditions, yielded 
21.68 ± 0.76 mg/g of cephamycin C as compared to 10.50 ± 1.04 mg/g dry substrate 
before optimisation (Bussari et al.  2008 ). Supplementing the solid substrate with 
0.1 % of choline chloride served as precursor and produced a 76 % increase in the 
yield of griseofulvin in SSF (Saykhedkar and Singhal  2004 ). Haloduracin, a bacte-
riocin, was produced by  Bacillus halodurans  when cultivated on wheat bran as a 
solid-state substrate, at 245 AU per wheat bran. Under the optimum conditions, 
supplementation of the bran with 10 % (w/w) sodium carbonate, the organism pro-
duced about 3,000 AU per gram dry bran (Danesh et al.  2011 ). Compactin produc-
tion validation studies by  Penicillium brevicompactum  under SSF using statistical 
model-defi ned conditions resulted in an improved yield of 1,250 µg/g. Further 
improvement in yield was obtained using carbon supplementation in fed-batch 
mode. The feeding of glycerol (20 % v/v) on day 3 resulted in the much improved 
compactin yield of 1,406 µg/g dry substrate. This demonstrates usage of statistical 
experiment design as an easy tool to improve the process conditions for secondary 
metabolites production (Shaligram et al.  2009 ).  

7.6.2     Substrate Pretreatment 

 Natural substrates and even inert supports generally require some kind of physical 
or chemical pretreatments. This modulates the support to attain more accessibility 
to microbial colonisation and penetration through adhesion to more susceptible 
physical structure along with their chemical constituents. Moreover, it also con-
tributes to the improvement of its moisture-holding capacity. Wheat bran supple-
mented at an initial moisture content of 55 % was pretreated in autoclave for 1 h 
at 121 °C and used for cyA production by  Tolypocladium infl atum  (Murthy et al. 
 1999 ). The commercial solid substrates such as rice bran, wheat bran and ground 
corns were used for the production of meroparamycin. These solid substrates 
were washed and soaked in starch-nitrate medium at room temperature overnight. 
The soaked substrate was sterilised and used for production of meroparamycin by 
 Streptomyces  sp. strain MAR01 in SSF (El-Naggar et al.  2009 ).  
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7.6.3     Effect of Moisture Content 

 Moisture level is not considered as a vital factor in all submerged fermentation as water 
occupies a major percentage of the medium. Whereas in SSF, where the process is car-
ried out on a solid medium with low moisture content, it is a critical parameter vital for 
the microorganism to grow on the surface of the solid substrate particles. Moisture 
content has a predominant role in enhancing the diffusion of extracellular enzymes, 
nutrients and metabolic products through the solid matrix. In SSF, the initial moisture 
content value depends primarily on the water retention capacity of the substrate. 

 The initial moisture content of the substrate played an eminent role on cephamy-
cin C production by SSF. The range of moisture content from 60 to 80 % in wheat 
rawa showed substantial growth of  S. clavuligerus  and cephamycin C production 
(7–10 mg/g substrate). Below 60 % or above 80 % moisture concentration, there 
was no appreciable growth and further the decrease of cephamycin C concentration 
was observed (Kota and Sridhar  1999 ). At low moisture levels of 1:1 (2 gds:2 ml), 
1:1.5 (2 gds:3 ml) and 1:2 (2 gds:4 ml), no rifamycin B production by isolated 
 Amycolatopsis  strain was observed. A gradual increase in antibiotic production 
from 0.89 to 3.47 g/kgds is observed at moisture level increase from 1:2.5 
(2 gds:5 ml) to 1:4.5 (2 gds:9 ml) and further increase in moisture levels reduced the 
antibiotic yield. Interestingly, the specifi c antibiotic production (44.91 mg/g bio-
mass) remained constant at all moisture levels. The observed differences in antibi-
otic production values may be attributed to moisture dependent mass transfer and 
related variations during SSF (Mahalaxmi et al.  2010 ). It is reported that higher 
substrate moisture in SSF resulted in suboptimal product formation due to reduced 
mass transfer process such as diffusion of solutes and gas to cell during fermenta-
tion. Interestingly, some researchers have observed optimised antibiotic production 
at higher substrate moisture in SSF. The highest neomycin production (5,227 µg/g) 
was achieved at 80 % initial moisture content of wheat rawa (Ellaiah et al.  2004 ), 
and the high cephalosporin C antibiotic titre (4,445 µg/g) was attained when the 
initial moisture level was 80 % in comparison with that at low or high moisture 
levels (Adinarayana et al.  2003 ). 

 The critical importance of moisture level in SSF media and its infl uence on the 
biosynthesis and secretion of antibiotics can be attributed to the interference of mois-
ture in the physical properties of the solid particles. Increase in moisture level reduce 
the porosity of the solid substrates, thus limiting oxygen transfer, and low moisture 
content causes reduction in the solubility of nutrients of the substrate and causes low 
degree of swelling, resulting in decreased secondary metabolites production.  

7.6.4     Effect of Particle Size 

 Among the several factors in SSF processes, Selection of proper particle size of 
substrates is one of the essential requirements for optimum production in SSF with 
different microbial strains. Generally, smaller substrate particles will provide a 
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larger surface area for microbial attachment and thus it should be considered as a 
desirable factor favouring SSF. However, too small substrate particles may result in 
substrate agglomeration in most cases, which may interfere with aeration and may 
result in poor growth rate. At the same time, larger particles provide better aeration 
effi ciency but provide limited surface for microbial adherence. Thus, it may be nec-
essary to provide an optimised particle size (Pandey et al.  2000 ). In rifamycin B 
production, a 30 % (3.55–4.53 g/kg) improvement was observed on optimised corn-
husk particle size (6 × 4 mm) and further variation of substrate particle size resulted 
in reduction of antibiotic production (Mahalaxmi et al.  2010 ). In the neomycin pro-
duction, wheat rawa of coarse size 0.84 mm gave the best results (4,478 µg/g) com-
pared to the intermediate and fi ne size substrates, which yielded 4,043 and 3,427 µg/g 
substrate, respectively (Ellaiah et al.  2004 ). Some researchers used larger particle 
size in SSF for antibiotic synthesis; e.g. the sugarcane bagasse of particle size 
14 mm increased the penicillin production by 37 %. However, this effect was due to 
higher sugar concentration in bagasse fraction (Barrios-Gonzalez et al.  1993 ).  

7.6.5     Effect of pH and Temperature 

 The metabolic activities of the microorganisms are very much sensitive to the pH 
change, and antibiotic production by microorganism is found to be affected if pH 
level of the substrate is higher or lower compared with optimum value. Many 
researchers demonstrated the strain-dependent variation of pH for optimum antibi-
otic production in SSF. Cuadra et al. ( 2008 ) revealed pH as a key parameter in 
cephalosporin C production in solid-state fermentation by  A. chrysogenum  C10 
using sugarcane bagasse as support. The production of cephalosporin C reached 
3,200 µg/g of dry matter at an optimised pH between 6.4 and 7.8. In neomycin pro-
duction by  S. marinensis , when the initial pH was 6.0, there was less production and 
as the pH increased, its production reached the maximum (5,780 µg/g) at pH 7.5 
(Ellaiah et al.  2004 ). 

 Strain-dependent variation of pH and temperature was reported for optimum 
rifamycin B production by  Amycolatopsis  sp. (Venkateswarlu et al.  2000 ) suggest-
ing screening and determination of the optimum levels of fermentation parameters, 
which are very important for overall economic feasibility of the production process. 
Rifamycin B production by isolated  Amycolatopsis  sp. RSP 3 under SSF showed 
pH conditions pH 7–9 are favourable for production and maximal production 
(2.33 g/kgds or 40 mg/g biomass) was observed at pH 8.0. Maximum antibiotic 
yield (3.0 g/kgds or 41.3 mg/g biomass) is observed at 28 °C (Mahalaxmi et al. 
 2010 ). The optimal pH for tetracycline production by  Streptomyces viridifaciens  
exactly matched the pH of sweet potato residue solid substrate, between pH 5.8 and 
6.0. Each gram of dry substrate produced 1,570 µg total tetracycline equivalent 
potency (Yang and Ling  1989 ). In the course of cephamycin C production, when the 
initial pH was 5.0, there was very little growth in  S. clavuligerus  and no production 
of antibiotic is observed. Substantial increase of the pH increased the cephamycin C 
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production and reached the maximum (15 mg/g) at 6.5 pH. A further increase in pH 
resulted in a decrease in cephamycin C production and no production was observed 
at 8.0 pH. At 20 °C, cephamycin C production was 6 mg/g, at 30 °C production was 
15 mg/g and it decreased to zero when the incubation temperature was 37 °C. The 
pH 6.5 and temperature 28 °C were found to be optimal both for SSF and SmF for 
cephamycin C production (Kota and Sridhar  1999 ). Ohno et al. ( 1995 ) elucidated 
temperature dependency for the production of lipopeptide antibiotics, namely, iturin 
and surfactin by  B. subtilis  RB14, in the solid-state fermentation of okara and 
observed the optimal temperature for iturin is 25 °C and for surfactin it is 37 °C. The 
highest neomycin production (5,760 µg/g) was attained at 30 °C, and a decrease in 
the yield of neomycin was observed when the incubation temperature was higher or 
lower than the optimum incubation temperature (Ellaiah et al.  2004 ). Higher tem-
peratures were found to have adverse effects on the metabolic activities of the 
microorganism and it is also reported that the metabolic activities of the microor-
ganisms become slower at lower temperature. Hence, incubation temperature and 
its control in SSF process are crucial as the heat evolved during SSF processes is 
accumulated due to poor heat dissipation in solid media.  

7.6.6     Inoculum Level 

 Irrespective of the type of fermentation, whether it is SSF or SmF, inoculum level 
affects the yield of antibiotic. A progressive increase in rifamycin B yield is observed 
with increase in  Amycolatopsis  sp. RSP 3 starter inoculum from 2.4 to 7.2 %. 
Maximum antibiotic production of 4.84 g/kg dry substrate was observed with 7.2 % 
inoculum. However, higher inoculum level (12 %) resulted in more than 50 % 
reduced antibiotic production (Mahalaxmi et al.  2010 ). During the course of 
cephamycin C production, wheat rawa was found to be most suitable substrate in 
SSF for production by  S. clavuligerus . When solid support was mixed with 1 × 10 2  
cell per gram, cephamycin C production was very low (1 mg/g) but as the concen-
tration reached 10 8  cells per gram, its concentration reached a maximum of 10 mg/g 
of substrate. It is important to note that further increase in cell concentration did not 
affect the concentration of cephamycin C (Kota and Sridhar  1999 ). Optimum neo-
mycin production (6,880 mg/g) was observed at 0.5 % w/w dry cell mass of inocu-
lum. At lower and higher inoculum levels, poor neomycin production was observed 
(Ellaiah et al.  2004 ). Inoculum level was also important factors for the production 
of cephalosporin C. High inoculum levels are inhibitory in nature. Higher antibiotic 
production (5,596 µg/g) was obtained at 10 % (v/w) inoculum level as compared to 
low or high inoculum levels (Adinarayana et al.  2003 ). It is important to provide an 
optimum inoculum level in fermentation process. A lower inoculum density may 
give insuffi cient biomass causing reduced product formation, whereas a higher 
inoculum may produce too much biomass and deplete the substrate of nutrients 
leading to poor product formation.   
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7.7     Industrial Strain Development 

 Industrial strain development has been the main focus of research in the commercial 
development of microbial fermentation processes. Discoveries in mutation, proto-
plast fusion, genetic manipulations, recombinant DNA technology and operation of 
commercial large-scale fermenters have revolutionised the concept of microbial 
strain development. Although greater improvements in overproduction of metabo-
lites and antibiotics of specifi c microbes have resulted from essentially random 
empirical approaches to mutation and strain development, future strain development 
technology will be supplemented by more knowledge-based scientifi c methods. 
With the advances in understanding biosynthetic pathways, elucidation of regula-
tory mechanisms related to induction and repression of genes and bioengineering 
design, it will be possible to apply new strategies and limitless combinations for 
isolating improved strains. Furthermore, tailoring genes through the avenue of in 
vitro DNA recombination techniques in both bacteria and fungi has been shown to 
be feasible. Perhaps these areas will facilitate new strategies and have higher impact 
on industrial strain improvement. Khaliq et al. ( 2009 ) developed SSF system for 
hyperproduction of tylosin using a mutant γ-1 of  S. fradiae  NRRL-2702 and its par-
ent strain. Various types of agro-industrial wastes were screened to study their effect 
on tylosin production in SSF. Wheat bran is the ideal solid substrate giving highest 
production of 2,500 µg of tylosin per gram substrate by mutant γ-1 against parent 
strain which gave 300 µg tylosin per gram substrate. Fermentation optimisation 
(70 % moisture, 10 % inoculum (v/w), pH 9.2, 30 °C, supplemental lactose and 
sodium glutamate on day 9) further improved the tylosin yield to 4,500 µg/g sub-
strate. Wild parent strain displayed less production of tylosin (655 µg/g substrate) in 
SSF even after fermentation optimisation. This study evidenced tylosin yield 
enhancement by γ-1  S. fradiae  strain under solid-state fermentation system. 

 Production of lipopeptide antibiotic, namely, surfactin in SSF on okara (soybean 
curd residue) as a solid substrate was carried out using  B. subtilis  MI113 with a 
recombinant plasmid pC112, which contains lpa-14, a gene related to surfactin pro-
duction cloned from a wild-type surfactin producer,  B. subtilis  RB14. The amount 
of surfactin produced by MI113 (pC112) was 2.0 g/kg wet weight, which was eight 
times as high as that of the original  B. subtilis  RB14 at the optimal fermentation 
conditions. Further, the stability of the plasmid studied both under SSF and SmF 
system showed a similar pattern; however, the production of surfactin in SSF was 
four to fi ve times more effi cient than in SMF (Ohno et al.  1995 ). 

 Clones of four industrial strains of  P. chrysogenum  producing higher penicillin 
were subjected to assess its capacity to produce high quantity of antibiotic in SSF 
(Barrios-Gonzalez et al.  1993 ).  S. rimosus  TM-55 is treated with 3 % EMS, and 29 
auxotrophic mutants (AM-1 to AM-29) are isolated from 5,457 colonies. Three sets 
of the auxotrophic mutants were chosen for protoplast fusion with 50 % PEG 1000 
for 30 min at 25 °C, and 25 fusants were isolated. In solid substrate tested for oxy-
tetracycline production, 20 % of fusants production is higher than that of the wild 
strain (Yang and Kao  1991 ).  
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7.8     Future Prospects 

 Penicillin, the fi rst commercial antibiotic produced by fermentation in large-scale 
process, has stimulated the development of the fermentation biotechnology signifi -
cantly. To develop an economically viable SSF that can be scaled up to industrial 
level, production process must address the path integrated with the following two 
critical stages: upstream and downstream processing. The commercial scale pro-
duction process development is much diffi cult, owing to limitations in control of 
operations (heat, mass transfer and cooling) and variable factors (temperature, 
nutrient concentration, pH and moisture) infl uencing fermentations, which are 
essential to the system. 

 Fermentation biotechnology plays a major role in development of both broad- 
spectrum and narrow-spectrum antibiotics. The production of antibiotics using SSF 
has addressed two important aspects. Firstly, the amounts of antibiotics obtained by 
SSF are manyfold higher than SmF. Secondly the products obtained have enhanced 
vital properties when produced in SSF. In addition, the SSF approaches provide an 
alternative technology platform for the production of potent metabolites, with the 
growth environment presenting different physiological challenges to the microor-
ganisms inducing corresponding differences in the organism’s biochemistry. Recent 
researches showed the use of inert supports for fungal SSF resulting in the produc-
tion of novel antibiotics (pyrrocidins and acremonidins). Recently, the exploitation 
of marine microorganisms for the discovery of secondary metabolites has led to 
numerous new antibiotics discoveries. Future pertinence of marine microorganisms 
in SSF could revolutionise the production of novel antibiotics. Therefore, if SSF 
variables are well controlled at optimised culture conditions and the purity of the 
product is defi ned, this may be a lucrative technology for commercial production of 
antibiotics than any process available currently.     

  Acknowledgements   The authors gratefully acknowledge the fi nancial support given by the Earth 
System Science Organization, Ministry of Earth Sciences, Government of India. The authors are 
thankful to the Director, National Institute of Ocean Technology (NIOT), Ministry of Earth 
Sciences, Govt. of India, for his constant support and encouragement for preparation of this chap-
ter. The authors are also thankful to all the scientifi c and supporting staffs of Marine Biotechnology, 
NIOT, Chennai, for their support.  

   References 

        Adinarayana K, Prabhakar T, Srinivasulu V, Anitha Rao M, Jhansi Lakshmi P, Ellaiah P (2003) 
Optimization of process parameters for cephalosporin C production under solid state fermenta-
tion from  Acremonium chrysogenum . Process Biochem 39:171–177  

    Ahamad MZ, Panda BP, Javed S, Ali M (2006) Production of mevastatin by solid state fermenta-
tion using wheat bran as substrate. Res J Microbiol 1(5):443–447  

    Arakawa K, Mochizuki S, Yamada K, Noma T, Kinashi H (2007) γ-Butyrolactone autoregulator- 
receptor system involved in lankacidin and lankamycin production and morphological differ-
entiation in  Streptomyces rochei . Microbiology 153(6):1817–1827  

7 Solid-State Fermentation of Agricultural Residues…



158

    Asagbra AE, Sanni AI, Oyewole OB (2005a) Solid-state fermentation production of tetracycline 
by  Streptomyces  strains using some agricultural wastes as substrate. World J Microbiol 
Biotechnol 21(2):107–114  

    Asagbra AE, Oyewole OB, Odunfa SA (2005b) Production of oxytetracycline from agricultural 
wastes using  Streptomyces  species. Niger Food J 23:174–182  

    Asanza TML, Gontier E, Bienaime C, Nava Saucedo JE, Barbotin JN (1997) Response surface 
analysis of chlortetracycline and tetracycline production with K-carrageenan immobilized 
 Streptomyces aureofaciens . Enzyme Microb Technol 21(5):314–320  

    Barrios-Gonzalez J, Mejia A (1996) Production of secondary metabolites by solid-state fermenta-
tion. Biotechnol Annu Rev 2:85–121  

       Barrios-Gonzalez J, Castillo TE, Mejia A (1993) Development of high penicillin producing strains 
for solid state fermentation. Biotechnol Adv 11(3):525–537  

    Barrios-Gonzalez J, Fernandez FJ, Tomasini A (2003) Microbial secondary metabolites production 
and strain improvement. Ind J Biotechnol 2:322–333  

    Bate N, Butler AR, Smith IP, Cundliffe E (2000) The mycarose-biosynthetic genes of  Streptomyces 
fradiae , producer of tylosin. Microbiology 146:139–146  

    Behal V, Neuzil J, Hostalek Z (1983) Effect of tetracycline derivatives and some cations on the 
activity of anhydrotetracycline oxygenase. Biotechnol Lett 5:537–542  

    Bigelis R, He H, Yang HY, Chang LP, Greenstein M (2006) Production of fungal antibiotics using 
polymeric solid supports in solid-state and liquid fermentation. J Ind Microbiol Biotechnol 
33(10):815–826  

    Brakhage AA, Schroeckh V (2011) Fungal secondary metabolites—strategies to activate silent 
gene clusters. Fungal Genet Biol 48:15–22  

    Brakhage AA, Thon M, Sprote P, Scharf DH, Al-Abdallah Q, Wolke SM, Hortschansky P (2009) 
Aspects on evolution of fungal β-lactam biosynthesis gene clusters and recruitment of trans- 
acting factors. Phytochemistry 70:1801–1811  

    Brautaset T, Sekurova ON, Sletta H, Ellingsen TE, Strom AR, Valla S, Zotchev SB (2000) 
Biosynthesis of the polyene antifungal antibiotic nystatin in  Streptomyces noursei  ATCC 
11455: analysis of the gene cluster and deduction of the biosynthetic pathway. Chem Biol 
7:395–403  

    Brodhagen M, Henkels MD, Loper JE (2004) Positive autoregulation and signaling properties of 
pyoluteorin, an antibiotic produced by the biological control organism  Pseudomonas fl uores-
cens  Pf-5. Appl Environ Microbiol 70(3):1758–1766  

     Bussari B, Parag SS, Nikhil SS, Survase AS, Rekha SS (2008) Production of cephamycin C by 
 Streptomyces clavuligerus  NT4 using solid-state fermentation. J Ind Microbiol Biotechnol 
35(1):49–58  

    Butler AR, Flint SA, Cundliffe E (2001) Feedback control of polyketide metabolism during tylosin 
production. Microbiology 147:795–801  

    Chen W, Huang T, He X, Meng Q, You D, Bai L, Li J, Wu M, Li R, Xie Z, Zhou H, Zhou X, Tan 
H, Deng Z (2009) Characterization of the polyoxin biosynthetic gene cluster from  Streptomyces 
cacaoi  and engineered production of polyoxin H. J Biol Chem 284(16):10627–10638  

    Corre C, Song L, O’Rourke S, Chater KF, Challis GL (2008) 2-Alkyl-4-hydroxymethylfuran-3- 
carboxylic acids, antibiotic production inducers discovered by  Streptomyces coelicolor  genome 
mining. Proc Natl Acad Sci U S A 105:17510–17515  

     Cuadra T, Fernandez FJ, Tomasini A, Barrios-Gonzalez J (2008) Infl uence of pH regulation and 
nutrient content on cephalosporin C production in solid-state fermentation by  Acremonium 
chrysogenum  C10. Lett Appl Microbiol 46(2):216–220  

    Danesh A, Mamo G, Mattiasson B (2011) Production of haloduracin by  Bacillus halodurans  using 
solid-state fermentation. Biotechnol Lett 33(7):1339–1344  

    Devi S, Padma S (2000) Production of cephamycin C in repeated batch operations from immobi-
lized  Streptomyces clavuligerus . Process Biochem 36(3):225–231  

    Doull JL, Vining LC (1990) Nutritional control of actinorhodin production by  Streptomyces coeli-
color  A3(2): suppressive effects of nitrogen and phosphate. Appl Microbiol Biotechnol 
32(4):449–454  

G.K. Arumugam et al.



159

    El-Enshasy HA, Mohamed NA, Farid MA, El-Diwany AI (2008) Improvement of erythromycin 
production by  Saccharopolyspora erythraea  in molasses based medium through cultivation 
medium optimization. Bioresour Technol 99(10):4263–4268  

    Elibol M (2004) Optimization of medium composition for actinorhodin production by  Streptomyces 
coelicolor  A3(2) with response surface methodology. Process Biochem 39(9):1057–1062  

    Ellaiah P, Premkumar J, Kanthachari PV, Adinarayana K (2002) Production and optimization stud-
ies of cephalosporin C by solid state fermentation. Hindustan Antibiot Bull 44(1–4):1–7  

         Ellaiah P, Shrinivasulu B, Adinarayana K (2004) Optimization studies on neomycin production by 
a mutant strain of  Streptomyces marinensis  in solid-state fermentation. Process Biochem 
39:529–534  

     El-Naggar MY, El-Assar SA, Abdul-Gawad SM (2009) Solid-state fermentation for the production 
of meroparamycin by  Streptomyces  sp. strain MAR01. J Microbiol Biotechnol 19(5):468–473  

    Epp JK, Burgett SG, Schoner BE (1987) Cloning and nucleotide sequence of a carbomycin- 
resistance gene from  Streptomyces thermotolerans . Gene 53(1):73–83  

    Espeso EA, Fernandez-Canon JM, Penalva MA (1995) Carbon regulation of penicillin biosynthe-
sis in  Aspergillus nidulans : a minor effect of mutations in creB and creC. FEMS Microbiol Lett 
126:63–68  

    Farzana K, Shah SN, Butt FB, Awan SB (2005) Biosynthesis of bacitracin in solid-state fermenta-
tion by  Bacillus licheniformis  using defatted oil seed cakes as substrate. Pak J Pharm Sci 
18(1):55–57  

    Froyshov O, Mathiesen A, Haavik HI (1980) Regulation of bacitracin synthetase by divalent metal 
ions in  Bacillus licheniformis . J Gen Microbiol 117:163–167  

    Gramajo HC, White J, Hutchinson CR, Bibb MJ (1991) Overproduction and localization of com-
ponents of the polyketide synthase of  Streptomyces glaucescens  involved in the production of 
the antibiotic tetracenomycin C. J Bacteriol 173:6475–6483  

    Graminha EBN, Goncalves AZL, Pirota RDPB, Balsalobre MAA, Da Silva R, Gomes E (2008) 
Enzyme production by solid-state fermentation: application to animal nutrition. Anim Feed Sci 
Technol 144(1–2):1–22  

    Gristwood T, Fineran PC, Everson L, Williamson NR, Salmond GP (2009) The PhoBR two- 
component system regulates antibiotic biosynthesis in  Serratia  in response to phosphate. BMC 
Microbiol 9:112–126  

    Gupte MD, Kulkarni PR (2002) A study of antifungal antibiotic production by  Streptomyces chat-
tanoogensis  MTCC 3423 using full factorial design. Lett Appl Microbiol 35(1):22–26  

    Gutierrez S, Fierro F, Casqueiro J, Martin JF (1999) Gene organization and plasticity of the beta- 
lactam genes in different fi lamentous fungi. Antonie Van Leeuwenhoek 75:81–94  

    Haese A, Keller U (1988) Genetics of actinomycin C production in  Streptomyces chrysomallus . 
J Bacteriol 170(3):1360–1368  

    Haste NM, Perera VR, Maloney KN, Tran DN, Jensen P, Fenical W, Nizet V, Hensler ME (2010) 
Activity of the streptogramin antibiotic etamycin against methicillin-resistant  Staphylococcus 
aureus . J Antibiot 63:219–224  

    Hyun C, Kim SS, Sohng JK, Hahn J, Kim J, Su J (2000) An effi cient approach for cloning the 
dNDP-glucose synthase gene from  actinomycetes  and its application in  Streptomyces 
 spectabilis   a spectinomycin producer. FEMS Microbiol Lett 183(1):183–189  

      Indu ST (2006) Environmental biotechnology: Basic concepts and applications. In: Antibiotic 
industry, 2nd edn. IK International Pvt Ltd, India, pp 435–443  

    Jeanne MD, Craig AT (2009) Identifi cation and characterization of NocR as a positive transcrip-
tional regulator of the β-Lactam nocardicin A in  Nocardia uniformis . J Bacteriol 
191:1066–1077  

    Jekosch K, Kuck U (2000) Loss of glucose repression in an  Acremonium chrysogenum  β-lactam 
producer strain and its restoration by multiple copies of the cre1 gene. Appl Microbiol 
Biotechnol 54:556–563  

      Juan FM (2004) Phosphate control of the biosynthesis of antibiotics and other secondary metabo-
lites is mediated by the PhoR–PhoP system: an unfi nished story. J Bacteriol 186:5197–5201  

7 Solid-State Fermentation of Agricultural Residues…



160

    Juan FM, Arnold LD (2002) Unraveling the methionine–cephalosporin puzzle in  Acremonium 
chrysogenum . Trends Biotechnol 20(12):502–507  

      Kagliwal LD, Survase SA, Singhal RS (2009) A novel medium for the production of cephamycin 
C by  Nocardia lactamdurans  using solid-state fermentation. Bioresour Technol 
100(9):2600–2606  

    Karray F, Darbon E, Oestreicher N, Dominguez H, Tuphile K, Gagnat J, Blondelet-Rouault MH, 
Gerbaud C, Pernodet JL (2007) Organization of the biosynthetic gene cluster for the macrolide 
antibiotic spiramycin in  Streptomyces ambofaciens . Microbiology 153(12):4111–4122  

    Karray F, Darbon E, Nguyen HC, Gagnat J, Pernodet JL (2010) Regulation of the biosynthesis of 
the macrolide antibiotic spiramycin in  Streptomyces ambofaciens . J Bacteriol 192:5813–5821  

    Kawaguchi T, Azuma M, Horinouchi S, Beppu T (1988) Effect of B-factor and its analogues on 
rifamycin biosynthesis in  Nocardia sp. . J Antibiot 41:360–365  

    Keller U, Lang M, Crnovcic I, Pfennig F, Schauwecker F (2010) The actinomycin biosynthetic 
gene cluster of  Streptomyces chrysomallus : a genetic hall of mirrors for synthesis of a molecule 
with mirror symmetry. J Bacteriol 192(10):2583–2595  

    Khaliq S, Rashid N, Akhtar K, Ghauri MA (2009) Production of tylosin in solid-state fermentation 
by  Streptomyces fradiae  NRRL-2702 and its gamma-irradiated mutant (γ-1). Lett Appl 
Microbiol 49(5):635–640  

    Kleerebezem M, Quadri LEN, Kupers OP, De Vos WM (1997) Quorum sensing by peptide phero-
mones and two-component signal-transduction systems in Gram-positive bacteria. Mol 
Microbiol 24:895–904  

    Koonin EV, Wolf YI, Aravind L (2001) Prediction of the archaeal exosome and its connections 
with the proteasome and the translation and transcription machineries by a comparative- 
genomic approach. Genome Res 11:240–252  

        Kota KP, Sridhar P (1999) Solid state cultivation of  Streptomyces clavuligerus  for cephamycin C 
production. Process Biochem 34:325–328  

    Kumar M, Srivastava S (2011) Effect of calcium and magnesium on the antimicrobial action of 
enterocin LR/6 produced by  Enterococcus faecium  LR/6. Int J Antimicrob Agents 
37(6):572–575  

    Laich F, Fierro F, Cardoza RE, Martín JF (1999) Organization of the gene cluster for biosynthesis 
of penicillin in  Penicillium nalgiovense  and antibiotic production in cured dry sausages. Appl 
Environ Microbiol 65:1236–1240  

    Lopez-Calleja AC, Cuadra T, Barrios-Gonzalez J, Fierro F, Fernandez FJ (2012) Solid-state and 
submerged fermentations show different gene expression profi les in cephalosporin C produc-
tion by  Acremonium chrysogenum . J Mol Microbiol Biotechnol 22(2):126–134  

    Lotfy WA (2007) Production of cephalosporin C by  Acremonium chrysogenum  grown on beet 
molasses: optimization of process parameters through statistical experimental designs. Res J 
Microbiol 2:1–12  

         Mahalaxmi Y, Sathish T, Subba Rao C, Prakasham RS (2010) Corn husk as a novel substrate for 
the production of rifamycin B by isolated  Amycolatopsis sp.  RSP3 under SSF. Process Biochem 
45(1):47–53  

    Malik VS (1979) Genetics of applied microbiology. Adv Genet 20:37–126  
      Marinelli F, Marcone GL (2011) Microbial secondary metabolites. In: Comprehensive biotech-

nology, 2nd edn. Elsevier, Netherlands, pp 285–297  
     Martin J, Garcia-Estrada C, Rumbero A, Recio E, Albillos SM, Ullan RV, Martin JF (2011) 

Characterization of an autoinducer of penicillin biosynthesis in  Penicillium chrysogenum . 
Appl Environ Microbiol 77(16):5688  

    Mehmood N, Olmos E, Goergen JL, Blanchard F, Marchal P, Klockner W, Buchs J, Delaunay S 
(2012) Decoupling of oxygen transfer and power dissipation for the study of the production of 
pristinamycins by  Streptomyces pristinaespiralis  in shaking fl asks. Biochem Eng J 68:25–33  

    Miyake K, Kuzuyama T, Horinouchi S, Beppu T (1990) The A-factor-binding protein of 
 Streptomyces griseus  negatively controls streptomycin production and sporulation. J Bacteriol 
172:3003–3008  

G.K. Arumugam et al.



161

    Mizumoto S, Hirai M, Shoda M (2006) Production of lipopeptide antibiotic iturin A using soybean 
curd residue cultivated with  Bacillus subtilis  in solid-state fermentation. Appl Microbiol 
Biotechnol 72:869–875  

    Murthy MVR, Mohan EVS, Sadhukhan AK (1999) Cyclosporin A production by  Tolypocladium 
infl atum  using solid state fermentation. Process Biochem 34:269–280  

    Nguyen KT, Nguyen LT, Behal V (1995) The induction of valine dehydrogenase activity from 
 Streptomyces  by l-valine is not repressed by ammonium. Biotechnol Lett 17:31–34  

    Obanye AIC, Hobbs G, Gardner DCJ, Oliver SG (1996) Correlation between carbon fl ux through 
the pentose phosphate pathway and production of the antibiotic methylenomycin in 
 Streptomyces coelicolor  A3(2). Microbiology 142:133–137  

      Ohno A, Ano T, Shoda M (1995) Production of a lipopeptide antibiotic, surfactin, by recombinant 
 Bacillus subtilis  in solid state fermentation. Biotechnol Bioeng 47(2):209–214  

    Otten SL, Ferguson J, Hutchinson CR (1995) Regulation of daunorubicin production in 
 Streptomyces peucetius  by the dnrR2 locus. J Bacteriol 177(5):1216–1224  

    Pandey A, Soccol CR, Mitchell D (2000) New developments in solid state fermentation: 
1- bioprocess and products. Process Biochem 35(10):1153–1169  

     Poonam Singh N, Pandey A (2009) Biotechnology for agro-industrial residues utilisation. 
Utilisation of agro-residues, vol XVIII. Springer, New York, p 466  

    Quirs LM, Salas JA (1995) Biosynthesis of the macrolide oleandomycin by  Streptomyces antibi-
oticus.  Purifi cation and kinetic characterization of an oleandomycin glucosyltransferase. J Biol 
Chem 270:18234–18239  

       Recio E, Aparicio JF, Rumbero A, Martin JF (2006) Glycerol, ethylene glycol and propanediol elicit 
pimaricin biosynthesis in the PI-factor-defective strain  Streptomyces natalensis  npi287 and 
increase polyene production in several wild-type actinomycetes. Microbiology 152:3147–3156  

    Rius N, Maeda K, Demain AL (1996) Induction of l-lysine ε-aminotransferase by l-lysine in 
 Streptomyces clavuligerus , producer of cephalosporins. FEMS Microbiol Lett 144:207–211  

     Saykhedkar SS, Singhal RS (2004) Solid-state fermentation for production of griseofulvin on rice 
bran using  Penicillium griseofulvum . Biotechnol Prog 20(4):1280–1284  

    Scherlach K, Hertweck C (2009) Triggering cryptic natural product biosynthesis in microorgan-
isms. Org Biomol Chem 7(9):1753–1760  

    Sekar C, Rajasekar VW, Balaraman K (1997) Production of Cyclosporin A by solid state fermenta-
tion. Bioprocess Biosyst Eng 17:257–259  

     Shaligram NS, Singh SK, Singhal RS, Szakacs G, Pandey A (2009) Effect of precultural and nutri-
tional parameters on compactin production by solid-state fermentation. J Microbiol Biotechnol 
19(7):690–697  

    Shapiro S (1989) Nitrogen assimilation in Actinomycetes and the infl uence of nitrogen nutrition on 
Actinomycete secondary metabolism. In: Shapiro S (ed) Regulation of secondary metabolism  
in actinomycetes. CRC Press, Boca Raton, FL, pp 135–212  

     Shih IL, Kuo CY, Hsieh FC, Kao SS, Hsieh C (2008) Use of surface response methodology to 
optimize culture conditions for iturin A production by  Bacillus subtilis  in solid-state fermenta-
tion. J Chin Ins Chem Eng 39(6):635–643  

    Sircar A, Sridhar P, Das PK (1998) Optimization of solid state medium for the production of 
 clavulanic acid by  Streptomyces clavuligerus . Process Biochem 33(3):283–289  

    Sohn YS, Nam DH, Ryu DD (2001) Biosynthetic pathway of cephabacins in  Lysobacter lactam-
genus : molecular and biochemical characterization of the upstream region of the gene clusters 
for engineering of novel antibiotics. Metab Eng 3(4):380–392  

     Survase SA, Shaligram NS, Pansuriya RC, Annapure US, Singhal RS (2009) A novel medium for 
the enhanced production of cyclosporin A by  Tolypocladium infl atum  MTCC 557 using solid 
state fermentation. J Microbiol Biotechnol 19(5):462–467  

    Takano E (2006) γ-butyrolactones: Streptomyces signalling molecules regulating antibiotic 
 production and differentiation. Curr Opin Microbiol 9(3):287–294  

    Teijeira F, Ullan RV, Fernandez-Aguado M, Martin JF (2011) CefR modulates transporters of beta- 
lactam intermediates preventing the loss of penicillins to the broth and increases cephalosporin 
production in  Acremonium chrysogenum . Metab Eng 13(5):532–543  

7 Solid-State Fermentation of Agricultural Residues…



162

    Tercero JA, Espinosa JC, Lacalle RA, Jimenez A (1996) The biosynthetic pathway of the 
aminonucleoside antibiotic puromycin as deduced from the molecular analysis of the pur 
cluster of  Streptomyces alboniger . J Biol Chem 271:1579–1590  

    Vastrad BM, Neelagund SE (2011) Optimization and production of neomycin from different agro 
industrial wastes in solid state fermentation. Int J Pharm Sci Drug Res 3(2):104–111  

    Vastrad BM, Neelagund SE (2012) Optimization of process parameters for rifamycin b production 
under solid state fermentation from  Amycolatopsis mediterranean  MTCC14. Int J Curr Pharm 
Res 4(2):101–108  

      Venkateswarlu G, Murali Krishna PS, Pandey A, Venkateshwar Rao L (2000) Evaluation of 
 Amycolatopsis mediterranei  VA18 for production of rifamycin-B. Process Biochem 
36(4):305–309  

    Voelker F, Altaba S (2001) Nitrogen source governs the patterns of growth and pristinamycin pro-
duction in ‘ Streptomyces pristinaespiralis’ . Microbiology 147(9):2447–2459  

    Wei YH, Lai CC, Chang JS (2007) Using Taguchi experimental design methods to optimize trace 
element composition for enhanced surfactin production by  Bacillus subtilis  ATCC 21332. 
Process Biochem 42(1):40–45  

    Xue Y, Zhao L, Liu HW, Sherman DH (1998) A gene cluster for macrolide antibiotic biosynthesis 
in  Streptomyces venezuelae : architecture of metabolic diversity. Proc Natl Acad Sci U S A 
95(21):12111–12116  

    Yang SS, Kao CY (1991) Oxytetracycline production in solid state and submerged fermentation by 
protoplast fusants of  Streptomyces rimosus . Proc Natl Sci Counc Repub China B 15(1):20–27  

    Yang SS, Ling MY (1989) Tetracycline production with sweet potato residue by solid state fermen-
tation. Biotechnol Bioeng 33:1021–1028  

      Yang SS, Swei WJ (1996) Cultural condition and oxytetracycline production by  Streptomyces 
rimosus  in solid state fermentation of corncob. World J Microbiol Biotechnol 12:43–46    

G.K. Arumugam et al.



163S.K. Brar et al. (eds.), Biotransformation of Waste Biomass into High Value Biochemicals, 
DOI 10.1007/978-1-4614-8005-1_8, © Springer Science+Business Media New York 2014

8.1            Introduction 

    Plants need light, carbon dioxide, water, and minerals, including nitrogen in soil, for 
its growth. With these conditions, the plant has the ability to transform some simple 
materials into complex organic substances that compose all living organisms. In this 
way, plant hormones and phytohormones have a very important function or activity 
in the growth regulation. Hormones are organic substances that are produced in a 
tissue and transported to another, where they provoke a physiological response. 
They are active in very low concentrations. The term hormone comes from the 
Greek and means “impetus.” 

 It is known that in many instances, plant development can be dramatically infl u-
enced by a set of fi ve structurally simple phytohormones, auxins, ethylene, cytoki-
nin, abscisic acid (ABA), and gibberellins, each of which can elicit different 
responses. Experimental and theoretical approaches to this problem have prompted 
a long-standing debate concerning the relative importance of variations in phytohor-
mone concentration versus differential sensitivity of different plant cells to particu-
lar phytohormones (Palme et al.  1991 ). 

 This chapter intends to show the most important information, such as defi nition, 
structure, action, and lastly the advances, about the main groups of plant hormones 
auxins, ethylene, cytokinin, ABA, and gibberellins.  
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8.2     Auxins 

 The term auxin (from Greek “auxein,” meaning “to increase” or “to grow”) includes 
a spectrum of compounds that differ structurally and bring about a variety of auxin- 
type responses, albeit to varying degrees. 

    Since the original discovery of auxin as an indole compound that gave the grass 
coleoptile curvature (or growth) is tested, the defi nition of auxins has been broad-
ened to include not only indole-3-acetic acid (IAA) but several other indole as well 
as non-indole compounds. Simon and Petrasek ( 2011 ) presented that many hetero-
geneous synthetic substances have auxin activity, complicating studies of structure–
activity and the search for a common mode of action (Ferro et al.  2010 ). Even the 
most frequently used synthetic auxins, 2,4-dichlorophenoxyacetic acid (2,4-D) and 
naphthalene-1-acetic acid (NAA), do not completely share their mechanism of action 
with native IAA. Only indole-3-butyric acid (IBA), phenylacetic acid (PAA), and 
4-chloroindole-3-acetic acid (4-Cl-IAA) (Fig.  8.1 ) are synthesized by plants and 
therefore qualify as “endogenous auxins,” but their roles and mechanisms of action 
have not been satisfactorily described (Simon and Petrasek  2011 ).

8.2.1       Indole-3-Acetic Acid 

 IAA is the most widely distributed, naturally occurring auxin in vascular plants, 
dicots, monocots, gymnosperms, and ferns. There are also reports of IAA being 
present in mosses and liverworts, as well as in some green algae (e.g.,  Caulerpa ). 
IAA is a weak acid with a pH of 4.85. It occurs in dissociated state at neutral pH 
solutions. IAA is involved in nearly every aspect of plant growth and development, 
from embryo to adult reproductive plant. The processes regulated include pattern 
formation in embryo development, induction of cell division, stem and coleoptile 
elongation, apical dominance, induction of rooting, vascular tissue differentiation, 
fruit development, and tropic movements such as bending of shoots toward light or 
of roots toward gravity. 
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  Fig. 8.1    Chemical structure of four endogenous auxins. Indole-3-acetic acid (IAA), indole-3- 
butyric acid (IBA), 4-chloroindole-3-acetic acid (4-Cl-IAA), and phenylacetic acid (PAA)       
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 It is diffi cult to unambiguously defi ne typical “auxin activity.” Auxin displays 
morphogenic properties that are modulated by the environment and defi ned by 
dynamic changes in its perception and signal transduction. This machinery has been 
intensively studied during the past decade and includes effects that are either depen-
dent or independent of gene expression (Bhalerao and Bennett  2003 ). Thus, “auxin 
action” may be understood as the sum of all these processes (Simon and Petrasek 
 2011 ). Later research convincingly demonstrated that auxin is required together 
with other plant hormones for both cell division and oriented cell expansion (Perrot- 
Rechenmann  2010 ), infl uencing all aspects of plant development (Vanneste and 
Friml  2009 ). 

 The isolation of plant mutants related to auxin showed that the modifi cation of 
the regulation of auxin biosynthesis, transport, or signaling generates severe altera-
tions in many aspects of plant development. For example, the auxin overproducer 
mutant  Yucca  leads to defects in vascular tissue formation (Cheng et al.  2007 ). 
Disruption in auxin transport, in the mutant  pin1 , leads to defects in fl oral develop-
ment (Okada et al.  1991 ). Finally, mutation in auxin signaling can trigger a global 
dwarfi sm as for the auxin-resistant  axr112  mutant (Lincoln et al.  1990 ), the absence 
of root formation as for the monopteros ( mp ) mutant (Hamann et al.  2002 ), or even 
embryo lethality as for the  abp1  null mutant (Chen et al.  2001 ). This demonstrates 
that in plants, the phytohormone auxin plays a central role in plant growth and 
development. 

 Auxin is considered as a morphogen since it regulates the development in a dose- 
dependent manner (Bhalerao and Bennett  2003 ). It highlights the importance of 
auxin gradients and the necessity of a subtle regulation of auxin concentration at the 
scale of organ, tissues, or even cells. To achieve such regulation, plants have devel-
oped various mechanisms aimed at controlling auxin homeostasis and the dynamics 
of auxin redistribution. In addition, various tissues exhibit distinct sensitivity to 
auxin, thus refl ecting that the responsiveness (perception and signaling) is also 
tightly modulated (Tromas and Perrot-Rechenmann  2010 ).  

8.2.2     Auxin-Binding Soluble Proteins 

 Shishova and Lindberg ( 2010 ) reported that for more than 100 years, the most 
intriguing question in plant physiology has been how IAA might trigger such enor-
mous variety in physiological responses. According to recent knowledge, a broad 
spectral activity is observed, which might correlate with changes in the number and 
properties of auxin receptors. These proteins are responsible for recognition of the 
hormone and the initiation of further signal transduction chains, resulting in a spe-
cifi c physiological response. Thus, one of the main properties of the auxin receptor 
is its capability to bind auxin. An investigation of auxin-binding sites in plant cells 
started almost 30 years ago (Hertel et al.  1972 ). It has showed a heterogeneity of 
these sites both in affi nity and localization. So, the pool of plant cell auxin-binding 
proteins (ABPs) consists of two groups: soluble and membrane-bound proteins. 
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 Early biochemical investigations identifi ed a number of auxin-binding soluble 
proteins such as 1,3-glucanase (MacDonald et al.  1991 ), β-glucosidase (Campos 
et al.  1992 ), glutathione S-transferase (Bilang et al.  1993 ), and superoxide dis-
mutase (Feldwisch et al.  1994 ). Two soluble ABPs with a relatively low affi nity for 
IAA were purifi ed and reported to stimulate RNA synthesis in isolated nuclei 
(Kikuchi et al.  1989 ). Later, it was shown that one of these protein-bound RNA 
polymerase II had DNA-binding activity (Sakai  1992 ). Another polypeptide, a 
65-kDa protein, was also found to have a nuclear localization (Prasad and Jones 
 1991 ). A soluble ABP 44-kDa protein showed a close link to auxin effects on elon-
gation growth and high affi nity labeling of chlorinated auxins (Reinard and Jacobsen 
 1995 ; Reinard et al.  1998 ).   

8.3     Gibberellins 

 The fi rst reports about gibberellins (GAs) came from a group of Japanese scientists 
who focused some of their studies on a disease called bakanae, which particularly 
affected rice produced by local farmers (Hori  1903 ). Bakanae disease is caused by 
one or more  Fusarium  species. This disease produces a myriad of symptoms, 
including seedling blight, root and crown rot, stunting, and the classic symptoms of 
etiolation and abnormal elongation induced by the fungal production of gibberellins 
(Sun and Snyder  1981 ; Webster and Gunnell  1992 ; Nicholson et al.  1998 ). 

 Although bakanae disease was described and identifi ed more than 100 years ago 
in Japan, it is still not clear which  Fusarium  species are associated with the various 
symptoms of the disease (Ou  1985 ). Earlier studies in Japan contributed to the 
identifi cation of a pathogen known as “ Fusarium moniliforme ” in a broad sense 
(Ou  1985 ). However, this taxon comprises a number of distinct species, now col-
lectively named the  Gibberella fujikuroi  species complex. The formation of 
 Gibberella’s  sexual stage can distinguish mating populations, or biological species, 
within this group (Hsieh et al.  1977 ; Kuhlman  1982 ; Leslie  1995 ). 

 In the 1950s, the British fi rm Imperial Chemical Industry (ICI) began a program 
to select for strains of  F. moniliforme  that had a greater capacity to produce gibber-
ellins, and attempts were made to optimize liquid and surface fermentation studies. 
After some purifi cation steps, a gibberellin was isolated and called “gibberellic 
acid.” These gibberellins had the molecular formula C 19 H 22 O 6  and had various phys-
iological properties of the gibberellin A that was previously discovered in Japan. 
This fact stimulated Japanese researchers to produce gibberellins and separate them 
into three products: gibberellins A 1 , A 2 , and A 3 . Gibberellin A 3  was identifi ed as the 
gibberellic acid produced by ICI (Takahashi  1986 ). 

 In the 1960s, a series of studies were carried out on the application of GAs on 
various plants, poultry, animals, and microorganisms (Mees and Elson  1978 ). Since 
then, several production techniques have been developed in order to make the pro-
cess more reproducible and economically viable. 
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 Currently, there are 136 gibberellins (GAs) isolated from plants, produced by 
microorganisms such as fungi and bacteria or obtained synthetically (Blake et al. 
 2000 ; Bömke and Tudzynsk  2009 ). Gibberellins are designated by GAn where “n” 
corresponds, approximately, to the order of its discovery. 

 All gibberellins have an  ent -gibberellane (Fig.  8.2 ) ring system and are divided 
in two main types based on the number of carbon atoms, the C 20 GAs which have a 
full complement of 20 carbon atoms and C 19 GAs in which the twentieth carbon 
atom has been lost by metabolism. Besides the carbon number, the gibberellins dif-
fer in the number and position of hydroxyl groups, on the oxidation state of C 20 , and 
the presence or absence of lactone bridge between C 10  and C 19 .

   The effects of GAs on plant growth and development are mediated through gene 
expression modulation, as RNA and protein synthesis inhibitors interfere with these 
processes. To further understand the molecular mechanism by which GA regulates 
the growth and development of plants, it is necessary to identify and analyze more 
genes that are controlled by GA. Microarrays provide high-throughput, simultane-
ous analysis of mRNA for hundreds and thousands of genes (Aharoni and Vorst 
 2002 ); however, there are only a few reports on the microarray analysis of 
GA-regulated gene expression in  Arabidopsis  and rice (Ogawa et al.  2003 ; Yamauchi 
et al.  2004 ; Yang et al.  2004 ; Yazaki et al.  2004 ). A throughput analysis of transcript 
profi les in GA-regulated gene expression using different plant tissues and organs 
remains pertinent, and further characterization of the individual genes will help in 
understanding how GA regulates the growth and development of plants. 

8.3.1     Gibberellic Acid 

 Gibberellic acid (GA 3 ) is an important member of the gibberellin family and acts as 
a natural plant growth hormone, controlling many developmental processes, and is 
gaining great attention all over the world due to its effective use in agriculture, nurs-
eries, tissue culture, tea gardens, etc. (Davies  2004 ;    Shukla et al.  2005 ). GA 3  is used 
in ppm levels, and its use results in various physiologic effects. Some of its applica-
tions are presented in Table  8.1 .
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   The cost of GA 3  has precluded its use in promoting plant growth, except for 
 certain high-value plants. A reduction of its production costs could lead to wider 
applications for a variety of crops (Linnemannstons et al.  2002 ). 

 Recently, studies have been carried out to decrease GA 3  production costs using 
several approaches, such as screening fungi, optimizing the nutrients and culture 
conditions, using agro-industrial residues as a substrate, developing new processes 
(immobilized cells, fed-batch culture, airlift bioreactor) and minimizing the extrac-
tion procedure costs (Rodrigues et al.  2012 ).   

8.4     Cytokinins 

 Cytokinins (CKs) are a class of phytohormones that play an important role at all 
phases of plant development from seed germination to senescence. At the organism 
level, CKs take part in the control of many biological processes throughout the life 
of plants.    They act on induction expression of some genes, promotion of mitosis, 
and chloroplast development and by releasing buds from apical dominance or by 
inhibiting root growth (Riefl er et al.  2006 ; Kakimoto  2003 ; Sakakibara  2006 ; 
Werner et al.  2001 ). Moreover, CKs were found to negatively regulate stress signal-
ing (Nishiyama et al.  2011 ) and iron accumulation in the leaf (Werner et al.  2010 ). 
In tomatoes, salt and drought stresses were linked to reduced CK content (Albacete 
et al.  2008 ; Ghanem et al.  2008 ; Kudoyarova et al.  2007 ). 

   Table 8.1    Applications of GA 3    

 Application  Action/benefi t  Reference 

 Application on fl owering of 
 Helleborus niger  and 
 Helleborus  x  ericsmithii  

 Progressive decrease of the time 
to fl ower 

 Christiaens et al. 
( 2012 ) 

 Effects of GA 3  and calcium 
chloride in restoring the 
metabolic alterations resulting 
from salt stress in linseed 

 Increased plant height, number 
of branches, number of 
leaves, leaf area, fresh and 
dry weights 

 Khan et al. ( 2010 ) 

 Infl uenced all the vegetative 
parameters of “Chandler” 
strawberry 

 Crown height, crown spread, 
petiole length, leaf number, 
and leaf area 

    Sharma and Singh 
( 2009 ) 

 Pea seeds  Stimulate shoot growing  Baumgartner et al. 
( 2008 ) 

 Potato cultivation  Promote cell multiplication and 
elongation, breaking of 
dormancy 

 Alexopoulos et al. 
( 2007 ) 

 Fruitful tree “Yu Her Pau” litchi  Raise fruit weight  Chang and Lin 
( 2006 ) 

  Passifl ora nitida  Khunt  Effect on germination—breaking 
of dormancy 

 Passos et al. 
( 2004 ) 

 Grapes of cultivars Vênus  Raise berries mass and number, 
decrease seeds number 

 Botelho et al. 
( 2003 ) 
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 The CKs was discovered during the 1950s because of the powerful ability of 
these purine derivatives to trigger plant cell division in vitro. Rapidly thereafter, a 
variety of additional activities of the hormone were described, including the capa-
bility to induce the formation of shoots from unorganized callus tissue, to retard leaf 
senescence, to stimulate pigment accumulation, and to support plastid development 
(Heyl et al.  2012 ). 

 Currently, there are numerous studies about the possible uses and functions of 
CKs, such as delay of senescence (Gan and Amasino  1995 ; Kim et al.  2006 ), root 
proliferation (Werner et al.  2001 ,  2003 ), apical dominance (Shimizu-Sato et al. 
 2009 ; Tanaka et al.  2006 ), nutritional signaling (Samuelson and Larsson  1993 ; 
Takei et al.  2001 ), and shoot meristem function (Higuchi et al.  2004 ; Kurakawa 
et al.  2007 ; Nishimura et al.  2004 ; Miyawaki et al.  2006 ). The CKs also mediates 
the responses to variable extrinsic factors, such as light conditions in the shoot and 
availability of nutrients and water in the root, and has a role in the response to biotic 
and abiotic stress. Together, these activities contribute to the fi ne-tuning of quantita-
tive growth regulation in plants. 

 The CKs has been targeted in many plant species to improve their tolerance to 
different environmental stresses (Barna et al.  1996 ; Huynh et al.  2005 ; Havlova 
et al.  2008 ; Zhang and Ervin  2008 ). Exogenous application of CK has been shown 
to have potential in alleviating heat injury in various higher plants (Skogqvist  1974 ; 
   Liu et al.  2002 ; Schrader  2005 ). For example, retarded leaf senescence and reduced 
cell membrane lipid peroxidation in creeping bentgrass were observed via exoge-
nous zeatin riboside application and enhanced antioxidant response. This fact was 
suggested as a possible mechanism for the observed reductions in heat injury (Liu 
et al.  2002 ; Zhang and Ervin  2008 ), also indicating that CK is thought to protect 
plants under stress via its antioxidant properties (Wang et al.  2012 ). 

 Naturally occurring CKs are adenine derivatives that carry either an isoprene- 
derived side chain or an aromatic side chain at the N 6  terminus, called isoprenoid 
CKs or aromatic CKs, respectively (Mok and Mok  2001 ; Sakakibara  2006 ). The 
isoprenoid CKs are classifi ed into one of the four basic molecules: N 6 -(Δ 2 -
isopentenyl) adenine (iP),  trans -zeatin (tZ),  cis -zeatin (cZ), and dihydrozeatin (DZ) 
(Fig.  8.3 ). Each CK molecule is distinguished by characteristics of the side chain, 

  Fig. 8.3    Chemical structures of isoprenoids CKs: N 6 -(Δ 2 -isopentenyl) adenine (iP),  trans -zeatin 
(tZ),  cis -zeatin (cZ) and dihydrozeatin (DZ)       
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namely, the presence or the absence of a hydroxyl group at the end of the prenyl 
chain and the stereoisomeric position.

   Among isoprenoid CKs,  trans -zeatin is considered central due to its general 
occurrence and high activity in the most bioassays. Its stereoisomer,  cis -zeatin, is 
characterized by weak activity in bioassays. Dihydrozeatin and N 6 -(Δ 2 -isopentenyl)-
adenine are also commonly present in lower and vascular plants (Emery et al.  1998 ; 
Sakakibara  2006 ; Stirk et al.  2008 ). 

 N 6 -Benzyladenine and its derivatives, representing aromatic CKs, have been 
detected in a number of plant species as minor components of the total CKs. 
Hydroxylated derivatives of N 6 -benzyladenine in meta or ortho position of benzyl 
group are commonly named as meta- and ortho-topolin, respectively (Strnad et al. 
 1997 ). Kinetin, the most known CK, has furfuryl ring at the N 6 -position of adenine 
and was identifi ed in both animal cellular DNA and plant tissue extracts (Barciszewski 
et al.  2000 ). 

 All forms of CKs may be reversible or irreversible conjugated with sugars and 
amino acids.    In most bioassays, CK bases are the most active, and therefore, CK 
conjugation contributes to the regulation of their activity. CK conjugates seem to 
serve as storage, transport, and deactivate forms because they are resistant to degra-
dation by cytokinin oxidase/dehydrogenase (Auer  2002 ; Blagoeva et al.  2004 ).  

8.5     Abscisic Acid 

 Absicisic acid (ABA) belongs to a class of metabolites known as isoprenoids, also 
called terpenoids.    ABA, which contains 15 carbon atoms, belongs to a class of 
metabolites known as isoprenoids also called terpenoids (Fig.  8.4 ). ABA was dis-
covered in the early 1960s. Originally it was believed to be involved in the abscis-
sion of fruit and dormancy of woody plants. However, in later studies, it became 
evident that ABA is necessary for seed development, adaptation to several abiotic 
stress, and sugar sensing (Zeevaart and Creelman  1988 ; Nambara and Marion-Poll 
 2005 ; Schwartz and Zeevaart  2010 ).

   ABA is not only synthesized by higher plants, it is also produced by certain algae 
(Zeevaart and Creelman  1988 ), by several phytopathogenic fungi (Zeevaart and 
Creelman  1988 ; Tudzynski and Sharon  2002 ) and by bacteria (Karadeniz et al.  2006 ). 

 The metabolism pathway of ABA has been studied in plants and fungi. Since    
1987, there were many in vivo and in vitro biochemical studies of ABA metabolism, 
including studies of ABA-defi ciency mutants, that have established an outline of the 
probable biosynthesis route. It was thought that all isoprenoids were synthesized 

  Fig. 8.4    Abscisic acid       
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from mevalonic acid (MVA), but recently, it was shown that carotenoids and ABA 
are formed by the “non-mevalonate” triose-pyruvate pathway (from pyruvate to iso-
pentenyl diphosphate) in chloroplasts (Milborrow and Lee  1998 ; Tudzynski and 
Sharon  2002 ; Nambara and Marion-Poll  2005 ). 

8.5.1     ABA Effects in Plants 

 ABA seems to act as a general inhibitor of growth and metabolism, but, like other 
plant hormones, ABA has multiple roles during the life cycle of a plant (Zeevaart 
and Creelman  1988 ; Srivastava  2002 ). It plays an important role in modifying tran-
spiration of drought-treated plants. It also acts in stomatal conductance affecting the 
water supply of the plant (Larcher  2003 ; Guo et al.  2008 ; Aasamaaa and Sõberb 
 2011 ). Other applications of ABA in plants are presented in Table  8.2 .

   Table 8.2    Application of ABA in plants   

 Application  Action/benefi t  Reference 

 Blueberries 
( Vaccinium 
darrowii ) 

 Increase the fi rmness  Buran et al. ( 2012 ) 

  Arachis hypogaea  L.  Inhibits lateral root primordial 
initiation 

 Guo et al. ( 2012 ) 

 Wheat  Effect of cold acclimation and ABA 
on amino acid content and 
composition 

 Kovacs et al. ( 2011 ) 

 Plant defense 
against 
pathogens 

 Processes of plant defense against 
pathogens such as virus, fungi, 
and bacteria 

 Song et al. ( 2011 ); Iriti and 
Faoro ( 2008 ); Vysotskaya 
et al. ( 2008 ); De Torres-
Zabala et al. ( 2007 ) 

 Arabidopsis roots  Have    a negative effect to gravitropic 
response as regard to root 
growth in Arabidopsis roots 

 Han et al. ( 2009 ) 

 Tobacco plants  Increase the hydraulic conductance 
of whole tobacco roots and 
stimulated aquaporin expression 

 Mahdieh and Mostajeran ( 2009 ) 

 Maize seedlings  Induction of cytosolic Ca 2+  
concentration of mesophyll cells 

 Guo et al. ( 2008 ) 

 Rice  Involvement of H 2 O 2  (hydrogen 
peroxide) in ABA-induced 
anthocyanin accumulation in 
rice leaves 

 Hung et al. ( 2008 ) 

 Canarian laurel trees  Response of gas exchange and 
osmotic adjustment capacity in 
drought-treated trees 

 Sánchez-Díaz et al. ( 2008 ) 

 Carrot ( Daucus 
carota ) 

 Somatic embryo development  Shiota et al. ( 2008 ) 
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8.5.2        ABA Production by Microorganisms 

    The presence of ABA was demonstrated in several fungi, such as  Cercospora rosi-
cola ,  C. cruenta ,  Botrytis cinerea,  and other phytopathogenic fungi, as a secondary 
metabolism product (Zeevaart and Creelman  1988 ; Tudzynski and Sharon  2002 ). 
Budková et al. ( 2000 ) demonstrated that micromycetes from soil,  Aspergillus niger  
and  Cladosporium cladosporioides , produced ABA into the culture medium 
Czapek-Dox and a liquid medium. 

 Yurekli et al. ( 1999 ) utilized white-rot fungi  Funalia trogii  ATCC 200800 and 
 Trametes versicolor  ATCC 200801 to produce ABA, and as substrate, they utilized 
olive oil mill wastewater (OOMW) and vinasse, with a dilution ratio of 20:80, v/v 
(wastewater/distilled water). The    higher ABA concentration was obtained utilizing 
 F. trogii  and vinasse (170.41 µg/ml) and utilizing OOMW as a substrate concentra-
tion of 16.28 µg/ml was obtained.  T. versicolor  fungus produced 34.95 µg/ml using 
vinasse and 5.32 µg/ml utilizing OOMW. 

 Plant growth-promoting bacteria (PGPB) such as  Azospirillum  produce phyto-
hormones including ABA (Forchetti et al.  2007 ; Cohen et al.  2008 ). Bacteria com-
monly found in the human body which also live in the soil and in water ( Proteus 
mirabilis ,  P. vulgaris ,  Bacillus megaterium ,  B. cereus ,  Klebsiella pneumoniae , 
 Escherichia coli ) also produce ABA (Karadeniz et al.  2006 ). Some studies that 
report the production of ABA by bacteria can be seen in Table  8.3 .

8.5.3        ABA Analyses 

 Several methods have been established for measurement of ABA, such as thin 
layer chromatography (TLC). It has been used with ultraviolet (UV) lamp and the 

   Table 8.3    ABA production by bacteria   

 Microorganism  Culture medium  ABA production  Reference 

  Azospirillum 
brasilense  
strain Sp 245 

 NFb medium with 
NH 4 Cl and NaCl 

 235 ± 17 ng/ml  Cohen et al. ( 2008 ) 

  Azospirillum 
brasilense  
strain Sp 245 

 NFb medium with 
NH 4 Cl 

 73 ± 8 ng/ml  Cohen et al. ( 2008 ) 

 Isolated endo-
phytic bacteria 
from sunfl ower 

 LB supplemented 
with polyethyl-
ene glycol 

 20–45 pmol/ml  Forchetti et al. ( 2007 ) 

  P. mirabilis   Brain heart broth  4.20 ± 1.75 µg/100 ml  Karadeniz et al. ( 2006 ) 
  P. vulgaris   Brain heart broth  0.44 ± 0.02 µg/100 ml  Karadeniz et al. ( 2006 ) 
  B. megaterium   Brain heart broth  0.07 ± 0.00 µg/100 ml  Karadeniz et al. ( 2006 ) 
  B. cereus   Brain heart broth  0.03 ± 0.01 µg/100 ml  Karadeniz et al. ( 2006 ) 
  K. pneumoniae   Brain heart broth  0.91 ± 0.10 µg/100 ml  Karadeniz et al. ( 2006 ) 
  E. coli   Brain heart broth  1.45 ± 1.00 µg/100 ml  Karadeniz et al. ( 2006 ) 
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mobile phase of benzene, ethyl acetate, and acetic acid (Budková et al.  2000 ) and 
isopropanol, ammonia, and distilled water (Karadeniz et al.  2006 ). High-
performance liquid chromatography (HPLC) coupled to UV detector also has been 
utilized (Budková et al.  2000 ; Karadeniz et al.  2006 ). 

 Gas chromatography coupled to mass spectrometry (GC–MS) was reported for 
analysis of ABA (Forchetti et al.  2007 ; Cohen et al.  2008 ). 

 Recently, liquid chromatography–electrospray ionization tandem mass spec-
trometry (LC–ESI-MS/MS) has been applied to the determination of phytohor-
mones including ABA (Hou et al.  2008 ; López-Carbonell et al.  2009 ).   

8.6     Ethylene 

 Ethylene is an unsaturated hydrocarbon which plays various important functions in 
plant growth and development, such as seed germination, fl ower and fruit develop-
ment, dormancy, abscission, senescence, certain plant defense mechanisms, and a 
number of interactions with other plant hormones (Abeles et al.  1992 ; Arteca  1996 ; 
Binder  2008 ). 

 Ethylene is produced by higher plants and also by bacteria and fungi (Kanellis 
et al.  1999 ; Al-Masri et al.  2006 ). In higher plants, ethylene is biosynthesized from 
methionine by a well-defi ned pathway in which methionine is fi rst converted to 
 S -adenosyl methionine (SAM) which is then used for the production of 
1- aminocyclopropanecarboxylic acid (ACC) by the enzyme ACC synthase. ACC 
oxidase converts ACC to ethylene (Yang and Hoffman  1984 ). 

 Ethylene is a gaseous hormone, and because of this, gas chromatography has 
been utilized for ethylene analysis. Orberá Ratón et al. ( 2012 ) and Thuler et al. 
( 2003 ) utilized GC equipped with a PORAPAK-N 80/100—INOX column that 
operated isothermally at 70 °C with nitrogen as gas carrier and fl ame ionization 
detector. Visible/short-wave near-infrared (Vis/SW NIR) spectroscopy technique 
was proposed for the determination of ethylene content in tomatoes by Xie et al. 
( 2009 ). 

8.6.1     Effects of Ethylene in Plants 

 One of the most studied ethylene effects were reported in fruit ripening. Fruit ripen-
ing can also be diverse; however, it involves many closely related changes such as 
color change, softening of walls, and conversion of starch to sugar (Barry and 
Giovannoni  2007 ). Fruits known as climacteric, such as banana, apple, avocado, 
and tomato, produce ethylene which infl uences the fruit ripening process. Other 
fruits that are known as nonclimacteric, such as grape, citrus, and strawberry, show 
no climacteric and no signifi cant production of ethylene. Even though, they show 
ripening-related changes (Srivastava  2002 ; Barry and Giovannoni  2007 ). 

 Applications of ethylene in plants are shown in Table  8.4 .
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8.6.2        Ethylene Production by Microorganisms 

 Beside plants, ethylene can be produced by microorganisms and can be obtained by 
cracking the petroleum, a process that requires crude oil and has severe effects on 
the environment (Tudzynski and Sharon  2002 ). 

 Ethylene production by fungus  Sclerotinia sclerotiorum  was observed by 
Al-Masri et al. ( 2006 ). Zhu et al. ( 2012 ) analyzed ethylene production by six strains 
of  B. cinerea  (a mass-destructive, necrotrophic plant pathogen that causes grey 
mold) and all were confi rmed to produce ethylene. On grape juice agar (GJA) 

   Table 8.4    Applications of ethylene in plants   

 Application  Action/benefi t  Reference 

  Arabidopsis thaliana   Ethylene in the response of root hair 
cells 

 Galland et al. ( 2012 ) 

  Gentiana scabra  fl owers  Ethylene production of unpollinated 
fl owers was very low, but pollina-
tion increases ethylene production 

 Shimizu-Yumoto and 
Ichimura ( 2012 ) 

 Mexican “Ataulfo” mango  Improving the uniformity in ripening  Tovar et al. ( 2011 ) 
 Spinach ( Spinacia oleracea  

L. cv Bison) 
 Effect of ethylene on ascorbic acid 

(antioxidant) metabolism during 
dark-induced leaf senescence 

 Gergoff et al. ( 2010 ) 

 Tomato and pepper fruits  Existence of extensive common 
regulons suggests the conservation 
of ripening mechanisms in 
climacteric and nonclimacteric 
fruits 

 Lee et al. ( 2010 ) 

 Carrot  Exposure to methyl jasmonate and 
ethylene treatments enhanced the 
accumulation of bioactive phenolic 
compounds and phenylalanine 
ammonia lyase enzyme activity in 
carrot tissue 

 Heredia and 
Cisneros- 
Zevallos ( 2009 ) 

 Sand verbenas ( Abronia  spp.)  Effects on the germination  Drennan ( 2008 ) 
  Guzmania lingulata  Mez. 

“Anita” 
 Endogenous ethylene production 

contributes substantially to fl oral 
induction. Ethylene treatment on a 
single young leaf induced fl owering 
as well 

 Dukovski et al. 
( 2006 ) 

 Hydroponically grown 
strawberry plants 

 Ethylene levels from leaves are useful 
as an early indicator of stress 
conditions within the system 

 Hogan et al. ( 2006 ) 

 Potato tuber ( Solanum 
tuberosum  L.) 

 Determination of hormonal require-
ments for wound-induced 
suberization 

 Lulai and Suttle 
( 2004 ) 

 Carnation cultivars ( Dianthus 
caryophyllus  L.) 

 Continuous and short exposures of 
ethylene reduce the vase life of 
fl owers 

 Wu et al. ( 1991 ) 
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medium,  B. cinerea  produced ethylene without methionine (Met) addition. When 
Met was added, the fungus produced more ethylene than that on Czapek and potato 
dextrose agar (PDA) media. 

 Orberá Ratón et al. ( 2012 ) isolated bacteria and fungi from sugarcane rhizo-
sphere and the isolated microorganisms. Four isolates produced ethylene, which 
correspond to  Bacillus  sp. B63 (134.12 ng/mL),  Brevibacillus  sp. (B65 279.44 ng/
mL),  Bacillus  sp. B90 (870.8 ng/mL), and  Paenibacillus  sp. B100 (166.88 ng/mL). 

 A comparison of plant growth-promoting potential of rhizospheric bacteria from 
endophytic bacteria, both isolated from sugar cane, was studied by De Santi Ferrara 
et al. ( 2012 ).    In the study, the ability of these bacteria to produce amino acids IAA 
and ethylene was assessed. The putative endophytes released signifi cantly higher 
amounts of amino acids than the rhizospheric bacteria, while the latter produced 
higher quantities of ethylene and were more actively antagonistic to fungi. Both 
types of bacteria released similar amounts of IAA.   

8.7     Phytochemicals 

 Phytochemicals are non-nutritive plant chemicals that have protective or disease- 
preventive properties. They are nonessential nutrients, meaning that they are not 
required by the human body for sustaining life (Karthishwaran et al.  2010 ; Srivastava 
et al.  2010 ; Badugu  2012 ; Neerati et al.  2012 ). Plant produces these chemicals as a 
natural defense against disease and infection, and they have been used throughout 
human history for various purposes. It has been recognized that natural compounds 
play an important role in modern pharmaceutical care. Numerous studies of folk 
medical practices have been undertaken to verify the real properties of some plants 
used in ancestral treatments (Kamanzi Atindehou et al.  2002 ; Neerati et al.  2012 ; 
Brusotti et al.  2013 ). 

 There are many phytochemicals known and each works differently. These phyto-
chemicals have various health benefi ts such as antioxidant, antimicrobial, anti- 
infl ammatory, cancer-preventive, antidiabetic, and anti-hypertensive effects (Kumar 
et al.  2009 ; Nisha Raj and Radhamany  2010 ; Srivastava et al.  2010 ). Antioxidant 
properties of plants have been studied to reduce oxidative stress which may cause 
various degenerative diseases (Bektas et al.  2005 ; Pereira et al.  2009 ). Antioxidant 
activity can be attributed to phenolic compounds (Girones-Vilaplana et al.  2012 ; Lv 
et al.  2012 ; Silva et al.  2012 ; Sousa et al.  2013 ; Jaberian et al.  2013 ), fl avonoids 
(Girones-Vilaplana et al.  2012 ; Sousa et al.  2013 ), and vitamins (Girones-Vilaplana 
et al.  2012 ; Jaberian et al.  2013 ). 

    Extracts of plants were tested against fungi and bacteria and demonstrated anti-
microbial activity. Brusotti et al. ( 2013 ) showed that tannin resulted more active 
against bacteria, while the saponin showed a pronounced activity against fungus 
 Pyricularia grisea . Others studies have demonstrated a correlation between anti-
bacterial activity and phytochemicals (alkaloid, saponin, phenol) (Akgul and 
Gulshen  2005 ; Doughari and Manzara  2008 ; Jaberian et al.  2013 ). 
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 Phytochemicals have been utilized in other studies such as antiproliferative 
activities (Lv et al.  2012 ; Kontogianni et al.  2013 ), antipyretic activity (saponin, 
tannins, and fl avonoids) (Sasmal et al.  2012 ), and anti-infl ammatory activity 
 (phenolic compounds and betacyanins) (Silva et al.  2012 ).  

8.8     Conclusions 

 Auxins, gibberellins, ABA, cytokinins, and ethylene are the main groups of plant 
hormones. There are numerous reports that present the main applications and the 
way of action of these hormones, each of them having their specifi cities and poten-
tialities. The transport and mode of action of each hormone are being elucidated. 
However, there are some technological barriers to surpass concerning the economi-
cal production and purifi cation of these important biomolecules. In this way, many 
researchers are seriously involved to fi nd best conditions for these bioprocesses.     
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9.1            Introduction 

 The human gastrointestinal tract (GIT) is a complex ecosystem and its bacteria 
inhabitants can achieve very high densities. A delicate balance exists between 
human intestinal microfl ora and its host. Upset in this community structure may 
lead toward the symptoms of acute gastroenteritis, infl ammatory bowel disease and 
colon cancer. It is therefore important to sustain gut microfl ora in an optimal man-
ner (Gibson and Fuller  2000 ; Vaughan et al.  2005 ). 

 In recent years, the advances in understanding the relationship between 
human gut microbiota and health have resulted in the development of the con-
cept of probiotics. Probiotics are defi ned as “live microorganisms, as they are 
consumed in adequate numbers confer a health benefi t on the host” (FAO/WHO 
 2001 ). Bacterial strains selected as probiotics are predominantly from the gen-
era  Bifi dobacterium  and  Lactobacillus  (Saarela et al.  2000 ), which form a part 
of normal human intestinal ecosystem (Backhead et al.  2005 ) and play a pivotal 
role in maintenance of healthy human gut (Gomes and Malcata  1999 ).  
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9.2     Morphology and Physiology of Probiotic Bacteria 

 Bifi dobacteria are gram-positive, strictly anaerobic, non-motile, non-spore-forming 
pleomorphic rods with a particular cell morphology ranging from regular rods to 
various branched and club-shaped forms (Leahy et al.  2005 ). Morphologic 
 heterogeneity of cells from developing populations of bifi dobacteria correlates with 
ultrastructure peculiarities (Fig.  9.1 ).

   Active proliferating cells in exponential phase are characterised by formation of 
intracytoplasmatic membrane complex represented by lamellar, myelinoform, 
vesicular structures. Nucleoid is localised as the central polybranched or disperse 
osmophobic zone. Nucleoid distribution is determined by morphogenesis pro-
cesses—exobudding, branching or multiseptation. Electronograms reveal multiple 
polyphosphate and polysaccharide inclusions. Ageing of bifi dobacterial popula-
tions is accompanied with ultrastructural changes: cell wall hypersynthesis, reor-
ganisation and increased size of intracytoplasmatic membrane complex, altered 
morphology and compactness of nuclei and formation and dissimilation of inclu-
sions (Novik et al.  1994 ). Populations of  Bifi dobacterium , growing on liquid and 
agar media, are represented by highly ordered mycelial structures. Their topography 
depends on mutual arrangement of polymorphic cells and the way of their daughter 
cells’ separation after division. Evidence obtained by scanning electron microscopy 
(SEM) of total preparations and by transmission electron microscopy (TEM) of 
ultrathin sections correlate well. The data showed the existence of morphologically 
varied intercellular contacts that ensure the stability of such microbial consortia 
during adaptation to ambient conditions (Fig.  9.2 ).

   Intercellular contacts with the aid of different extracellular structures—
microfi brillae, knob-like juts, cell wall evaginations and capsule form stuff 
(glycocalyx)—are the result of genetically determined self-regulating development 
of microbial populations as multicellular systems (Novik and Vysotskii  1995 ). 
Figure  9.3  shows a scheme of morphological transformations of bifi dobacterial cells 
in the developmental cycle of populations. Multiplication occurs via reversion of 
transitory rod- shaped and coccoid forms into repeatedly budding and dichoto-
mously branching multiseptate fi laments, which, under certain conditions, fragment 
with the formation of differentiated reproductive forms (Novik  1998 ).

   Bifi dobacteria are generally described as strictly anaerobic, although some strains 
can tolerate oxygen. The sensitivity to oxygen, however, can differ between species 
and between different strains within a species (de Vries and Stouthamer  1969 ; 
Talwalkar et al.  2001 ). Most human isolates of bifi dobacteria grow at an optimum 
temperature of 36–38 °C, whereas animal strains appear to have slightly higher opti-
mum growth temperature of 41–43 °C. The notable exceptions are  Bifi dobacterium 
thermacidophilum  which exhibits a maximal growth temperature of 49.5 °C and 
 Bifi dobacterium psychraerophilum  which has been shown to grow at temperatures 
as low as 4 °C (Dong et al.  2000 ; Leahy et al.  2005 ; Simpson et al.  2004 ). 

 Bifi dobacteria are acid-tolerant microbes and their optimum pH for growth is 
between 6.5 and 7.0. Strains of  Bifi dobacterium animalis  ssp.  animalis  and  
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  Fig. 9.1    Morphological analysis of bifi dobacterial cells by means of electron microscopy; ( a ) rod- 
shaped forms, having wide ends; ( b ) fi ne structure of cells; ( c ,  d ) visualisation of intercellular 
contacts in some cells.  CW  cell wall,  C  cytoplasm,  MC  membrane complex,  N  nucleoid,  P  poly-
phosphate granules,  IC  intercellular contacts,  F  microfi brillae,  G  capsule (Photo by Galina Novik)       
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B. animalis  ssp.  lactis  can survive exposure to pH 3.5, whereas most of 
 Bifi dobacterium  strains do not survive at pH 8.5 (Leahy et al.  2005 ). 

 Bifi dobacteria are strictly fermentative bacteria, in which hexose metabolism 
occurs through a unique fructose-phosphate pathway also called “bifi dus shunt” 
(Biavati and Mattarelli  2006 ; Leahy et al.  2005 ). They ferment glucose to lactic acid 
and acetic acid in molar ratio 2:3 without carbon dioxide. Variations in growth con-
ditions, such as quality and quantity of carbon source, may result in the production 
of varying amounts of fermentation products. Bifi dobacteria possess an array of 
enzymes that allow them to utilise a great variety of monosaccharides, disaccharides 

  Fig. 9.2    Morphology of bifi dobacterial cells by means of electron microscopy with visualisation 
of intercellular links in some cells (Photo by Galina Novik)       
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and complex carbohydrates as carbon sources. This feature should give bifi dobacteria 
an ecological advantage to colonise the intestinal environment where complex 
carbohydrates, such as mucin, are present in large quantities either because of 
production by the host epithelium or introduction through the diet. The selective 
stimulation of the growth of bifi dobacteria by simple or complex carbohydrates is 
the basis of prebiotic concept (Biavati and Mattarelli  2006 ). 

 Lactobacilli are a broad, morphologically defi ned group of gram-positive, 
catalase- negative, non-spore-forming bacteria. They usually occur as rods that may 
differ in length between the various species. Some species grow as coccobacilli or 
appear curved or coryneform. Some heterofermentative lactobacilli may appear 

  Fig. 9.3    Morphological and structural differentiation of cells in a cycle of development of bifi do-
bacteria populations: ( a ) reproductive forms; ( b ) ageing of bifi dobacterial cells;  1 —stage of transi-
tory rod-shaped and coccoid forms;  2 —stage of branching fi laments (Scheme by Galina Novik)       
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coccoid and can be confused with leuconostocs. Some homofermentative anaerobic 
lactobacilli from intestinal sources may resemble morphologically certain bifi do-
bacteria. Morphological variations may occur within some  Lactobacillus  species 
depending on growth conditions (Hammes and Hertel  2003 ). 

 Lactobacilli are strictly fermentative, aerotolerant or anaerobic, aciduric or aci-
dophilic bacteria (Kandler and Weiss  1986 ). Based on the type of fermentation, 
 Lactobacillus  species are divided into three groups: homofermentative, facultatively 
heterofermentative and obligately heterofermentative. Homofermentative lactoba-
cilli are able to ferment glucose almost exclusively to lactic acid via the Embden-
Meyerhof- Parnas (EMP) pathway, while pentoses and gluconate are not fermented 
as they lack phosphoketolase. Facultatively heterofermentative lactobacilli degrade 
hexose to lactic acid by the EMP pathway and are also able to degrade pentoses and 
often gluconate as they possess both aldolase and phosphoketolase. Obligately het-
erofermentative lactobacilli degrade hexoses by the phosphogluconate pathway 
producing lactate, ethanol, acetic acid and carbon dioxide; moreover, pentoses are 
also fermented through this pathway (Hammes and Vogel  1995 ; Pot et al.  1994 ). 

 Generally, lactobacilli grow well at temperatures above 20 °C and below 42 °C, 
though some strains of these microorganisms can grow at up to 44 °C and down to 
15 °C (Hammes and Hertel  2003 ; Savoie et al.  2007 ). Lactobacilli are mostly micro-
aerophilic, but many strains of these microorganisms grow better either anaerobi-
cally or in the presence of increased CO 2  tension, particularly on fi rst isolation 
(Hammes and Hertel  2003 ). 

 Lactobacilli have complex nutrient requirements—they grow in the presence of 
carbohydrates, amino acids, peptides, nucleic acid derivatives and vitamins. 
Lactobacilli grow in a variety of habitats, wherever high levels of soluble carbohy-
drate, protein breakdown products, vitamins and a low oxygen tension occur. Large 
amounts of lactic acid and small amounts of other compounds are the products of 
their carbohydrate metabolism, which lowers the pH of the substrate and suppresses 
the growth of many other bacteria (Kandler and Weiss  1986 ).  

9.3     Taxonomy of Probiotic Bacteria 

 According to current taxonomy, bifi dobacteria belong to the phylum  Actinobacteria , 
class  Actinobacteria , order  Bifi dobacteriales , family  Bifi dobacteriaceae , genus 
 Bifi dobacterium  and are represented by over 32 species (Biavati and Mattarelli 
 2006 ; Holzapfel et al.  2001 ; Leahy et al.  2005 ) with type species  Bifi dobacterium 
bifi dum . In the phylogenetic tree of bacteria,  Bifi dobacterium  cluster is in the subdi-
vision of high G + C gram-positive bacteria together with other genera such as 
 Propionibacterium ,  Actinomyces  and  Streptomyces , so they form a part of the so- 
called  Actinomycetes  branch (Leahy et al.  2005 ). The species belonging to the genus 
 Bifi dobacterium  form a coherent phylogenetic unit and show generally over 93 % 
similarity of 16S rRNA sequences with other members of the genus. A number of 
phylogenetic studies carried out during the past decade, mainly based on 
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sequencing of 16S rRNA gene and housekeeping genes, have grouped the bifi do-
bacterial species in six groups, namely,  B. boum  group,  B. asteroids  group,  B. ado-
lescentis  group,  B. pullorum  group,  B. longum  group and  B. pseudolongum  group 
(Matsuki et al.  2003 ; Sakata et al.  2006 ; Ventura et al.  2004 ;  2006 ). 

 All the currently known  Bifi dobacterium  species were isolated from limited 
number of habitats, including human and animal gut, insect intestine, food, sewage 
and breast milk (Felis and Dellaglio  2007 ; Ventura et al.  2004 ). Strains which are 
the most typical for human GIT belong to species  B. catenulatum ,  B. pseudocatenu-
latum ,  B. adolescentis ,  B. longum ,  B. breve ,  B. angulatum  and  B. bifi dum , and the 
most frequent species isolated from dairy products is  B. animalis  ssp.  lactis  (Masco 
et al.  2005 ). Therefore these species are the most widely used probiotics (Biavati 
et al.  2001 ). 

 The genus  Lactobacillus  belongs to the phylum  Firmicutes  (gram-positive bac-
teria with low G + C content), class  Bacilli , order  Lactobacillales , family 
 Lactobacillaceae , and its closest relatives are the genera  Paralactobacillus  and 
 Pediococcus , being grouped within the same family (Felis and Dellaglio  2007 ). 
Lactobacilli form the largest group among the lactic acid bacteria (LAB), contain-
ing at present more than 120 species; the type species is  Lactobacillus delbrueckii  
(Felis and Dellaglio  2007 ; Vaughan et al.  2005 ). 

 Phylogenetic structure of the genus  Lactobacillus  is quite complicated. According 
to the results of the fi rst phylogenetic analysis of lactobacilli, they were divided into 
three groups,  L. delbrueckii  group,  L. casei–Pediococcus  group and  Leuconostoc  
group, which also contained some lactobacilli (Felis and Dellaglio  2007 ). In 1995 
 L. delbrueckii  group was given the name of  L. acidophilus  group and the  L. casei–
Pediococcus  group was split into further four subclusters (Schleifer and Ludwig 
 1995 ). Recently, due to the description of a large number of species and the follow-
ing re-examination of the genus, this strategy of grouping was updated. Nowadays, 
genus  Lactobacillus  includes  L. delbrueckii  group,  L. salivarius  group,  L. reuteri  
group,  L. buchneri  group,  L. alimentarius – L. farciminis  group,  L. casei  group,  
L. sakei  group,  L. fructivorans  group,  L. coryniformis  group,  L. plantarum  group, 
 L. perolens  group,  L. brevis  group,  Pediococcus dextrinicus  group,  Pediococcus  
group, couples (e.g.  L. rossiae – L. siliginis ) and single species ( L. kunkeei ,  L. malefer-
mentans ,  L. pantheris , etc.) (Felis and Dellaglio  2007 ; Hammes and Hertel  2003 ). 

 The dominant species isolated from human gut are those belonging to the  L. casei  
group (L. casei, L. paracasei, L. rhamnosus, L. zeae); obligatory homofermentative 
species  L. gasseri, L. crispatus and L. johnsonii ; and heterofermentative species  L. 
reuteri  (Dunne et al.  1999 ; Morelli et al.  1998 ; Song et al.  2000 ; Tannock et al.  2000 ).  

9.4     Identifi cation of Probiotic Bacteria 

 The correct identifi cation of probiotic bacteria is the fi rst prerequisite of their micro-
biological safety. Thus, the use of adequate tools to provide proper strain identifi ca-
tion is strictly necessary (FAO/WHO  2002 ; Saarela et al.  2000 ). 
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 Traditionally, bifi dobacteria have been identifi ed on the basis of phenotype 
 characteristics. Cell morphology, determination of metabolites, enzyme activities 
and ability to ferment sugars are used for routine bifi dobacteria identifi cation. 
Genus  Bifi dobacterium  can be distinguished from other bacterial groups such as 
lactobacilli, actinomycetes and anaerobic corynebacteria by the peculiar metabolic 
pathway of glucose fermentation, the bifi dus shunt, the key enzyme of which is 
fructose-6-phosphate phosphoketolase (F6PPK). This enzyme was considered a 
taxonomic marker for identifi cation on the genus level (Tannock  1999 ; Vlkova et al. 
 2002 ), but, due to the reclassifi cation of  Bifi dobacterium  species into new genera, it 
can be used as taxonomic character of the family  Bifi dobacteriacea  (Felis and 
Dellaglio  2007 ). Since fermentation of glucose by the bifi dus pathway produces 
acetic and lactic acids in a theoretical ratio of 3:2, gas liquid chromatography of 
fermentation products provides another means of differentiating bifi dobacteria from 
other bacterial types (Tannock  1999 ). 

 Currently, biochemical tests for the identifi cation of members of the genus 
 Bifi dobacterium  are largely superseded by the use of the genus-specifi c PCR prim-
ers, which amplify 523 bp or 1.35 kbp regions of the 16S rRNA gene. Genus- specifi c 
probes have proved useful in the detection and identifi cation of bifi dobacteria in 
faecal and food samples (Kaufmann et al.  1997 ; Kok et al.  1996 ). 

 With regard to  Bifi dobacterium  species identifi cation, they can sometimes be 
differentiated using the results of fermentation tests together with the electropho-
retic mobilities of enzymes such as transaldolase (14 types) or 6-phosphogluconate 
dehydrogenase (19 types) (Tannock  1999 ). The most important species may be dis-
tinguished to some degree by the fermentation of  l -arabinose,  d -xylose,  d - mannose , 
salicin,  d -mannitol,  d -sorbitol and  d -mellesitose (Holzapfel et al.  2001 ). In many 
cases, phenotypic characterisation is not enough to identify  Bifi dobacterium  strains 
at the species level. So, genotypic approaches hold the most promise for the rapid 
and accurate identifi cation of bifi dobacteria (Gomes and Malcata  1999 ; O’Sullivan 
 2000 ; Satokari et al.  2003 ). 

 DNA–DNA reassociation studies have been widely used in the taxonomy of bifi -
dobacteria and currently it is the most reliable method for  Bifi dobacterium  species 
identifi cation (O’Sullivan  2000 ; Satokari et al.  2003 ). Species identifi cation by 16S 
rRNA gene sequence analysis is hampered by the high level of sequence relatedness 
between closely related bifi dobacterial species. Comparison of 16S rRNA gene 
sequences from 18 species of  Bifi dobacterium  showed that they ranged in similarity 
from 92 to 99 %. This high level of relatedness makes it impossible to differentiate 
between some species on the basis of 16S rDNA sequence analysis (Leblond- 
Bourget et al.  1996 ; McCartney et al.  1996 ). However, in many cases subtle differ-
ences in the 16S rRNA gene sequences have been successfully utilised to design 
species-specifi c probes or PCR primers that can be applied in species identifi cation 
(Langendijk et al.  1995 ; Matsuki et al.  1999 ;  2003 ; Welling et al.  1997 ; Yamamoto 
et al.  1992 ). 

 The sequence analysis of conserved genes other than 16S rRNA such as  recA , 
major enzyme involved in recombination, and  ldh , coding for  l -lactate dehydrogenase, 
has been proposed as a method for identifi cation of closely related bifi dobacteria 
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(Kullen et al.  1997 ; Roy and Sirois  2000 ). Currently, the gene sequence of  hsp60 , 
heat-shock protein of 60 kDa, is preferentially used to distinguish between different 
species of  Bifi dobacterium  (Jian et al.  1991 ). Method based on PCR targeting the 
transaldolase gene and subsequent separation of the amplicons by denaturing gradient 
gel electrophoresis (DGGE) was developed for the identifi cation of  Bifi dobacterium  
species (Requena et al.  2002 ). Multilocus sequencing—sequencing of 16S rRNA and 
housekeeping genes, such as  tuf, recA, xfp, atpD, groEL, groES, dnaK, hsp60, dnaB  
and  dnaJ —is the highly discriminatory method for bifi dobacteria identifi cation, pro-
viding unambiguous results (Ventura et al.  2006 ). 

 Methods based on the PCR are widely used to differentiate species and even 
strains of bifi dobacteria. Randomly amplifi ed polymorphic DNA (RAPD) profi ling 
is successfully applied to distinguish between strains of  Bifi dobacterium  (Määttö 
et al.  2004 ; Vincent et al.  1998 ). Different modifi cations of repetitive extragenic 
palindromic PCR (REP-PCR), such as enterobacterial repetitive intergenic consen-
sus sequence PCR (ERIC-PCR), BOX-PCR (GTG) 5 -PCR, can be considered as 
promising methods for the identifi cation of bifi dobacteria at species, subspecies and 
even strain level (Krizova et al.  2008 ; Masco et al.  2003 ,  2004 ; Šrůtkova et al.  2011 ; 
Ventura et al.  2003 ). Pulsed fi eld gel electrophoresis (PFGE) protocols have been 
established for bifi dobacteria and the techniques have shown superior discrimina-
tory power in comparison to other typing methods in species and strain differentia-
tion (O’Riordan and Fitzgerald  1997 ; Roy et al.  1996 ). A complete survey of 
methods for bifi dobacteria identifi cation has been compiled in reviews (Sidarenka 
et al.  2008 ; Ward and Roy  2005 ). 

 Members of the genus  Lactobacillus  for a long time were identifi ed on the base 
of their phenotypic features, including cell morphology, fermentation of carbohy-
drates, growth at different temperatures and salt concentrations. However, it has 
been widely recognised that  Lactobacillus  species and strains display a high level of 
phenotypic variability, making classical microbiological methods of identifi cation 
unreliable (Hammes and Hertel  2003 ). Recently, it was demonstrated that the API 
40 identifi cation system failed to identify 7 reference strains and 86 freshly isolated 
 Lactobacillus  strains (Boyd et al.  2005 ). 

 Comparative analysis of complete or at least suffi ciently informative part 
(approximately the fi rst 900 bases) of the 16S rRNA gene can be used for the reli-
able identifi cation of  Lactobacillus  species (Mori et al.  1997 ; Tannock  1999 ). It 
should be noted, however, that in some cases the 16S rRNA gene may be too well 
conserved to reliably identify closely related species, such as  L. plantarum ,  L. pen-
tosus  and  L. paraplantarum  (99.7–99.9 %);  L. kimchii  and  L. paralimentarius  
(99.9 %); and  L. mindensis  and  L. farciminis  (99.9 %) (Fox et al.  1992 ). Analysis of 
16S–23S rRNA spacer region sequences reveals that this region is less conserved 
compared to 16S rRNA gene and can be considered as powerful tool for genus and 
species differentiation of lactobacilli (Tannock et al.  1999 ). Based on the nucleotide 
sequences of 16S rRNA gene and 16S–23S spacer region, species-specifi c primers 
for lactobacilli identifi cation have been derived. Currently, specifi c primers are 
available for most  Lactobacillus  species (Berthier and Ehrlich  1998 ; Kwon et al. 
 2004 ; Settanni et al.  2005 ). Nucleotide differences in 16S rRNA gene can also be 
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used for the separation by denaturing gradient gel electrophoresis (DGGE) or 
temporal  temperature gradient electrophoresis (TTGE), which are promising tools for 
the identifi cation of lactobacilli at strain level (Fasoli et al.  2003 ; Vasquez et al.  2001 ). 

 Genes  recA, groES  and  groEL , coding for highly conserved proteins, are also 
utilised to identify lactobacilli species (Felis et al.  2001 ; Torriani et al.  2001 ; Walker 
et al.  1999 ), providing phylogenetic resolution comparable to that of 16S rRNA 
gene at all taxonomic levels. Comparative analysis of fructose-1,6-biphosphatase 
( fbp ) gene has been successfully used for identifying food, newborn and clinical 
strains of  L. rhamnosus  (Roy and Ward  2004 ). The powerful multilocus sequencing 
technique based on the analysis of six genes ( ddl, gyrB, purK1, gdh, mutS, pgm ) has 
been applied for analysis of  L. plantarum  strains (De las Rivas et al.  2006 ). Recently, 
multilocus sequencing variant called multilocus variable-number tandem repeat 
analysis has been developed for subtyping of  L. casei/L. paracasei  strains (Diancourt 
et al.  2007 ). 

 Many PCR-based typing methods are used for identifi cation of lactobacilli at 
strain level, including RAPD-PCR (Khaled et al.  1997 ; Du Plessis and Dicks  1995 ; 
Nigatu et al.  2001 ; Schillinger et al.  2003 ), REP-PCR (Gevers et al.  2001 ; Ventura 
and Zink  2002 ), PFGE (Tynkkynen et al.  1999 ; Ventura and Zink  2002 ; Weiss et al. 
 2005 ). Molecular approaches available for  Lactobacillus  identifi cation are described 
in reviews (Mohania et al.  2008 ; Singha et al.  2009 ).  

9.5     Criteria for Selection of Probiotic Bacteria 

 Different in vitro and in vivo approaches have been used to select potentially probi-
otic strains of bifi dobacteria and lactobacilli, as well as to measure their effi cacy 
(Gibson and Fuller  2000 ). Criteria for the selection of probiotic bacteria have been 
defi ned in several reviews (Adams  1999 ; Bhadoria and Mahapatra  2011 ; Gibson 
and Fuller  2000 ; Saarela et al.  2000 ; Salminen et al.  1998 ). They indicate that many 
aspects, including safety and functional and technological characteristics, have to 
be taken into consideration in the selection process of probiotic microorganisms. 

9.5.1     Safety of Probiotic Bacteria 

 The safety of probiotic strains is of prime importance. Although vigorous debates 
continue on what constitutes appropriate safety testing for novel probiotic strains 
proposed for human use, it generally includes such characteristics as origin, non- 
pathogenicity and antibiotic-resistance characteristics. 

 Strains for human use are preferably of human origin, isolated from healthy GIT 
(Saarela et al.  2000 ). Probiotic bacteria must be non-pathogenic, with no history of 
association with diseases such as infective endocarditis or gastrointestinal 
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disorders. Knowledge on survival of the probiotics within the GIT, their transloca-
tion and colonisation properties, is also important for the evaluation of possible 
positive or negative effect of probiotic consumption (Marteau et al.  1995 ). From this 
point of view, lactic acid bacteria and bifi dobacteria are widely used in fermented 
food and dairy products with no case of local or systemic infections occurred, which 
confi rms their GRAS (“generally regarded as safe”) status (Sleator  2010 ). Many 
fi ndings indicate that the general human population is not at risk from exposure to 
probiotic bacteria of  Bifi dobacterium  and  Lactobacillus  genera. Although the rare 
cases of infection associated with probiotics have occurred in groups of people 
whose conditions predispose them to opportunistic infections, in many cases people 
with serious underlying diseases have benefi ted from probiotics (Benchimol and 
Mack  2005 ; Reid  2006 ; von Wright  2005 ). 

 Another aspect of safety consideration is antibiotic resistance of probiotic bacte-
ria strains. The resistance of bacteria to antibiotics is an increasingly important pub-
lic health problem worldwide. There is a pressing need to limit the spread of 
resistance genes, since these could be transferred to opportunistic and pathogenic 
bacteria (Ammor et al.  2008 ; Blazquez et al.  2002 ). Antibiotic resistance could be 
“intrinsic” and “acquired.” Intrinsic resistance is inherent to bacteria species and 
involves the absence of the target, presence of low-affi nity target, low cell permea-
bility or presence of effl ux mechanisms. The acquisition of antibiotic resistance 
occurs through the mutation of pre-existing genes or by horizontal transmission, i.e. 
acquisition of foreign DNA from other bacteria. Therefore attention is currently 
being paid to probiotic LAB and bifi dobacteria with respect to their potential role in 
the spread and transmission of antibiotic-resistance determinants (Ammor et al. 
 2008 ; Saarela et al.  2000 ). 

 Most bifi dobacteria are intrinsically resistant to nalidixic acid, neomycin, poly-
myxin B, kanamycin, gentamicin, streptomycin and metronidazole (Charteris et al. 
 1998 ). Their resistance to other antibiotics differs depending on strain and in some 
cases may be due to the presence of genetic determinants. Indeed, microarray analy-
sis revealed presence of  tet ( W ) genes in  B. longum  and  B. bifi dum  strains, as well as 
 aph ( E ) and/or  sat ( 3 ) genes in  B. bifi dum ,  B. longum ,  B. catenulatum  and  B. pseudo-
catenulatum  strains (Ammor et al.  2008 ). Screening of 26  B. animalis  subsp.  lactis  
strains isolated from different sources revealed the presence of  tet (W) in all isolates. 
Moreover, in all strains a transposase gene upstream of  tet (W) gene was detected, 
which is cotranscribed in tandem. Transposases have been found to be involved in 
the horizontal gene transfer of genetic elements among bacteria, but to date there is 
no evidence that  tet (W) in  B. animalis  subsp.  lactis  is transmissible (Gueimonde 
et al.  2010 ). Presence of the resistance determinant  erm ( X ) was demonstrated in six 
erythromycin- and clindamycin-resistant  B. thermophilum  strains during investiga-
tion of a large collection of bifi dobacteria that could be potential probiotics 
(Mayrhofer et al.  2007 ). Analysis of additional bifi dobacteria revealed that this 
antibiotic-resistance gene was also present in  B. animalis  subsp.  lactis  strains 
(Määttö et al.  2007 ). It was demonstrated that the  erm ( X ) gene from erythromycin- 
resistant  Bifi dobacterium  strains was part of transposon Tn5432 and was nearly 
identical to  erm ( X ) determinants present in several opportunistic pathogenic 
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corynebacteria and propionibacteria (van Hoek et al.  2008 ). Although most of the 
antibiotic-resistance genes were located on bacterial chromosome, studies on 
the genetics of antibiotic resistance of bifi dobacteria are guarantee their safe 
application. 

 Lactobacilli display a wide range of antibiotic resistance, and antibiotic suscep-
tibility patterns vary greatly between different species of these microorganisms 
(Charteris et al.  1998 ). Thus,  L. delbrueckii  strains as components of yogurt cultures 
showed intrinsic resistance toward mycostatin, nalidixic acid, neomycin, polymyxin 
B, trimethoprim, colimycin and sulphonamides. Susceptibility to cloxacillin, dihy-
drostreptomycin, doxycycline, novobiocin, oleandomycin, oxacillin and streptomy-
cin was prominent while resistance to kanamycin and streptomycin varied. Many 
lactobacilli carry intrinsic resistance toward vancomycin (Marthur and Singh  2005 ). 
In most cases antibiotic resistance of lactobacilli is not of the transmissible type 
(Saarela et al.  2000 ), and such strains do not usually form a safety concern. Although 
plasmid-linked antibiotic resistance is not very common among lactobacilli, they do 
occur (Rinckel and Savage  1990 ). R-plasmids encoding tetracycline, erythromycin, 
chloramphenicol or macrolide–lincomycin–streptomycin resistance have been 
reported in  L. reuteri ,  L. fermentum ,  L. acidophilus  and  L. plantarum , isolated from 
raw meat, silage and faeces. Most of these R-plasmids had a size smaller than 10 kb 
(Marthur and Singh  2005 ). The presence of 5.7 kb plasmid carrying  erm  gene con-
ferring high-level erythromycin resistance was demonstrated in  L. fermentum  iso-
lated from pig faeces (Fons et al.  1997 ). Plasmid-encoding tetracycline-resistance 
gene  tet ( M ) was detected in  Lactobacillus  isolates from fermented dry sausages 
(Gevers et al.  2002 ). The 10,877 bp tetracycline- resistance plasmid pMD5057 from 
 L. plantarum  5057 was completely sequenced and the sequence revealed that tetra-
cycline-resistant region contains a  tet ( M ) gene with high homology to sequences 
of this gene from  Clostridium perfringens  and  Staphylococcus aureus  (Danielsen 
 2002 ). Since transfer of antibiotic- resistance genes may occur between phylogeneti-
cally distant bacteria,  Lactobacillus  strains that harbour mobile elements carrying 
resistance genes should not be used either as human or animal probiotics (Saarela 
et al.  2000 ).  

9.5.2     Technological Properties of Probiotic Bacteria 

 Potential probiotic strains of  Lactobacillus  and  Bifi dobacterium  should fulfi l many 
technological criteria, such as simple large-scale production of a viable culture con-
centrate, survival during preparation and storage of the career of the food and sur-
vival in the intestinal ecosystem of the host (Bhadoria and Mahapatra  2011 ). 

 Bifi dobacteria are fastidious and noncompetitive organisms. They are very sensi-
tive to environmental parameters and require expensive media for propagation, as 
well as the addition of growth-promoting factors due to their stringent growth 
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requirements. Growth of bifi dobacteria in milk is often slow or limited compared 
with lactic acid bacteria, and this appears to be partially due to low proteolytic activ-
ities. Bifi dobacteria generally have a low survival rate in common processes used to 
prepare microbial food adjuncts such as freeze-drying or spray-drying. Survival of 
most bifi dobacteria is also low in many dairy products due to acidic pH and expo-
sure to oxygen (Roy 2005). Furthermore, bifi dobacteria require strict anaerobiosis in 
the early phase of growth and long fermentation times due to their weak growth and 
acid production (de Vuyst  2000 ). Finally, strains of  Bifi dobacterium  differ greatly in 
their survival in the gastrointestinal tract and in their ability to adhere to epithelial 
cells (Doleyres and Lacroix  2005 ). The adhesion of bifi dobacteria might be strain 
specifi c and depends on the surface properties of bacterial cells (Canzi et al.  2005 ). 
The probiotic  Bifi dobacterium  species most commonly used in food is  B. animalis  
ssp.  lactis . This species is signifi cantly more robust than human intestinal species 
 B. longum, B. bifi dum, B. breve  and  B. adolescentis  also utilised in probiotics and 
food (Biavati et al.  2001 ; Crittenden  2004 ; Roy 2005). 

 Lactobacilli are more technologically suitable than bifi dobacteria. Lactobacilli 
can utilise a wide range of carbon substrates, with differences in the carbon substrate 
profi les occurring between species and strains. They are able to grow and survive in 
fermented milk and yogurts with pH values between 3.7 and 4.3. Lactobacilli are 
mostly microaerophilic; thus oxygen levels are rarely an important consideration in 
maintaining the survival of lactobacilli during manufacturing and storage of probiot-
ics and food products. Lactobacilli are less sensitive than bifi dobacteria to acidic 
conditions of stomach and high concentrations of bile in gut, although this property 
seems to be strain specifi c (Hammes and Hertel  2003 ). There is a wide range of 
 Lactobacillus  species technologically suitable for application in probiotics and 
foods. Common examples include  L. acidophilus, L. johnsonii, L. rhamnosus, L. 
casei, L. paracasei, L. fermentum, L. reuterii  and  L. plantarum  (Bergamini et al. 
 2005 ; Gokavi et al.  2005 ; Phillips et al.  2006 ; Sameshima et al.  1998 ). 

 It is generally believed that probiotics must endure a harsh transit through the 
intestinal tract with different conditions depending on the location, which affect 
their viability. Different in vitro and in vivo studies have been performed to deter-
mine survival of probiotic lactobacilli and bifi dobacteria during GIT transit. In one 
such study, two strains  Bifi dobacterium  sp. were exposed to model stomach condi-
tions for 90 min. A notable 4 log unit decrease of viability was observed for one 
strain, whereas viability of the another one decreased by only 0.5 log units (Berrada 
et al.  1991 ). In another study, 6  Lactobacillus  and 9  Bifi dobacterium  strains were 
maintained at pH 1.5–3.0 for 3 h and demonstrated different survival ability depend-
ing on the pH, the duration of exposure to acid, and the species and strains used 
(Pochart et al.  1992 ). 

 It is important for probiotic strains to show antagonism against pathogenic and 
opportunistic microorganisms via antimicrobial substance production and competi-
tive exclusion. Therefore, enormous research efforts have been focused on bacterio-
cin production. Although probiotic strains of  Lactobacillus  and  Bifi dobacterium  
may produce bacteriocins, their role in pathogen inhibition in vivo could be very 
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limited, since traditionally bacteriocins have an inhibitory effect only against closely 
related species. Low molecular weight metabolites, such as hydrogen peroxide, lac-
tic and acetic acid and secondary metabolites, may be more important since they 
show wide inhibitory spectrum against many harmful organisms like  Salmonella, 
Escherichia, Clostridium  and  Helicobacter  (Saarela et al.  2000 ). Generally, probi-
otic strains of bifi dobacteria demonstrate inhibition of a wide range of pathogenic 
and opportunistic bacteria, including  Escherichia coli, Klebsiella ozaenae, Listeria 
monocytogenes, Staphylococcus aureus, Salmonella enteritidis, Enterococcus fae-
calis, Pseudomonas aeruginosa  and  Gardnerella vaginalis  (Korshunov et al.  1999 ; 
Biavati et al.  2001 ; Bevilacqua et al.  2003 ; Zinedine and Faid  2007 ; Vanegas et al. 
 2010 ). Strains of  Lactobacillus , primarily due to the production of organic acids, 
ethanol, H 2 O 2  and bacteriocin-like substances, inhibit growth of certain entero-
pathogens such as  Salmonella, Listeria, Escherichia, Campylobacter,  as well as 
 Clostridium diffi cile  and  Helicobacter pylori , without interfering with the normal 
microbiota of the gastrointestinal tract (Chen et al.  2010 ; Coconnier et al.  2000 ; 
Fernandez et al.  2003 ; Naaber et al.  2004 ).  

9.5.3     Enhancing Stress Resistance of Probiotic Bacteria 

 Most of currently used  Bifi dobacterium  and  Lactobacillus  probiotic strains are 
 fastidious organisms, nutritionally demanding and sensitive to environmental con-
ditions. Therefore, product manufacturing and storage reduce viability of probiotic 
bacteria, causing an economic burden for manufacturers and compromising the effi -
cacy of probiotic products. The intrinsic stress tolerance of the  Bifi dobacterium  and 
 Lactobacillus  strains seems to be a crucial factor in the overall resistance to manu-
facture and storage of probiotic products, and enhancing of this property is of great 
importance. Different strategies are applied to enhance resistance of probiotic 
 Bifi dobacterium  and  Lactobacillus  strains to environmental stresses, including 
selection of naturally resistant strains, stress adaptation and genetic modifi cation of 
the strains. The two former approaches used already existing diversity and genetic 
potential, and the latter one implies genetic manipulations leading to genetically 
modifi ed organism (Gueimonde and Sanchez  2012 ). 

 Different strains of bifi dobacteria and lactobacilli demonstrate large differences 
in their ability to survive different manufacturing and storage conditions. Therefore, 
the initial screening and selection of the most stress-resistant  Bifi dobacterium  and 
 Lactobacillus  strains is considered the primary target for enhancing their stability in 
probiotics. In this regard, exopolysaccharide-producing strains may show better 
stress tolerance and, therefore, could be initially selected (Gueimonde and Sanchez 
 2012 ; Stack et al.  2010 ). 

 Probiotic strains can be adapted to better tolerate stressful conditions. Three 
main approaches have been used for this aim: stress pretreatment, mutagenesis and 
selective pressure. While the fi rst one is limited to physiological changes, the last 
two usually involved changes in genetic content of the strain. 
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 Stress pretreatment includes the subjecting of strains to the sublethal stress 
before exposing them to the harsh conditions affecting the viability of microorgan-
isms during product manufacture and storage. Random mutagenesis induced by UV 
light and chemicals has been successfully used for increasing the stability of 
 B. animalis  ssp.  animalis  in low pH products (Saarela et al.  2011 ) and to obtain 
strains of bifi dobacteria producing low amounts of acetic acid (Sánchez and 
Margolles  2012 ). Stress-resistant strains of probiotic bacteria can be obtained by 
exposing sensitive strains to a selective pressure of stress factor. Usually, such deriv-
atives present stable phenotype and cross-resistance to other stresses, which is 
advantageous in terms of stability in industrial process. This approach has been 
applied to obtain both  Bifi dobacterium  and  Lactobacillus  strains with improved 
acid, bile, heat and oxygen tolerance (Collado and Sanz  2006 ; Li et al.  2010 ; Noriega 
et al.  2005 ; Park et al.  1995 ; Ruas-Madiedo et al.  2005 ). 

 An alternative for increasing stability of probiotic bacteria is genetic engineer-
ing. However, genetically modifi ed microorganisms are not well accepted by con-
sumers and this strategy has not found wide application (Sánchez and Margolles 
 2012 ). 

 Different approaches used to enhance stability of probiotic bacteria are the sub-
ject of several recent reviews (Betoret et al.  2011 ; Sánchez and Margolles  2012 ; 
Sánchez et al.  2012 ).   

9.6     Mechanisms of Probiotic Bacteria Positive Action 

 The benefi cial effects of probiotics may be classifi ed in three modes of action. 
Modulation of host’s defences including integrity of the epithelial border and immu-
nomodulation is most important for the prevention and therapy of infectious dis-
eases, treatment of chronic infl ammation of the digestive tract, eradication of 
neoplastic host cells and treatment of non-intestinal autoimmune disorders. Direct 
effect of probiotics on other microorganisms, commensal and/or pathogenic ones, is 
important for the prevention and therapy of infections and restoration of the micro-
bial equilibrium in the gut. Finally, probiotic effects may be based on detoxifi cation 
of microbial products’ host metabolites (e.g. bile salts) and food components in 
the gut. 

 In general, the list of health claims made for probiotics is much longer than the 
list of probiotic effects, for which clinical evidence is available. According to the 
known review (De Vrese and Schrezenmeir  2008 ), well-established probiotic effects 
are as follows: (a) prevention and/or reduction of rotavirus-induced or antibiotic-
associated diarrhea as well as alleviation of complaints due to lactose intolerance, 
(b) benefi cial effects on infl ammatory diseases of the gastrointestinal tract, (c) nor-
malisation of passing stool and stool consistency in subjects suffering from obstipa-
tion or an irritable colon, (d) prevention and alleviation of unspecifi c and irregular 
complaints of the gastrointestinal tracts in healthy people, (e) reduction of the con-
centration of cancer-promoting enzymes and/or putrefactive (bacterial) metabolites 
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in the gut, (f) prevention or alleviation of allergies and atopic diseases in infants and 
(g) prevention of respiratory tract infections (common cold, infl uenza) and other 
infectious diseases as well as treatment of urogenital infections. The preliminary 
evidence exists with respect to cancer prevention, a so-called hypocholesterolemic 
effect, improvement of the mouth fl ora and caries prevention, prevention or therapy 
of ischemic heart diseases and amelioration of autoimmune diseases (De Vrese and 
Schrezenmeir  2008 ). The molecular processes underlying host–microbe interac-
tions in general and probiotic effects in particular are far from clarifying. Gaining 
insight into the mechanisms of probiotic action could not only help to improve the 
credibility of the probiotic concept but also to develop tailor- made strategies for the 
prevention or treatment of various diseases. 

 The main constituents of “human part” of a complex ecosystem that include 
intestinal mucosa, gut-associated immune tissue and resident microbiota are listed 
briefl y as targets of probiotic action. The mucosal surface of the intestinal tract is 
the largest body surface in contact with the external environment (200–300 m 2 ). The 
host is protected from attack by potentially harmful enteric microorganisms by the 
physical and chemical barriers created by the intestinal epithelium. The intestinal 
epithelium is composed of four epithelial cell lineages, including the enterocytes, 
enteroendocrine, goblet and Paneth cells. In addition, M cells that sample bacteria 
and present them to gut-associated immune tissue are in lymphoid follicle- associated 
epithelium. 

 The intestinal epithelium is covered by mucus layer; thickness of the layer is 
relatively small in the small intestine and gradually increases from the colon to the 
rectum (Atuma et al.  2001 ; Matsuo et al.  1997 ). Intestinal mucus layer secreted by 
goblet cells consists mainly of compact mesh-like network of viscous, permeable, 
gel-forming secreted MUC2 mucin, which associates with the secreted mucins 
(MUC 1, MUC 3A, MUC 3B, etc.) by both covalent and noncovalent bonds. Mucin-
type molecules consist of a core protein moiety (apomucin) attached to carbohy-
drate chains by glycoside bonds. O-linked and N-linked oligosaccharides form up 
to 80 % of the molecule, and the lengths of the carbohydrate side chains range from 
1 to more than 20 residues (Seregni et al.  1997 ). Main functions of mucins (and 
especially their oligosaccharide chains) are effect of stoichiometric power that 
excludes larger molecules and microorganisms, hygroscopic effect that infl uences 
the degree of hydration at the epithelial cell surface, ion exchange effect and effect 
of an area that contains bioactive molecules that are listed below. Additionally, 
mucin type oligosaccharides provide binding sites for lectins, selectins and adhe-
sion molecules. 

 Besides mucins, intestinal mucus layer contains other goblet-cell products 
including trefoil peptides, resistin-like molecule β (Th2 cytokine immune effector 
molecule, an inhibitor of hemotaxis of parasites and regulator of Muc2 transcription 
and secretion) and Fc-γ binding protein (substance that binds IgG antibodies and 
stabilises the mucin network through covalent attachment to MUC2). Other compo-
nents of mucus layer are Paneth cells products including antimicrobial peptides 
β-defensins (Ayabe et al.  2000 ; Bevins  2004 ), two from six known β-defensins, 
actually HD-5 and HD-6 (Cunliffe  2003 ), cathelicidins (Zanetti  2004 ) and antimi-
crobial molecules, such as lysozyme. Additionally, mucus layer contains immune 
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molecules synthesised by gut-associated immune cells and enterocytes (secretory 
IgA, growth factors, cytokines and chemokines). Thus, intestinal epithelium cov-
ered by mucus layer together with resident microbiota provides the front line of 
defence against pathogenic microorganisms. 

 Note that the role of mucus layer is controversial because it plays a generally 
accepted role in cytoprotection (Van Klinken et al.  1995 ) and simultaneously offers 
ecological advantages for bacterial growth of both the indigenous enteric microbi-
ota (Lupp and Finlay  2005 ) and the pathogens that adhere to the mucus (Helander 
et al.  1997 ; Lillehoj et al.  2001 ; Rajkumar et al.  1998 ; Vimal et al.  2000 ) through 
providing of energy source and numerous attachment sites. Consistent with this, 
bacteria associate with the outer layer of mucus and interact with the diverse oligo-
saccharides of mucin glycoproteins, whereas an “inner” adherent mucus layer is 
largely devoid of bacteria. 

 It is considered that resident intestinal bacteria are able to inhibit the adherence 
of pathogenic bacteria to intestinal epithelial cells as a result of (a) their ability to 
increase the production of intestinal mucins and antimicrobial substances and (b) 
competition for the sites of adhesion; both mechanisms are implicated in probiotic 
effect known as gut epithelium defence. 

9.6.1     Increasing the Production of Intestinal Mucins 
and Antimicrobial Substances 

 Studies have shown that germ-free mice can exhibit changes in the number of rectal 
goblet cells and mucin composition in response to oral administration of microor-
ganisms prepared from the faeces of genetically identical mice (Fukushima et al. 
 1999 ). However, the data on the role of the probiotics in the induction of mucin 
synthesis are very limited. For example,  L. plantarum  strain 299v increases the 
levels of expression of the mRNA of the secretory mucins MUC2 and MUC3, thus 
in turn inhibiting the cell attachment of enteropathogenic  Escherichia coli  (EPEC), 
an effect that can be mimicked by adding purifi ed exogenous MUC2 and MUC3 
mucins (Mack et al.  1999 ,  2003 ). Note that a spontaneous mutant of  L. plantarum  
299v with reduced adhesion capabilities to such a cell line was unable to induce 
mucin secretion (Mack et al.  2003 ). The data suggest that adhesion of probiotic 
bacteria to host cells could be a mechanism for the induction of mucin secretion 
through the action of certain bacterial surface proteins. However, the bacteria con-
tained in the VSL#3 probiotic formula which consists of four  Lactobacillus  spp., 
three  Bifi dobacterium  spp. and  Streptococcus thermophilus  and is manufactured by 
Seaford Pharmaceuticals secrete soluble compounds that are able to induce mucin 
secretion and muc2 gene expression in murine colonic epithelial cells (Caballero- 
Franco et al.  2007 ). How the microbiota can infl uence antimicrobial peptides pro-
duction also remains controversial. Some reports suggest that in fact the microbiota 
has no infl uence. In contrast, it has been shown that  E. coli  strain Nissle 1917, a 
human faecal isolate and widely used probiotic, induces the human β-defensin 2 
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(hBD-2) in Caco-2 cells (Schlee et al.  2007 ; Wehkamp et al.  2004 ), and fl agellin is 
the main hBD-2-inducing factor (Schlee et al.  2007 ). Note that the ability to increase 
the production of intestinal mucins and antimicrobial substances is  common for 
probiotics, symbionts and intestinal pathogens. For example, the expression of 
angiogenin-4 (Ang4), a molecule produced by mouse Paneth cells, which is active 
against a number of gram-negative and gram-positive bacteria can be triggered by 
lipopolysaccharides from  Salmonella  and unidentifi ed substances of  Bacteroides 
thetaiotaomicron , a dominant member of the gut microbiota that currently is not 
used as probiotic (Hooper et al.  2001 ,  2003 ).  

9.6.2     Competitive Exclusion of Pathogenic Bacteria Through 
Probiotics Adhesion to Mucus, Epithelial Cells, 
Extracellular Matrix Proteins and Plasma Components 

 It is believed that to be effective, the probiotic bacteria must possess a number of 
functional characteristics, including the ability to adhere to the epithelium. For 
example,  L. gasseri  and  L. reuteri  are autochthonous lactobacilli which are able to 
colonise the mucosal surface of the gastrointestinal tract, but  L. plantarum, L. casei  
and  L. rhamnosus  are transient organisms. Despite this, the last three bacteria are 
used as probiotics mainly due to good technological properties (Reuter  2001 ). 

 Adhesion is believed not only to play a role in the persistence of a particular 
strain in the digestive tract but also to participate in pathogen exclusion by competi-
tion and blocking of their binding sites at the mucosa (Collado et al.  2007 ). 
Additionally, probiotic adhesion may contribute to immunomodulation (Galdeano 
et al.  2007 ). However, some authors have hypothesised that attachment factors in 
lactic acid bacteria are risk factors that might be indicative of their pathogenic 
potential (Vesterlund et al.  2007 ). 

 Assessment of bacterial adhesion is conventionally performed by using in vitro 
models, based on tissue-cultured cells and intestinal mucus preparations. Mainly 
used Caco-2 or HT29 cell lines only mimic enterocytes, thereby underestimating 
the role of the mucus layer, and mucus-producing cell lines such as HT29-MTX are 
a more appropriate way of studying the mechanism of adhesion and estimation of 
binding potential of probiotic bacteria (Turpin et al.  2012 ). Unfortunately, the 
known in vitro models do not account for all factors involved in probiotic adhesion 
to the human intestine and show the data that signifi cantly differ from the data 
obtained in vivo (Larsen et al.  2009 ).    

 It was shown in vitro that probiotics prevent gut colonisation by  B. vulgatus , 
 Clostridium diffi cile ,  Clostridium histolyticum ,  Listeria monocytogenes ,  Salmonella 
choleraesuis ,  St. aureus  and certain  E. coli  strains (Collado et al.  2007 ; Lin et al. 
 2008 ; Sherman et al.  2005 ). EcN 1917 protects epithelial cells from the invasion by 
 Salmonella enterica ,  Yersinia enterocolitica ,  Shigella fl exneri ,  Legionella pneumoph-
ila ,  L. monocytogenes  and  E. coli  (Boudeau et al.  2003 ; Altenhoefer et al.  2004 ). 

G. Novik et al.



205

Competitive exclusion based on binding to the same receptor sites on the intestinal 
surface (including mucus, epithelial cells and extracellular matrix) by probiotics 
and pathogenic bacteria appears to be one of the underlying mechanisms explaining 
these observations (Mukai et al.  2004 ; Sun et al.  2007 ). In the last decade, the 
increasing amount of data dealing with the molecular origin of adhesion has 
improved our understanding of binding mechanisms. 

 Though specifi c mechanisms are not yet well understood, evidence suggests that 
carbohydrate–protein interactions play a key role in the adhesion of bacterial pro-
teins to mucin-bound oligosaccharides, especially taking into account that numer-
ous mucus-binding proteins contain regions homologous with binding domains of 
lectins. Besides carbohydrate moiety of mucins, adhesins of commensals are able to 
interact with the host’s extracellular matrix proteins (EMPs), such as fi bronectin, 
collagen and laminin. The latter three substances are shed into the mucus or can be 
exposed to the intestinal lumen in case of trauma, infection or infl ammation. 
Moreover, some probiotic bacteria can bind to plasminogen just as it was found for 
pathogens that exploit the proteolytic activity of the plasminogen system to over-
come barriers formed by the host’s extracellular matrix proteins. Bacterial proteins 
involved in the adhesion mechanism can be separated into fi ve classes: LPXTG- 
motif proteins, transporter proteins, surface layer proteins, anchorless housekeeping 
proteins, and “other” proteins (Ljungh and Wadström  2009 ). Additionally, adhesion 
of probiotics to mucus/epithelial surfaces is facilitated by exopolysaccharides and 
lipoteichoic acid as it was found for lactobacilli (Lebeer et al.  2008 ; Sánchez et al. 
 2008 ). The substances generally play a role in nonspecifi c interactions of lactoba-
cilli with abiotic surfaces and biotic surfaces by contributing to the bacterial cell 
surface physicochemical properties. Besides, exopolysaccharides could also act as 
ligands for host lectins mediating adhesion (Ruas-Madiedo et al.  2006 ). 

 The most studied example of mucus-targeting bacterial adhesins is the mucus- 
binding protein (MUB) produced by  L. reuteri  1063 (Roos and Jonsson  2002 ). 
MUB contains C-terminal sortase recognition motif (LPXTG) for anchoring the 
protein to peptidoglycan, repeated functional domains and an N-terminal region 
signalling the protein for secretion. Actually repeated functional domains (referred 
to as MUB domains) are responsible for the protein adhesive properties and allow 
including the protein to mucin-binding protein (MucBP) domain family. Numerous 
MUB homologues and MucBP domain-containing proteins have been found, but 
almost exclusively in lactobacilli (Van Tassell and Miller  2011 ). Some of them are 
listed below: Mub of  L. acidophilus  NCFM (Buck et al.  2005 ), the mannose lectin 
(Msa) of  L. plantarum  WCFS1 (Pretzer et al.  2005 ), the  Lactobacillus  surface pro-
tein A (LspA) of  L. salivarius  UCC118 (van Pijkeren et al.  2006 ) and the mucin 
adhesion-promoting protein (MapA) of  Lactobacillus fermentum  104R, recently 
reclassifi ed as  L. reuteri  104R (Miyoshi et al.  2006 ; Rojas et al.  2002 ). Certain other 
surface proteins contributed to adhesion of lactobacilli to mucus but are otherwise 
not well characterised. For instance, a 32 kDa protein associated with adhesion to 
porcine mucus in  L. fermentum , named 32-Mmubp, was identifi ed as a homologue 
of the substrate-binding domains of the OpuAC ABC-transport protein family 
(Macías-Rodríguez et al.  2009 ). 
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 A majority of the known EMPs-targeting bacterial adhesins have been identifi ed 
as surface layer proteins (SLPs) of lactobacilli. Briefl y, SLPs of  Lactobacillus  
 species are highly basic proteins (with computed isoelectric point values ranging 
from 9.4 to 10.4 and a molecular weights ranging from 25 to 71 kDa), and its only 
known functional role is adhesion to host tissues (Ävall-Jääskeläinen and Palva 
 2005 ). SLPs are non-covalently attached to the cell surface through N-terminal 
domains, which are responsible for their binding to accessory molecules (such as 
teichoic acids, lipoteichoic acids and neutral polysaccharides) embedded in the pep-
tidoglycan matrix (Mesnage et al.  2000 ). Direct experimental evidence of SLPs 
binding to EMPs and to epithelial cell lines has already been obtained for the pro-
tein SlpA of  L. acidophilus  NCFM (protein that additionally carries two mucin- 
binding domains) (Buck et al.  2005 ), SlpA of  L. brevis  ATCC 8287 (de Leeuw et al. 
 2006 ), CbsA of  L. crispatus  JCM 5810 (Antikainen et al.  2002 ), SlpB of  L. crispa-
tus  ZJ001 (Chen et al.  2007 ) and the SlpA of  L. helveticus  R0052 (Johnson-Henry 
et al.  2007 ). To date, a number of studies associating SLPs of probiotic bacteria with 
competitive exclusion of pathogens and pathogen adhesion to mucus have been car-
ried out (Chen et al.  2007 ; Sánchez et al.  2009 ; Zhang et al.  2010 ). 

 In addition, at least two small surface-associated proteins (with a molecular mass 
3 kDa) have been shown to be responsible for the adhesion of  L. fermentum  to 
Caco-2 cells (Baccigalupi et al.  2005 ). Other examples of probiotic adhesins are 
non-covalently surface attached proteins including the fi bronectin-binding protein 
(FbpA) of  L. acidophilus  NCFM (Buck et al.  2005 ), the collagen-binding protein 
from  L. reuteri  NCIB 11951 (Roos et al.  1996 ) and its homologous p29 of  L. fer-
mentum  RC-14 (Heinemann et al.  2000 ). 

 It was shown that species of the genus  Lactobacillus  have moonlighting proteins 
(Jeffery  2009 ) that carry out the function of adhesion. The term “moonlighting pro-
tein” means that the protein performs multiple functions and the additional activity 
may occur only when the protein is in a different location from that which it nor-
mally occupies. Moonlighting proteins are anchorless proteins and they do not pos-
sess any export motifs or surface-attachment domains. In particular, glycolytic 
enzymes of  L. crispatus  strain ST1, namely enolase, glyceraldehyde-3-phosphate 
dehydrogenase, glutamine synthetase and glucose-6-phosphate isomerase that are 
known as cytosolic proteins were found in cell wall where they moonlight either as 
adhesins with affi nity for basement membrane and EMP or as plasminogen recep-
tors. The proteins were bound onto the bacterial surface at acidic pH, whereas sus-
pension of the cells to pH 8 caused their release into the buffer (Antikainen et al. 
 2007a ,  b ; Kainulainen et al.  2012 ). This could be one of the mechanisms by which 
probiotic bacteria respond to the physicochemical changes of the gastrointestinal 
environment. The glyceraldehyde-3-phosphate dehydrogenase of  L. plantarum  LA 
318 also acts as an adhesin and is able to bind to human colonic mucin (Kinoshita 
et al.  2008 ). Note that the host plasminogen activation by enolase and glyceraldehyde- 
3-phosphate dehydrogenase secreted by probiotics might interfere in the interaction 
between plasminogen and gastrointestinal pathogens such as  Helicobacter pylori  
and  Salmonella sp . (Hurmalainen et al.  2007 ; Jönsson et al.  2004 ; Lähteenmaki 
et al.  2005 ). 
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 Another moonlighting protein known as elongation factor Tu was found on the 
cell surfaces of  L. johnsonii  NCC 533 and identifi ed as the substance-mediating 
attachment to intestinal epithelial cells and mucin (Granato et al.  2004 ). Expression 
of elongation factor Tu was upregulated in the presence of mucus (Ramiah et al. 
 2007 ), and its adhesion to epithelial cells or mucus was pH dependent (Granato 
et al.  2004 ). Chaperonin GroEL was detected at the surface of  L. johnsonii  NCC 533 
and its moonlighting as an adhesin was proved by detection of attachment of recom-
binant GroEL expressed in  E. coli  to mucus as well as to the HT29 cell line 
(Bergonzelli et al.  2006 ). Both elongation factor Tu and chaperonin GroEL belong 
to group of anchorless housekeeping proteins implicated in adhesion (Ljungh and 
Wadström  2009 ). 

 It is known that fi mbriae, also referred to as pili, are thin proteinaceous exten-
sions from bacterial cells, predominantly in gram-negative bacteria, that promote 
adhesion (Nakamura et al.  1997 ). The direct visualisation of pili on cells of  L. rham-
nosus  GG (Kankainen et al.  2009 ) proved for the fi rst time that fi mbrial interaction 
with mucus can mediate adhesion of lactobacilli to host epithelium. 

 At least 20 genes are reported to be functionally important in the binding of 
 Lactobacillaceae  to the digestive tract. The genetic screening could have been an 
ideal tool to assess potential bacterial adhesion, but proved to be inadequate, since 
there was a gap between the potential identifi ed by screening and the results obtained 
by functional analysis using tissue-cultured cells (Turpin et al.  2012 ). 

 By contrast with lactobacilli, very little is known on the mechanisms of bifi do-
bacterial adhesion. Adhesion of  B. breve  strain 4 to intestinal epithelial cells is 
mediated by a proteinaceous component present on the cell surface and in spent 
culture supernatant (Bernet et al.  1993 ). Binding of human plasminogen in vitro was 
shown for  B. longum, B. bifi dum, B. breve  and  B. lactis . Chaperone protein DnaK 
also as the key glycolytic enzyme enolase expressed in cell wall as moonlight pro-
teins was identifi ed as plasminogen receptors implicated in the interaction of the 
bacteria with host tissues (Candela et al.  2009 ,  2010 ). A cell surface lipoprotein 
named BopA was shown to be involved in adhesion of  B. bifi dum  MIMBb75 to 
Caco-2 and HT-29 cells, and its adhesion strongly depended on the environmental 
conditions, including the presence of sugars and bile salts and the pH (Guglielmetti 
et al.  2009 ). More recently BopA was identifi ed as a  B. bifi dum -specifi c lipoprotein 
involved in adhesion to intestinal epithelial cells (Gleinser et al.  2012 ). Expression 
of BopA in  B. longum/infantis  E18 allows to enhance adhesion to epithelial cells 
suggesting possibility to create recombinant bifi dobacteria with improved adhesive 
properties (Gleinser et al.  2012 ). Another example demonstrating improved probi-
otic properties of recombinant lactic acid bacteria is a recombinant  L. paracasei  
strain expressing the gene coding for the  Listeria  adhesion protein (Lap), which was 
shown to protect Caco-2 cells from infection with  Listeria monocytogenes  by inter-
action with host cell receptor Hsp60 (Koo et al.  2012 ). 

 While adhesion might play an important role in establishing administered probiotic 
bacteria in the intestinal tract, the data on correlation between the health- promoting 
properties of probiotics and their adhesion to intestinal epithelial cells/mucus are lim-
ited. For example, in different murine models of intestinal infl ammation, it was shown 
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that animals treated with  B. bifi dum  S17, a highly  adherent strain, were protected 
from weight loss, had a normalised colonic weight to length ratio and showed 
improved histological scores. By contrast, the weakly adherent  B. longum/infantis  
E18 had no protective effect (Preising et al.  2010 ).  

9.6.3     Protection and Restoring of Epithelial Integrity 

 The intestinal epithelial cells are tightly bound together by intercellular junctional 
complexes that regulate the paracellular permeability and are crucial for the main-
tenance of barrier integrity. The junctional complexes consist of the tight junctions 
(TJ), gap junctions, adherens junctions and desmosomes (Farquhar and Palade 
 1963 ). Actually TJ are most important because TJ forms a seal between adjacent 
epithelial cells near the apical surface (Schneeberger and Lynch  2004 ). TJ are com-
plex structures comprising over 50 proteins. Briefl y, transmembrane proteins such 
as occludin and claudin (tetra-span proteins) and junctional adhesion molecules 
(JAM) (single-span proteins) form fi brils that cross the plasma membrane and inter-
act with proteins in the adjoining cells (Chiba et al.  2008 ). Plaque proteins, such as 
the zonula occludens (ZO) proteins, act as cytoplasmic adaptors that connect trans-
membrane proteins to several cytoplasmic regulatory proteins and the actin cyto-
skeleton within the cell (Fanning et al.  1998 ). TJ are highly dynamic structures that 
are constantly being remodelled due to interactions with external stimuli, such as 
food residues and pathogenic and commensal bacteria. 

 Currently, it is known that probiotics promote intestinal barrier integrity in mouse 
models of colitis (Madsen et al.  2001 ) and reduce intestinal permeability in Crohn’s 
disease patients (Gupta et al.  2000 ) and in rats subjected to psychological stress 
(Zareie et al.  2006 ). The known mechanisms of promoting intestinal barrier integ-
rity by probiotics include regulation of TJ structure through (a) changes in TJ pro-
tein expression and distribution and (b) changes in activity of the kinases that 
regulate contraction of the perijunctional actomyosin ring. It is known that treat-
ment of epithelial cells with EcN 1917 leads to increased expression of ZO-2 pro-
tein and redistribution of ZO-2 from the cytosol to cell boundaries in vitro (Zyrek 
et al.  2007 ).  L. plantarum  regulates human epithelial TJ proteins in vivo and to 
confer protective effects against chemically induced dislocation of ZO-1 and occlu-
din from Caco-2 monolayers (Karczewski et al.  2010 ). Furthermore, treatment of 
Caco-2 cells with the probiotic  L. plantarum  MB452 from the probiotic product 
VSL#3 results in increased transcription of occludin and cingulin genes, suggesting 
that bacteria-induced improvements in intestinal barrier integrity may also be regu-
lated at the gene expression level (Anderson et al.  2010 ). 

 Interestingly that some probiotics and commensals prevent and even reverse the 
adverse effects of pathogens on intestinal barrier function. For example, enteroinva-
sive  E. coli  (EIEC) strain O124:NM induces loss of expression and distribution of 
TJ-associated proteins in Caco-2 monolayer, but these effects are absent when EIEC 
and  L. plantarum  strain CGMCC 1258 are incubated with Caco-2 cells simultaneously. 
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Moreover, the disruption and disorganisation of the actin  cytoskeleton induced by 
EIEC can then be reversed by incubating the epithelial cells with  L. plantarum  (Qin 
et al.  2009 ). 

 Pretreatment with metabolites from probiotic bacteria may also be protective 
against pathogen-induced changes in intestinal barrier function. The treatment of 
Caco-2 cells with the cell-free supernatant of  B. lactis  420 before adding the super-
natant of enterohemorrhagic  E. coli  (EHEC) strain O124:H7 increased transepithe-
lial electrical resistance (TEER) which is used as a measure of paracellular ion 
permeability, whereas adding the supernatant of EHEC alone decreased TEER 
(Putaala et al.  2008 ). The increase in TEER was not seen, however, if the superna-
tant was added with or after pathogen treatment. The data suggests that supernatant 
of  B. lactis  420 protects Caco-2 cells against changes induced by EHEC but does 
not repair TJ integrity after damage. Regulation of TJ structure is achieved via myo-
sin light chain II (MLC) phosphorylation and contraction of the perijunctional acto-
myosin ring. The enzymes of enterocytes namely protein kinase C (PKC), MLC 
kinase (MLCK), mitogen-activated protein kinases (MAPK) ERK1/2 and p38 and 
Rho kinase (ROCK; activated by Rho GTPases) phosphorylate MLC and induce 
contraction of the actomyosin ring causing increased permeability (Kimura et al. 
 1996 ). It was shown that pathogens can alter barrier function by activation of MLCK 
( Helicobacter pylori ), inactivation or activation of small Rho GTPases ( Clostridium 
diffi cile  and  Salmonella typhimurium ) and enhancement of actin polymerisation by 
PKC ( Vibrio cholerae ) (Ohland and MacNaughton  2010 ). The same proteins are 
possible targets for probiotics that enhance epithelial barrier integrity (Ulluwishewa 
et al.  2011 ). For example, the ability of the probiotics  S. thermophilus  and  L. aci-
dophilus  to preserve phosphorylation of occludin in cells infected with EIEC can be 
reduced by treating the cells with ROCK inhibitors (Trivedi et al.  2003 ), suggesting 
that these bacteria employ Rho family GTPases to protect against EIEC-induced TJ 
disruption. EcN 1917 uses a PKCζ-dependent signalling pathway to reduce epithe-
lial barrier disruption caused by EPEC (Zyrek et al.  2007 ); activation of PKCζ by 
the probiotic leads to phosphorylation of ZO-2, thus reducing ZO-2-PKCζ colocali-
sation and allowing association of ZO-2 with the cytoskeleton.  B. infantis  Y1 
secretes metabolites which increase TEER in cultured epithelial monolayer through 
MAPK- dependent pathways including a transient phosphorylation of ERK1/2 and 
a decrease in phosphorylation of MARK p38 (Ewaschuk et al.  2008 ).  B. infantis - 
induced  TEER increase can be prevented by inhibition of extracellular signal regu-
lated kinases (ERK), a group of MAPK (Ewaschuk et al.  2008 ). However, it has also 
been shown that the ability of  S. thermophilus  and  L. acidophilus  to protect against 
EIEC infection, which is reduced by ROCK inhibitors, does not seem to be affected 
by inhibition of ERK1/2 or p38 (Trivedi et al.  2003 ). In general, consumption of live 
probiotics promotes TJ integrity and prevents pathogenic bacteria and their effec-
tors from entering via the paracellular pathway to cause further damage; different 
species of probiotics may use multiple pathways to modulate TJ integrity. 

 Commensals and probiotics are also known to preserve epithelial barrier func-
tion by interfering with pro-infl ammatory cytokine signalling. Treatment of cell 
monolayers with the cytokines TNFα and IFNγ leads to a decrease in TEER and an 
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increase in epithelial permeability (Resta-Lenert and Barrett  2006 ), and TEER 
decrease can be prevented by preincubation of the cells with the probiotics  S. ther-
mophilus  ATCC19258 and  L. acidophilus  ATCC4356 or the commensal  Bacteroides 
thetaiotaomicron  ATCC29184 (Resta-Lenert and Barrett  2006 ). The reversal of 
cytokine-induced decrease in TEER was shown to be dependent on activation of 
kinases ERK and p38, a group of MAPK, and phosphatidylinositol 3-kinase (PI3K) 
(Resta-Lenert and Barrett  2006 ). In was shown that following  L. rhamnosus  GG 
inoculation, IFNγ priming and TNFα stimulation ,  Caco-2bbe cells maintained 
TEER and ZO-1 distribution. The signalling interaction between the probiotic and 
Caco- 2bbe cells included suppression of cytokine-induced nuclear factor kappa-
light-chain enhancer of activated B cells (NF-κB) inhibition and ERK1/2 response 
(Donato et al.  2010 ). DNA from the commensal bacteria  L. rhamnosus  GG and  B. 
longum  SP 07/3 have also been shown to induce a signal transduction cascade via 
an epithelial cell surface receptor, which reduces TNFα-induced p38 phosphoryla-
tion (Ghadimi et al.  2010 ). 

 Note that increased permeability of the epithelial barrier can also be caused by 
apoptosis via caspase-3 activation (Chin et al.  2002 ) and probiotics modulate 
apoptosis initiation by harmful stimuli. Two proteins (p40 and p75) secreted from 
 L. rhamnosus  inhibited cytokine-induced apoptosis in epithelial cell lines by acti-
vating the epidermal growth factor (EGF) receptor and its downstream target serine/
threonine kinase Akt (also known as protein kinase B), as well as inhibiting p38 
MAPK activation, in vitro and ex vivo (Yan et al.  2007 ). Akt promotes cell survival 
by inactivating proapoptotic proteins, including caspases 3 and 9 (Hanada et al. 
 2004 ). Expression of p40 and p75 is strain specifi c because  L. casei , but not  L. aci-
dophilus , also produces these proteins (Yan et al.  2007 ). Additionally, apical or 
basolateral pretreatment with either p40 or p75 protected several cell lines from 
hydrogen peroxide-induced disruption of barrier function, as measured by TEER 
and paracellular permeability. This effect was via inhibition of hydrogen peroxide- 
induced cytosolic relocalisation of the TJ proteins occludin and ZO-1 and the AJ 
proteins E-cadherin and β-catenin. These effects were all dependent on activation of 
PKCε, PKCβI, and the MAP kinases ERK1/2 (Seth et al.  2008 ). Therefore, bacterial 
proteins isolated from  L. rhamnosus  cultures effectively block the induction of 
apoptosis, helping to enhance epithelial barrier function. 

 Interestingly, that conditioned media from the probiotic  L. rhamnosus  GG induce 
expression of cytoprotective heat-shock proteins (Hsps) Hsp25 and Hsp72 in intes-
tinal epithelial cells and the effect is mediated by a low-molecular-weight peptide 
that is acid and heat stable. Inhibitors of MAP kinases block the expression of 
Hsp72 normally induced by the probiotic (Tao et al.  2006 ). Similarly, VSL#3 pro-
duces soluble factors that induce the expression of cytoprotective Hsps in young 
adult mouse colonic epithelial cells (Petrof et al.  2004 ). It is known that Hsps are 
involved in protein folding, assembly, degradation and intracellular localisation, 
acting as molecular chaperones, and their overexpression represents a ubiquitous 
molecular mechanism to cope with stress. Thus, induction of Hsp is another mecha-
nism of probiotic action that provides cellular protection and improves epithelial 
integrity. 
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 Future investigations into the bacterial factors (such as  Lactobacillus  p40 and 
p75) involved in improvement of intestinal epithelium integrity would be useful in 
developing probiotic-derived products for therapy in immunocompromised indi-
viduals who cannot consume live probiotics.  

9.6.4     Modulation of Host Immune Functions 

 The gut-associated immune system recognises intestinal microorganisms by pattern- 
recognition receptors such as the Toll-like receptors (TLRs). The TLRs recognise 
molecular signatures of different bacteria such as cell wall components or specifi c 
DNA motifs (CpG-DNA). Activation of the TLRs results in the induction of com-
plex intracellular signal transduction cascades and fi nally in the modulation of pro- 
and anti-infl ammatory cytokine expression (Cario  2005 ). Probiotic bacteria may act 
through the stimulation of TLRs and it appears that certain effects exerted by some 
probiotic strains or preparations are mediated through interactions with distinct 
TLRs. In dextran sodium sulphate ((DSS)-treated mice, γ-irradiated VSL#3 is capa-
ble of decreasing the severity of infl ammation through TLR9 that is activated by 
non-methylated bacterial DNA (Rachmilewitz et al.  2004 ). In contrast, EcN 1917 
clearly exerts its effects on DSS-induced colitis in mice through TLR2 and TLR4 
(Grabig et al.  2006 ). 

 An important aspect of the probiotic immune modulation is the regulation of pro- 
and anti-infl ammatory cytokine production by direct interactions with immune 
cells. In healthy subjects,  L. rhamnosus  GG triggers the synthesis of the anti- 
infl ammatory interleukin IL-10 and decreases the release of pro-infl ammatory 
IFN- γ, IL-6 and TNF-α from CD4+ T-cells pre-stimulated with intestinal bacteria 
(Schultz et al.  2003 ). Co-cultivation of infl amed mucosa explants from celiac dis-
ease patients with  L. bulgaricus  LB 10 and  L. casei  DN-114001 reduces the number 
of TNF-a- secreting CD4+ T-cells and the TNF-a expression by intraepithelial lym-
phocytes (Borruel et al.  2002 ). It can be assumed that probiotic bacteria stimulate 
dendritic cells which in turn produce anti-infl ammatory cytokines. This has been 
demonstrated for  L. reuteri ,  L. casei  and VSL#3, all of which are capable of stimu-
lating IL-10 production by human dendritic cells (Hart et al.  2004 ; Smits et al. 
 2005 ). In addition to the examples given here, probiotics display many other immune 
modulatory functions, which have extensively been reviewed elsewhere (Shida and 
Nanno  2008 ; Vanderpool et al.  2008 ).  

9.6.5     Infl uence on Host Microbiota and Pathogenic Bacteria 

 It has been proposed that probiotics exert their effect by modulating gut microbiota 
composition (Fuller  1989 ). Indeed, a considerable number of studies support this 
assumption by demonstrating changes in a number of bacterial groups in response 
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to the consumption of probiotics. For example, numbers of bifi dobacteria and 
 lactobacilli increase in healthy subjects after ingestion of  L. casei  Shirota or  L. john-
sonii  La1 while those of enterobacteria or clostridia decrease (Spanhaak et al.  1998 ; 
Yamano et al.  2006 ). In patients suffering from intestinal bowel disease, in particu-
lar ulcerative colitis, the intestinal microbiota composition can differ substantially 
from that of healthy subjects (Sartor  2006 ,  2008 ) as refl ected by high titers of 
 Bacteroides vulgatus  and  E. coli  (Fujita et al.  2002 ; Kotlowski et al.  2007 ). High 
proportions of  B. vulgatus  are reduced in the gut of patients suffering from ulcer-
ative colitis by the consumption of fermented milk containing bifi dobacteria 
(Ishikawa et al.  2003 ). The probiotic preparation VSL#3 is effective in elevating the 
number of total gut bacteria and in restoring the intestinal microbiota diversity in 
the patients that have infl ammation of the lining of the internal pouch (Kuhbacher 
et al.  2006 ). In addition, VSL#3 increases caecal bifi dobacteria numbers and modi-
fi es the metabolic activity of caecal bacteria in mice with chronic colitis induced by 
DSS (Gaudier et al.  2005 ). Thus, one possible mechanism by which probiotics can 
alleviate the severity of ulcerative colitis is the reduction of bacterial species 
involved in the pathogenesis. 

 Proposed mechanisms involved in the modifi cation of the intestinal microbiota 
composition by probiotics include competition and cooperation for nutrients 
(Lebeer et al.  2008 ) and production of antibacterial substances including lactic and 
acetic acid, hydrogen peroxide and antibacterial peptides. Lactic acid as the end 
product of LAB metabolism lowers the local pH and thereby inhibits the growth of 
bacteria sensitive to acidic conditions (Alakomi et al.  2000 ; De Keersmaecker et al. 
 2006 ; Makras et al.  2006 ). The same effects are typical for acetic acid that is one of 
the bifi dobacterial end products. Hydrogen peroxide production by lactobacilli is an 
important antimicrobial mechanism, especially in the vagina of healthy women 
(Servin  2004 ). Recently it was shown that  L. johnsonii  NCC533 produces up to mil-
limolar quantities of hydrogen peroxide when resting cells are incubated in the pres-
ence of oxygen, and the role for hydrogen peroxide in the anti- Salmonella  activity 
of the probiotic strain was proved in vitro .  The genetic base for this hydrogen per-
oxide production is not clear, but at least four enzymes are implicated in the effect 
(Pridmore et al.  2008 ). 

 Many LAB produce antibacterial peptides (bacteriocins) that vary in spectrum of 
activity, mode of action, molecular weight, genetic origin and biochemical proper-
ties. According to Klaenhammer ( 1993 ), the major classes of bacteriocins produced 
by LAB include (a) lantibiotics, (b) small heat stable peptides, (c) large heat labile 
proteins and (d) complex proteins whose activity requires the association of carbo-
hydrate or lipid moieties. The existence of the fourth class was supported mainly by 
the observation that some bacteriocin activities obtained in cell-free supernatant, 
exemplifi ed by the activity of  L. plantarum  LPCO 10, were abolished not only by 
protease treatments but also by glycolytic and lipolytic enzymes (Jimenez-Diaz 
et al.  1993 ). 

 Most recently, bacteriocins were classifi ed mainly into two classes: the 
lanthionine- containing bacteriocins (lantibiotics) (class I) and the non-lanthionine- 
containing bacteriocins (class II) (Cotter et al.  2005 ). The lantibiotics are small 
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peptides (19–38 amino acids in length) and contain posttranslationally modifi ed 
amino acids such as lanthionine, beta-methyllanthionine, dehydroalanine and dehy-
drobutyrine. Covalent bridge formation, as a result of these unusual residues, leads 
to the formation of internal “rings” which give the lantibiotics their characteristic 
structural features. The class II bacteriocins are also relatively small (<10 kDa) but 
unlike the class I bacteriocins are not subject to extensive posttranslational modifi -
cation. Being a rather heterogeneous group, they have been further classifi ed into 
the class IIa pediocin-like or  Listeria -active bacteriocins, the class IIb two-peptide 
bacteriocins (e.g. lactococcin G (Oppegård et al.  2007 )), the class IIc cyclic bacte-
riocins and the class IId linear non-pediocin-like one-peptide bacteriocins (Nissen- 
Meyer et al.  2009 ). Pediocin-like bacteriocins are the most important and 
well-studied group of class II bacteriocins that includes now more than 20 items, 
including the “classical” member pediocin AcH from  Pediococcus acidilactici  AcH 
identifi ed in 1991; plantaricin 423, curvacin A, few sakacins and curvacin A named 
in accordance with the species of lactobacilli in which they were found; lactococcin 
MMFII from  Lactococcus lactis ; few enterocines from  Enterococcus faecium ; and 
bifi docin B from  B. bifi dum  (Drider et al.  2006 ; Nissen-Meyer et al.  2009 ). They are 
all cationic and partly amphiphilic and/or hydrophobic and have between 37 and 48 
residues, and in the N-terminal region (up to about residue 17), they all contain the 
conserved Y-G-N-G-V/L “pediocin box” motif and two cysteine residues joined by 
a disulfi de bridge. They also contain more hydrophobic C-terminal region (from 
about residue 18). Pediocin-like bacteriocins are unstructured in aqueous solution 
but become structured upon contact with membrane of target bacterial cell. The 
cationic N-terminal β-sheetlike domain mediates binding to the target cell surface 
through electrostatic interactions and the hydrophobic C-terminal hairpin-like 
domain penetrates into the hydrophobic core of target membranes, which induces 
leakage of ions and leads to cell death. 

 The two-peptide (class IIb) bacteriocins consist of two very different peptides 
and optimal activity requires both peptides in about equal amounts. Since the fi rst 
class IIb bacteriocin (lactococcin G) was identifi ed in 1992, at least 15 two-peptide 
bacteriocins have been isolated and characterised including thermophilin 13 from  S. 
thermophilus , lactococcin G from  Lactococcus lactis , plantaricin E/F from  L. plan-
tarum C11  (Fimland et al.  2008 ) and lactacin B from  L. acidophilus  (Tabasco et al. 
 2009 ). The individual peptides of two-peptide bacteriocins share characteristics 
with one-peptide bacteriocins in that they are usually cationic, 30–50 residues long, 
hydrophobic and/or amphiphilic and are all synthesised with a 15–30 residue 
N-terminal leader sequence that is cleaved before export of the peptides from cells. 
Interestingly, the two peptides of class IIb bacteriocins function together as one 
antimicrobial entity. As a rule, both peptides contain GxxxG motifs which allow 
forming of membrane-penetrating helix–helix structures interacting with integrated 
membrane proteins, which induces leakage of ions and leads to cell death. 

 The cyclic bacteriocins (Maqueda et al.  2008 ) whose N- and C-termini are cova-
lently linked are placed in class IIc (Nissen-Meyer et al.  2009 ). At least seven cyclic 
bacteriocins produced by gram-positive bacteria have been characterised, including 
gassericin A, reutericin 6, acidocins B and D20079 from  L. gasseri  LA39,  L. reuteri  
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LA6 and two strains of  L. acidophilus , respectively. They are all cationic and 
 relatively hydrophobic, and they range in size from 3,400 to 7,200 Da. All cyclic 
bacteriocins render the target cell membrane permeable to small molecules, which 
eventually results in cell death. 

 The linear non-pediocin-like one-peptide bacteriocins are placed in class IId 
according to the classifi cation proposed by Cotter et al. (Cotter et al.  2005 ). The 
extensive group includes at least 30 items (Nissen-Meyer et al.  2009 ), in particular, 
enterocins EJ97, B, L50A, L50B, etc. from the strains of  Enterococcus faecalis  and 
 E. faecium ; acidocins A, 1B, CH5 from the strains of  L. acidophilus ; aureocins A70 
and A53 from the strains of  St. aureus ; and so on. The properties of the bacteriocins 
belonging to the class IId are heterogeneous and it is diffi cult to draw their general 
properties. Interestingly, aureocin A53 functions at micromolar concentrations and 
acts through the membrane disruption rather than formation of target- mediated 
pores upon binding with high affi nity to specifi c receptors or docking molecules as 
is typical for class IIa and class IIb bacteriocins that function at nanomolar 
concentrations. 

 Note that the bacteria that synthesize bacteriocins have the so-called immunity 
proteins that associate with membranes within cells, recognise and bind bacterio-
cin–permease complex and thus prevent cell self-killing. 

 Generally, bacteriocins of bifi dobacteria are under the initial study and a list of 
known bacteriocins includes bifi din from  B. bifi dum , bifi docin B from  B. bifi dum  
NCFB 1454, bifl ong Bb-46 from  B. longum  Bb-46 and bifl act Bb-12 from  B. lactis  
Bb-12 (Cheikhyoussef et al.  2008 ). The most investigated is bifi docin B 
(Cheikhyoussef et al.  2008 ) that inhibits the growth of selected species of the genera 
 Listeria ,  Bacillus ,  Enterococcus ,  Lactobacillus ,  Leuconostoc  and  Pediococcus  but 
was not active against gram-negative bacteria due to its interaction with teichoic 
acids that are absent in cell wall of the group of bacteria. In the sensitive gram- 
positive cells, bifi docin B molecules bind to specifi c or lethal receptor(s) and form 
pores leading to cell death with or without lysis. Bifi docin B consists of one poly-
peptide chain of 36 amino acid residues with a molecular mass of 4432.9 Da and 
shares signifi cant homology with other class IIa LAB bacteriocins. Production of 
bifi docin B by  B. bifi dum  NCFB 1454 was associated with an 8 kb size plasmid 
which may be used in the construction of food-grade vectors for improvement of 
bifi dobacteria. 

 Currently bacteriocin-like substances from bifi dobacteria are under investiga-
tion. For example, six selected  Bifi dobacterium  strains produce bacteriocin-like 
substances that are active against gram-positive and gram-negative bacteria and 
yeasts (Collado et al.  2005 ). The substances are active at pH values between 3 and 
10, stable at 100 °C for 10 min, resistant to alpha-amylase and lipase A, sensitive to 
proteinases (trypsin, proteinase K, protease A, pepsin and cathepsin B) and have 
molecular weighs less than 30 kDa (Collado et al.  2005 ). 

 The potential of bacteriocin-producing gut isolates as bioprotective agents 
against pathogenic bacteria both in vitro and in vivo has been well documented in 
the literature (Gillor et al.  2008 ). For example, the ability of a fi ve-strain 
 Lactobacillus/Pediococcus  combination from porcine intestines has been shown to 
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protect against  Salmonella  infection in a porcine model (Casey et al.  2007 ). In a 
mouse model, production of the bacteriocin Abp118 was shown to be responsible 
for inhibition of  L. monocytogenes  infection (Corr et al.  2007 ). In a similar type of 
study, human isolates of  Pediococcus acidilactici  producing pediocin PA-1 and  L. 
lactis  producing nisin Z were shown to reduce vancomycin-resistant enterococci 
intestinal colonisation in a mouse model (Millette et al.  2008 ). In view of the wide-
spread resistance to currently available antibiotic treatments, bacteriocins which 
inhibit pathogenic bacteria offer a highly favourable alternative. Moreover, 
bacteriocin- producing microorganisms in the gut may provide a viable mechanism 
for therapeutic delivery to the site of infection, an approach likely to be more effec-
tive than the bacteriocins themselves, which would undoubtedly be broken down 
during passage through the gastrointestinal tract (Gardiner et al.  2007 ). 

 In recent years, interest in the bacteriocins has grown substantially due to their 
potential usefulness as friendly food biopreservatives either in the form of protec-
tive cultures and as additives (Ross et al.  2010 ; Settanni and Corsetti  2008 ). Note 
that fermentation of various foods by LAB is one of the oldest forms of biopreserva-
tion practised by mankind. Currently, nisin is the only bacteriocin that is applied as 
a food additive in European countries and the USA (Delves-Broughton et al.  1996 ; 
FAO/WHO  2007 ; Vandenberg  1993 ). Nisin prevents clostridial spoilage of pro-
cessed and natural cheeses, inhibits the growth of some psychrotrophic bacteria in 
cottage cheese, extends the shelf life of milk, prevents the growth of spoilage lacto-
bacilli in beer and wine fermentations and provides additional protection against 
spores of  Bacillus  and  Clostridia  in canned foods. 

 Besides bacteriocins probiotics produce also certain antibiotics. The production 
of the antibiotic reuterin (3-hydroxypropionaldehyde) by  L. reuteri  strain 
ATCC55730 has been reported. Reuterin is a broad-spectrum antibiotic active not 
only against gram-positive and gram-negative bacteria but also against yeast, fungi, 
protozoa and viruses (Cleusix et al.  2008 ). Additionally, probiotic bacteria are able 
to produce so-called deconjugated bile acids that are derivatives of bile salts synthe-
sised by the host, show a stronger antimicrobial activity compared to the bile salts 
(Kurdi et al.  2006 ) and are interesting in the context of cholesterol-lowering effects 
of the bacteria.   

9.7     Supercritical Carbon Dioxide (scCO 2 ) for the Extraction 
of Polar Lipids from Probiotic Bacteria 

 Extensive investigations of biologically active compounds from probiotic bacteria 
are primarily directed at the development of immunostimulants (Sekine et al.  1985 ). 
Among these substances glycolipids and phospholipids are the most abundant com-
ponents in bacterial cell (Poupard et al.  1973 ). We described a novel isolation pro-
cedure for polar lipids from probiotic bacteria with the aid of supercritical fl uid 
extraction (Novik et al.  2006 ). The extraction of polar lipids from biomass was 
performed by supercritical carbon dioxide using SFE-2X100F system (Fig.  9.4 ).

9 Probiotics



216

   Temperature and fl ow rate of carbon dioxide are the major factors effecting the 
polar lipids extraction from probiotic bacteria (Novik et al.  2006 ). Conditions such 
as pressure 250 bar, temperature 45 °C, fl ow rate of CO 2  5 g/min and concentration 
of co-solvent (methanol/water 9:1) 10 % make possible isolation of major and 
minor glycolipids, as well as signifi cant amounts of phospholipids (Fig.  9.5 ). 
Double or triple amounts of glycolipids and phospholipids in comparison with clas-
sical methods were found in the lipid extracts from bifi dobacteria and lactobacteria 
(Izhyk et al.  2012 ; Novik et al.  2006 ; Rakhuba et al.  2009 ). ELISA of SFE lipid 
fractions from probiotic bacteria showed that the glycolipids are more immunoreac-
tive compared with phospholipids. By employing the modifi cation of scCO 2  set-
tings, the high purity polar lipids of probiotic bacteria can be effectively extracted. 
The scCO 2  isolation technology can be combined with metabolic engineering and 
immunological studies in biotechnologies.

9.8        Brewing Waste as Media for Growth 
of Probiotic Bacteria 

 The brewing process involves specially prepared raw materials and yeast. The 
classical starting raw material is barley which has to be malted. The malting pro-
cess consists of steeping, germination and drying (kilning). The outcome is malt, 
which further undergoes mashing to produce wort used for brewing of beer. The 
leftover solid material after mashing is referred to as “brewers’ spent grains 
(BSG).” The BSG is a waste enriched in proteins and fi bres (Ishiwaki et al.  2000 ; 
Lasztity  1984 ). 

 Modern technologies of probiotic production require not only active strains 
but low-cost media for their cultivation. Media with protein and carbohydrate 

  Fig. 9.4    Schematic diagram of the scCO 2  extraction system from Thar supercritical fl uid extrac-
tion system Manual, April 2003, Thar Technologies, INC. 100 Beta Dr. Pittsburgh, PA 15238, 
USA, section “System Schematic” (Adapted by Estera Szwajcer Dey)       
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components readily utilised by bifi dobacteria and LAB allow recycling of a waste 
product and cultivation of probiotic biomass. Components of growth media act as 
sources of carbon, nitrogen and phosphorus and can also have benefi cial effects on 
human health. The products of grain processing are known to be effi cient substrates 
for cultivation of LAB and bifi dobacteria; they provide for high growth potential, 
metabolite production, and cell viability during a long-term storage (Bamba et al. 
 2002 ; Charalampopoulos et al.  2002b ; Kanauchi et al.  2003 ). These products can 
act as prebiotics which selectively stimulate growth of LAB and bifi dobacteria in 
the intestines. Cereal grains contain water-soluble carbohydrate polymers (beta- 
glucan and arabinoxylan), oligosaccharides (galacto- and fructooligosaccharides) 
and water-insoluble polysaccharides (xylan, cellulose and starch), which presum-
ably act as prebiotics. Moreover, these alimentary fi bres can be included in the diet 
as sources of carbohydrates with multiple benefi cial physiological effects 
(Charalampopoulos et al.  2002a ). Recently, food additives containing the species of 
Lactobacillus and Bifi dobacterium and the products of cereal grain processing, 
which serve as prebiotic components, have appeared in the market. 

  Fig. 9.5    Examples of HPTLC chromatograms of glycolipids and densitometric spectra thereof 
( right ) showing lanes from chromatograms.  Bifi dobacterium longum  ( a )  lane 1 —classical method 
fraction,  2–5 lanes —SFE fractions, ( b )  1–4 lanes —SFE fractions, ( c )  1–5 lanes —SFE fractions; 
 Bifi dobacterium angulatum  ( d )  lane 1 —classical method fraction,  2–5 lanes —SFE fractions and 
( e )  1–6 lanes —SFE fractions.  Rf  relative fl ow,  DR  density response (Izhyk et al.  2012 )       
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 Germinated barley products and their polysaccharide fractions are known to 
 prevent diarrhoea and enteritis and can be used for prophylaxis of colitis (Bamba 
et al.  2002 ). The components of BSG have traditionally been used as additives to 
ruminant fodder and ingredients of bakery products. The BSG protein and polysac-
charide fractions are of growing interest as dietary supplements for treatment of 
dyspepsia and as alternative sources of protein and carbohydrates (Dongowski et al. 
 2002 ; Schrezenmeir and de Vrese  2001 ). Protein content of BSG varies from 8 to 
55 % depending on the initial protein level in the barley and subsequent processes 
of malting and wort preparation (Crittenden et al.  2001 ; Das and Singh  2004 ; 
Hosono et al.  1997 ; Ishiwaki et al.  2000 ; Janer et al.  2005 ; Kanauchi et al.  1999 ; 
Kleyn and Hough  1971 ; Lasztity  1984 ; Lauer and Kandler  1976 ; Shukla  1998 ; 
Szponar et al.  2003 ; Szwajcer Dey et al.  1992 ). Earlier, we studied application of 
protein and polysaccharide fractions of BSG as a basis of growth media for probi-
otic bacteria (Novik et al.  2007 ). The protein fraction is mainly composed of hydro-
phobic peptides and proteins showing poor water solubility. It is known that some 
species of Bifi dobacterium and Lactobacillus are able to produce extracellular pro-
teinases, allowing the cells to utilise casein, albumin and some immunoglobulins 
(Novik et al.  2001 ). Probiotic bacteria were shown to decompose hardly hydrolys-
able protein compounds (Janer et al.  2005 ). These bacteria were characterised by 
synthesis of proteolytic enzymes which break peptide bonds between an amino acid 
and proline or glutamic acid in the P1 position. Our results demonstrated production 
of similar enzymes by the studied LAB and bifi dobacteria (Szwajcer Dey et al. 
 1992 ). The fi ndings indicated that protein and polysaccharide fractions of BSG can 
be used as components of media for cultivation of probiotic bacteria (Novik et al. 
 2007 ). High values of biomass yield, cell viability and organic acid production were 
observed in the variants of media containing BSG supplemented with lactose, 
ascorbic acid, yeast extract and mineral salts. Cells of LAB and bifi dobacteria 
showed the typical rod-shaped morphology. We also recommended protein fraction 
from BSG as the main component of the media for isolation and cultivation of acti-
nobacteria, production of biologically active substances and intense sporulation 
(Szponar et al.  2003 ). These results agree well with the data on the use of media 
containing protein fraction of BSG for isolation of Xanthomonas sp., which pro-
duced proline-specifi c endopeptidase (Szwajcer Dey et al.  1992 ). Since both frac-
tions are suitable for bacterial growth, upgraded BSG can also be applied for 
probiotic production. The fraction containing poorly soluble polysaccharides (ali-
mentary fi bres) supplemented with protein from yeast extract may be used as a food 
additive for prophylaxis of diarrhoea and colitis (Bamba et al.  2002 ). The BSG 
media supported active bacterial growth, high biomass accumulation and formation 
of organic acids, which opens new prospects for the brewing waste in optimising 
technologies of low-cost probiotics production. Biomass of probiotic bacteria can 
serve as a promising source of immunostimulating compounds, such as polysac-
charides and glycolipids used in vaccine production. A method for isolation of 
immunostimulating substances using fl uidised carbon dioxide has been described 
(Novik et al.  2002 ,  2006 ). The obtained results can be used for development of low- 
cost manufacturing of an array of biopreparations, including probiotics, prebiotics 
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and vaccines. Moreover, brewing wastes may be an integral part of industrial 
 bioresource recycling scheme (Crittenden et al.  2001 ; Das and Singh  2004 ; Hosono 
et al.  1997 ; Kanauchi et al.  1999 ; Kleyn and Hough  1971 ; Shukla  1998 ).  

9.9     Conclusion 

 Currently, probiotics are becoming an increasingly important part in the diet of 
industrialised countries, as their general and gastrointestinal benefi cial effects are 
being gradually proven. Many people over the world have started to take probiotics, 
and various probiotics have been used in a wide variety of pharmaceutical forms 
similar to medicines, which are known as nutraceuticals, and food products such as 
dietary supplements, yogurt and infant formulas. Therefore, now consumers can 
choose what kind and form of probiotics they prefer. However, different probiotics 
have distinct properties and effects found in one species or strain of probiotics do 
not necessarily hold true for others. Thus, it is very important to select the appropri-
ate probiotic strain. It has become necessary to harmonise marketing criteria, evalu-
ate the effi cacy of probiotics and correctly defi ne the effective doses. 

 The safe use of probiotics is an absolutely crucial point.  Lactobacilli  and 
 Bifi dobacteria  are considered as GRAS, although certain doubts have been raised 
regarding their use at massive doses in immunodepressed patients or in those who 
undergo intestinal resection due to benign or malignant disease. Therefore, there is 
a great need for controlled studies in humans to further document the health benefi ts 
of probiotics as part of the human diet. Important target groups for such studies 
include healthy people, elevated disease risk and people for developing a disease 
and people searching for dietary-management techniques to control symptoms. All 
these groups would benefi t from publicly funded research of probiotics as foods or 
supplements. Strains of the same probiotic species can be different, which has been 
demonstrated both in vitro and in animals, although similar data in humans are rare. 
Thus, clinical results from one study are applicable only to the strain or strains being 
evaluated. 

 Taking into account that effects of probiotics are strain specifi c, strain identity is 
important to link a strain to a specifi c health effect as well as to enable accurate 
surveillance and epidemiological studies. Both phenotypic and genotypic tests 
using validated standard methodology should be conducted for accurate identifi ca-
tion of probiotic bacteria at species and strain level. Nomenclature of the bacteria 
must conform to the current, scientifi cally recognised names. 

 Technological effi ciency of probiotics must also be determined, such as the 
strains ability to be grown to high yields and concentrations, to be stable, both 
physiologically and genetically, through the end of the shelf life of the product and 
at the active site in the host. 

 While there have been numerous health benefi ts attributed to probiotic lactoba-
cilli and bifi dobacteria, some of which have been discussed above, the precise mech-
anisms by which these bacteria function as a probiotic are yet to be understood. 
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Additional research is therefore required to confi rm a number of these health benefi ts 
credited to probiotic bacteria. The recent technological advances in the area of 
genomics and proteomics are now beginning to provide one important avenue 
of research along which the role of probiotic bacteria and the molecular mechanisms 
of probiotic action can be investigated.     
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10.1            Introduction 

    Prebiotics are nondigestible oligosaccharides which are not broken down by the 
 salivary and intestinal enzymes due to the presence of “osidic” bonds. These com-
pounds benefi cially affect the host by selectively stimulating the growth and/or 
activity of one or a limited number of bacteria in the colon ( Bifi dobacteria  and 
 Lactobacilli ) by suppressing the activity of entero-putrefactive and pathogenic 
organism and also  facilitate the absorption of nutrients (Roberfroid  1997 ). Some of 
the available prebiotic compounds have range of two to ten sugar moieties, and 
common examples are  lactulose, galacto-oligosaccharides, lactosucrose, fructo- 
oligosaccharides, xylo-oligosaccharide, malto-oligosaccharides, inulin, and its 
hydrolysates (Fig.  10.1 ). The end products of these prebiotics, i.e., acetate, butyrate, 
and propionate, act as energy sources for host organisms.

      Prebiotics have bifi dus-stimulating ability, immunomodulatory effect, and antioxidant 
properties besides their role in reducing risks of cancer, acute gastroenteritis, osteoporo-
sis, cholesterol, and hyperlipidemia (Conway  2001 ). These compounds can be used for 
the fortifi cation of different food products for the development of functional foods with 
high nutritional and therapeutic properties. These can be supplemented as ingredients in 
the functional foods, cosmetics, pharmaceuticals, or agricultural products. This chapter 
provides a comprehensive overview on fundamentals of different prebiotics and their 
production using biotechnological strategies.  
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10.2     Production of Prebiotics 

 Prebiotics can be obtained by three different routes, i.e., by extraction from natural 
(plant) sources, enzymatic synthesis, and enzymatic hydrolysis of polysaccharides. 
Small amounts of prebiotics occur naturally in the natural sources like plants 
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including chicory, onion, garlic, asparagus, and artichoke; however, their large- scale 
production can also be achieved using various microorganisms and enzymes. 
Various raw materials and enzymes have been explored for the production of different 
prebiotics/oligosaccharides in both free and immobilized biocatalyst systems, 
which have been discussed in subsequent sections.  

10.3     Galacto-oligosaccharides 

    Galacto-oligosaccharides (GOS) are a functional food ingredient consisting of 
β-linked galactose moieties with galactose or glucose at the reducing end. More 
than 30 different types of di-, tri-, and tetrasaccharides were identifi ed as the product 
of various enzymatic transgalactosylation. The different unit of monomer in GOS is 
linked by β-(1 → 2), β-(1 → 3), β-(1 → 4), or β-(1 → 6) galactosyl moieties (Mahoney 
 1998 ; Gänzle  2011 ). In the commercial GOS preparations, apart from tri-, tetra-, 
and pentasaccharides, small amount of other carbohydrates, such as glucose-, lactose- 
and β-(1 → 3)-, or β-(1 → 6)-linked disaccharides, is also present (Sako et al.  1999 ; 
Splechtna et al.  2006 ). 

10.3.1     Method of Production 

 Galacto-oligosaccharide can be synthesized by transgalactosylation of lactose, 
 glucose, or galactose with lactose as galactosyl donor. 

10.3.1.1     Enzymes Involved 

 Enzymatic production of galacto-oligosaccharide has been carried out using following 
enzymes:

    1.    β-galactosidase (EC 3.2.1.23)   
   2.    β-glucosidases/β-glycosidases (EC 3.2.1.21)     

 β-galactosidase and β-glucosidases/β-glycosidases have both hydrolytic (lactose) 
and transgalactosylation activity.  

10.3.1.2     Process 

 The β-galactosidase can be produced from various microbial sources like bacteria, 
yeast, and fungi. Among these sources, yeast has been considered as an important 
source of β-galactosidase from industrial point of view (Panesar et al.  2006 ). Apart 
from this, other thermostable enzymes, such as β-glucosidase/β-glycosidase, have 
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also been used for galacto-oligosaccharide production (Akiyama et al.  2001 ; Choi 
et al.  2003 ).    Galacto-oligosaccharide production from lactose has been carried out 
with microbial β-galactosidases, whole cells, permeabilized cells, as well as apply-
ing immobilized techniques (Albayrak and Yang  2002 ; Ladero et al.  2003    ; Tzortzis 
et al.  2005 ; Nakkharat et al.  2006 ; Nguyen et al.  2007 ; Sakai et al.  2008 ; Placier 
et al.  2009 ). 

 The production of GOS depends on the source of enzyme and production  process. 
High temperature (60 °C) has been observed to favor transgalactosylation reaction 
and GOS yield (Cardelle-Cobas et al.  2008 ). The production of GOS has also been 
carried out by various enzymes from different microorganisms, such as thermostable 
β-glycosidases/β-glucosidase from  Pyrococcus furiosus  and  Sulfolobus solfataricus  
(Petzelbauer et al.  2000 ; Boon et al.  1998 ; Splechtna et al.  2001 ) and β-galactosidase 
from  Sirobasidium magnum  and  Penicillium simplicissimum  (   Onishi and Tanaka 
 1997 ; Cruz et al.  1999 ). The yield of GOS varied from 15 to 77 % by these enzymes 
with the lactose conversion of 45–95 % (   Torres et al.  2010 ). GOS has been purifi ed 
by continuous nanofi ltration achieving a yield of 81–98 % for oligosaccharides 
 (trisaccharide), 59–89 % for disaccharides, and only 14–18 % for the monosaccha-
rides (Goulas et al.  2002 ). 

    Whey (by-product of dairy industry) is rich in lactose content and can be used for 
GOS production (   López Leiva and Guzman  1995 ). The conversion to oligosaccharides 
not only depends on the reaction time but also on the initial concentration of substrate. 
The production of GOS has been carried out using an immobilized  Aspergillus oryzae  
β-galactosidase on glutaraldehyde-treated chitosan beads in a plug reactor from whey. 
The maximum yield of GOS was found to be 26 % of the total saccharides on a dry 
weight basis for an initial concentration of lactose of 300 g L −1  (Sheu et al.  1998 ). At 
pilot scale membrane reactor, oligosaccharides have also been produced by hydrolysis 
of whey permeate (2,000 L) from Maxilact ( Kluyveromyces lactis  β- D -galactosidase). 
A yield of 31 % oligosaccharide was observed from whey permeate containing 20 % 
lactose and 0.5 % enzyme (Foda and Lopez-Leiva  2000 ). 

 Different substrates (lactose, ultrafi ltration whey permeate, and recombined 
whey) with different enzyme concentrations (0.15–15 U mL −1 ) have been applied 
for GOS synthesis. The maximum production of GOS has been observed with ultra-
fi ltration whey permeate using an enzyme concentration of 1.5 U mL −1  (HelleroVá 
and Čurda  2009 ). Continuous production of GOS has also been carried out from 
both lactose feed solution and whey, with PVA-immobilized β-galactosidase in a 
packed bed reactor. A maximum GOS production of 30 % of total sugars was 
achieved using 40 % lactose feed solution, whereas 15 % of total sugars have been 
obtained in case of whey (Jovanovic-Malinovska et al.  2012 ).    

10.4     Lactulose 

 Lactulose (4- O -β- D -galactopyranosyl- D -fructose) is a ketose disaccharide having 
wide range of applications in food and pharmaceutical sectors. It is composed of 
fructose and galactose linked through glycosidic bonds. The linkage between 
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galactose and fructose is neither cleaved by human digestive enzymes nor absorbed 
in the small intestine. In the colon, lactulose stimulates the growth of  Bifi dobacteria  
sp. and  Lactobacillus  sp. leading to the production of a large number of short-chain 
fatty acids (Méndez and Olano  1979 ). 

10.4.1     Method of Production 

 Lactulose can be synthesized chemically or by enzymes from various 
microorganisms. 

10.4.1.1     Enzyme Involved 

 Biocatalytic production of lactulose has been carried out by using the following 
enzymes:

    1.    β-galactosidase (EC 3.2.1.23)   
   2.    β-glycosidase (EC 3.2.1.21)      

10.4.1.2     Process 

 Currently, for commercial utilization, lactulose is produced by alkaline isomerization 
of lactose. To obtain high yields, it is advantageous to use high amounts of inorganic 
catalysts, such as boric acid or aluminate. This approach results in expensive 
 separation of by-products that cause diffi culty in product purifi cation and waste 
management (De Harr and Pluim  1991 ; Zokaee et al.  2002 ; Aider and de Halleux 
 2007 ). The problems associated with lactulose production by chemical synthesis 
can be solved by an enzymatic transformation process which seems to be a useful 
approach for clean production and easy purifi cation of lactulose (Tang et al.  2011 ). 
Microorganisms, such as  K. lactis ,  S. solfataricus ,  Arthrobacter  sp. (β-galactosidase), 
and  P. furiosus  (β-glycosidases), have been applied for both lactose hydrolysis and 
transglycosylation leading to lactulose synthesis (Lee et al.  2004 ; Kim et al.  2006 ; 
Mayer et al.  2010 ; Tang et al.  2011 ). 

 The optimum reaction conditions for lactulose production using permeabilized 
cells were 40 % (w/v) lactose and 20 % (w/v) fructose at temperature 60 °C and pH 
of 7.0. Under these conditions, the permeabilized cells produced approximately 
20 g L −1  lactulose (Lee et al.  2004 ). The use of thermostable β-galactosidase can 
further enhance the production of lactulose (Kim et al.  2006 ). The continuous 
 enzymatic production of the lactulose through transgalactosylation has also been 
developed using free and immobilized (Amberlite IRA-93 or Eupergit ®  C) thermo-
stable β-glycosidase (Mayer et al.  2010 ). Dual-enzymatic system consisting of 
immobilized lactase and immobilized glucose isomerase in organic-aqueous two-
phase media using lactose and fructose has also been applied for the synthesis of 
lactulose (Xiao et al.  2010 ). Currently, purifi ed β-galactosidase from Arthrobacter sp. 

10 Prebiotics



242

LAS has been used for lactulose production to reduce the nonenzymatic  browning 
during biotransformations (Tang et al.  2011 ). The optimum pH and temperature for 
lactulose synthesis by this β-galactosidase were 6.0 and 20 °C, respectively. 

 Alkaline isomerization of lactose present in cheese whey ultrafi ltrate permeate 
was carried out by the addition of boric acid (Hicks et al.  1984 ). However, expensive 
separation and purifi cation steps were involved in this procedure. The synthesis of 
lactulose from dairy by-product (i.e., whey) can be carried out by using an enzyme 
(β-galactosidase) in the presence of fructose.    The controlled enzymatic transgalac-
tosylation of lactose in whey ultrafi ltration permeate can improve the effi ciency of 
lactulose synthesis.    The factors that infl uenced the lactulose synthesis effi ciency 
were enzyme source, substrate concentration, and also the ratio of lactose and 
 fructose added to the reaction mixture (Adamczak et al.  2009 ; Jaindl et al.  2009 ).    

10.5     Lactosucrose 

 Lactosucrose (lactosylfructoside,  O -β- D -galactopyranosyl-(1 → 4)- O -α- D - 
glucopyranosyl - (1 → 2)-β-D-fructofuranoside) is an oligosaccharide consisting of 
galactose, glucose, and fructose and has several benefi ts. This compound is 30 % as 
sweet as sucrose and used as functional food ingredient. Additionally, lactosucrose 
also plays an important role in the refi nement of sugars in the food industry (Kawase 
et al.  2001 ). 

10.5.1     Method of Production 

 Lactosucrose, a trisaccharide, can be synthesized either by transfructosylation of 
lactose with sucrose or transgalactosylation of sucrose with lactose. 

10.5.1.1     Enzyme Involved 

 The biosynthesis of lactosucrose can be obtained with lactose and sucrose as 
 substrates by the following enzymes:

    1.    Levansucrase (EC 2.4.1.10)   
   2.    Fructofuranosidase (EC 3.2.1.26)   
   3.    β- D -galactosidase (EC 3.2.1.23)     

 Levansucrase and fructofuranosidase have transfructosylation activity, whereas 
β- D -galactosidase has both hydrolytic and transgalactosylation activity.  

10.5.1.2     Process 

 Commercially, lactosucrose (lactosylfructoside) has been produced from sucrose 
and lactose by transfructosylation (Gänzle et al.  2008 ). The microorganisms such as 
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 Zymomonas mobilis ,  Paenibacillus polymyxa,  and  Bacillus subtilis  have been used 
as a source for levansucrase whereas  Bacillus circulans  and  Arthrobacter  sp. for 
β- D -galactosidase and fructofuranosidase, respectively (Kawase et al.  2001 ; Li et al. 
 2009 ; Han et al.  2009 ; Choi et al.  2004 ; Park et al.  2005 ). Increase in lactosucrose 
yields (from 29 to 43 %) was observed by a mixed enzyme system coupling the 
transfructosylation of lactose to glucose removal by glucose oxidase (Han et al. 
 2009 ). The selection of strain, substrate concentration, and reaction time along with 
other optimal conditions play an important role in the production of lactosucrose. 
 B. subtilis  was found to be an effective producer of levansucrase, and the maximum 
lactosucrose production (181 g L −1 ) was observed at 55 °C and pH 6.0 after 10 h of 
incubation (Park et al.  2005 ). Lactosucrose has also been produced through continu-
ous process in a packed bed reactor using mutant strain of  Sterigmatomyces elviae , 
which resulted in the production of 192 g L −1  of lactosucrose at 50 °C and pH 6.0 
with the fl ow rate of 1.2 mL/min (Lee et al.  2007 ).  Z. mobilis  strain has been applied 
for levansucrase, and the maximum lactosucrose conversion effi ciency of 28.5 % 
has been observed at 23 °C and pH 7.0 with lactose monohydrate (18.0 % w/v) and 
sucrose (18 % w/v) as substrate. The main problem associated with the low yield of 
lactosucrose is the presence of other carbohydrate products. To overcome this 
 problem, a mixed enzyme system containing a levansucrase and a glucose oxidase 
has also been applied, and as a result of this, the effi ciency of lactose and sucrose 
conversion to lactosucrose increases to 43.2 % (Han et al.  2009 ).    

10.6     Fructo-oligosaccharides 

 Fructo-oligosaccharides (FOS) are low caloric carbohydrate alternative sweeteners 
with reduced energy production of about 2 kcal g −1  (Molis et al.  1996 ; Bornet et al. 
 2002 ). They are mainly composed of 1-kestose, nystose, and 1-β-fructofuranosyl 
nystose (Shin et al.  2004 ). FOS occurs naturally or can be produced by the action of 
fructosyltransferase enzymes from bacteria, yeast, and fungi (Sangeetha et al.  2005a ; 
Maugeri and Hernalsteens  2007 ; Hernalsteens and Maugeri  2008 ). These complex 
biomolecules are enzymatically hydrolyzed into simpler forms, such as lactate, 
short-chain fatty acids (acetate, propionate, and butyrate), and gas, by endogenous 
microbiota. They bear properties of being low caloric, non-cariogenic, and non-
mutagenic; absorption of ions in gut; lowering phospholipids, triglycerides, and 
cholesterol level; and bifi dus-stimulating functionality (Vankova et al.  2008 ; Bali 
et al.  2012 ). Due to all these properties and bearing “Generally Recognized    as Safe 
(GRAS)” status by Food and Drug Administration (FDA), they are being used as 
functional food ingredients and worth about US $200/kg (Godshall  2007 ). 

10.6.1     Method of Production 

 FOS can be synthesized chemically or produced by the action of enzymes from 
various microorganisms. 
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10.6.1.1     Enzyme Involved 

 Fructo-oligosaccharides can be produced in large amounts by microbial enzymes 
bearing fructosyltransferase activity. They can be produced enzymatically by sucrose 
transformation (Bali et al.  2012 ) which leads to the production of short- chain FOS 
using:

    1.    FFase, i.e., β- D -fructofuranosidase (EC 3.2.1.26)   
   2.    FTase, i.e., fructosyltransferase (EC 2.4.1.9)    

  FFase bears both hydrolytic and transfructosylating activity, whereas FTase 
bears only transfructosylating activity.  

10.6.1.2     Process 

    The fructosylating enzyme can be produced from different microbial sources, such 
as bacterial ( Bacillus macerans  (Park et al.  2001 ),  Arthrobacter  sp. (Xu et al.  2009 ), 
 Z. mobilis  (Beker et al.  2002 ),  Lactobacillus reuteri  (Hijum et al.  2002 )), fungal 
( Aspergillus japonicus ,  Aspergillus niger ,  Aspergillus sydowii ,  Aspergillus foetidus , 
 A. oryzae ,  Aureobasidium pullulans ,  Penicillium citrinum ,  Penicillium frequentans , 
 Fusarium oxysporum ,  Aureobasidium  sp.), and yeast ( Kluyveromyces  and  Candida  
sp.) (Vranesic et al.  2002 ; Bali et al.  2012 ). Microbial production, isolation, and 
purifi cation of enzyme are preferred over plant sources due to ease of production 
and availability in large amounts. The enzyme can be produced either intracellularly 
or extracellularly. The whole cell synthesis of FOS can be carried out using micro-
organisms bearing fructosylating activity in sucrose-based media. An economical 
and advantageous system of recycling  A. oryzae  CFR 202, up to six cycles with 
53 % yield, was developed for the production of extracellular FTase resulting in the 
synthesis of FOS under submerged fermentation (Sangeetha et al.  2005b ). The tech-
nique of immobilizing the enzyme or whole cells (producing FFase or FTase) on 
various matrices has also been applied by various researchers for enhancing the 
production of FOS (Cheng et al.  1996 ; Jung et al.  2011 ). 

 Agro-industrial waste can act as good carbon or nitrogen source for the produc-
tion of enzymes useful in the synthesis of FOS, thereby, adding up to process 
 economics. Different agro-industrial wastes, such as soybean residue and sugarcane 
molasses, have been explored for the microbial synthesis of enzymes (Hayashi et al. 
 1992 ; Dorta et al.  2006 ). Production of β-fructofuranosidase has been carried out by 
fermentation using  A. japonicus  and soybean residue as substrate (Hayashi et al. 
 1992 ). Among the different substrates (corncobs, coffee silverskin, and cork oak) 
tested, coffee silverskin was reported to be the most suitable support and nutrient 
source for the production of FOS using  A. japonicus  under solid-state fermentation 
(Mussatto and Teixeira  2010 ). Low-cost complex media constituting cassava peel 
and cassava steep liquor, under solid-state and submerged fermentation, respec-
tively, have been explored for the production of FTase and FOS (34 %) by  Rhizopus 
stolonifer  LAU 07 (Lateef and Gueguim kana  2012 ). The production of FTase by 

P.S. Panesar et al.



245

 A. foetidus  NRRL 337 using apple pomace as a substrate has been reported 
(Hang et al.  1995 ). Besides this, sugarcane molasses has also been used for the 
 production of FOS using  A. japonicus -FCL 119T and  A. niger  ATCC 20611 (Dorta 
et al.  2006 ). 

 The increase in the production of β-fructofuranosidase in both wild-type and 
mutant strain of  A. niger  up to 252-fold and 516-fold, respectively, was observed 
using wheat bran as substrate, whereas corn steep liquor improved the activity of 
wild-type strain up to twofold (Rajoka and Yasmeen  2005 ). A patented method has 
been reported using wheat bran as substrate for the increased production of FOS 
(60 % yield; w/w) using  A. niger  β-fructofuranosidase (Park and Pastore  2006 ). 
Molasses can be used as substrate for both enzyme and oligosaccharide production 
using microbial sources (Ghazi et al.  2006 ). Among the various agricultural 
 by- products (such as cereal bran, corn by-products, sugarcane bagasse, cassava 
bagasse, and by-products of coffee and tea processing) employed for the production 
of FTase using  A. oryzae  CFR 202 by solid-state fermentation (SSF), cereal bran, 
rice bran, wheat bran, corn germ, spent coffee, and tea processing were observed to 
be most suitable as substrates (Sangeetha et al.  2004 ). After fermentation, the 
microbial cell separation is generally done using centrifugation followed by recovery 
of the enzyme with different precipitation methods (ethanol precipitation, ammonium 
sulfate precipitation, etc.). Further, analysis of FOS can be carried out by using 
 various analytical techniques, such as HPLC, TLC, GC-MS, and NMR (Sangeetha 
et al.  2005a ).    

10.7     Inulin 

 Inulins are long-chain storage carbohydrates that occur naturally in small amounts 
in various edible vegetables, fruits, cereals, and plants, such as asparagus, chicory, 
onion, wheat, banana, shallot, artichokes, leek, garlic, rye, tomatoes, topinambuco, 
and honey (   Van et al.  1995 ). Inulin and its polyfructans consists of GF  n   molecules 
(2 <  n  < 60) with linear β-2 → 1-linked polyfructose chains with glucose unit at its 
terminal (Waterhouse and Chatterton  1993 ). These compounds were discovered by 
Rose, German scientist, from hot water extract of Elecampane ( Inula helenium ) and 
the term was coined by Thomson in 1818. Oligofructose (inulin hydrolysate) is 
composed of GF  n   and F  m   molecules (with 2 ≤  n  and  m  ≤ 10) with DP (degree of 
polymerization) ≤10. It has more solubility and 30–50 % sweetness as compared to 
table sugar (Niness  1999 ). 

10.7.1     Method of Production 

 Inulin hydrolysates can occur naturally or can be produced by enzymatic methods. 
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10.7.1.1     Enzyme Involved 

 Inulinases produce inulin hydrolysates by partial enzymatic hydrolysis of inulin 
(Franck  2002 ). There are two types of inulinases:

    1.    Exoinulinases (β- D -fructanfructohydrolase; EC 3.2.1.80) act on both β 2 → 1 and 
β 2 → 6 linkages at the nonreducing end, thereby cleaving terminal fructose 
residues.   

   2.    Endoinulinases (2,1-β- D -fructanohydrolase; EC 3.2.1.7) act on specifi c β 2 → 1 
internal linkages yielding inulotriose, inulotetraose, and inulopentaose.    

10.7.1.2       Process 

 Inulin can be obtained from natural plant sources by extraction using hot water  diffusion 
followed by purifi cation and then drying of inulin extract to obtain pure powder (Angus 
et al.  2005 ). In spite of their natural occurrence, fructans can also be produced using 
microbial sources like bacteria and fungi. Inulin has been used as substrate for the pro-
duction of its hydrolysates using inulinase and short-chain  oligosaccharides, such as 
inulo-oligosaccharide, oligofructose, and fructo-oligosaccharide. 

 Inulinases can be produced from various bacterial strains ( Streptomyces  sp., 
 Pseudomonas  sp.,  Bacillus  sp.), yeast strains ( Kluyveromyces  sp.,  Pichia  sp.,  Candida  
sp.), and fungal sources ( Aspergillus  sp.,  Penicillium  sp.) (Mazutti et al.  2006 ; Neagu 
and Bahrim  2011 ). Inulinase production has also been carried out using different 
agro-industrial waste, such as cassava fl our, corncob, oat meal, rice straw, sugar cane 
bagasse, and wheat bran using  Aspergillus ochraceus  (Guimaraes et al.  2007 ). 
Sugarcane bagasse and corn steep liquor have been used for the production of inulin-
ases using  Kluyveromyces marxianus  NRRL Y-7571 under SSF (Mazutti et al.  2006 ). 
Three exoinulinases and two endoinulinases were purifi ed from  Aspergillus fi cuum  
JNSP5-06 (Chen et al.  2009 ). 

 Thermostable extracellular immobilized inulinases from  Aspergillus fumigates  
have been used for the hydrolysis of inulin (Gill et al.  2006 ). Inulobiose and other 
higher oligofructosides were produced using soluble (inulobiose and DP3 oligosac-
charides as product; 72 % yield) and immobilized endoinulinases (higher content of 
inulobiose; 83 % yield) using batch fermentation (Yun et al.  1997a ). Immobilized 
system has also been applied for the production of inulo-oligosaccharides using 
immobilized enzymes or enzyme-producing whole cells. Continuous production of 
inulo-oligosaccharides (83 % yield) has been achieved using immobilized endoinu-
linases produced by  Pseudomonas  sp. and inulin as substrate (Yun et al.  1997b ). 
Continuous production of inulo-oligosaccharides (82 % yield) has also been 
reported using immobilized polystyrene-bound endoinulinase and chicory juice as 
substrate for 28 days at 55 °C (Yun et al.  2000 ). The inulo-oligosaccharide with DP2 
to DP4 and DP2 to DP8 was produced at 45 °C after 72 h with partially purifi ed 
(pH 6.0 and 50 % yield) and purifi ed (pH 5.0, 70 % yield)  A. fi cuum  endoinulinase, 
respectively, using 50 g L −1  inulin and enzyme concentration of 10 U g −1  substrate 
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(Zhengyu et al.  2005 ).  Pseudomonas mucidolens  endoinulinase gene expressed on 
 Saccharomyces cerevisiae  cell surface resulted in hydrolysis of inulin (Jerusalem 
artichoke) with 2.31 U mL −1  of activity at temperature of 50 °C and pH of 7.0 and 
formation of inulotetraose (F4) as major product along with inulobiose (F2), 
 inulotriose (F3), and inulopentaose (F5) formation (Kim et al.  2008 ).    Similarly, 
 K. marxianus  CBS 6556 endoinulinase gene  INU1  which has been expressed on 
citric acid producing  Yarrowia lipolytica  hydrolyzed 77.9 % inulin and resulted in 
formation of inulin- oligosaccharides (mono-, di-, and minor tri-) at 50 °C, pH 4.5 
with initial 12 % inulin concentration and inulinase activity of 181.6 U g −1  within 
10 h of incubation (Liu et al.  2010 ).    

10.8     Malto-oligosaccharides 

    Malto-oligosaccharides (MOS) are low sweeteners with properties like antistaling 
effect on bread, high water holding capacity, and preventing sucrose crystallization. 
   Although α-amylases produce maltose or glucose from starch, some of the micro-
bial α-amylases lead to the production of malto-oligosaccharides which may have 
their applications in MOS containing syrups (   Park  1992 ). 

10.8.1     Method of Production 

10.8.1.1     Enzyme Involved 

 The following are enzymes which play a role in the production of 
malto-oligosaccharides:

    1.    α-Amylase (EC 3.2.1.1; 1 → 4-α- D -glucanohydrolase or endoamylase) results in 
the hydrolysis of starch by cleaving α- D -(1 → 4) glycosidic linkages, thereby 
producing specifi c or mixed malto-oligosaccharides.   

   2.    α-Amylase (EC 3.2.1.2) results in the hydrolysis of starch by formation of  maltose, 
followed by transglucosylation of maltose using α-glucosidase (EC 3.2.1.20).   

   3.    Cyclodextrin glucanotransferase (CGTase) results in the formation of β-malto- 
oligosaccharides through glycosylation of bioactive tocopherols and isofl avones.      

10.8.1.2     Process 

 Microbial amylases have been produced by  Bacillus  sp. (Nagarajan et al.  2006 ), 
 Brachybacterium  sp. (Doukyu et al.  2007 ),  Marinobacter  sp. (Kumar and Khare  2012 ), 
etc. for the synthesis of MOS. The transformation of maltose into isomalto- 
oligosaccharide using α-glucosidase from  Xanthophyllomyces dendrorhous  has been 
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reported (Fernández-Arrojo et al.  2007 ). The production of α-amylases has also been 
carried out using agro-industrial waste/by-products, such as sugarcane molasses, 
cheese whey, rice husk, and wheat bran (Babu and Satyanarayana  1995 ; Baysal et al. 
 2003 ; Sodhi et al.  2005 ).  B. subtilis  has been reported to produce α-amylases on sugar-
cane bagasse hydrolysate (Nagarajan et al.  2006 ; Rajagopalan and Krishnan  2008 ). 

 Immobilized  Penicillium lilacinum  dextranase on Eupergit C resulted in isomalto- 
oligosaccharides production with 90 % relative activity up to 20 batch reactions 
(Aslana and Tanriseven  2007 ). A sandwich-structured enzyme membrane reactor 
has been used to convert maltose into isomalto-oligosaccharide with 100 % conver-
sion and 58 % yield (Zhang et al.  2010 ). Transglucosidase producing  A. niger  has 
been reported to form various MOS (DP 2–8) from mixture of maltoheptaose and 
[U– 13 C] maltose (Ota et al.  2009 ). The synthesis of β-malto-oligosaccharides has 
also been carried out from glycitein and daidzein using  Lactobacillus delbrueckii  
and cyclodextrin glucanotransferase (CGTase) by sequential glycosylation 
(Shimoda and Hamada  2010 ). Similarly, β-malto-oligosaccharides as tocopherol 
derivatives were synthesized by glycosylation of α- and δ-tocopherols using 
 Klebsiella pneumoniae  and CGTase (Shimoda et al.  2009 ).    

10.9     Xylo-oligosaccharides 

 Xylo-oligosaccharides (XOS) are sugar oligomers made up of xylose units and are 
present naturally in bamboo shoots, fruits, vegetables, milk, and honey. Xylo- 
oligosaccharides are nondigestible food ingredients having lower degree of 
 polymerization (DP) and are commercially produced during the hydrolysis of 
xylan, the main component of the plant hemicelluloses (Brienzo et al.  2010 ). The 
composition and structure of the XOS depend upon the source and the production 
process. Generally, XOS are mixtures of oligosaccharides formed by xylose resi-
dues linked through β-1 → 4 linkages. The number of xylose residues involved in 
their formation can vary from two to ten, and depending upon the number of xylose 
residues, they are known as xylobiose, xylotriose, and so on. The sweetness of 
xylobiose is equivalent to 30 % that of sucrose and possesses no off-taste or  off-odor. 
In addition to the health effects, XOS present interesting physicochemical proper-
ties; they are moderately sweet and stable over a wide range of pH and temperatures 
and have organoleptic characteristics suitable for incorporation into foods 
(Barreteau et al.  2006 ). 

10.9.1     Method of Production 

 Xylo-oligosaccharide production from xylan containing biomass is accomplished 
by xylanase which hydrolyzes β-1 → 4 glycosidic linkages in xylan. 
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10.9.1.1     Enzyme Involved 

 In nature, xylanolytic enzyme systems consist of following types:

    1.    Endoxylanase (EC 3.2.1.8)   
   2.    β- D -xylosidases (EC 3.2.1.37)   
   3.    Debranching enzymes, esterases (EC 3.1.1.72)      

10.9.1.2    Process 

 For the production of XOS, the enzyme complex should have low exoxylanase or 
β-xylosidase activity. Enzyme with high exoxylanase or β-xylosidase activity pro-
duces high amount of xylose which causes inhibition in XOS production (Vazquez 
et al.  2002 ). A variety of microorganisms are reported to produce endoxylanases 
that can degrade β-1 → 4 xylan in a random fashion, yielding a series of linear and 
branched oligosaccharide fragments. These enzymes have been widely detected in 
fi lamentous fungi, namely,  Aspergillus  sp.,  Trichoderma  sp.,  Penicillium  sp., and 
 Thermomyces lanuginosus  (Akpinar et al.  2009 ). Bacterial strains that are known to 
produce endoxylanase include  Bacillus halodurans  (Lin et al.  2011 ), 
 Cellulosimicrobium  sp. (Kim et al.  2009 ),  Streptomyces  sp. (Puchart and Biely 
 2008 ), and  B. subtilis  (Yuan et al.  2005 ). Yeasts have also been reported to produce 
xylanases and this group includes  Malbranchea fl ava  (Sharma et al.  2010 ), 
 Pseudozyma hubeiensis  (Bastawde et al.  1994 ), and  Pichia stipitis  (Yang et al. 
 2011 ). Most of the xylanases known to date are optimally active at temperatures 
below 50 °C and are active in acidic or neutral pH (Ryan et al.  2003 ). Investigation 
on novel sources of bacterial xylanase producers, which display high optimal 
 xylanase activity and stability in more drastic conditions, is still in progress. 
Moreover, wide-scale industrial application of xylanase requires their cost-effective 
production to make the process economically viable. Annually, large quantities of 
lignocellulosic wastes are generated through industrial processes. There are many 
studies regarding the production of xylanases using waste biomass such as wheat 
bran, oat bran, rice straw, and corncobs. 

 Rice straw as an agricultural residue has the highest dry weight percentage of 
xylan, 24.5 %, and thus would appear to present a high potential for XOS produc-
tion under optimized pretreatment processes. Other feed stocks having more than 
20 % of xylan, such as beech, corn stover, bagasse, tobacco stalk, cotton stalk, 
 sunfl ower stalk, wheat straw, switch grass, and big blue stem, also have great poten-
tial for XOS production. Corncob XOS were produced after enzymatic hydrolysis 
with a cumulative yield of 67.7 g/100 g (based on xylan in raw material), and the 
purity of xylo-oligosaccharides was over 70 g/100 g (   Yang et al.  2005 ). Xylo- 
oligosaccharides have also been successfully isolated from hardwood xylan 
(Nishimura et al.  1998 ), delignifi ed cottonseed residual cake (Sun et al.  2002 ). 
In another study, XOS was extracted from corncob xylan by acid hydrolysis. HPLC 
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analysis of hydrolysate revealed increased production of XOS with time, but 
 prolonged incubation resulted in higher amount of xylose (Samanta et al.  2012 ). 
The autohydrolysis of  Eucalyptus globulus  wood, corncobs, rice husks, and barley 
husks resulted in sugar oligomers, xylo-oligosaccharides, monosaccharides, acetyl 
and uronic acid substituents of oligomers, free acetic acid, furfural, Folin-Denis 
phenols, and other compounds (Parajo et al.  2004 ). Among different agricultural 
wastes, namely, tobacco stalk, cotton stalk, sunfl ower stalk, and wheat straw, exam-
ined for the production of xylo-oligosaccharide, the best xylan conversion into XOS 
was achieved with 0.25 M H 2 SO 4  with 30-min reaction time followed by enzymatic 
hydrolysis (Akpinar et al.  2009 ).    

10.10     Applications of Prebiotics 

 Prebiotics, a nondigestible oligosaccharide, have various food and non-food 
 applications in different sectors including feed, agriculture, and pharmaceutical 
(Fig.  10.2 ). These molecules serve as substrate for probiotic bacteria, thereby, leading 
to selective enhancement of their growth, which in turn provides health benefi ts to 
the host. The various associated health benefi ts and applications of prebiotics have 
been discussed in subsequent sections.

10.10.1       Functional Foods 

 The health effects imparted by oligosaccharides make them active ingredients of 
“functional foods” which are similar in appearance to conventional foods that are 
consumed as part of a normal diet and have physiological benefi ts and/or reduce the 
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  Fig. 10.2    Potential applications of prebiotics       
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risk of chronic disease beyond basic nutritional functions (Clydesdale  1997 ). 
As food ingredients, prebiotics have an acceptable odor and are noncarcinogenic and 
low caloric, allowing their utilization in anti-obesity diets (Toshio et al.  1990 ; 
Kazumitsu et al.  1997 ). Besides this, lactulose is also incorporated in infant formulas 
to stimulate health-benefi cial microfl ora like bifi dobacterium (Nagendra et al.  1995 ).  

10.10.2     Gastroenterological Effects 

 Prebiotics, such as lactulose, FOS, and GOS, have laxative effects (Roberfroid  1993 ), 
with lactulose in particular being well established as a treatment for constipation 
(Schumann  2002 ). Lactulose increases the water content and volume of the stools in 
the bowel, making them softer and easier to pass, thereby preventing constipation.  

10.10.3     Regulation of Lipid Metabolism 

 Nowadays, lowering of the triglyceride levels in the blood is of major concern. The 
deposition of cholesterol in the arterial wall may lead to atherosclerosis and coronary 
heart disease. Prebiotics such as galacto-oligosaccharides and xylo- oligosaccharides 
are reported to lower the serum cholesterol and triglyceride level, respectively, in 
animals (Chonan et al.  1995 ;    Beylot  2005 ).  

10.10.4     Absorption of Minerals 

 Minerals play an important role in various biosynthetic pathways, hardness of the 
bone, and overcoming various diseases like anemia (Heaney  1996 ). Mostly, calcium 
is stored in bone and Mg 2+  salts are responsible for the hardness of bones (Rude 
 1996 ). The fermentation of prebiotics lowers the pH in the intestine, thereby helping 
in the increased absorption of various minerals, such as Mg 2+ , Fe 2+ , and Ca 2+ . 
Therefore, prebiotics can have benefi cial effect in the prevention of osteoporosis 
and osteopenia (   Amarowicz  1999 ; Murosaki et al.  1999 ).  

10.10.5     Cancer Prevention 

 Intake of prebiotics can help in suppressing chemically induced colorectal cancer 
and precancerous colon lesions (Pierre et al.  1997 ; Hsu et al.  2004 ). Short-chain 
fatty acid, such as butyrate, has protective action in the colon by preventing tumor 
growth and cell differentiation and upregulates apoptosis (Reddy  1999 ).  
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10.10.6     Immunity Enhancement 

 Prebiotics have infl uential role on the immune system, microbial composition, and 
metabolic product formation in the gastrointestinal tract. They provide both nonspe-
cifi c (physical barrier against toxins and pathogens) and specifi c (gut-associated 
lymphoid tissue) protection and improve resistance against infection (Watzl et al. 
 2005 ). Colonic microbiota is helpful in tolerance to bacterial and dietary antigens 
(Roller et al.  2004 ). Immunological effects, such as increased level of mucosal 
immunoglobulin production, mesenteric lymph nodes, Peyer’s patches, and altered 
cytokine formation and lymphocyte numbers, have been reported as an effect of 
prebiotic intake in the diet (Schley and Field  2002 ).   

10.11     Market Demand of Prebiotics 

 Foods containing prebiotics are a growing segment in the world market due to their 
benefi cial effects on human health (Fig.  10.3 ). They are known to provide specifi c 
health benefi ts, hence belong to a special class of foods known as functional foods. 
For this reason, there has been a rapid market growth in recent years all over the 
world. This is particularly applicable for XOS, having a selling price of 2,500 yen/kg 
in Japanese market, the highest among 13 different types of oligosaccharides 
(Stanton et al.  2001 ). The current largest world market for functional foods is the 
United States, followed by Europe and Japan, while Germany, France, United 
Kingdom, and the Netherlands represent the most important countries within the 

  Fig. 10.3    Global production status of different prebiotics ( Source : Singh and Singh  2010 ; 
Reproduced with permission)       

 

P.S. Panesar et al.



253

functional food market in Europe. According to Global Industry Analysts (GIA) 
report, by 2015, the US and European prebiotic market will reach nearly $225 
 million and $1.12 billion, respectively, mainly impacted by prebiotic meat and 
snack food products (Neutraceuticals world  2010 ). Inulin will contribute a major 
portion (35 %) due to its textural resemblance with fats followed by mannan oligo-
saccharide (25 %) and fructan oligosaccharides (10 %) as natural sweeteners 
(Watson  2011 ). There is yet an unfulfi lled potential in the world market for emerging 
prebiotics in terms of their production and purifi cation that can be optimized from 
cellulosic biomass pretreatments.

10.12        Summary 

 Worldwide awareness of consumers towards diet and health has opened up new 
opportunities for food industries in research and development of functional foods. 
Foods that contain pre- and probiotics are getting special attention of consumers and 
are potentially exciting component of the food market. Different prebiotics can be 
used for the fortifi cation of different food products for the designing of functional 
foods for the special target groups. Prebiotics support the growth of benefi cial 
 bacteria, thereby adding up to potential health and nutritional benefi ts. These com-
pounds are associated with prevention and treatment of various chronic diseases, 
such as constipation, hepatic encephalopathy, and cancer. However, to improve the 
economics of prebiotic production, technologies based on bio-utilization of 
 agro- industrial waste/by-products (whey, wheat and rice straw, sugarcane bagasse, etc.) 
need to be further strengthened.     
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11.1            Introduction 

 The agro-processing industry generates large amount of waste in the form of peels, 
kernels and pulp. The disposal of residues in open spaces or in municipal bins 
enhances environmental pollution problems (Babbar et al.  2011 ). The best option is, 
therefore, the recovery of phytochemicals/bioactive compounds from such agro- 
processing residues which could be used in food, cosmetic and pharmaceutical 
industry. Due to legislation and environmental reasons, the industry is more and 
more forced to fi nd an alternative use for the residual matter. The recovery of bioac-
tive compounds is an elegant way to reuse waste streams, while being economically 
interesting on the other hand. 

 Bioactive compounds are extra nutritional constituents that occur naturally in 
small quantities in plant and food products (Kris-Etherton et al.  2002 ). Some of the 
bioactive compounds are also responsible for bitterness and astringency in foods. 
These compounds are present in leaves, stems, roots, tubers, buds, fruits, vegeta-
bles, seeds, peels, fl owers and plant-derived foods and drinks (such as tea, coffee, 
alcoholic beverages) and are essential for growth, maintenance and repair of the 
body. Most common bioactive compounds include secondary metabolites such as 
antibiotics, mycotoxins, alkaloids, food grade pigments, plant growth factors and 
phenolic compounds (Holker et al.  2004 ; Kris-Etherton et al.  2002 ). Among these, 
few pigments and phenolic compounds are of interest. In the past few years, many 
food bioactive constituents have been commercialized in the form of pharmaceuti-
cal products (pills, capsules, solutions, gels, liquors, powders, granules, etc.) that 
incorporate food extracts or phytochemical-enriched extracts to which a benefi cial 
physiological function has been directly or indirectly attributed. This range of 

    Chapter 11   
 Potential of Agro-residues as Sources 
of Bioactive Compounds 

                           Neha     Babbar     and     Harinder     Singh     Oberoi    

        N.   Babbar •       H.  S.   Oberoi      (*) 
  Central Institute of Post Harvest Engineering and Technology , 
  P.O. PAU ,  Ludhiana   141 004 ,  Punjab ,  India   
 e-mail: hari_manu@yahoo.com  



262

products cannot be truly classifi ed as “food”, and a new hybrid term between 
nutrients and pharmaceuticals “nutraceuticals” has been coined to designate them. 
Nutraceuticals are diet supplements that deliver a concentrated form of a presumed 
bioactive agent from a food, presented in a non-food matrix, and used with the pur-
pose of enhancing health in dosages that exceed those that could be obtained from 
normal foods (Zeisel  1999 ). This type of health-promoting product is getting popu-
lar among health-conscious consumers, and thus, a large list of nutraceuticals con-
taining phytochemicals is now available in the market. For example, the carotenoid 
lycopene, alliaceae (garlic, onion) extracts containing sulphur derivatives (i.e. alliin 
and allicin), glucosinolate extracts and phytosterol extracts are widely commercial-
ized products. Some of the most common phytochemicals found in the nutraceutical 
market are carotenoids; polyphenols such as anthocyanins, proanthocyanidins, fl a-
vonols stilbenes, hydroxycinnamates, coumarins, ellagic acid (EA) and ellagitan-
nins (ETs); isofl avones; and lignans.  

11.2     Toxicity of Synthetic Antioxidants 

 In recent times, natural antioxidants have raised considerable interest among nutri-
tionists, food manufacturers and consumers because of their presumed safety and 
potential therapeutic value. In food industry, synthetic antioxidants are used to pre-
vent lipid peroxidation and oxidation of food constituents. Tert-butyl hydroxyani-
sole (BHA), tert-butyl hydroxytoluene (BHT), tert-butyl hydroquinone (TBHQ) 
and propyl gallate (PG) are the commonest synthetic phenolic antioxidants used in 
edible oils or lipid-based foods in order to prevent oxidative rancidity. However, the 
safety and toxicity of synthetic antioxidants have raised important concerns because 
such materials may cause liver swelling and infl uence liver enzyme activities and 
carcinogenicity (Jayaprakasha et al.  2003 ). Reports have also revealed that BHA 
and BHT could be toxic (Sherwin  1990 ). Moreover, the synthetic antioxidants show 
low solubility and moderate antioxidant activity, and therefore, strong restrictions 
have been placed on their applications. Hence, considerable interest has been shown 
in the use of natural antioxidants which are likely to have properties that can be 
exploited by food and pharmaceutical industry. The replacement of synthetic anti-
oxidants by natural ones may have benefi ts due to health implications and function-
ality, such as solubility in both oil and water.  

11.3     Free Radicals 

 A free radical can be defi ned as any molecular species capable of independent exis-
tence that contains an unpaired electron in an atomic orbital. The presence of an 
unpaired electron results in certain common properties that are shared by most radi-
cals. Many radicals are unstable and highly reactive. They can either donate an 
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electron to or accept an electron from other molecules, therefore behaving as 
oxidants or reductants (Becker et al.  2004 ) The most important oxygen-containing 
free radicals in many disease states are hydroxyl radical, superoxide anion radical, 
hydrogen peroxide, oxygen singlet, hypochlorite, nitric oxide radical and peroxyni-
trite radical. Free radicals attack important macromolecules leading to cell damage 
and homeostatic disruption. Targets of free radicals include all kinds of molecules 
in the body. Among them, lipids, nucleic acids and proteins are the major targets 
(Ratnam et al.  2006 ). 

11.3.1     Production of Free Radicals 

 Free radical reactions are expected to produce progressive adverse changes that 
accumulate with age throughout the body. Such “normal” changes with age are rela-
tively common to all. However, superimposed on this common pattern are patterns 
infl uenced by genetics and environmental differences that modulate free radical 
damage. These are manifested as diseases at certain ages determined by genetic and 
environmental factors. Cancer and atherosclerosis, two major causes of death, are 
salient “free radical” diseases. Cancer initiation and promotion is associated with 
chromosomal defects and oncogene activation. It is possible that endogenous free 
radical reactions, like those initiated by ionizing radiation, may result in tumour 
formation. The highly signifi cant correlation between consumption of fats and oils 
and death rates from leukaemia and malignant neoplasia of the breast, ovaries and 
rectum among persons over 55 years may be a refl ection of greater lipid peroxida-
tion (   Scalbert et al.  2005a ,  b ). Studies on atherosclerosis reveal the probability that 
the disease may be due to free radical reactions involving diet-derived lipids in the 
arterial wall and serum to yield peroxides and other substances.   

11.4     Antioxidants 

 The word “antioxidant” is increasingly popular in modern society as it gains public-
ity through mass media coverage of its health benefi ts. The dictionary defi nition of 
antioxidant is rather straightforward but with a traditional annotation (Huang et al. 
 2005 ): “a substance that opposes oxidation or inhibits reactions promoted by oxy-
gen or peroxides, many of these substances (as the tocopherols) being used as pre-
servatives in various products (as in fats, oils, food products, and soaps for retarding 
the development of rancidity, in gasoline and other petroleum products for retarding 
gum formation and other undesirable changes, and in rubber for retarding aging)”. 
A more biologically relevant defi nition of antioxidants is “synthetic or natural sub-
stances added to products to prevent or delay their deterioration by action of oxygen 
in air. In biochemistry and medicine, antioxidants are enzymes or other organic 
substances, such as vitamin E or β-carotene, that are capable of counteracting the 
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damaging effects of oxidation in animal tissues”. The biologically relevant defi ni-
tion fi ts better to the concept of antioxidants known to the general public as people 
are more aware of their health than prevention of autoxidation. In food science, 
antioxidants have a broader scope, in that they include components that prevent fats 
in food from becoming rancid as well as dietary antioxidants “a substance in foods 
that signifi cantly decreases the adverse effects of reactive species, such as reactive 
oxygen and nitrogen species, on normal physiological function in humans”, as 
defi ned by the Institute of Medicine. Like the other defi nitions, this defi nition does 
not provide limitation on the mechanism(s) of antioxidant action. Therefore, a 
dietary antioxidant can (sacrifi cially) scavenge reactive oxygen/nitrogen species 
(ROS·/RNS · ) to stop radical chain reactions, or it can inhibit the reactive oxidants 
from being formed in the fi rst place (preventive). Dietary antioxidants often broadly 
include radical chain reaction inhibitors, metal chelators, oxidative enzyme inhibi-
tors and antioxidant enzyme cofactors. A typical autoxidation, initiated by an azo 
compound, and the action of its inhibitors include the following elementary steps 
(assuming one antioxidant scavenges two radicals and oxygen is in large excess, 
R 2 N 2  azo compound, LH substrate; AH antioxidant):   

 Initiation 
 R 2 N 2  → 2R· + N 2   (1) 
 R· + O 2  → ROO·  (2) 
 ROO· + LH → ROOH + L·  (3) 

 Propagation 
 L· + O 2  → LOO· .   (4) 
 LOO· + LH → LOOH + L·  (5) 

 Inhibition 
 LOO· + AH → LOOH + A·  (6) 

 Termination 
 A· + ( n  − 1) LOO· → Nonradical products  (7) 
 LOO· + LOO· → Nonradical products  (8) 

11.4.1       Scavenging Effects of Bioactive Compounds 
on Free Radicals 

 Reactive oxygen species and nitrogen species, the so-called free radicals, are highly 
reactive molecules constantly produced through numerous biological reactions like 
mitochondrial respiratory chain and any infl ammatory condition inevitably lead to 
an increased oxidative burden. The release of reactive oxygen species by macro-
phages is part of the body’s defence mechanism (Hensley and Floyd  2002 ). The 
organism has different antioxidant defence mechanisms against ROS· including 
numerous enzymes (catalase, superoxide dismutase, glutathione reductase, glutathione 
peroxidase), small antioxidant molecules (uric acid, glutathione, albumin, 
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protein–SH groups, bilirubin) and certain vitamins (ascorbic acid, α-tocopherol) as 
well as carotenoids (Halliwell and Gutteridge  1990 ) which have the capacity to 
neutralize free radicals acting in concert (Yeum et al.  2004 ). Depleted antioxidant 
defences can lead to oxidative stress, that is, imbalance between the rates of produc-
tion and release of free radicals, increasing the likelihood of damage to other mol-
ecules. Reactive oxygen species is capable of oxidation of a variety of biomolecules, 
such as enzymes, proteins, DNA and lipids (Hansberg  2002 ). Oxidative stress is 
responsible for the development of chronic degenerative diseases including coro-
nary heart disease, cancer and the degenerative processes associated with aging 
(Benzie  2000 ). The initial step for atherosclerosis development, leading to heart 
disease and stroke, is thought to be because of oxidized LDL. The plaques that 
obstruct arterial fl ow and cause cardiovascular disease are laid down by macro-
phages engorged with oxidized LDL (foam cells). Oxidized bases in DNA are 
potentially mutagenic and so are implicated in the process of carcinogenesis. 
Diabetes mellitus is associated with oxidative damage to biomolecules (Willcox 
et al.  2004 ). Therefore, diet-derived antioxidants could be important in the protec-
tion against chronic diseases (Park et al.  2003 ). It has been suggested that a high 
intake of fruits and vegetables, the main sources of antioxidants in the diet, could 
decrease the potential stress caused by ROS· via a number of mechanisms, including 
the protection of target molecules (lipids, proteins and nucleic acids) from oxidative 
damage, suppressing the infl ammatory response and modulating vascular homeo-
stasis (Law and Morris  1998 ).  

11.4.2     Mode of Action of Antioxidant 

 The antioxidants acting in the defence systems act at different levels such as preven-
tive, radical scavenging, repair and de novo and the fourth line of defence, i.e. the 
adaptation. 

  The fi rst line of defence  is the preventive antioxidants, which suppress the forma-
tion of free radicals. Although the precise mechanism and site of radical formation in 
vivo are not well elucidated yet, the metal-induced decompositions of hydroperox-
ides and hydrogen peroxide must be one of the important sources. To suppress such 
reactions, some antioxidants reduce hydroperoxides and hydrogen peroxide before-
hand to alcohols and water, respectively, without generation of free radicals and some 
proteins sequester metal ions. Glutathione peroxidase, glutathione-s- transferase, 
phospholipid hydroperoxide glutathione peroxidase (PHGPX) and peroxidase are 
known to decompose lipid hydroperoxides to corresponding alcohols. PHGPX is 
unique in that it can reduce hydroperoxides of phospholipids integrated into biomem-
branes. Glutathione peroxidase and catalase reduce hydrogen peroxide to water. 

  The second line of defence  is the antioxidants that scavenge the active radicals to 
suppress chain initiation and/or break the chain propagation reactions. Various 
endogenous radical-scavenging antioxidants are known: some are hydrophilic 
and others are lipophilic. Vitamin C, uric acid, bilirubin, albumin, and thiols are 
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hydrophilic, radical-scavenging antioxidants, while vitamin E and ubiquinol are 
lipophilic radical-scavenging antioxidants. Vitamin E is accepted as the most potent 
radical- scavenging lipophilic antioxidant. 

  The third line of defence  is the repair and de novo antioxidants. The proteolytic 
enzymes, proteases and peptidases, present in the cytosol and in the mitochondria of 
mammalian cells, recognize, degrade and remove oxidatively modifi ed proteins and 
prevent the accumulation of oxidized proteins. 

 There is another important function called adaptation where the signal for the 
production and reactions of free radicals induces formation and transport of the 
appropriate antioxidant to the right site (Benzie and Strain  1996 ).  

11.4.3     Methods for Measuring Antioxidant Activity 

 There are numerous published methods claiming to measure total antioxidant 
capacity in vitro. Ironically, the biggest problem is the lack of a validated assay that 
can reliably measure the antioxidant capacity of foods and biological samples. 
Several reviews have been published, and the opinions vary considerably. There 
seems to be no consensus of opinions, most probably due to the fact that the area 
of antioxidants is such a complex topic. On the basis of the chemical reactions 
involved, major antioxidant capacity assays can be roughly divided into two cate-
gories: (1) hydrogen atom transfer (HAT) reaction-based assays and (2) single 
electron transfer (ET) reaction-based assays. The ET-based assays involve one 
redox reaction with the oxidant (also as the probe for monitoring the reaction) as 
an indicator of the reaction endpoint. Most HAT-based assays monitor competitive 
reaction kinetics, and the quantitation is derived from the kinetic curves. HAT-
based methods generally are composed of a synthetic free radical generator, an 
oxidizable molecular probe and an antioxidant. HAT- and ET-based assays 
are intended to measure the radical (or oxidant) scavenging capacity, instead of the 
preventive antioxidant capacity of a sample (Huang et al.  2005 ). Table  11.1  lists 
the major antioxidant activity assays involving the electron transfer.    A desirable 
method for evaluating the antioxidant activity should be rapid, should be reproduc-
ible, should require small amounts of chemicals and should not be infl uenced by 
the physical properties of the matrix. Two methods commonly used to evaluate 
antioxidant activities are DPPH and ABTS assays, which use DPPH and ABTS as 
free radical generators, respectively. Methods like ABTS +  (radical cation of 
2,2-azinobis-3-ethylbenzothiozoline-6- sulphonate) and DPPH (2,2-diphenil-
1-picrylhydrazyl) radical have been developed for determining the scavenging 
activity with different challengers, such as superoxide radical (O 2  · ), hydroxyl 
(OH · ), nitric oxide (NO · ) and alkylperoxyl radicals. The mechanism involved in 
both methods is similar as the absorption spectra of the free radical changes when 
molecule is reduced by an antioxidant or free radical species. Some fi ndings have 
suggested that the ABTS assay is better than DPPH as ABTS is soluble in water 
and organic solvents and it reacts relatively rapidly compared to DPPH. Trolox 
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(6-hydroxy-2,5,7,8-tetramethylchroman-2- carboxylic acid, a water-soluble vita-
min E analogue) equivalent antioxidant capacity (TEAC) has been used to deter-
mine the hierarchy of radical-scavenging abilities of phenolic compounds as 
electron or H donating agents through determination of their ability to scavenge 
ABTS radical/DPPH radical (Rice-Evans and Miller  1998 ). The assay is based on 
the discolouration of ABTS/DPPH by antioxidant compounds, thus refl ecting the 
amount of ABTS/DPPH radicals that are scavenged within a fi xed period of time 
in relation to that of trolox. Colour interference of the DPPH assay with samples 
that contain anthocyanins leads to under estimation of the antioxidant activity. 
However, this problem does not occur with the ABTS assay. Oxygen radical absor-
bance capacity (ORAC) is another method used to measure antioxidant capacity in 
vitro. This method is based on inhibition of peroxyl radical- induced oxidation ini-
tiated by thermal decomposition of azo compounds, such as 2,2-azobis (2-amidino 
propane) dihydrochloride (AAPH). The antioxidants react with peroxyl radicals 
and delay the degradation of fl uorescein, a fl uorescent probe.    The ORAC method 
uses biologically relevant free radicals, integrates both time and degree of antioxi-
dant activity into one data value, and is readily adaptable to a high- throughput 
assay system. The advantage of ORAC method is its ability to assay both hydro-
philic and lipophilic antioxidants, which results in better measurements of total 
antioxidant activity (Prior et al.  2003 ).

   The total radical-trapping antioxidant parameter (TRAP) assay has also been 
widely used (Ghiselli et al.  2000 ). These assays differ from each other in terms of 
substrates, probes, reaction conditions and quantifi cation methods. Crocin bleach-
ing assay (CBA) is a new method for determination of antioxidant capacity. In CBA, 
addition of hydrogen to the conjugated double bonds of crocin results in reduction 
of crocin and increase in the absorbance at 440 nm, which is considered as a measure 

   Table 11.1    In vitro antioxidant activity assays   

 Assays involving hydrogen atom transfer reactions 

 ROO· + AH → ROOH + A +  

 ROO· + LH → ROOH + L +  

 ORAC (oxygen radical absorbance capacity) 
 TRAP (total radical-trapping antioxidant parameter) 
 Crocin bleaching assay 
 IOU (inhibited oxygen uptake) 
 Inhibition of linolenic oxidation 
 Inhibition of LDL oxidation 

 Assays by electron transfer reactions 
 M( n ) + e (from AH) → AH ++  + M( n  − 1) 

 TEAC (trolox equivalent antioxidant capacity) 
 FRAP (ferric ion reducing antioxidant parameter) 
 DPPH (diphenyl-1-picrylhydrazyl) 
 Copper (II) reduction capacity 
 Total phenol assay by Folin–Ciocalteu reagent 

 Other assays  TOSC (total oxidant scavenging capacity) 
 Inhibition of Briggs–Rauscher oscillation reaction 
 Chemiluminescence 
 Electro-chemiluminescence 

  LH-substrate, AH-antioxidant  
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of antioxidant potential. In CBA, deletion of the hydrogen atoms and/or addition of 
a radical to the crocin(s) results in a disruption of the conjugated double bonds of its 
polyene backbone, thus bleaching of the solution (Bathaie et al.  2011 ). The same 
authors concluded that CBA is a simple and useful method for determination of 
antioxidant potential of aqueous samples. In addition, the CBA ability to distinguish 
the samples that contain bilirubin or high uric acid content is helpful in clinical 
laboratories. 

 Peroxynitrite (ONOO−) scavenging capacity assay is also another useful method 
to determine peroxynitrous acid (ONOOH) which is a very strong oxidant. Under 
physiological conditions, peroxynitrite also forms an adduct with carbon dioxide 
dissolved in body fl uid. The adduct is believed to be responsible for the oxidative 
damage of proteins (   Squadrito and Pryor  2002 ). 

 Previous studies have reported correlations among antioxidant activities measured 
by different methods (Awika et al.  2005 ; Babbar et al.  2011 ). In our previous study 
(Babbar et al.  2011 ), we observed a signifi cant correlation between DPPH and ABTS 
( r  2  − 0.91) for different fruit residues. In another study, the  r  2  values for correlation 
between ORAC and ABTS and ORAC and DPPH were 0.99 and 0.98, respectively, 
in case of sorghum grains (Awika et al.  2003 ). Although, it is not possible to arrive at 
a single most effi cient assay method which is simple, cheap, accurate and precise, we 
feel that the antioxidant capacity should be determined by at least two methods so 
that more of the types of antioxidants measured by different methods provide a reli-
able antioxidant profi le and precise and accurate values are reported for the 
compound.   

11.5     Bioactive Compounds as Important Antioxidants 

 Many of the bioactive compounds are strong antioxidants, i.e. they slow or prevent 
the oxidation of other chemicals. Oxidation reactions can involve the production of 
free radicals, which can form dangerous chain reactions. Bioactive compounds 
from agro-residues vary widely in chemical structure and function and are grouped 
accordingly (Kris-Etherton et al.  2002 ). Important bioactive compounds from agro- 
residues include phytochemicals, viz. phenolic compounds, carotenoid and tocoph-
erols. Table  11.2  shows the important bioactive compounds present in agro-residues 
and their mode of action.

11.5.1       Phytochemicals 

 They are pronounced as “fi ght-o-chemicals”, i.e. they fi ght to protect health. 
Phytochemicals naturally occur in fruit and vegetables that work together with vita-
mins, minerals and fi bre to promote health benefi ts in many ways. Phytochemicals 
that are present in the diet and have been associated with health benefi ts include 
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glucosinolates, sulphur-containing compounds of the alliaceae, terpenoids (carot-
enoids, monoterpenes) and various groups of polyphenols (anthocyanins, fl avones, 
fl avan-3-ols, isofl avones, stilbenoids, ellagic acid, etc.). The bioactivity of these 
phytochemicals has been, to some extent, associated to their antioxidant properties, 
i.e. capacity to scavenge free radicals which are involved in the onset of many of 
chronic degenerative diseases (LDL oxidation in atheroma plaque development, 
DNA oxidation and cancer, oxidation and ageing, infl ammation, etc.). 

11.5.1.1     Phenolic Compounds 

 Polyphenols are secondary plant metabolites that are derived through pentose phos-
phate, shikimate and phenylpropanoid pathways. Phenolic compounds are found 
predominantly in the by-products than in the edible portions as they tend to accumu-
late in the dermal tissues of plant body because of their potential role in the protec-
tion against UV rays, as attractants in fruit dispersal and also as defence chemicals 
against pathogens. Phenolics may act as phytoalexins (Popa et al.  2008 ), antifeed-
ants, attractants for pollinators, contributors to plant pigmentation, antioxidants and 
protective agents against UV light (Naczk and Shahidi  2006 ). Polyphenolic com-
pounds are divided into several classes based on their structural diversity (Fig.  11.1 ). 
Of these, fl avonoids, phenolic acids and tannins (hydrolyzable and condensed) are 
regarded as the main dietary phenolic compounds (D’archivio et al.  2007 ).

  Fig. 11.1    The general breakdown of plant based phenols       
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   The antioxidant activity of a phenolic compound is directly proportional to its 
chemical structure. Following relationships between chemical structure and antioxi-
dant activity of phenolic compounds have been encountered:

    1.    The antioxidant potential of phenolics depends on the number and arrangement 
of the hydroxyl groups (Sang et al.  2002 ). For phenolic compounds, the more 
OH groups there are in the ring, the larger is the TEAC (trolox equivalent anti-
oxidant capacity) value (Villano et al.  2005 ).   

   2.    The contribution of the 3-OH group in fl avonoids is very signifi cant (Heijnen 
et al.  2001 ). Blocking the 3-hydroxyl group in the B ring (i.e. rutin) decreases the 
antioxidant activity (Villano et al.  2005 ).   

   3.    The presence of an ortho-dihydroxy substitution in the B ring confers higher 
stability to the radical structure and participates in electron delocalization and 
plays an important role in the antioxidant activity (Yao et al.  2004 ).     

 Phenolics have been considered powerful antioxidants in vitro (Frankel et al. 
 1995 ) and have been proved to be more potent antioxidants than vitamins E, C and 
carotenoids (Rice-Evans et al.  1997 ). The inverse relationship between fruit, vege-
table intake and risk of cardiovascular and neurodegenerative diseases, cancer, dia-
betes and osteoporosis has partially been ascribed to phenolics (Scalbert et al. 
 2005a ,  b ). Their antioxidant activity lies in their ability to donate a hydrogen or 
electron and their ability to delocalize the unpaired electron within the aromatic 
structure. They can also protect biological molecules against oxidation.  

11.5.1.2     Carotenoids 

 Carotenoids are a diverse group of over >600 different compounds that contribute to 
the yellow to red colours found in many foods. Carotenoids are polyenes consisting 
of 3–13 conjugated double bonds and up to six carbon ring structures at one or both 
ends of the molecule. Carotenoids containing oxygen are known as xanthophylls 
(e.g. lutein and zeaxanthin) while those without oxygen are known as carotenes (e.g. 
lycopene and β-carotene). The carotenoids have several potential health benefi ts. 
Lutein and zeaxanthin which are found in high concentrations in the human eye have 
been postulated to be benefi cial to age-related macular degeneration and cataracts 
(Stringham and Hammond  2005 ). Although carotenoids are generally thought to be 
benefi cial for health, clinical trials have found that large doses of β-carotene increase 
the risk of lung cancer (Bendich  2004 ). In general, carotenoids are not strong anti-
oxidants when added to food but relatively unstable in food systems because they 
are susceptible to light, oxygen and auto-oxidation (Xianquan et al.  2005 ).  

11.5.1.3     Ascorbates 

 Ascorbic acid (vitamin C) is a commonly used antioxidant in many food systems for 
maintaining organoleptic quality. In its natural forms, ascorbic acid (e.g.  L -ascorbic 
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acid and  D -isoascorbic acid) functions both as a reducing agent and as an oxygen 
scavenger. In addition, the metal-sequestering activity of ascorbic acid, which forms 
metal-ascorbate complexes that are less reactive with oxygen than with metal ions 
alone, provides antioxidant activity (Martell  1982 ). The oxygen-scavenging activity 
of ascorbic acid is effective in trapping both singlet oxygen and a superoxide anion, 
thus producing ascorbate free radicals (Zhang and Fung  1994 ). Ascorbate radicals 
so produced also react with peroxyl radicals to produce hydroperoxides (nonradical 
species) and the oxidized form of ascorbic acid, namely, dehydroascorbic acid. The 
conversion of native ascorbic acid to a salt form increases its stability and versatility 
in different food systems at the expense of biological activity. In muscle systems, 
ascorbic acid has been used to delay the formation of metmyoglobin in fresh meat 
products; it has also been used to prevent enzymatic browning in fresh fruits and 
vegetables. However,  L -ascorbic acid has been shown to be ineffective as an anti-
oxidant in poultry meat (King et al.  1995 ). The addition of ascorbates and sodium 
citrate to milk also provides protection against the loss of the lipid-soluble vitamins 
A and D. In clinical studies, ascorbic acid has been shown to prolong the survival 
of patients that have terminal cancers (Cameron and Pauling  1978 ). Vitamin C is 
one of the most popular and least toxic antioxidant of foods and has been widely 
used as a dietary supplement to prevent oxidative stress-mediated diseases (Gardner 
et al.  2002 ).  

11.5.1.4     Tocopherols 

 Several lines of evidence indicate that α-tocopherol is the most effective phenolic 
antioxidant for reducing lipid peroxidation. The hydrophobic character of 
α-tocopherol enables it to be a strong antioxidant in lipid systems, where it func-
tions as a radical scavenger and terminates the propagation of radical chain reac-
tions by reacting with peroxyl radicals and generating unreactive phenoxyl radicals 
and hydroperoxide products. Dietary supplementation with vitamin E increases the 
plasma tocopherol concentration and the potential for associated antioxidative pro-
tection. Vitamin E is transported in plasma lipoproteins, where it can exert a positive 
role against peroxidative damage. In the dynamic scheme of antioxidation reac-
tions, one mole of α-tocopherol reacts with two lipid-peroxyl radicals, yielding 14 
lipid hydroperoxides and seven oxidized tocopherol molecules. Numerous studies 
support the contention that vitamin E is involved in antioxidant defence and chronic 
disease. For example, vitamin E has been shown to delay the oxidation of low- 
density lipoproteins (LDL), implicated to be an early step in the development of 
atherosclerosis. Other clinical studies have reported that α-tocopherol, although 
important, is not the sole factor that determines the resistance of LDL to oxidative 
stress (Maiorino et al.  1995 ). The antioxidant activity of α-tocopherol has also been 
shown to reduce the cytotoxic activity of lipid peroxides in tumour cells (Maiorino 
et al.  1995 ). Higher concentrations of vitamin E can also reduce transition metals 
and produce oxy radicals from redox reactions (Iwatsuki et al.  1995 ).    
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11.6     Agro-Processing Wastes as an Important Source 
of Bioactive Compounds 

 Agricultural and industrial residues are attractive sources of natural antioxidants 
(Volf and Popa  2004 ). Some studies have already been conducted on agricultural by-
products, which could be potential sources of bioactive compounds. Lignocellulosic 
waste comprises of rice straw, wheat straw, sugarcane bagasse, sweet sorghum 
bagasse, cotton stalk, etc., which is generated in huge quantum. Lignocellulosic 
waste, such as rice straw, is burnt in the fi elds after crop harvest in many Southeast 
Asian countries, resulting in smoke clouds causing loss of biomass and environmen-
tal pollution. A schematic fl ow diagram for extraction, isolation and characterization 
of bioactive compounds from Agricultural residues is presented in Fig.  11.2 .

Agricultural residues
(crop residues, fruit & vegetable residues)

Extraction methods

Liquid extract
(solvent, PLE) 

SFE
(SPE, Co-solvent SFE) 

MAE, UAE, Enzyme aided
extraction 

Purification
(TLC, HPLC, HPTLC) 

Pure Compound 

Structural Elucidation
(LCMS, GCMS,FTIR,
H-NMR & C-NMR)   

Biochemical 
characterization

Toxicity Assays In-vivo Evaluation Chemical Studies

PLE: Pressurized liquid extraction
SFE: Supecritical fluid extraction
SPE: Solid phase extraction
MAE: Microwave assisted extraction
UAE: Ultrasonic assisted extraction

  Fig. 11.2    Schematic diagram for extraction, isolation and characterization of bioactive com-
pounds from agricultural residues       
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11.6.1       Lignocellulosic Waste 

 The agro-industrial residues mainly comprise of lignocellulosic materials and are 
poorly valorized or left to decay on land. Lignocellulosic materials (LCMs) are 
promising sources of antioxidant compounds (Domınguez et al.  2001 ). 
Lignocellulosic materials compose of cellulose, hemicellulose and lignin in varying 
concentrations depending on the nature of the biomass. The most important 
precursor of phenolic compounds from lignocellulosic waste is lignin. Lignin is a 
heterogeneous polymer of phenolic nature and is made up of three precursors: trans-
coniferyl, trans-sinapyl and trans- p -coumaryl alcohols. Gymnosperm lignins 
show predominance of guaiacyl groups, woody angiosperms lignins contain guaia-
cyl–syringyl groups, and lignins from grasses contain guaiacyl–syringyl-p - 
hydroxyphenyl groups. Partial depolymerization of lignin and lignin–hemicellulose 
linkages occurs during the hydrolytic processing of LCM (Ando et al.  2000 ). Ferulic 
and  p -coumaric acids (the most abundant hydroxycinnamic acids) are linked to ara-
binoxylans or pectins through ester bonds. In hardwoods, condensed tannins (proan-
thocyanidins) and hydrolyzable ellagitannins make also part of the phenolic fraction 
(Cadahıa et al.  2001 ), whereas acids (gallic, vanillic and ellagic) and aldehydes 
(syringaldehyde and sinapaldehyde) have also been detected (Conde et al.  1995 ). 
A selective recovery of the phenolic compounds from hydrolysates can be achieved 
by extraction with solvents such as ethyl acetate or diethyl ether. Ethyl acetate 
removes water-soluble phenolics and hemicellulose degradation products, whereas 
lignin–carbohydrate complexes remain in the aqueous phase (Bouchard et al.  1991 ). 
Phenolic compounds extracted from various LCMs are presented in Table  11.3 .

   A number of technologies are available for the mild hydrolysis of LCMs for 
production of various bioactive compounds (Amendola et al.  2012 ). Among them, 
the simplest one is autohydrolysis, wherein, the LCM is treated with water or steam. 
Related processes include the utilization of additional reagents such as mineral 
acids (prehydrolysis), SO 2  or oxygen (wet oxidation). Autohydrolysis of LCM is an 
environment-friendly process in which the hydronium ions from water autoioniza-
tion and from organic acids generated in the reaction promote the hydrolytic degra-
dation of cell wall components. A variety of compounds appear in the liquors 
obtained by these technologies, including sugar oligomers, monomeric sugars, 
sugar degradation products (furfural and hydroxymethylfurfural), organic acids 
(citric and malic acid coming from the cells of the biomass, formic and levulinic 
acid from sugar degradation products, acetic acid from acetyl groups), extractives 
and phenolics.  

11.6.2     Fruit Residues 

 Fruit undergoes processing to separate the desired value product from other con-
stituents and therefore generates large quantity of residues. These by-products or 
residues usually have signifi cant value, which is generally being underutilized in 
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developing countries like India. Table  11.4  shows important bioactive compounds 
present in fruits and vegetables. Comprehensive information about the quantity of 
residues generated for different fruits is not available; some of the previous studies 
have indicated that banana peel accounts for about 30–40 % of the banana fruit 
weight (   Oberoi et al.  2012 ). Kinnow peel, pulp and seeds account for more than 
50 % of the total fruit weight (Kalra et al.  1989 ). Major wastes of mango processing 
industry are peels and stones, amounting for about 35–60 % of the total fruit weight 
(Larrauri et al.  1996 ).

   Litchi ( Litchi chinensis Sonn .) is a tropical fruit originating from China, with a 
bright red attractive pericarp surrounding a white aril (Nakasone and Paull  1998 ). 
Litchi seeds and pericarp account for about 19 and 13 %, respectively, of the fresh 
fruit weight. Litchi pericarp contains a large amount of anthocyanins, which are 
responsible for the red colour and possess antioxidant characteristics. Apple pom-
ace is the main by-product of apple juice processing plant and has been found to be 
a good source of polyphenols (Chodak and Tarko  2007 ). Among all the known fruit 
residues, grape residues probably have been most extensively studied for their 
 therapeutic potential. 

 Citrus fruits consist of oranges, kinnow, khatta, lime, lemon, grapefruit, malta, 
sweet orange, etc. Citrus by-products are major sources of phenolic compounds. 
The peels, in particular, are an abundant source of natural fl avonoids and contain 
higher amount of phenolics compared to the edible portions. Flavonoids present in 
citrus by-products have been extensively studied for antioxidative, anticancer, 

   Table 11.3    Phenolic compounds from lignocellulosic waste subjected to steam explosion (SE), 
alkaline wet oxidation (WO) and solvent extraction   

 Types of 
lignocellulosic waste  Hydrolytic conditions  Phenolics  References 

 Olive whole stone/SE  236 °C, 2 min, 
4.31 log Ro 

 Vanillic acid, syringic acid, 
syringaldehyde, 
hydroxytyrosol 

    Fernandez- 
Bolanos 
et al. ( 1999 ) 

 Olive seed husk/SE  215–229 °C, 2–3 min, 
0.1 % H 2 SO 4  
3.69–4.29 log Ro 

 Vanillic acid, vanillin, 
syringic acid, 
hydroxytyrosol 

 Fernandez- 
Bolanos 
et al. ( 1999 ) 

 Wheat straw/WO  195 °C, 12 bar O 2 , 
10 min 

 Phenol, guaiacol   , syringol, 
4-hydroxybenzaldehude, 
vanillin, syringic acid 

 Klinke et al. 
( 1998 ) 

 Soft woods/SE  195 °C, 2.38 min, 
3.19 % SO 2  

 Lignans, ferulic acid, 
syringic 

 Boussaid 
et al. ( 2001 ) 

 Sugarcane bagasse/SE  205 °C, 10 min, 
0 % SO 2  

 Benzoic acid, caffeic acid, 
catechol,  p -coumaric 
acid, vanillic acid, 
protocatechuic acid 

 Martın et al. 
( 2002 ) 

 Almond hulls  Solvent extraction  Chlorogenic acid, 
4-O-caffeoylquinic acid 

 Takeoka and 
Dao ( 2002 ) 

 Buckwheat hulls  Solvent extraction  Protocatechuic acid, 
hyperin, rutin 

 Watanabe 
et al. ( 1997 ) 
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antiviral and anti-infl ammatory activities; effects on capillary fragility; and an 
observed inhibition of human platelet aggregation (Braddock  1995 ). Recent research 
suggests that citrus fruits possess another health benefi t phytochemical called 
limonoids, which are highly oxygenated triterpenoids. Citrus limonoids appear in 
large amounts in citrus juice and citrus tissues as water-soluble limonoid glucosides 
or in seeds as water-insoluble limonoid aglycones. Limonin, nomilin and nomilinic 
acid are the major limonoids in citrus fruits, while both neem seeds and leaves con-
tain the limonoid azadirachtin (Jayaprakasha et al.  2008 ). Currently, limonoids are 
under investigation for a wide variety of therapeutic effects such as antiviral, anti-
fungal, antibacterial, antineoplastic and antimalarial (Bentley et al.  1990 ). 

 Mango ( Mangifera indica ) is one of the most important tropical fruits, and India 
ranks fi rst in the production of mangoes in the world. Mango peels and stones gen-
erated in large quantities during processing of mangoes may also be used as a source 
of natural antioxidants. Papaya ( Carica papaya ) is a tree-like herbaceous plant, a 
member of the small family Caricaceae and widely cultivated for its edible fruits. 
Phenolic compounds from papaya waste are considered as powerful antioxidants 
which help in reducing oxidative stress. Table  11.4  illustrates the total phenolic 
content of important fruits and vegetable residues.  

    Table 11.4    Total phenolic content (TPC) of important fruit residues   

 Residues  TPC  References 

 Apple pomace, peel  52.20 a , 17.90 b , 33.00 a   Peschel et al. ( 2006 ); Chodak 
and Tarko ( 2007 ); Wolfe 
and Liu ( 2003 ) 

 Strawberry waste  59.80 a   Peschel et al. ( 2006 ) 
 Pear waste  18.40 a   Peschel et al. ( 2006 ) 
 Litchi seed, pericarp  17.90 a , 24.60 a   Babbar et al. ( 2011 ) 
 Grape seed  37.40 a , 47.30 c   Babbar et al. ( 2011 ) 
 Banana peel  9–30 a   Someya et al. ( 2002 ); 

Babbar et al. ( 2011 ) 
 Mango kernel, peel  117.00 a , 109.70 a   Larrauri et al. ( 1996 ) 
 Kinnow seed, peel  3.68 a , 17.50 a   Babbar et al. ( 2011 ) 
 Other citrus fruit peel  66.00–222.00 d   Ghasemi et al. ( 2009 ) 
 Guava peel  58.70 a   Lim et al. ( 2007 ) 
 Watermelon seeds  9.69 b   Chodak and Tarko ( 2007 ) 
 Plum seeds, peels  43.68 b , 33.40 b   Chodak and Tarko ( 2007 ) 
 Lemon peel  96.62 b   Chodak and Tarko ( 2007 ) 
 Orange peel and seeds  10.10 a –8.49 b , 2.12 b   Anagnostopoulou et al. ( 2006 ); 

Chodak and Tarko ( 2007 ) 
 Star fruit residue  33.20 a   Shui and Leong ( 2006 ) 
 Kiwi seeds and peel  1.02 b , 11.61 b   Chodak and Tarko ( 2007 ) 
 Red grapefruit seeds and peel  2.22 b , 5.57 b   Chodak and Tarko ( 2007 ) 

   a mg/g GAE 
  b mg/g catechin 
  c mg/g ferulic acid 
  d mg/g quercetin  
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11.6.3     Vegetable Residues 

 Vegetable residues mostly contain considerable amounts of potentially interesting 
compounds. The olive mill wastes are also a major potential source of phenolics. 
The phenolic content of the olive mill waste water (OMWW) is reported to fl uc-
tuate between 1.0 and 1.8 % (Visioli and Galli  2003 ) depending on varietal fac-
tors and processing effects. The major components in OMWW include 
hydroxytyrosol, tyrosol, oleuropein and a variety of hydroxycinnamic acids 
(Obied et al.  2005 ). Besides OMWW, olive leaves are another by-product of the 
olive industry that has been explored as a source of phenolics (Benavente-Garcia 
et al.  2000 ). Potatoes, tomatoes, caulifl ower, peas, beans, etc., leave behind a 
substantial amount of residues mainly in the form of peels, seeds or inedible 
infl orescence. Tomato ( Lycopersicon esculentum ) is a versatile vegetable that is 
consumed fresh as well as in the form of processed products. Tomato processing 
industries generate large amounts of waste in the form of seeds and peels. Tomato 
peel is a rich source of lycopene which has potential to be used in anticancer 
medicine (Wenli et al.  2001 ). Lycopene is effective in scavenging reactive oxy-
gen species, such as superoxide anion, hydroxyl radical, singlet oxygen and lipid 
free radical (Wenli et al.  2001 ). Carotenoids like lycopene, β-carotene, lutein, 
zeaxanthin are known to be the most effi cient singlet oxygen quencher in the 
biological systems without the production of any oxidizing products. George 
et al. ( 2004 ) found that the total phenolic contents of tomato seeds as catechin 
ranged from 188 to 465 mg/100 g on dry weight basis. Caulifl ower ( Brassica 
oleracea  L) is an important vegetable grown all over the world. Caulifl ower has 
the highest waste index, i.e. ratio of edible portion to nonedible portion, and thus, 
enormous amount of organic waste is generated which is not put to any commer-
cial use (Oberoi et al.  2007 ). Total phenolic content of tomato peel, potato peel, 
caulifl ower waste and pea pod was 21, 13.6, 9.2 and 5.4 gallic acid equivalent per 
gram dry weight (GAE/g-dw), respectively (Babbar et al.  2012 ). Phenolic com-
pounds and vitamin C are the major antioxidants of brassica vegetables, due to 
their high content and high antioxidant activity. Lipid-soluble antioxidants 
(carotenoids and vitamin E) are responsible for up to 20 % of the brassica total 
antioxidant activity (Podsedek  2007 ). Previous studies have reported scavenging 
activity (SA) of 30.7–66.8 % for waste obtained from different cultivars of cau-
lifl ower (Scalzo  2005 ). Similarly, pea pod ( Pisum sativum ) waste is also gener-
ated in large quantities which has only limited application in the form of cattle 
feed. Peels are a major by-product of potato processing and a potential source of 
functional compounds. Pumpkin seed oil contains antioxidative components that 
are polar (phenolic) compounds (Fruhwirth et al.  2003 ). Table  11.5  presents dif-
ferent bioactive compounds present in various fruit and vegetable residues, while 
Table  11.6  gives a good idea about the composition and content of bioactive 
compounds present in the methanolic extracts of various plant residues as deter-
mined by HPLC.
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11.7          Extraction of Bioactive Compounds 

 The extraction is one of the most important steps in sample pretreatment. During the 
extraction of bioactive compounds from by-products, several operational units and 
conditions are applied. Milling, solvent extraction and drying are the main opera-
tions that are used. The most common method for the extraction of phenolic com-
pounds is liquid–liquid extraction (LLE), and different extraction solvents are used, 
i.e. ethanol, methanol or a mixture of solvents with water. Organic solvents are used 
for the extraction of carotenoids, and acetone resulted in the highest yield compared 
to ethanol, petroleum ether and hexane (Calvo  2005 ). Successive extractions are 
needed for quantitative recovery (Oreopoulou and Tzia  2007 ). The extracted carot-
enoids may be obtained as a crude pigment, after solvent evaporation at low tempera-
ture, if preceding washings are accomplished. Tocopherols and fl avonoids and related 
compounds like coumarins, cinnamic acid derivatives, chalcones, phenolics, diter-
penes and phenolic acids are isolated by solvent extraction (Oreopoulou and Tzia 
 2007 ) using nonpolar solvents (hexane, petroleum ether). Ethyl ether and ethyl acetate 

   Table 11.5    Different bioactive compounds present in various fruits and vegetable residues   

 Fruit  Residue  Phenolic constituent  References 

 Apple  Peel and 
pomace 

 Epicatechin, catechins, hydroxycinna-
mates, phloretin glycosides, quercetin 
glycosides, procyanidins, chlorogenic 
acid, anthocyanins 

 Lu and Foo ( 1997 ); 
Foo and Lu 
( 1999 ); Wolfe 
and Liu ( 2003 ) 

 Grapes  Seed and skin  Cinnamic acid, coumaric acid, caffeic 
acid, ferulic acid, chlorogenic acid, 
neochlorogenic acid,  p- hydroxyben-
zoic acid, protocatechuic acid, 
vanillic acid, gallic acid, proanthocy-
anidins, quercetin 3-O-gluuronide, 
quercetin, resveratrol 

 Shrikhande ( 2000 ); 
Negro et al. 
( 2003 ); Maier 
et al. ( 2009 ) 

 Citrus  Peel  Hesperidin, naringin, eriocitrin, narirutin  Coll et al. ( 1998 ) 
 Mango  Kernel  Gallic acid, ellagic acid, gallates, 

gallotannins, condensed tannins 
 Arogba ( 2000 ); 

Puravankara 
et al. ( 2000 ) 

 Banana  Peel  Gallocatechin, anthocyanins, delphini-
din, cyanidin, catecholamine 

    Someya et al. ( 2002 ) 

 Litchi  Pericarp, seeds  Cyanidin-3-glucosides, cyanidin-3- 
rutonoside, malvidin-3-glucoside, 
gallic acid, epicatechin-3-gallate 

 Lee and Wicker 
( 1991 ); Duan 
et al. ( 2007 ) 

 Olive  Pomace  Phenols  Obied et al. ( 2005 ) 
 Tomato  Skin, pomace  Carotenoids  Strati and Oreopoulou 

( 2011 ) 
 Potato  Peel  Gallic acid, caffeic acid, vanillic acid  Zeyada et al. ( 2008 ) 
 Carrot  Peel  Phenols, β-carotene  Chantaro et al. ( 2008 ) 
 Cucumber  Peel  Chlorophyll, pheophytin, phellandrene, 

caryophyllene 
 Zeyada et al. ( 2008 ) 
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are very effi cient for the recovery of fl avonoid aglycones, low-molecular-weight 
phenolics and phenolic acids. Solvents of higher polarity (ethanol or ethanol–water 
mixtures) additionally can extract fl avonoid glycosides and higher molecular weight 
phenolics, resulting in higher yields of total extracted polyphenols (Oreopoulou and 
Tzia  2007 ). It is important to point out that ethyl acetate and ethanol are unrestricted 
solvents permitted for the use in the preparation of food ingredients (Marriott  2010 ). 
Other modern extraction and isolation techniques as alternate techniques are also 
used for the extraction of bioactive compounds. These modern techniques are also 

   Table 11.6    Composition and content of bioactive compounds in 
methanolic extracts of various plant materials as determined by HPLC   

 Plant material  Compound  Concentration (mg/g) 

 Tomato peel  Cis-lycopene  22.02 
 Beta-carotene  6.87 
 Trans-lycopene  36.49 
 Lutein  1.08 
 Ascorbic acid  12.27 
 Quercetin  2.89 
 Kaempferol  7.20 

 Cucumber peel  Chlorophyll  3.46 
 Pheophytin  1.95 
 Phellandrene  1.21 
 Caryophyllene  1.49 

 Water melon peel  Chlorophyll  5.28 
 Diosmetin  1.57 
 Pheophytin  1.27 
 Malvidin 3,5 diglycoside  1.23 

 Potato peel  Gallic acid  0.16 
 Protocatechuic  1.84 
  p- Hydroxybenzoic  0.26 
 Caffeic acid  0.19 
 Vanillic acid  0.04 
 Chlorogenic acid  0.28 

 Orange peel   p- coumaric  1.02 
 Ferulic acid  0.91 
 Syringic acid  7.71 
 Naritutin  1.21 
 Naringin     3.83 
 Ascorbic acid  14.9 

 Olive leaves  Oleuropein  71.61 
 Apigenin 7-glucoside  4.10 
 Rutin  0.15 
 Vanillin  0.15 
 Vanillic acid  1.87 
 Caffeic acid  1.02 
 Hydroxytyrosol  3.29 

   Source : Zeyada et al. ( 2008 )  
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known as green processes for the extraction of bioactives (   Herrero et al.  2010 ) and 
include supercritical fl uid extraction (SFE), pressurized liquid extraction (PLE), 
microwave-assisted extraction (MAE) and ultrasound-assisted extraction (UAE). 
General approach for extraction, isolation and characterization of bioactive com-
pounds from agricultural residues is presented in Fig.  11.2 . 

11.7.1     Liquid–Liquid Extraction 

 The current offi cial analytical method for extracting phenolic compounds is liquid–
liquid extraction (LLE) for liquid samples. This method requires expensive and 
hazardous organic solvents, which are undesirable for health and disposal reasons, 
and they require a long time per analysis, giving rise to possible degradations. The 
extraction temperature usually needs to be high in order to minimize the duration of 
the process. For these reasons, traditional extraction sample methods have been 
replaced by other methodologies which are more sensitive, selective, fast and envi-
ronmentally friendly (Liazid et al.  2007 ). Solvents, such as methanol, ethanol, pro-
panol, acetone and ethyl acetate, and their combinations have also been used for the 
extraction of phenolics, often with different proportions of water. Anthocyanins are 
usually extracted from plant material with an acidifi ed organic solvent, most com-
monly methanol. This solvent system destroys the cell membranes, simultaneously 
dissolves the anthocyanins, and stabilizes them. However, the acid may bring about 
changes in the native form of anthocyanins by breaking down their complexes with 
metals and co-pigments (Naczk and Shahidi  2006 ).  

11.7.2     Solid-Phase Extraction 

 Solid-phase extraction (SPE) is an increasingly useful sample preparation tech-
nique. With SPE, many of the problems associated with liquid–liquid extraction, 
such as incomplete phase separations, low recoveries, use and disposal of large and 
expensive quantities of organic solvents, can be avoided, although the cost of the 
equipment required for SPE is higher than that for LLE. This technique is used most 
often to prepare liquid samples and extract semi-volatile or non-volatile analytes but 
can also be used with solids that are pre-extracted into solvents. They are available 
in a wide variety of adsorbents, and sizes so that it is necessary to select the most 
suitable product for each application and sample.  

11.7.3     Supercritical Fluid Extraction 

 Usually, phenolic compounds are extracted from plant samples by SPE coupled with 
other techniques, such as supercritical fl uid extraction (SFE). Supercritical fl uid 
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extraction is a relatively recent technique which presents various advantages over 
traditional methods, such as the use of low temperatures and reduced energy con-
sumption and high product quality due to the absence of solvents in the solute phase. 
However, this technique is limited to compounds of low or medium polarity. 
Supercritical carbon dioxide (SC-CO 2 ) is the most widely used solvent for SFE due 
to its particular characteristics, such as moderate critical conditions (31.1 ºC and 
73.8 MPa) and ready availability. It is also nontoxic, infl ammable and chemically 
stable. However, SFE using CO 2  as the extracting solvent is of no use for phenolic 
compounds because of the low polarity of CO 2  in comparison to most phenols 
(Liazid et al.  2007 ). Generally, for this extraction procedure, several steps are fol-
lowed: samples are loaded onto the sorbent of the SPE cartridge, which is inserted 
into the SPE/SFE extraction cell. The supercritical fl uid used can be carbon dioxide, 
which must go through the SPE cartridge fi lled with the hydrolysed sample. Thus, 
analytes (phenolic compounds) are quantitatively trapped by a trapping solvent (e.g. 
methanol) at laboratory temperature (the trapping solvent is cooled naturally during 
the extraction by the expansion of CO 2 ). Finally, the extracts are evaporated to dry-
ness, dissolved in the mobile phase and injected directly into the HPLC/ESI-MS 
system (Mahugo et al.  2009 ). Figure  11.3  shows the extraction of lycopene with 
supercritical CO 2 . Liquid CO 2  fl owing from the cylinder into the extraction vessel is 
compressed and controlled with a HPLC pump (slow suction and quick delivery). 
Liquid CO 2  is then cooled with a chiller to keep CO 2  in a liquid state. After reaching 

  Fig. 11.3    Supercritical fl uid extraction apparatus       
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the extractor, CO 2  is transformed into a supercritical state by a heating chamber that 
envelops the extractor. Operating pressure is controlled by a backpressure regulator. 
The supercritical CO 2  fl owing through the fi xed bed in the extraction vessel is 
expanded into a collection tube immersed in an ice bath, where the extracted lyco-
pene and the CO 2  solvent are easily separated. The amount of CO 2  consumed during 
the extraction period is    determined by the use of a wet gas meter (Topal et al.  2006 ).

11.7.4        Pressurized Liquid Extraction 

 Pressurized liquid extraction (PLE) uses organic solvents at high pressures and tem-
peratures above their normal boiling point. It is the newer modern method for isola-
tion of analytes from solid samples (Klejdusa et al.  2009 ). In general, with PLE, a 
solid sample is packed into a stainless steel extraction cell and extracted with a 
suitable solvent under high temperatures (40–200 ºC) and pressure (500–3,000 psi) 
for short periods of time (5–15 min). The sample extract is purged into a collection 
vial with the aid of a compressed gas. According to Liazid et al. ( 2007 ), PLE has 
been shown to be effective as a method for extracting polyphenols, while rapid 
methods that take only about 10 min have been developed that use high tempera-
tures (150 ºC ) to accelerate the process ( Liazid et al.  2007 ).  

11.7.5     Microwave-Assisted Extraction 

 Microwave technology is commonly known for its use as heat treatment. For example, 
it is used as a heat process for commercial fruit products to achieve a fast but mild 
pasteurization of these products. At the same time, the use of microwaves serves to 
determine the stability of total polyphenol content after the treatment. According to 
Liazid et al. ( 2007 ), there is a clear relationship between the chemical structure and 
the stability of phenolic compounds that are studied under different conditions of 
MAE. Moreover, it has been shown that those that have a greater number of 
hydroxyl-type substitutes are more easily degraded under these temperature condi-
tions (Liazid et al.  2007 ).  

11.7.6     Ultrasound-Assisted Extraction 

 Ultrasonic radiation is a powerful aid in accelerating various steps of the analytical 
process. This energy is of great help in the pretreatment of solid samples as it facili-
tates and speeds up different operations including extraction of organic and inor-
ganic compounds and homogenization. Ultrasound-assisted leaching is an effective 
way to extract analytes from different matrices in shorter times than with other 

N. Babbar and H.S. Oberoi



283

extraction techniques (Dobias et al.  2010 ). Ultrasound-assisted systems have been 
widely used to extract capsaicinoids from hot peppers (Barbero et al.  2008 ). 
Ultrasonic extraction (USE) is considered one of the simplest extraction techniques 
because it is easy to perform using common laboratory equipment (i.e. ultrasonic 
bath). In this method, the crushed sample is mixed with the suitable solvent and 
placed into the ultrasonic bath, where the working temperature and extraction times 
are set (Klejdusa et al.  2009 ). The application of UAE in food-processing is of inter-
est for facilitating the extraction of components from plant materials. The higher 
yield achieved in these UAE processes is of major interest from an industrial stand-
point, since the technology is an add-on step to the existing process with minimum 
alteration, application in aqueous extraction where organic solvents can be replaced 
with solvents generally recognized as safe (GRAS), reduction in solvent usage and 
shorter extraction time.  

11.7.7     Enzymatic Extraction of Bioactive Compounds 

 The application of enzymes for improved extraction of bioactive compounds 
without the use of solvents is an attractive proposition. Enzyme pretreatment of raw 
material normally results in a reduction in extraction time, minimizes usage of sol-
vents and provides increased yield and quality of product (Sowbhagya and Chitra 
 2010 ). Decreased solvent use during extraction is particularly important for both 
regulatory and environmental reasons, providing a “greener” option than traditional 
nonenzymatic extraction. Enzymes have been successfully used in the extraction of 
various bioactive compounds. Carotenoids have been extracted from marigold 
fl ower skin with the help of enzymes (Dehghan-Shoar et al.  2011 ). Various enzymes, 
such as cellulases, pectinases and hemicellulases, are often required to disrupt the 
structural integrity of the plant cell wall, thereby enhancing the extraction effi ciency 
of bioactives from plants. These enzymes hydrolyze cell wall components resulting 
in an increase in cell wall permeability, leading to higher extraction yields of bioac-
tives. Enzymes have been used to increase fl avonoid release from plant material 
while minimizing the use of solvents and heat (Kaur et al.  2010 ).    Some of the bioac-
tive compounds successfully extracted using the enzyme-assisted process from 
the plant materials are shown in Table  11.7 . One example of the use of an enzyme 
system is in the processing of pectic polysaccharide for enhancing extraction of 
an antioxidant (Gan and Latiff  2010 ). Enzyme-aided extraction of lycopene from 
tomato tissues using cellulases and pectinases under optimized conditions 
resulted in a signifi cant increase (20 %) in lycopene yield as against control 
(Choudhari and Ananthanarayan  2007 ). An increase in concentrations of pheno-
lic compounds (25.90–39.72 %) and sugars (12–14 g/l) has been reported with 
the enzyme-assisted extraction from citrus peel and grape pomace (Kammerer 
et al.  2005 ). Application of enzymes on grape skin led to an effi cient extraction 
of pigment (anthocyanin) during the vinifi cation process (Munoz  2004 ). 
Extraction of lignans (secoisolariciresinol) from fl ax ( Linum usitatissimum ) 
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hulls and whole seeds was improved by using cellulase and β-glucosidase. Both 
enzyme preparations proved to be effective for extracting secoisolariciresinol 
(Renouard et al.  2010 ).

11.7.8        Other Extraction Methods 

 Use of aqueous cyclodextrins (CD) for recovery of selected bioactive phenolic com-
pounds from grapes and their pomace was evaluated by    Ratnasooriya and 
Rupasinghe ( 2012 ). When α, β and γ forms of CD were compared, β-CD was the 
most effective in recovering stilbenes, fl avonols and fl avan-3-ols from grape pom-
ace (Ratnasooriya and Rupasinghe  2012 ).   

11.8     Health Benefi ts of Bioactive Compounds 

 Numerous health benefi ts of bioactive compounds have been reported so far. Jang 
et al. ( 1997 ) reported anticancer potential of resveratrol from grape seeds. The inter-
est in lignans and their synthetic derivatives is growing because of their potential 
applications in cancer chemotherapy and various other pharmacological effects 
(Saleem et al.  2005 ). Mantena et al. ( 2006 ) studied the effect of grape seed proan-
thocyanidins in inducing apoptosis and inhibition of metastasis in both cultured 
breast and colon cancer cells. Pomegranate peel extracts have been shown to retard 
proliferation of cells in several different human cancer cell lines (Kawaii and Lansky 
 2004 ). Pomegranate peel contains substantial amounts of polyphenols such as 

   Table 11.7    Enzyme-assisted extraction of bioactive compounds from plants   

 Product  Source  Enzyme used  Yield  References 

 Carotenoids  Marigold 
fl ower 

 Viscozyme, 
pectinex, 
neutrase 

 97 %  Barzana et al. 
( 2002 ) 

 Carotene  Carrot pomace  Pectinex  64 mg/kg  Stoll et al. 
( 2003 ) 

 Lycopene  Tomato  Pancreatin  2.5-fold increase 
through 
enzyme aided 
extraction 

 Dehghan-
Shoar et al. 
( 2011 ) 

 Phenolics  Citrus peel  Cellulase  65.5 %  Li et al. ( 2006 ) 
 Catechins  Tea beverage  Pepsin  89–102 %  Ferruzzi and 

Green 
( 2006 ) 

 Lignans 
(secoisolariciresinol) 

 Flax  Cellulase and 
β-glucosidase 

 40.75 mg/g in 
hulls and 
15.20 mg/g in 
whole seeds 

    Renouard et al. 
( 2010 ) 
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ellagic acid and gallic acid (Nasr et al.  1996 ). The presence of these polyphenols in 
the pomegranate peel may be responsible for antimutagenicity of peel extracts (Gil 
et al.  2000 ). Another study conducted by Jang et al. ( 1997 ) illustrated that resvera-
trol, a natural product derived from grapes, inhibited tumour initiation, promotion 
and progression. Several studies have shown that phenolic compounds reduce in 
vitro oxidation of low-density lipoprotein. Of them, phenolics with multiple 
hydroxyl groups are generally the most effi cient for preventing lipid and low- density 
lipoproteins (LDL) oxidation and therefore reduce the risk of atherogenesis (Meyer 
et al.  1998 ). Apple pomace is the main by-product of apple juice processing plant 
and has been found to be a good source of polyphenols (Peschel et al.  2006 ). Grape 
seed extract has been found to decrease thiobarbituric acid reactive substances 
(TBARS) value and showed no effect on HDL-cholesterol while LDL-cholesterol, 
triglycerides and total cholesterol decreased signifi cantly (Vigna et al.  2003 ). Grape 
seed extract has also been found to reduce chronic pancreatic problems, vomiting 
and pain (Banerjee and Bagchi  2001 ). Table  11.8  shows biological and therapeutic 
activities of various phenolic compounds that could be extracted from agricultural 
residues.

11.8.1       Therapeutic Activities of Bioactive Compounds 

 Different phenolic compounds act in different ways and follow different mecha-
nisms in combating several disorders. One of the examples is the action of resvera-
trol, abundantly found in grape seeds in carcinogenesis. Resveratrol is able to 
prevent initiation phase by inhibition of carcinogen activation (R+) induction of 
carcinogen deactivation and subsequently blocking interaction between DNA and 
carcinogen (R+) [Fig.  11.4 ]. Resveratrol can block the action of tumour promoter 
and can act on tumour progression by inhibition of angiogenesis and metastatic 
process. Resveratrol could act on carcinogenesis by inhibiting the initiation phase 
which consists of the DNA alteration (mutation) of a normal cell, which is an irre-
versible and fast change. The initiated cell is capable to autonomous growth. The 
initiating event can consist of a single exposure to a carcinogenic agent, or in some 
cases, it may be an inherited genetic defect. The anti-initiation activity of resveratrol 
is linked to the suppression of the metabolic activation of carcinogens and/or the 
detoxifying increases via a modulation of the drug-metabolizing enzymes involved 
either in phase I reactions transforming a lipophilic compound into an electrophilic 
active carcinogen or in phase II conjugation enzyme systems converting the primary 
metabolite into a fi nal hydrosoluble metabolite (Fig.  11.4 ).

   Most of the research on bioactive molecules is still confi ned to screening of 
crude extracts. Elucidation of the structure of the active principles could be a prior-
ity area for further studies, if the extracts did show promising activity. A potential 
area for further studies is the use of “-omic” technologies to unravel the mechanism 
of action of bioactive compounds. The “-omic” technologies based on the technol-
ogy platform of genomics, proteomics and metabolomics can be applied to relate 
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the complex effects of the bioactives in the form of gene/protein expression profi les 
(Ulrich-Merzenich et al.  2007 ). Biotechnological approaches like microarray analy-
sis are likely to give insights into the differential gene expression when the cells are 
exposed to the bioactive molecules. With the advent of bioinformatics, in silico 
modelling in the research on bioactive molecules could also be exploited. Such an 
approach is being currently applied in drug discovery wherein the bioactivity of 
natural products is manipulated through computer simulation. 

   Table 11.8    Biological and therapeutic activities of bioactive phenolic compounds   

 Phenolic compound  Effect  References 

 Anthocyanin  Improvement in visual capacity  Lee et al. ( 2005 ) 
 Improvement in brain function  Kang et al. ( 2006 ); Shin 

et al. ( 2006 ) 
 Prevention of diabetes and 

obesity 
 Tsuda et al. ( 2003 ); Guo 

et al. ( 2007 ) 
 Decrease in serum triglycerides, 

total cholesterol 
 Xia et al. ( 2006 ) 

 Decrease in lipid hydroperoxides  McAnulty et al. ( 2005 ) 
 Decrease in blood pressure  Herrera-Arellano et al. 

( 2007 ) 
 Ellagic acid  Slow down tumour growth     Harris et al. ( 2001 ) 

 Protection against cardiovascular 
diseases 

 Aviram et al. ( 2000 ) 

 Anticancer  Aggarwal and Shishodia 
( 2006 ) 

 Isofl avones (phytoestrogens)  Prevention of osteoporosis  Williamson-Hughes 
et al. ( 2006 ) 

 Lowering effect on LDL and 
cholesterol 

 Jayagopal et al. ( 2002 ) 

 Improvement of cognitive 
function 

 Lee et al. ( 2005 ) 

 Reduction of colon cancer  Cotterchio et al. ( 2006 ) 
 Modulation of immune function  Ryan-Borchers et al. 

( 2006 ) 
 Resveratrol 

(3,5,4-trans-trihydroxystil-
bene) 

 Cardioprotective effect  Bertelli et al. ( 1995 ) 
 Anticancer  Jang et al. ( 1997 ) 
 Prevention of Ischemic damage  Bradamante et al. 

( 2004 ) 
 Flavonones (naringenin and 

hesperitin and corresponding 
glycosides) 

 Cardioprotective effect  Jeon et al. ( 2007 ) 
 Decrease in liver toxicity  Kaur et al. ( 2006 ) 
 Protection against arthritis  Kawaguchi et al. ( 2006 ) 

 Proanthocyanidins  Decrease in cholesterol     Williamson and Manach 
( 2005 ) 

 Decrease in blood pressure 
 Maintenance of endothelial 

function 
 Improvement of blood circulation 

in legs 
 Christie et al. ( 2004 ) 
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 In addition to the natural bioactive molecules, several studies are focusing on the 
production recombinant molecules. For instance, production of monoclonal anti-
bodies and recombinant allergens, development of immunoassays, recombinant 
proteins with the aim of contributing to the development of diagnostic kits, have 
great potential for commercialization (Chu and Radhakrishnan  2008 ).   

11.9     Conclusions 

 Agricultural residues though regarded as wastes have a tremendous potential as 
sources of bioactive compounds. Among the agricultural residues, the most impor-
tant class of residues as sources of bioactive compounds are the fruit and vegetable 
residues which are composed of different phenolic constituents. Phenolic com-
pounds comprise of fl avonoids, phenolic acids, tannins, etc. All such compounds 
are known for their antioxidant potential, and some of such compounds have been 
successfully evaluated for their therapeutic potential. Because of the complexity in 
structure of different bioactive compounds, various antioxidant assays have to be 
employed, and the correlation between the methods used needs to be worked out in 
order to arrive at the antioxidant potential of the compounds. Extraction and purifi -
cation of the bioactive compounds is of paramount importance for their use in food 
and pharmaceutical applications as the toxicity associated with the solvents has raised 

  Fig. 11.4    Effect of resveratrol in carcinogenesis       
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lot of concerns. Studies are required to select the most effi cient and cost- effective 
method for extraction of bioactive compounds from different agricultural residues. 
The structural complexity of different bioactive compounds and different assays 
that need to be conducted for evaluation of the antioxidant potential of the bioactive 
compounds makes it diffi cult for the precise quantifi cation of the bioactive com-
pounds despite advancements in the fi eld of development of sophisticated equip-
ment. The potential of the bioactive compounds in combating disorders and diseases 
has been well documented; however, studies are needed to ascertain the role of each 
bioactive compound and elucidate the mechanism of disease control, especially for 
serious diseases like cancer, diabetes and cardiovascular diseases. Therefore, pro-
cesses involving supercritical fl uid extraction, microwave and ultrasound- assisted 
extractions are being evaluated. Presently, such processes are relatively expensive, 
but looking at the health benefi ts of the bioactive compounds and with technological 
advancements in instrumentation for development of sophisticated equipment at 
low cost, these processes appear quite futuristic. Further, research on elucidation of 
active principles and use of “-omic” technologies can lead to a signifi cant increase 
in scientifi c knowledge on the mechanism of action of bioactive compounds, and 
molecular level studies are essentially needed to understand the cell-bioactive com-
pound interactions.     
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12.1            Introduction 

 As in most food processing operations, seafood processing generates considerably 
high amount of waste as solid (carcasses, heads, viscera, skin) or liquid (blood, 
cleaning water). Thus, many large-scale seafood processing industries practise 
well-planned waste management system to avoid unnecessary environmental prob-
lems. The most common solid waste management system of seafood industries is 
recycling into fi shmeal. However, continuously increasing seafood processing 
waste created wide-ranging discussion on effective utilization of fi sh processing 
waste. The necessity of an effective method to utilize the seafood waste arouses 
with over exploitation of marine resources. Recent advances in biotechnology and 
food processing have brought new paradigm to the classical way of processing 
waste by introducing a new avenue which generates a number of ingredients that 
can be used in food and pharmaceutical industries. Recent studies have identifi ed a 
number of bioactive compounds from remaining waste materials. These ingredients 
possess a wide range of health-promoting abilities, including cure and prevention of 
a number of chronic diseases (Kim and Mendis  2006 ; Najafi an and Babji  2012 ). 
Natural substances that have therapeutic values have attracted interest in diagnosis 
and therapy of various kinds of diseases in biomedicine since they exert a less num-
ber of side effects compared to that of synthetic origin. Moreover, awareness on 
added value of natural biologically active ingredients in modern society unwraps 
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another growing market, nutraceutical and functional food (Myles  2003 ). Hence, 
this approach has opened up a potential way for processing seafood waste as natural 
health-promoting substances which have high commercial value.  

12.2     Classical Way of Treating Seafood Waste 

 Seafood waste has been classifi ed under the animal by-products and thus has to fol-
low approved waste disposal methods. Under animal by-product category, seafood 
generates numerous waste materials that belong to several risk categories. Likewise, 
liquid wastes, including blood, are usually high in proteinaceous compounds and 
oils. These wastes have extremely high biochemical oxygen demand (BOD) and 
improper disposal may threaten the environment (Ababouch  2005 ). Therefore, 
practising traditional waste disposal methods have become increasingly restricted 
for seafood. Most of the approved seafood waste disposal methods are relatively 
expensive. In this regard, many large-scale processing operations tend to recover the 
waste disposal cost through conversion of the waste into value-added products. 
Most common waste-derived products are fi shmeal and fi sh oil. Moreover, fi sh 
silage is another common waste product that is used as animal feed. In addition, 
converting waste into organic fertilizer is also practised (Arvanitoyannis and 
Kassaveti  2008 ). Although organic fertilizers generate little higher income than oth-
ers, still all come under the category of low-value by-products. Further, increasing 
demand for seafood in modern society has steepened the problem by generating 
high amount of waste materials. Taking all into account, applying modern techno-
logical advances in seafood waste management to generate high-value ingredients 
would be an ideal solution.  

12.3     Chitin and Chitosan from Seafood Waste 

 Crustacean shells and shellfi sh waste generated in seafood processing is one of the 
important waste materials. Effi cient utilization of this waste material has become an 
environmental priority due to increased quantity as well as its slow natural degrada-
tion. The main structural component of these shells, chitin, has been identifi ed as a 
potential target to be developed from these waste materials. Chitin is a long-chain 
polymer of  N -acetylglucosamine ( N -acetyl-2-deoxy- D -glucopyranose) units. This 
natural polymer can be easily processed into various kinds of derivatives which 
have range of biological activities. Chitin and its most common derivative chitosan 
have earned much attention as natural bioactive material with their nontoxicity, bio-
compatibility and biodegradability (Kim and Mendis  2006 ). Chitin can be simply 
extracted from shellfi sh waste with demineralization and deproteinization. The 
degree of deacetylation of chitin isolated in this way is around 0.1 %. The extracted 
chitin can be further deacetylated to a desired degree to produce chitosan. 
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Carboxymethyl derivative of chitin (CMC) is a water soluble form of chitin. CMC 
can be prepared by reacting chitin powder with monochloroacetic acid in isopropyl 
alcohol as a solvent using the condensation reaction (Jayakumar et al.  2010 ). Chitin 
and its derivatives possess various kinds of biological activities depending on their 
molecular weight, deacetylation and solubility. Hence, chitin and its derivatives 
have become popular in food and biomedical industries. However, applications of 
chitin and chitosan have faced some limitations with high viscosity and low solubil-
ity at neutral pH. Among the various means that have been explored to overcome 
this limitation, conversion of chitin and chitosan into their oligomers seems to be 
the best available option (Rinaudo  2006 ). 

 Several research articles have been published in peer-reviewed journals to reveal 
the biomedical and food industrial applications of chitin, chitosan and their oligo-
mers (Table  12.1 ). Biodegradable, fl exible and strong nature of chitin makes it pos-
sible to develop as surgical threads to be used in wound dressing. In addition, it has 
been shown that chitin possesses wound healing properties. Further, antibacterial 
and hemostasis properties of chitin that are necessary for wound healing provide 
additional benefi ts in order to cure wounds. Thus, biodegradable chitin wound 
dressings have added advantage over conventional dressing materials (Gupta et al. 
 2008 ). Moreover, chitin and chitosan are potent scavengers of oxidative radicals. 
Strength of radical scavenging activity of chitin and chitosan strongly depends on 
the molecular weight and degree of deacetylation. Low molecular weight chitosan 
oligomers with high deacetylation (90 %) have been recognized as potent scaven-
gers. Further, it has been suggested that chitosan and its oligomers have an ability to 
act as scavengers of fat and cholesterol in digestive tract. It helps to reduce the low- 
density lipid level in liver and blood and provide hypocholesterolemic activity simi-
lar to those of dietary fi bres (Prashanth and Tharanathan  2007 ).

   Chitin and chitosan derivatives are capable of inhibiting tumour progression and 
cancer metastasis. In vitro and in vivo experiments have shown that low molecular 
weight chitosan potently inhibited cancer metastasis while improving immune 
functions. Thus, scientists believed that chitin and chitosan achieved the anticancer 
activity through immunostimulation. Further, several researchers have investigated 
the ability of chitosan as drug carrier. Chitin derivatives have shown fascinating 
ability to deliver certain drugs to the target place while maintaining its 

   Table 12.1    Examples of biological activities of chitin and its derivatives   

 Sample  Biological activity  Reference 

 Chitin oligosaccharide  Antioxidant  Ngo et al. ( 2008 ) 
 Chitin oligosaccharide  Anticancer     Huang et al. ( 2012 ) 
 Chitin nanoparticle  Anti-metastasis  Xu et al. ( 2012 ) 
 Chitosan sulphate  Anticoagulant  Fan et al. ( 2012 ) 
 Polysulphate chitosan  Antithrombin  Drozd et al. ( 2001 ) 
 Chitosan fi lm  Antimicrobial  Dutta et al. ( 2009 ) 
 Chitin and chitosan  Immune enhancing  Harikrishnan et al. ( 2012 ) 
 Chitooligosaccharides  Anti-HIV  Artan et al. ( 2010 ) 
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biodegradability. In the case of encapsulation, chitosan in the form of colloidal 
structure entraps  various molecules and passes effi ciently through mucosa and epi-
thelia more. Moreover, nanoparticles made up of chitosan have also exhibited 
improved drug and protein delivery functions (Fuentes and Alonso  2012 ).  

12.4     Hydrolysed Fish Proteins 

 Fish frames and offcuts generated from commercial fi sh fi lleting leave considerable 
amounts of muscle proteins which are nutritionally valuable and easily digestible with 
well-balanced amino acid composition (Harnedy and Fitzgerald  2012 ). In addition, 
specifi c degradation of remaining proteins results in biologically active protein hydro-
lysates and peptides which possess broad spectrum of health-promoting abilities. 
Since seafood is considered as prime source of proteins with high biological value, fi sh 
processing waste is an ideal and cheap source for extraction of valuable ingredients. 

 After removal of valuable portion, the remaining fi sh muscles are solubilized by 
means of several chemical and physical methods to obtain hydrolyzed fi sh proteins. 
Although fi sh protein hydrolysate (FPH) has classically been used for agricultural 
purposes, advanced technological developments make it possible to apply the FPH 
as functional ingredients in food and pharmaceuticals. Likewise, the hydrolysate is 
also a rich source of biologically active small peptides that have been proven for 
various therapeutic potentials. Hydrolysis of protein is achieved through acid-, 
alkali- or enzyme-mediated breakdown of parent proteins in the waste into smaller 
protein fractions, peptides and free amino acids. Acid hydrolysis makes the product 
unpalatable due to tryptophan destruction and the formation of sodium chloride after 
the neutralization. Alkaline hydrolysis produces some toxic compounds which are 
undesirable for human consumption. Among protein hydrolysis methods, enzymatic 
hydrolysis offers several advantages over others (Kristinsson and Rasco  2000 ). 

 Proteolytic enzymes come from several sources, such as plant (papain, fi cin, 
bromelain), animal (trypsin, pancreatic enzymes) or microbial (Pronase, Alcalase), 
are employed for hydrolysis depending on the type of processing waste and the 
desired functionality of end product. In conventional enzymatic method, commer-
cial enzymes are directly applied under predefi ned conditions such as pH, tempera-
ture, incubation time and enzyme/substrate ratio (Bhaskar et al.  2008 ). Fermentation 
approach of producing fi sh protein hydrolysates is not a novel concept. Proteases 
producing microbial strains are used as starter culture and incubated in preferred 
conditions to grow microbes on fi sh processing waste. Physicochemical as well as 
functional properties of enzymatic hydrolysate vary with the degree of hydrolysis 
which determines size of protein fractions. Over hydrolysis may impair some func-
tional properties of food proteins or may develop off-fl avours in hydrolysates (Balti 
et al.  2010 ). Further, improvement of functional properties and therapeutic value of 
protein hydrolysate could be obtained through a selective molecular weight cutoff. 
An ultrafi ltration membrane system equipped with a molecular cutoff has been 
identifi ed as an effective method to purify protein hydrolysates based on molecular 
weight of protein factions (Jeon et al.  1999 ). Serial enzymatic digestions in a system 

S.-K. Kim and P. Dewapriya



303

of multistep recycling membrane reactor combined with ultrafi ltration membrane 
system have been developed to produce protein hydolysates with desired molecular 
weights while preserving expensive photolytic enzymes (Byun and Kim  2001 ). 

12.4.1     Bioactivities of Fish Protein Hydrolysates 

 The main goal of digesting protein leftover into FPH is to improve the functional 
properties of the original protein molecules. This improvement of functional prop-
erties accompanies with advanced health-promoting abilities due to improved func-
tionality achieve through high amount of polar groups, solubility of hydrolysate and 
their bioavailability. Thus, several studies have been carried out to prove various 
kinds of biomedical applications of FPHs (Table  12.2 ). In particular, FPH possesses 
potent antioxidant activity which attenuate oxidative damages taking place in the 
body where endogenous antioxidant defence mechanism is not enough. As an eco-
nomically viable product, FPHs seem good candidates to combat with production of 
superoxide anion (O 2− ) and hydroxyl (OH 1− ) radicals which are considered as caus-
ative agents for the initiation of chronic diseases such as heart disease, stroke, arte-
riosclerosis, diabetes and cancer (Perera and Bardessy  2011 ). The advantage of the 
product is providing protection against oxidative damage while providing an addi-
tional nutritional value. Additionally, protein hydrolysates generated from fi sh pro-
cessing waste reduce risk of cardiovascular diseases (CVD) by triggering several 
key process associated with the disease, including blood clot and platelet formation, 
angiotensin    I-converting enzyme activity and cholesterol metabolism. Moreover, a 
recent study (Cudennec et al.  2012 a, b) has demonstrated that FPH derived from 
blue whiting suppresses appetite via enhanced cholecystokinin (CCK) and gluca-
gon-like peptide-1 (GLP-1) secretion in in vitro STC-1 cells as well as in vitro 
experiment. The biological effects of CCK and GLP-1 stimulation lead to promis-
ing effect on body weight reduction which has gained much attention in developed 
countries. All these fi ndings clearly point out that FPHs have potential of disease 
risk reduction. Thus, identifi ed potential sources are currently used in production of 
biologically active FPHs in the form of nutraceutical and functional food.

   Table 12.2    Bioactive fi sh protein hydrolysates from seafood wastes   

 Fish source  Bioactivity  Reference 

 Pacifi c hake  Antioxidant  Samaranayaka and Chan ( 2008 ) 
 Brownstripe red snapper  Antioxidant  Khantaphant et al. ( 2011 ) 
 Ornate threadfi n bream  Antioxidant  Nalinanon et al. ( 2011 ) 
 Cod  ACE inhibitor  Jeon et al. ( 1999 ) 
 Round scad  Antioxidant  Thiansilakul et al. ( 2007 ) 
 Yellowfi n sole  Anticoagulant  Rajapakse et al. ( 2005 ) 
 Blue whiting  Satiating effect  Cudennec et al. ( 2012 a, b) 
 Blue whiting  Anti-proliferative  Picot et al. ( 2006 ) 
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12.5         Biologically Active Peptides 

 Peptides with small backbone are generated through digestion of various means, 
and these peptides are capable of playing an important role in metabolic regulations. 
Therefore, several scientifi c articles have highlighted that small peptides have 
potential to use as nutraceuticals and functional foods (Shahidi and Zhong  2008 ). 
During the investigation of biological consequence of FPHs, it was apparent that 
small peptides present in the hydrolysates mediate biochemical pathways to exert 
defi ned health property of the hydrolysates. Detailed studies revealed that small 
protein fragments containing 3–20 amino acids residues showed this potent activity, 
and the activity and its extent strictly depended on amino acid composition, sequence 
and molecular weight. Before hydrolysis, the peptides remain latent within the par-
ent protein, and released by hydrolysis allow them to exercise hormone-like physi-
ological effect in the body. (Himaya et al.  2012 ). It is well known fact that protein 
hydrolysis method and types of proteinase employed are crucial factors for biologi-
cal activity of the peptide. The ultrafi ltration membrane system has been identifi ed 
as a useful tool to purify active peptides based on molecular weight. Sequential 
enzymatic digestion with different enzymes has been employed to achieve desired 
functionality of peptides (Kim et al.  2007 ). Biological activities of peptides derived 
from fi sh processing waste range from simple antioxidant activity to prevention and 
cure of serious chronic diseases such as cancer. 

 Several studies have reported that peptides derived from fi sh proteins showed 
antihypertensive activity by inhibiting the activity of angiotensin I-converting 
enzyme (ACE) which plays a vital role in regulation of blood pressure. ACE partici-
pates in the body’s renin-angiotensin system by converting inactive angiotensin I 
into an active vasopressor angiotensin II. This conversion increased the blood pres-
sure which triggered the function of blood vessel dilator bradykinin (Huang et al. 
 2005 ). After the discovery of critical role of ACE in blood pressure regulation, 
several commercial ACE inhibitors, such as captopril, enalapril, alacepril and lisin-
opril, were synthesized and employed to treat hypertension and heart failures. 
Among the natural ACE inhibitors that have been isolated from various food and 
natural sources, fi sh processing by-products derived ACE inhibitors are of great 
interest due to preferred sequence of peptides for the potent inhibition of ACE (Lee 
et al.  2010 ). In addition, several peptides which possess signifi cant impact on caus-
ative agents of chronic disease have been isolated. Table  12.3  summarizes the bio-
logically active peptides isolated from different sources of fi sh proteins.

12.6        Collagen and Gelatin from Fish Waste 

 Collagen has earned much interest as a biomaterial in medical applications due to 
its biodegradability and weak antigenicity. Among several collagens, Type I colla-
gen is the most naturally abundant collagen in animal and found in skin, tendon, 
vascular ligature, organs and bone. Collagen is composed of three similarly sized 
triple helix polypeptide chains which consist of around 1,000 amino acids residues. 
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Gelatin is structurally different form of the same macromolecules which make 
 collagen and particularly a hydrolysed form of collagen. Common sources of col-
lagen and gelatin, bovine hide, pig skin or chicken waste, have faced some  constrains 
related to biological contaminants and religious issues (Aberoumand  2010 ). Mainly 
this reason sought an alternative source for collagen and gelatins for commercial 
purposes. Raw materials from fi sh waste have received considerable attention in 
recent years as an alternative for collagen and gelatin extraction due to its unique 
features. Fish skin and bones have been mainly used for collagen extraction, and 
three main extraction methods, neutral salt solubilization, acid solubilization 
and enzyme solubilization, have been used based on the characteristics of waste and 
end product. During extraction, triple helix structure which contributes to the unique 
properties of collagen should be preserved. To prepare fi sh gelatin, extracted which 
collagen is solubilized with hot water treatment by breaking down the hydrogen and 
covalent bonds of the triple helix, resulting in helix-to-coil transition and conversion 
into soluble gelatin (Guillén et al.  2011 ). 

 Several unique applications of fi sh by-product-derived collagen and gelatin have 
been reported due to enriched properties of fi sh collagen (Table  12.4 ). High hydroxy-
proline content of collage has resulted in reduced pain in osteoarthritis patients 
supplemented with collagen/gelatin hydrolysate (Moskowitz  2000 ). Collagen shows 
great advantages as a carrier molecule of drug, protein and gene through long-term 
maintenance of the concentration and controlled release at target sites. Moreover, 
collagen serves as a main scaffold for biotechnological applications. Detailed stud-
ies revealed that collagen type I, with selective removal of its telopeptides, exhibited 
characteristic features of bio-scaffold for bone regeneration. Experimental data con-
fi rmed that fi sh by-product-derived collagen and gelatin have inherent properties of 
collagen and can be used as an alternative to mammalian products (Senaratne et al. 
 2006 ). In addition, enzymatic hydrolysis of fi sh collagen and gelatin produces small 
peptides which have potent biological activities. Repeated Gly-Pro-Ala sequence of 

   Table 12.3    Biological activities of peptides derived from fi sh muscle proteins   

 Fish source  Amino acid sequence  Biological activity  Reference 

 Alaska pollock  Leu-Pro-His-Ser-Gly-Tyr  Antioxidant  Je et al. ( 2005 ) 
 Croaker  Thr-Phe-Cys-Gly-Arg-His  Antioxidant  Nazeer et al. ( 2012 ) 
 Tuna fi sh  VKAGFAWTANQQLS  Antioxidant  Je et al. ( 2007 ) 
 Tuna fi sh  Gly-Asp-Leu-Gly-Lys-Thr-

Thr-Thr- Val-Ser-Asn-
Trp-Ser-Pro-Pro-Lys-
Try- Lys-Asp-Thr-Pro 

 ACE inhibition  Lee et al. ( 2010 ) 

 Yellowfi n sole  Met-Ile-Phe-Pro-Gly-Ala-
Gly-Gly-Pro- Glu-leu 

 ACE inhibition  Jung et al. ( 2006a ,  b ) 

 Alaska pollock  Val-Leu-Ser-Gly-Gly-Thr-
Thr-Met- Ala-Met-Tyr-
Thr-Leu-Val 

 Ca binding  Jung et al. ( 2006a ,  b ) 

 Blue whiting  NA a   Cholecystokinin 
release 

 Cudennec et al. ( 2008 ) 
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gelatin peptides has reinforced the peptide with high antioxidant and antihyperten-
sive properties. Numerous studies have been conducted to reveal the biological 
activity of fi sh collagen- and gelatin-derived peptides.

12.7        Fish Bones as a Mineral Source 

 Commercial fi sh fi lleting from large as well as small fi sh result in huge amount of 
fi sh bones which is generally discarded as a waste. Fish frame account for approxi-
mately 10–15 % of total fi sh biomass. The bones are mainly composed of calcium 
phosphate and collagen protein with some special carbohydrates and lipids. Thus, 
the waste could be used as mineral source for food and biomedical industries while 
giving an added value to fi sh processing by-products. Fish bone consists of 60–70 % 
of inorganic substances, mainly calcium phosphate and hydroxyapatite (Toppe et al. 
 2007 ). Hydroxyapatite (HA)- and calcium phosphate- related ceramic material have  
earned much attention in various biomedical applications due to their close similar-
ity to composition of natural bones. In particular, the composition [Ca 10  (PO 4 ) 6  
(OH) 2 ] and Ca/P molar ratio of HA are more similar to inorganic part of bone and 
teeth, and hence, this biological HA could be used as an implant material for ortho-
paedic and dental applications. Even though much effort has been paid to obtain 
synthetic hydroxyapatite, fi sh bone provides a cheap source for extraction of biologi-
cal HA with preserved chemical characteristics and many advantages (Boutinguiza 
et al.  2012 ). Pallela et al. ( 2011 ) have developed polymer- assisted thermal calcina-
tion method to isolate micro- and nanostructured HA form tune ( Thunnus obesus ) 
bones. Further, fi ndings proved that HA isolated with polymer-assisted method 
shows less toxicity and high biocompatibility. In addition, high level of calcium in 
fi sh bone indicates that it would be useful as a potential source to obtain calcium for 
dietary supplements. As most of the regular diets are calcium defi cient, several cal-
cium supplementations have been commercialized. Nevertheless, bioavailability of 
calcium of these products is not clearly studied. It is well known fact that small fi sh 
is a good source of balanced calcium, and fi sh-derived calcium is readily absorbed 
into human body. Thus, bones from fi sh processing waste can be used to produce 
fortifi ed products with high biological value, and several  convenient methods have 
been developed to soften the fi sh bone to convert it into an edible form.  

   Table 12.4    Biological activities of fi sh collagen and gelatin   

 Fish source  By-product  Biochemical potential  Reference 

 Rohu and Catla  Type I collagen  High thermal stability  Pati et al. ( 2010 ) 
 Nile tilapia  Collagen drink  Attenuate UVA damage  Kato et al. ( 2011 ) 
 Nile tilapia  Peptide  Free radical scavenging  Ngo et al. ( 2010 ) 
 Alaska pollock  Peptide  ACE inhibition  Byun and Kim ( 2001 ) 
 Pacifi c cod  Peptide  Antioxidant and ACE 

inhibition 
 Ngo et al. ( 2011 ) 

 Unicorn leatherjacket  Gelatin fi lm  Antimicrobial  Ahmad et al. ( 2012 ) 
 Chum salmon  Peptide  Memory enhancement  Pei et al. ( 2010 ) 
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12.8     Omega-3 Fatty Acids 

 Cold water oily fi sh, such as salmon, herring, mackerel, anchovies, and sardines, and 
fi sh oil derived from these fi sh have been recognized as well-balanced sources of 
omega-3 fatty acids, especially docosahexaenoic acid (DHA) and eicosapentaenoic 
acid (EPA). Due to enhanced health benefi ts of omega-3 fatty acids, world fi sh con-
sumption has reached to a level which threatened the marine fi sh sources, and thus, 
fi shing for oil extraction is not encouraged. Fish processing by-products have been 
identifi ed as an ideal candidate for extraction of fi sh oil rich in omega-3 fatty acids 
while giving a positive insight into sustainable marine fi sheries (Immanuel et al. 
 2009 ). The processing leftovers, such as head, skin and internal organs, are rich 
sources of omega-3 fatty acids, and method and conditions for the extraction are deter-
mined base of the nature of fi sh source. Presently, several methods, such as high-speed 
centrifugation, Soxhlet extraction, low-temperature solvent and supercritical fl uid 
extraction, are employed to extract fi sh oil. Among them, wet reduction followed by 
pressing and centrifugation is the most common method used to produce fi sh oil from 
waste materials (Chantachum et al.  2000 ). Purifi cation of omega-3 fatty acids from 
extracted fi sh oil is a challenge due to the presence of complex mixture of triacylglyc-
erols and vulnerability of free fatty acids EPA and DHA to oxidize into hydroperox-
ides. A recent study shows that enzymatic deacidifi cation of high-acid crude fi sh oils 
is an effective approach to extract high amount of n-3 fatty acids (Wang et al.  2012 ). 

 The inverse relationship between high level of omega-3 fatty acids present in 
bold and chronic disease has been reported in several studies. Findings suggest high 
levels of EPA and DHA in blood which in turn reduced rate of coronary heart dis-
eases have an association with inhibition of lipid-rich atherosclerotic plaques 
growth, reduction in formation of thrombus, improving vascular endothelial func-
tion and lowering blood pressure (Lavie et al.  2009 ). Moreover, there is evidence for 
therapeutic value of omega-3 fatty acids. For instance, benefi cial effects against 
diabetes mellitus, anti-infl ammatory action and thereby protection against autoim-
mune diseases and potent activity against human carcinomas including prostate, 
lung, colon and breast have been reported. Basically, documented health benefi ts of 
fi sh oil are a result of high content of EPA and DHA, and fi sh processing by-product- 
derived oil fall under the agreement of expected fatty acid composition for biomedi-
cal treatments (Byun et al.  2008 ; Wu and Bechtel  2008 ).  

12.9     Other Constituents 

 Internal organs, fi sh egg, scales, eyeball and blood have been identifi ed as the other 
potential sources of high-value biological constituents which have considerable mar-
ket value. Fish internal organs, especially viscera, are a rich source of digestive 
enzymes, proteases and lipases (Khantaphant and Benjakul  2010 ). As marine organ-
isms have adopted for extreme condition prevalence in the marine environment, these 
enzymes have unique characteristics, including higher catalytic effi ciency at low tem-
peratures, lower sensitivity to substrate concentrations, greater stability at broader pH 

12 Biologically Active Compounds Form Seafood Processing By-Products



308

range and  stability under high temperatures (50–60 °C) (Klomklao  2008 ). Owing to 
the special properties, these enzymes have broad applications in biomedical industry 
as a biocatalyst. Wound debridement, treatment for blood clots, antibiotic therapy and 
treatment for infl ammation are classical examples of protease-based medical treat-
ments (Seabra and Gil  2007 ). Furthermore, several studies reported that fi sh digestive 
enzymes are a cheap source to extract enzymes that could be used to produce biologi-
cally active peptides from different protein sources. 

 Fish egg derived from large-scale fi sh processing industries has been identifi ed as 
a potential source of lectin, a naturally occurring sugar binding protein. Due to its 
high specifi city and ability to form stable complexes with carbohydrates, it may be 
used as antibiotic to detect and inactivate activity of pathogens (Jung et al  2003 , 
Jimbo et al.  2007 ). Hyaluronic acid is an interesting compound isolated from fi sh 
eyeball. This polymer has repeating units of  N -acetyl- D -glucosamine and glucuronic 
acid and exists as cartilage in tissues. In recent years, hyaluronic acid has gained 
interest as an ingredient of cosmeceutical and pharmaceutical. Eyeball of certain 
fi shes contains signifi cant amount of hyaluronic acid which can be extracted with 
high purity (99.5 %) for clinical and cosmetic applications (Murado et al.  2011 ).  

12.10     Concluding Remarks 

 Seafood usage has reached to a level which threatens the marine ecosystem. Several 
reports have highlighted that half of marine resources have been overexploited. 
Thus, identifi cation and exploration of sustainable means to produce seafood have 
become a prioritized requirement of current seafood research. Recycling of seafood 
waste seems to be a positive approach to increase the utilization of existing seafood 
resources. However, commercial value of classical seafood by-products discourages 
the use of waste materials. Identifi cation of biologically active materials and their 
potential application in growing fi elds, such as biomedical, nutraceutical and func-
tional food, have brought a new insight to fi sh processing by-products. Thus, com-
prehensive studies on identifi ed potential ingredients and development of 
commercially viable processing methods for isolation and extraction will facilitate 
a successful journey of fi sh processing by-products in the biomedical fi eld. This 
seems to be an ideal approach to overcome constraints associated with conventional 
seafood waste management.     
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13.1            Introduction 

 Statins are a class of antihypercholesterolemic (or cholesterol-lowering) drugs 
which act on the liver by reducing the biosynthesis of the steroid by inhibiting the 
activity of HMG-CoA (3-hydroxy-3-methylglutaryl-CoA) reductase, the enzyme 
responsible for the fi rst step in the synthesis of cholesterol (and other biomolecules). 
Among statins, there are the molecules that are produced through synthetic means 
and those produced via fermentation-based processes with their semisynthetic 
derivatives. The rational production of microbial statins and discovery of new 
potential statin producers is stimulated by the current market value, with a market 
share around 60 %. Natural statins have a 2–3 billion dollar market (Bizukojc et al. 
 2007 ; Findlay et al.  2007 ; Morikawa et al.  2002 ; Murphree  2008 ; Rozman and 
Monostory  2010 ; Seraman et al.  2010 ; Vilches Ferrón et al.  2005 ; Weber et al. 
 2007 ), while the semisynthetic simvastatin has a 50 % market. 

 Among the advantages for microbial production of statins, there is the possibility 
of utilization of agro-industrial by-products for sustainable bioproduction and the 
possibility of using selected or modifi ed microorganisms to obtain new statins. 
Statins also have additional biological effects, such as microvascular endothelial 
protection function (in the presence of hyperglycemia, thus inhibiting the early 
stage of diabetic microangiopathy), or regression of fatty streak lesions (Arikan 
et al.  2012 ; Bizukojc et al.  2007 ; Nozue et al.  2012 ; Seraman et al.  2010 ; Vilches 
Ferrón et al.  2005 ). 

 All bioactive secondary metabolites are common on traditional therapeutic regi-
mens for hyperlipidemia which have been associated with increased risk of coronary 
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disease, stroke, and heart attack. Hyperlipidemia is a leading cause of death in many 
countries, which is often triggered by hypercholesterolemia (the accumulation of 
cholesterol in the blood), leading to atherosclerosis (Talayero and Sacks  2011 ). 

 This chapter highlights some of the major hypolipidemic properties and aspects 
relevant to microbial statins, such as the mechanism of action, the market value of 
these drugs, the potential for new microbial statins, and the production process for 
the most common microbial statins. It will also present examples of well- characterized 
non-statin hypolipidemic agents.  

13.2     Hyperlipidemia and the Processes Leading 
to Atherosclerosis 

13.2.1     Defi nitions 

 Hyperlipidemia or dyslipidemia is a condition characterized by an increased con-
centration of lipids (triglycerides, cholesterol, or both) and lipoproteins (low- density 
lipoprotein (LDL) and very low-density lipoprotein  ( VLDL)) in the blood. Specifi c 
terms to increased blood concentrations of triglycerides are referred to as hypertri-
glyceridemia, while increased blood concentrations of cholesterol are referred to as 
hypercholesterolemia. The term hyperlipoproteinemia refers to increased blood 
concentrations of lipoproteins (Talayero and Sacks  2011 ).  

13.2.2     Causes of Hyperlipidemia and Its Association 
with Atherosclerotic Processes 

 The mechanisms behind pathologies must be understood in order to develop better 
drugs. The causes underlying hyperlipidemia and atherosclerosis are discussed in 
this section. 

13.2.2.1     Causes of Hyperlipidemia 

 Several causes have been reported to cause hyperlipidemia: high-fat diets, obesity, 
endocrine disorders (such as diabetes mellitus, hypothyroidism, or hyperadrenocor-
ticism), and cholestasis. Among these risk factors, high-fat diets are the main cause 
of hyperlipidemia. Higher amounts of saturated fat, trans fat, and cholesterol intake 
in high-fat diet cause increased LDL levels. However, other risk factors and LDL 
participation have a central role in the atherosclerotic development process. 

 A vast number of studies confi rmed the intimate and causative relationships 
between dyslipidemias and diabetes (Subramanian and Chait  2012 ). In diabetes 
mellitus, there is defi ciency of insulin. The chylomicrons and VLDL are released 

L.F. dos Santos et al.



315

into blood and should be unloaded by lipases located on the vascular endothelium 
of tissues. However, these enzymes cannot function to its full extent because of the 
insulin defi ciency, since insulin can regulate lipase gene expression (Bouraoui et al. 
 2012 ). In accordance with lipase inhibition, there will be increased triglyceride lev-
els or hypertriglyceridemia. High triglyceride levels are markers for several types of 
atherogenic lipoproteins, especially apo C-III (Fukui et al.  2011 ). 

 Hypercholesterolemia has been stressed as one of the common biochemical fi nd-
ings in primary hypothyroidism. In general, hypothyroidism is associated with 
hypercholesterolemia mainly due to the elevation of total cholesterol and LDL-C 
levels, whereas there is an increase in triglyceride levels due to decreased activity of 
the lipoprotein lipase. There were multiple mechanisms accounting for atheroscle-
rosis in patients with hypothyroidism, including hypercholesterolemia, insulin 
resistance, and increased oxidation of LDL-C (overview of the atherogenesis below) 
(Arikan et al.  2012 ). 

 Comparative aspects of hyperadrenocorticism and arteriosclerosis have shown 
that advanced hyperadrenocorticism exhibits widespread arteriosclerosis with cal-
cifi c complications. This disease shows a higher hypertriglyceridemia and hyper-
cholesterolemia due to the associated metabolic alterations. Cortisol concentrations 
induce the insulin resistance and lipase activity (Ottosson et al.  1994 ; Wexler  1971 ). 

 Hypercholesterolemia always occurs in cholestasis, a disturbance of the secre-
tion of bile salts by the liver, as bile is the chief pathway for the elimination of 
cholesterol from the body (Wagner et al.  2009 ).  

13.2.2.2     Overview of the Atherogenesis 

 Atherosclerosis has been reported as a result of hyperlipidemia, and it is regarded as a 
lipid-induced infl ammatory disease where the immune system plays a pivotal role in 
its initiation and progression. In general, atherogenesis begins at sites of endothelial 
injury caused by smoking, infection, diabetes mellitus, and hypertension and which 
results a nidus for monocyte and lipid/lipoprotein accumulation into the underlying 
arterial intima (Gu et al.  2012 ). Lipid and lipoprotein accumulation is due to adhesive-
ness and permeability of the endothelial injury. As LDL accumulates, it may be 
entrapped extracellularly in arteries, thus being subjected to a milieu conducive to 
various kinds of enzymatic and chemical modifi cation (oxidation and glycation). 
Lipoproteins undergo minimal oxidation during circulation but become progressively 
oxidized within the arterial wall. The monocytes subsequently differentiate into mac-
rophages and ingest modifi ed LDL and other particles (Koga and Aikawa  2012 ). In a 
way, scavenger receptors of macrophages bind oxidized LDL but not native LDL, 
leading to development of cholesterol ester-engorged cells or foam cells, the precur-
sors of atherosclerotic lesions. T cells infi ltrating into the endothelial lesion may rec-
ognize antigenic signals presented by the activated macrophages and generate an 
immune response by infl ammatory cytokines and growth factors production which 
stimulate smooth muscle cell migration and proliferation (Kzhyshkowska et al.  2012 ). 
The smooth muscle cells, in turn, secrete extracellular matrix components that form a 
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fi brous cap over the underlying atherosclerotic lesion. Foam cells undergo apoptosis 
and release their lipid contents to form an extracellular lipid core that is contained 
under the fi brous cap. All this process will result in thickened intima media and ath-
erosclerosis plaque development in arteries. Moreover, in general, atherosclerotic 
plaques with thin fi brous cap, large lipid cores, and numerous macrophages are most 
likely to rupture. Thus, once plaques rupture, the thrombogenic contents are exposed 
to platelets and coagulation factors in circulating blood, initiating a thrombosis. 
Thrombosis is a blood clot within a vessel, obstructing or stopping the fl ow of blood 
(Steinbrecher  1999 ; Østerud and Bjørklid  2003 ). 

 Atherosclerosis usually does not cause signs and symptoms until it severely nar-
rows or totally blocks a vessel. Therefore, atherosclerosis represents the world’s 
largest problem from modernity by taking 17.1 million lives a year. According to 
the most recent data available, one in fi ve deaths in developing countries is due to 
atherosclerosis in its various forms (Ellis et al.  2010 ; Messner and Bernhard  2010 ). 

 Treatments for atherosclerosis may include lifestyle change, surgery, and medi-
cines, such as antihypertensives (angiotensin-converting enzyme inhibitors, cal-
cium channel blockers, thiazide diuretics), antiplatelets, and mainly statins against 
high cholesterol and LDL levels (Borshch et al.  2012 ). 

 The mechanisms discussed about the model of atherogenesis initiation outlined 
above are mainly based on experimental animal models with high rate of developing 
lesions, i.e., genetically hyperlipidemic animals and fat fed. However, there is sup-
porting evidence that many molecules, cytokines, growth factors, scavenger recep-
tors, etc. are expressed and produced similarly in humans, validating this whole 
mechanism and opening several strategies for the development of new treatments.    

13.3     The Statin-Based Therapeutic Strategies 

13.3.1     General Characteristics of Statins 

 Statins are oral inhibitors of the 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG- 
CoA) reductase, which are well-established agents to lower cholesterol levels and 
prevent cardiovascular morbidity and mortality. HMG-CoA reductase is the rate- 
limiting enzyme that catalyzes the conversion of HMG-CoA to  L -mevalonate, a key 
pathway for cholesterol biosynthesis. Therefore, statins are the fi rst line of defense 
in drug treatment of hypercholesterolemia (Morikawa et al.  2002 ; Rozman and 
Monostory  2010 ; Weber et al.  2007 ).  

13.3.2     Chemical Structure and Mode of Action: Statins 

 Statins have differences in their chemical structure that could translate into different 
pharmacological properties and pharmacokinetic parameters (bioavailability, 
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half- life, protein binding, metabolism and excretion routes, lipophilicity). All statins 
have a structural component which is similar to HMG portion of HMG-CoA 
(Fig.  13.2 ). Thus, statins act as competitive inhibitors of the HMG-CoA reductase. 
In general, competitive inhibition of HMG-CoA reductase by statins decreases the 
conversion of HMG-CoA to mevalonate, the rate-limiting step of cholesterol endog-
enous synthesis (Fig.  13.1 ). The reduction of downstream metabolic intermediates 
leads to increased expression of LDL receptor on the surface of hepatocytes and so 
increases uptake of LDL-C from the circulation (Campo and Carvalho  2007 ; Nirogi 
et al.  2007 ). Aside from their cholesterol-lowering effects, statins can reduce coen-
zyme Q10 and dolichol. Coenzyme Q10 is a mitochondrial coenzyme which is 
essential for the production of ATP and immune system while the role of the doli-
chol remains elusive (Cantagrel et al.  2010 ; Kumar et al.  2009 ).

   Currently, seven statins are used in medical practice: lovastatin, pravastatin, 
 simvastatin, fl uvastatin, atorvastatin, rosuvastatin, and pitavastatin. From these, the 
last fi ve are synthesized chemically while lovastatin and pravastatin are derived 
from fungal fermentation. Chemical structures of statins are shown in Fig.  13.2 . 
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  Fig. 13.1    Statins: mechanism of action       
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The recurrent structure in all statins is a hydroxyl carboxylic acid which mimics 
HMG- CoA. The lactonized forms of statins are converted to the active hydroxy 
acids in the liver. The effi ciency with which statins are absorbed and inhibit the 
synthesis of cholesterol is affected by their structure, leading to a wide heterogeneity 
of t raditional therapeutic regimens used by statins, as well as their pharmacological 
properties. Table  13.1  shows the therapeutic doses and half-lives for statins.

13.3.3         Other Relevant Effects of Statins 

 Aside from their cholesterol-lowering effects, statins are known to have a range of 
effects, such as vasodilatation, effects on coagulation, infl ammatory response mod-
ulation, atherosclerotic plaque regression, and immunomodulatory effects. 
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 Endothelium-ameliorating effects of statin therapy were observed in patients with 
symptomatic heart failure. The benefi cial effect of statin therapy on endothelium- 
dependent vasodilatation in patients was associated with coenzyme Q 10  reductions. 
Therefore, statins can increase nitric oxide (NO) bioactivity, which is consistent with 
enhanced endothelium function, and reduce synthesis of proinfl ammatory proteins on 
the endothelial cell surface, which may reduce infl ammation (Brull et al.  2001 ; 
Gajendragadkar et al.  2009 ; Koh et al.  2004 ; Strey et al.  2005 ). 

 Statins may affect the expression levels of genes involved in coagulation, such as 
thrombomodulin and nitric oxide syntase-3. Thrombomodulin is a transmembra-
nous glycoprotein and plays an important role in the anticoagulant system as the 
receptor of thrombin leading to accelerated protein C activation (Gajendragadkar 
et al.  2009 ; Morikawa et al.  2002 ). 

 Statins have been demonstrated to inhibit superantigen-induced T cell activation, 
MHC class II antigen downregulation, and LFA-1 binding; reduce heart and kidney 
transplant rejection; reduce mortality with staphylococcal bacteremia; and reduce 
high-sensitive C-reactive protein in patients with coronary artery disease (Fehr et al. 
 2004 ; Weber et al.  2007 ).  

13.3.4     Current Market Situation of Statins: 
The Billion Dollar Drugs 

 The beginning of the twenty-fi rst century brought an economic growth reduction for 
most advanced countries, with an average around 2 % per year. Some economies 
even shrinked, and overall growth in Europe in 2012 was stagnant at 0.2 %. Despite 
economic losses, statin market was substantially maintained. Accounting for 6.5 % 
of the total pharmaceutical market share, statin drugs are the most widely sold drugs 
in history. To date, drug companies are earning $26 billion in annual sale 
(Fig.  13.3 ) — a single class of drugs producing more profi ts than Google – and are 
expected to continue to increase in the years ahead. The fi rst statin, lovastatin, was 
launched in America in the 1980s with revenues of $200 million (Findlay et al. 
 2007 ; Murphree  2008 ). The statin market (Fig.  13.3 ) is still on the rise, although the 
growth is decelerating after early 2007. While new drugs are developed and the 

   Table 13.1    Traditional therapeutic regimens used by statins and its pharmacological properties 
(Betteridge  2010 ; Catapano  2010 ; Jones et al.  2003 ; Knopp  1999 )   

 Statins  Therapeutic dose a  (mg)  Elimination half-life (h)  Solubility 

 Fluvastatin  20–80  1–2  Lipophilic 
 Atorvastatin  10–80  14  Lipophilic 
 Rosuvastatin   5–40  19  Hydrophilic 
 Pitavastatin   2–4  11–18  Moderately lipophilic 
 Simvastatin   5–80  1–2  Lipophilic 
 Lovastatin  10–80  3  Lipophilic 
 Pravastatin  10–80  1–2  Hydrophilic 

   a Dose required for inhibition of 50 % HMG-CoA reductase  
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older patents expire, statin therapies may become even more accessible, and the 
market may be expected to reach U$35 billion by 2023.

   Statin use has increased in recent years as hyperlipidemia is being diagnosed 
more frequently. There is more evidence supporting the hazard of high levels of 
lipids in the blood, and consumers have become increasingly aware of benefi cial 
effect of statins. New prescriptions of statins show a market share around 10 % for 
bio-based compounds (lovastatin and pravastatin) (Findlay et al.  2007 ) and a 50 % 
market for the semisynthetic simvastatin. This panorama is probably due to the 
recent expiration of patent rights for lovastatin (2001) and simvastatin (2006) and 
the entry of generics. The expiration of atorvastatin patents (2012) will probably 
bring it back as a generic statin. On the other side, with new drugs in the pipeline 
and an annual growth of emerging markets (such as Latin America), the microbial 
statin market is sure to remain huge.   

13.4     Microbial Statins: Production Process and Potential 
for New Substances 

 Although most of the newer statins are synthetic, microbial statins are of interest 
because its production skips several synthetic steps, providing a high value-added 
molecule from low-cost substrates in an eco-friendly process. 

 ML-236B, known as compactin or mevastatin, was the fi rst breakthrough in efforts 
to fi nd a hypolipidemic agent by Akira Endo (1976). By 1980, Merck had discovered 
lovastatin which has been shown to be chemically very similar to mevastatin, differ-
ing by one methyl group (absent in mevastatin). Endo also had discovered the same 
compound, lovastatin (Brown and Goldstein  2004 ). Soon after the development of 
lovastatin, several screening efforts led to the development of similar molecules. 

  Fig. 13.3    Statin market (in billions).  Source : Information derived by  Consumer Reports Best Buy 
Drugs—The statin drugs .  The Telegraph  and  Forbes magazine        
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The biosynthetic pathway for microbial statins starts with the condensation of acetyl 
and malonyl-CoA (Auclair et al.  2001 ; Barrios-gonzález and Miranda  2010 ; 
Komagata et al.  1989 ) and proceeds through the mevalonate pathway (Fig.  13.4 ).

13.4.1       Lovastatin 

13.4.1.1     General 

 Lovastatin is a fungal secondary metabolite discovered in the seventies and intro-
duced in the American market in the 1980s as Mevacor by Merck. It was the fi rst 
statin to be approved by FDA, and it was formerly called as mevinolin or monacolin 
K. Lovastatin is administered as β-hydroxy lactone which over the time converts in 
vivo to the respective hydroxy acid form, partly similar to HMG-CoA. The hydroxyl 
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  Fig. 13.4    Microbial statins biosynthetic pathway       
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acid form is a weak acid (p K  a  = 4.31) with a molar mass of 422.55 while its lactone 
form has a higher (p K  a  = 13.5) (Bizukojc et al.  2007 ; Brown and Goldstein  2004 ; 
Lisec et al.  2012 ; Seenivas et al.  2008 ; Seraman et al.  2010 ).  

13.4.1.2     Current and Potential Uses of Lovastatin 

 Besides its cholesterol-lowering properties, lovastatin has been reported as a 
potential therapeutic agent for the treatment of various types of cancer. Recent in 
vitro studies have shown that lovastatin inhibits proliferation of anaplastic thyroid 
cancer cells through upregulation of p27 by interfering with the Rho/ROCK (serine/
threonine kinase Rho kinase)-mediated pathway — this pathway has been suggested 
to be involved in the regulation of cancer cell motility. Other studies have shown 
endothelial protection function of lovastatin in the presence of  hyperglycemia. 
Endothelial dysfunction, such as decreased endothelium-dependent vasorelax-
ation, plays a key role in the pathogenesis of diabetic vascular disease. Lovastatin 
was able to improve mesenteric responses to acetylcholine (Gajendragadkar et al. 
 2009 ; Zhong et al.  2011 ). Oxidative stress has been linked to the cause of many 
human diseases, such as heart failure, coronary artery and chronic kidney disease, 
and  neurodegenerative disturbances. It arises from an imbalance between an exces-
sive generation of reactive oxygen species, reactive nitrogen species, and insuffi -
ciency of antioxidant agents. Oral administration of lovastatin has been demonstrated 
to reduce oxidative stress and change the activities of antioxidant enzymes (Kumar 
et al.  2011 ).  

13.4.1.3     Production Process 

   Potential Producers 

 Lovastatin is produced by a variety of fi lamentous fungi. Some of the important 
microbial sources are  Monascus  sp.,  Penicillium  sp . , and  Aspergillus  sp. Species 
were found to be the most signifi cant producers of lovastatin, such as  Monascus 
purpureus ,  Monascus ruber ,  Aspergillus terreus , and  Aspergillus fl avipes . Table  13.2  
lists some species evaluated or developed for lovastatin production. Although sev-
eral species produce low amounts of lovastatin, they are shown in order to illustrate 
the genera variability.

   New rapid screening methods were developed to fi nd new potential producers 
based on the activity of lovastatin against the yeast  Candida albicans.  In this 
method, the diameter of the inhibition zones (obtained on plates of  Candida albi-
cans ) correlated linearly with the quantity of lovastatin impregnated in the paper 
disc (Bizukojc et al.  2007 ; Seraman et al.  2010 ; Vilches Ferrón et al.  2005 ). Other 
method for detecting lovastatin-producing strain is based on PCR for specifi c genes 
related to lovastatin synthesis, detecting suitable strains more quickly and effec-
tively (Kim et al.  2011 ).  
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   Fermentation 

 Submerged fermentation and solid-state fermentation (SSF) have been used for 
 lovastatin production. Large-scale processes were developed using  Aspergillus terreus  
in submerged fermentation. Enhanced strategies, such as the use of antibiotics, cul-
tivation in fed-batch mode, and medium development, led to higher yields (Jia et al. 
 2010 ; Seenivas et al.  2008 ; Porcel et al.  2008 ). 

 Solid-state fermentation is a potential alternative to produce lovastatin which 
generates less effl uent and uses less power. SSF uses various solid substrates, such 
as besan fl our, barley, sago, and long-grain rice (all these substrates yield high lov-
astatin production, >110 mg/g dry substrate); mixed solids can also be used to for-
mulate economical substrates for commercial production (Subhagar et al.  2009 ; 
Valera et al.  2005 ). The inocula for these processes may be either a liquid culture or 
a spore suspension; after inoculation, the fermenters are maintained at a tempera-
ture, pH, and aeration rate which are characteristics of each strain for several days. 
Typical values are 28 °C, pH 6.5, 1.5 vvm, and 7 days for  Aspergillus terreus  strains.  

   Culture Medium Characteristics 

 As with any fermentation product, the culture medium has a signifi cant effect on the 
rate of production and yield of lovastatin. The type of carbon source (e.g., fructose, 
lactose, glycerol), nitrogen source (e.g., soybean meal, corn steep liquor, yeast 
extract), and the C:N mass ratio used in the medium infl uenced production of lovas-
tatin and microbial biomass by  A. terreus.  The results have shown that the presence 
of excess carbon (slowly metabolizable carbon source) under nitrogen limitation 
greatly enhanced the rate of production of lovastatin. Nitrogen limitation diverts 
more carbon to lovastatin metabolic pathways (Casas López et al.  2003 ). Most liq-
uid culture media use glucose as the main carbon source, but some authors suggest 

   Table 13.2    Lovastatin production (in mg/L of fermented broth) by selected strains   

 Microorganism  Strain  mg/L  Reference 

  A. terreus   ATCC 20542  100  Porcel et al. ( 2008 ) 
  Penicillium citrinum   MTCC 1256  589  Ahmad et al. ( 2010 ) 
  Aspergillus terreus   Isolate  400  Szakács et al. ( 1998 ) 
  Aspergillus terreus   DRCC 122 (uv mutant)  2,200  Kumar et al. ( 2000 ) 
  Aspergillus terreus   Isolate  400  Samiee et al. ( 2003 ) 
  Monascus pilosus   MK-1 (a mutant strain)  725  Miyake et al. ( 2006 ) 
  Monascus purpureus   MTCC 369  351  Sayyad et al. ( 2007 ) 
  Biospora  sp.  Isolate  13  Osman et al. ( 2011 ) 
  Cylindrocarpon radicicola   Isolate  7.1  Osman et al. ( 2011 ) 
  Penicillium spinulosum   Isolate  15.8  Osman et al. ( 2011 ) 
  Trichoderma viride   Isolate  36  Osman et al. ( 2011 ) 
  Mycelia sterilia   Isolate  15.3  Osman et al. ( 2011 ) 
  A. terreus   DSM 13596  310  Benedetti et al. ( 2002 ) 
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that this sugar strongly represses lovastatin synthesis (Miyake et al.  2006 ), which 
explains why continuous or fed-batch processes enhance the yield. In addition to 
glucose, several culture media also use starches and complex mixed sources, such 
as oatmeal, soybean meal, peptones, and yeast extract in the culture medium. 

 A variety of mineral nutrients is also added to the culture media, usually K 2 HPO 4 , 
MgSO 4 , and ammonia, urea, or nitrates. Microelements are seldom added, being 
provided by the complex nutrients used. 

 Studies have shown that the supplementation of the culture medium with B-group 
vitamins enhances lovastatin synthesis by  Aspergillus terreus . It is probable that the 
synthesis of lovastatin requires a high throughput of coenzymes, thus the applica-
tion of its precursors in the form of B-group vitamins would give a positive effect 
on lovastatin production (Bizukojc et al.  2007 ). The impact of other supplements, 
such as linoleic acid, has demonstrated that micromolar concentrations of this fatty 
acid enhance lovastatin yield. Possibly, early supplementation of linoleic acid antic-
ipates the production of oxylipins, thus mimicking the critical cell mass necessary 
for the onset of lovastatin production (Sorrentino et al.  2010 ). Vegetable oils stand 
out as a promising substrate as an additional carbon source for lovastatin production 
(Sripalakit et al.  2011 ).  

   Downstream Processing of Lovastatin 

 As lovastatin has a very low polarity, the concentration from the culture broth may 
be carried out by liquid-liquid extraction. However, there is a substantial portion of 
intracellular lovastatin (Benedetti et al.  2002 ), which may not be easily extracted. In 
addition, the molecule may be oxidized if not properly processed, leading to hard to 
separate impurities—antioxidants or inert atmospheres should be used. After extrac-
tion and concentration, the statin is usually purifi ed by crystallization, although 
chromatography and ion exchange steps may also be used. The fi nal compound 
should have a purity of at least 99.5 %. Figure  13.5  illustrates a possible lovastatin 
downstream process.

13.4.1.4         Simvastatin Production (Derivatization of Lovastatin) 

 The natural product lovastatin can be derived in its analog semisynthetic simvas-
tatin. Substitution of the α-methylbutyrate side chain with α-dimethylbutyrate is 
most effective in treating hypercholesterolemia while lowering undesirable side 
effects. An alternative method for the simvastatin synthesis is a selective enzy-
matic deacylation of lovastatin. Due to the effectiveness of simvastatin, numerous 
multistep syntheses from lovastatin to simvastatin have been described in the pat-
ent literature. For example, a process for preparing simvastatin from lovastatin or 
mevinolinic acid in salt form comprises treating either starting material with 
cyclopropyl or butyl amine. In another process, lovastatin was hydrolyzed to acid 
form and then isolated in the form of amine salt like cyclopropyl or t-octylpropyl 
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amines. The salts isolated were directly methylated without any protection or 
deprotection of hydroxyl groups. Then, simvastatin  ammonium salts were con-
verted to simvastatin by conventional methods of lactonization (Kumar et al. 
 1998 ; Vaid and Narula  2006 ).   

13.4.2     Pravastatin 

13.4.2.1     General 

 Pravastatin was discovered as a bioactive metabolite of mevastatin, in efforts to 
develop new statins. It was launched on the market in 1991 (Li  2009 ). Pravastatin as 
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well as the other statins exists in two forms, lactone and open-ring hydroxy acid 
form (active form); besides the open ring, pravastatin has an extra hydroxyl group 
in comparison with lovastatin, being hydrosoluble. Pravastatin is more effective 
than lovastatin in moderate doses. In human plasma, pravastatin can be determined 
by enzyme immunoassay or in human urine by HPLC and UV detection (Darwish 
et al.  2009 ; Whigan et al.  1989 ).  

13.4.2.2     Current and Potential Uses of Pravastatin 

 Neuroprotection by pravastatin in acute ischemic stroke has been demonstrated in 
rats even when given after stroke onset. Among the mechanisms responsible for 
improved neurological outcome is the inhibition the release of potentially damag-
ing cytokines such as interleukin-6 in the early phase of cerebral ischemia (Berger 
et al.  2008 ). Other potential uses of pravastatin are in diabetic nephropathy. 
Diabetic nephropathy (DN) is the principal cause of end-stage renal failure in the 
Western world and leads to major mortality. DN is characterized by endothelial 
dysfunction following a variety of proinfl ammatory insults. Studies have provided 
evidence of the protective properties of pravastatin through an upregulation in 
endothelial constitutive nitric oxide synthase expression in diabetic group (Casey 
et al.  2005 ).  

13.4.2.3     Production Process 

   Overview 

 This compound is obtained by two-step fermentation; fi rstly mevastatin is pro-
duced by  Penicillium citrinum  or other potential producer, such as  Streptomyces 
carbophilus,  and converted by hydroxylation of mevastatin to form pravastatin. 
The hydroxylation of mevastatin in  S. carbophilus  is catalyzed by a CytP450 sca  
monooxygenase system (Sakaki  2012 ; Serizawa  1996 ). Recent advances in the 
molecular characterization of the CytP450 sca  and their responsiveness to mevas-
tatin have been achieved. For example, molecular approaches for transcriptional 
regulation of the cytochrome P450 sca  from  S. carbophilus  by mevastatin sodium 
salt or cloning, characterization, and expression of the gene encoding CytP450 sca  
from  S. carbophilus  involved in production of pravastatin. CytP450 sca  DNA 
sequences have been annotated in GenBank® (Sakaki  2012 ; Watanabe et al.  1995 ; 
Watanabe and Serizawa  1998 ). A new strain of  Streptomyces fl avovirens  has been 
used to produce pravastatin (Gururaja et al.  2003 ). A  Monascus ruber  strain is 
capable to produce 3000 mg/L of pravastatin in a short fermentation, according to 
Benedetti et al. ( 2002 ). In relation to bioconversion, it has been established that 
actinomycetes could hydroxylate mevastatin to pravastatin. The degree of conver-
sion by cells was 65–78 % of mevastatin added and 65–88 % of mevastatin taken 
up (Peng and Demain  2000 ).  
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   Downstream Aspects 

 Pravastatin fermentation is followed by isolation and purifi cation. A method of 
 isolating and purifying pravastatin or its pharmaceutically salt involves a step of 
extracting using an organic solvent, such as ethyl acetate (Nobunari et al.  2003 ). 
Other studies have reported purifi cation methods which use high-performance liq-
uid chromatography (HPLC) (Haytko and Wildman  1992 ). Some polymorphs of 
pravastatin sodium have been described as obtainable from a process wherein 
aprotic and protic solvents are used (Pater and Wnukowski  2012 ). The fact that 
pravastatin is hydrophilic has the benefi t of limiting the contamination by lipophilic 
compounds in the initial step of the process and the control of solvent extraction by 
broth acidifi cation but may lead to partial dimerization in the concentration steps of 
the solvent extract. 

 Traces of mevastatin can still be present in the end product after lyophilization to 
remove solvent. Mevastatin and pravastatin are structurally closely related. Thus, 
purifi cation of pravastatin is tedious but important for the production of a safe and 
effi cient drug. Methods have been proposed for the extraction of pravastatin and the 
concomitant removal of impurities. It has been found that the ratio pravastatin/ 
mevastatin has increased when the solution is added to water-immiscible solvent 
(e.g., isopropyl acetate, methyl isobutyl ketone) with water or an aqueous solution 
at a pH value ranging from 5.0 to 6.5 (Johannes et al.  2009 ). Mevastatin can also be 
highly toxic to microorganisms responsible for biotransformation, especially to 
mould fungi; thus mevastatin concentration must only be maintained at a low level 
during industrial production (Minquan et al.  2006 ). 

 Despite known pravastatin production process, still there are problems that need 
to be solved. During fermentation steps, there is a common problem characterized 
by degradation of pravastatin (e.g., hydrolysis of pravastatin) resulting in loss of 
product. This phenomenon also can occur with lovastatin. Therefore, use of specifi c 
nitrogen or carbon sources to avoid statin hydrolysis during fermentation, as well as 
deletion of genes encoding enzymes that hydrolyze statins, is necessary (Klaassen 
et al.  2009 ). During work-up procedures, unwanted loss of product occurs as result 
of lactonization leading to pravastatin lactone. Any breakthrough approach sup-
pressing lactonization is therefore of great relevance in productive process. Elevated 
temperatures, certain pH regimes, and traces of other molecules can promote 
unwanted lactonization. Aprotic solvents have been appointed to suppress lactoni-
zation in pravastatin sodium downstream process (Pater and Wnukowski  2012 ).     

13.5     Perspectives of the Non-statin Hypolipidemic Agents 

 High statin doses are often associated with the increased frequency of adverse effects. 
In addition, all statins have been observed to cause myopathy, and the risk of adverse 
effects on muscle increases with the use of high doses (Riphagen et al.  2012 ). 
Therefore, non-statin hypolipidemic drugs can be an alternative treatment option. 
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There are several promising novel therapeutic approaches for the treatment of 
hyperlipidemia and atherosclerosis based on non-statin hypolipidemic agents which 
are expected to be of great benefi t for patients with adverse effects. Some of these 
agents may be produced using bioprocesses. 

13.5.1     Niacin 

 Niacin, also known as vitamin B 3  or nicotinic acid, at levels higher than the 
required vitamin dose functions as a vitamin, favorably affecting atherogenic 
lipoprotein release, as well as decreases cholesterol, triglycerides, and LDL and 
VLDL levels and increases HDL cholesterol levels. Niacin acts on raising apoAI 
and lowering apoB. These apoliproteins are the main protein components of cir-
culating HLD (apoAI) and of LDL and VLDL (apoB). However, the absolute 
magnitude of these lipid-modifying effects is highly dependent not only on the 
daily dose but also on the lipid phenotype at baseline (Chapman et al.  2010 ; 
Rozman and Monostory  2010 ).  

13.5.2     Ezetimibe 

 Ezetimibe, a cholesterol-absorption inhibitor, acts on cholesterol from diet and does 
not affect the absorption of fat-soluble vitamins, triglycerides, or bile acids. The 
effect of ezetimibe on the progression of atherosclerosis remains unknown. It selec-
tively inhibits cholesterol absorption by binding to the Niemann-Pick C1-like 1 
(NPN1L1) protein. Combined therapy with ezetimibe and a statin provides an incre-
mental reduction in LDL-C levels of 12–19 % (Rozman and Monostory  2010 ; 
Teramoto et al.  2012 ).  

13.5.3     Cholesteryl Ester Transfer Protein (CETP) Inhibitors 

 CETP promotes the transfers of cholesteryl esters from antiatherogenic HDLs to 
proatherogenic apoB — principle protein components of circulating LDL and VLDL. 
Moreover, it facilitates the transport of triglycerides between the lipoproteins. Thus, 
CETP transfers lipids from one lipoprotein to another that results in equilibration of 
lipids between lipoprotein fractions. A defi ciency of CETP is associated with 
increased HDL levels and decreased LDL levels, supporting the therapeutic poten-
tial of CETP inhibition as an approach to retarding atherogenesis (Rozman and 
Monostory  2010 ; Tzotzas et al.  2011 ).  
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13.5.4     Fibrates 

 Fibrates are generally effective in lowering elevated plasma trycerides and 
 cholesterol. It is a class of amphipathic carboxylic acids. Fibrates can implicate fi ve 
major mechanisms underlying the modulation of lipids: (a) induction of lipoprotein 
lipolysis, (b) induction of hepatic fatty acid uptake and reduction of hepatic triglyc-
eride production, (c) increased removal of LDL particles, (d) reduction in neutral 
lipid exchange between VLDL and HDL, and (e) increase in HDL production and 
stimulation of reverse cholesterol transport. In general, fi brates are considered to be 
well tolerated, with an excellent safety profi le (Rozman and Monostory  2010 ; Saha 
and Arora  2011 ).   

13.6     Perspectives 

 The fermentation process for the production of statins has been generally well stud-
ied and optimized process w.r.t. process parameters and cost. It is well known that 
downstream processes can be considered one of the main factors involved in the 
fi nal cost of the product as it can include multiple steps such as fi ltration, extraction, 
chromatography, crystallization, adsorption fl ow through, and drying (Straathof 
 2011 ; Winkelnkemper et al.  2011 ). Thus, the use of fungal biomass can be an inter-
esting alternative in controlling lipid profi le and avoid a complex downstream pro-
cess (Table  13.3 ). There are already reports investigating the hypolipidemic effect 
of fungal biomasses (Santos et al.  2012 ). The support of this idea comes from herbal 
medicines which basically use plants in raw state and produce therapeutic action.

   The use of statins has radically improved the therapy of coronary disease since 1990. 
The huge market for these molecules means that constant effort is being pursued by 
pharmaceutical companies and research institutes for developing new and more effi cient 
molecules. Although semisynthetic derivatives will likely dominate the market in the 
near future, microorganism screening may lead to the development of new microbial 

   Table 13.3    Hypocholesterolemic effect of fungal biomass or its fractions on several animal 
models   

 Microorganism 
 Animal 
model  Amount/fraction  Reference 

  Auricularia 
auricula  

 ICR mice  Ethanol extract 
150 mg/kg/day b.w. 

 Chen et al. ( 2011 ) 

  Cordyceps sinensis   ICR mice  Hot-water extract from mycelia 
150 and 300 mg/kg/day 

 Koh et al. ( 2003 ) 

  Coriolus versicolor   Rats  Water extract  Hor et al. ( 2011 ) 
  Pleurotus ostreatus   Wistar rats  20 % biom/feed  Santos et al. ( 2012 ) 
  Pleurotus ostreatus   Rabbits  10 % dried fruit/feed  Bobek and Galbavy ( 1999 ) 
  Pleurotus ostreatus   Humans  30 g dried fruit/soup  Schneider et al. ( 2011 ) 
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statins. On the other side, traditional foods are being thoroughly studied in order to 
 elucidate other cholesterol-lowering or synergistic mechanisms. This opens the path for 
the development of novel nutraceutical foods and dietary supplements.     
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14.1            Introduction 

 Dating back to human history, the microbial infections have been one of leading 
cause of diseases. Over the year, a large number of antimicrobial compounds have 
been discovered which has made this world a much better place to live. Antibiotics, 
such as penicillin, have metamorphed the way diseases are tackled worldwide. 
However, indiscriminate use of antimicrobial agents, particularly antibiotics, is 
leading to the development of multiple drug resistance in human pathogenic micro-
organisms. The antibiotic-resistant bacterial strains travel very fast, making existing 
antibiotics ineffective. Therefore, it becomes essential to continuously look for new 
substances from the sources with proven antimicrobial activity. 

 Plant origin is the most important fi eld for discovery of more effective and useful 
antimicrobial agents. Various parts of plants are used as source and template for 
synthesis of antimicrobial agents (Pretorius et al.  2003 ). In fact, plants and other 
natural sources provide unlimited scope for discovery of new antimicrobial agents 
due to chemical diversity. They are rich in secondary metabolites having antimicro-
bial properties, such as tannins, terpenoids, alkaloids, fl avonoids, and other phenolic 
compounds. Plant extracts and phytochemicals as antimicrobial compounds in use 
for ages in crude form have been of great signifi cance in therapeutic treatments 
(Kubo et al.  1993 ; Artizzu et al.  1995 ; Izzo et al.  1995 ; Nascimento et al.  2000 ). 
Although 250,000–500,000 species of plants are estimated to be available on the 
earth (Borris  1996 ), only less than 10 % of these are thought to be used as food and 
even less for medicinal purposes (Moerman  1996 ). In fact, major portion of plants, 
fruits, vegetables, and other food items are being either used as low-value items or 
thrown as waste. 
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 As a result, huge amount of waste is being generated by almost every fi eld, i.e., 
agriculture, food, and pharmaceuticals, among others. The European Union alone 
produced about 2 billion tonnes of wastes in the year 2006. By the year 2020, the 
production of waste was estimated to be 45 % higher than it was in 1995. About 
30 % of the total waste was reported to be agrowaste (Piccirillo et al.  2010 ). There 
exists a huge scope for utilizing plant and agrowaste for various purposes including 
production of antimicrobial products. Fruit and vegetable wastes, such as pomace, 
skins, seeds, and other agrowaste, are rich sources of antimicrobials compounds. 
Therapeutic and other compounds from these natural wastes are not only eco- 
friendly but their recovery would also be economically attractive. 

 In addition to the therapeutic use, bioactive properties of plant and agrowastes 
have immense applications in food industry. Natural preservatives in food items 
have become very attractive as globalization has necessitated the transportation of 
high-quality food items from one corner of the world to the other (Davidson and 
Branen  2005 ). Various bioactive compounds having valuable application in food 
industry have been obtained from different types of agrowastes. Natural antimicro-
bial compounds from plants and agrowastes provide a viable and effective alterna-
tive to synthetic preservatives in the food industry.  

14.2     Antimicrobial Chemistry 

 Antimicrobial agents are substance of chemical or biological or biochemical origin 
which inhibits the growth of microorganisms, such as bacteria, viruses, fungus, algae, 
or other parasites. Mechanism of inhibition of bacterial growth by antibacterial 
compounds depends on the target bacteria. Inhibition of nucleic acid synthesis, inter-
ference with cell wall synthesis, cell membrane interference, inhibition of protein 
synthesis, and disruption to metabolic pathway (Tenover  2006 ) are the common ways 
through which antimicrobial agents act against infectious microbes. 

14.2.1     Inhibition of Nucleic Acid Synthesis 

 The metabolism of nucleic acids can be altered either at the DNA-dependent RNA 
polymerase or in the process of DNA coiling. DNA gyrase and DNA topoisomerase 
IV are two essential enzymes for cell growth and division. DNA gyrase controls 
DNA supercoiling. The enzyme binds to DNA and introduces double-strand breaks 
that allow the DNA to unwind. Some compounds, such as nitroimidazoles and 
nitrofurans, directly affect DNA (Calvo and Martinez  2009 ). 

 Antimicrobial agents, such as fl uoroquinolones and rifampin, inhibit synthesis of 
nucleic acid. Some antimicrobials like fl uoroquinolones interfere with DNA synthe-
sis causing double-strand DNA breaks during DNA replication. Antimicrobial 
agents, such as rifampin, bind to DNA-dependent RNA polymerase, which blocks 
the synthesis of RNA and results in cell death.  

S. Negi



337

14.2.2     Cell Wall and Cell Membrane Interference 

 The bacterial cell wall can be affected by antimicrobial compounds at different 
stages of either synthesis (fosfomycin, cycloserine) or transport (bacitracin, mure-
idomycins) of its metabolic precursors or by direct action on its structural organiza-
tion (β-lactams, glycopeptides) (Calvo and Martinez  2009 ). Bacterial cell walls 
have a single layer of peptidoglycan which is a macromolecule with repeating units 
of N-acetylglucosamine acid (NAM) and N-acetylmuramic acid (NAG) cross-
linked with amino acids between the NAM subunits. Synthesis of the peptidoglycan 
layer is inhibited by compounds, such as β-lactams, thus interfering with the synthe-
sis of the bacterial cell (Tenover  2006 ). Antimicrobial compounds, such as vanco-
mycin and teicoplanin, prevent the cross-linking steps required for stable cell wall 
synthesis by binding to the terminal  D -alanine residues of the nascent peptidoglycan 
chain (McManus  1997 ). β-lactams (e.g., penicillins, cephalosporins), carbapenems, 
monobactams, glycopeptides, vancomycin, and teicoplanin are some of the com-
mon antibacterial compounds which inhibit bacterial cell wall synthesis. 

 Some antimicrobial compounds, such as polymyxins, bind to the plasma mem-
brane of the cell and disrupt it. Polymyxin molecules diffuse through the outer 
membrane and cell wall of susceptible cells to the cytoplasmic membrane. They 
bind to the cytoplasmic membrane and disrupt and destabilize it. This causes 
increase in the bacterial cytoplasmic membrane permeability leading to leakage of 
bacterial cell contents and subsequent death of the cell. Antimicrobial compounds, 
such as daptomycin, irreversibly binds to the cell membrane of Gram-positive bac-
teria and causes rapid depolarization of the antibacterial membrane potential by 
directly binding to the bacterial membrane, which very often lead to death of the 
bacterium (Carpenter and Chambers  2004 ).  

14.2.3     Inhibition of Protein Synthesis 

 A number of antimicrobial compounds, such as tetracyclines, aminoglycosides, 
chloramphenicol, and macrolides, inhibit protein synthesis by interfering at any of 
the phases of protein synthesis process, i.e., activation, initiation, binding of the 
transfer RNA (tRNA) amino acid complex to ribosomes, and elongation (Calvo and 
Martinez  2009 ). Protein synthesis begins with the transcription, i.e., formation of 
messenger RNA (mRNA) from DNA. mRNA carrying the codes for amino acids 
moves to the cytoplasm where these codes are translated. The ribosome moves one 
codon further along mRNA, releasing empty tRNA. The A site is free for the next 
charged tRNA, and the cycle is repeated as the ribosome moves to form polypeptide 
chain. Translation is terminated by stop codons recognized by release factors which 
help release the fully synthesized polypeptide chain from ribosomes. Translation 
ends with dissociation of ribosomal subunits. 
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 Antimicrobial compounds, such as aminoglycosides, bind to the 30S subunit of 
bacterial ribosomes and blocks the initiation of translation and causes the misread-
ing of mRNA. They can attach to the 30S subunit of the ribosome and prevent the 
30S subunit from attaching to mRNA or presence of the aminoglycoside on the 
ribosome may cause misreading of the mRNA. This may either cause the insertion 
of the wrong amino acid into the protein or inhibit the ability of amino acids to con-
nect with one another.  

14.2.4     Inhibition of Metabolic Pathway 

 Certain compounds, such as trimethoprim and sulfonamides, inhibit the bacterial 
metabolic pathways. Both these agents act on the folic acid synthesis pathway, 
which is an important precursor to the synthesis of nucleic acids. Para-aminobenzoic 
acid (PABA) is an essential metabolite in the folic acid synthesis. Sulfonamides are 
structural analogs of PABA; therefore, they act as competitive inhibitors. 
Trimethoprim is structural analog for DHF and acts on the folic acid synthesis path-
way at latter stage than sulfonamides in the pathway. Trimethoprim and sulfon-
amides are often used together. When used together, they produce a sequential 
blocking of the folic acid synthesis pathway and have a synergistic effect.   

14.3     Biochemistry of Antibiotic Resistance 

 The site of the World Health Organization describes antimicrobial resistance as 
“Antimicrobial resistance (AMR) is resistance of a microorganism to an antimicro-
bial medicine to which it was previously sensitive. Resistant organisms (they include 
bacteria, viruses and some parasites) are able to withstand attack by antimicrobial 
medicines, such as antibiotics, antivirals, and antimalarials, so that standard treat-
ments become ineffective and infections persist and may spread to others. AMR is 
a consequence of the use, particularly the misuse, of antimicrobial medicines and 
develops when a microorganism mutates or acquires a resistance gene.” About 
440,000 new cases of multidrug-resistant tuberculosis (MDR-TB) emerge annually, 
causing at least 150,000 deaths worldwide. Drug-resistant tuberculosis (XDR-TB) 
has been reported in 64 countries till mid of year 2012 (WHO  2012 ). 

 Bacterial resistance is a serious concern in the treatment of infectious disease. 
Effectiveness of antibacterial agent remains very good in the beginning of its intro-
duction. However, as the use of antibacterial compound increases, pathogens 
develop resistance to it making the compound ineffective. In fact, pathogens acquire 
resistance to most of the antibacterial compounds very easily, thus creating need for 
new sources and more antimicrobial agents. 
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 Bacteria develop resistance to antibacterial agents either due to their inherent 
characteristics, genetically encoded in its DNA, or acquire it from mutation in the 
host DNA or through encoded extra chromosomal materials in a horizontal transfer 
process. Several mechanisms have evolved which confer microbes with antimicro-
bial resistance. Four main mechanisms which confer antimicrobial resistance are 
(1) enzymatic inactivation of the antimicrobial molecules by the enzymes produced 
by bacteria, (2) reducing the affi nity of the antimicrobial compound to the target by 
modifi cations, (3) effl ux of the antibiotic from the cell through membrane- 
associated pumping proteins, and (4) resistance acquired through mutation or hori-
zontal transfer. 

14.3.1     Inactivation of Antimicrobial Agent 

 Antimicrobial molecules may be inactivated by either direct destruction or modifi -
cation by enzymes synthesized by bacteria that selectively target and destroy the 
activity of the compound. There are three main mechanisms through which antimi-
crobial molecules may get deactivated: enzymatic hydrolysis, group transfer, or 
redox process. Many antimicrobial molecules have hydrolytically susceptible 
chemical bonds which are essential for their antimicrobial activity. Certain enzymes 
target and cleave these bonds and destroy antimicrobial activity of the compound. 
Bacteria produce such enzymes which require only water as a co-substrate which 
leads to inactivation of the antimicrobial molecules (Wright  2005 ). Some enzymes 
can induce resistance by modifying the antimicrobial molecules by chemical substi-
tution or addition of acetyl groups to the periphery of the antibiotic molecule. This 
modifi es the structure of the antimicrobial molecule causing poor antibiotic–bacteria 
interaction. Some bacteria metabolize antibiotics by oxidation and reduction mech-
anisms to detoxify and resist antibiotic effects.  

14.3.2     Alteration of the Target 

 Antibacterial compounds bind to a target which is necessary to exhibit the desired 
antibiotic effect. However, it binds with the target only if it has affi nity for it. Affi nity 
between a target and an antimicrobial compound depends on the complementarity 
of the antimicrobial compound and the target. Any alteration made on the structure 
of the target molecules will reduce its affi nity with the antibacterial compound. 
Such changes may occur in the target by mutation that reduces its susceptibility 
to antimicrobial agent (Spratt  1994 ). In fact, such alteration can lead to total disap-
pearance of the affi nity between the target molecule and the antibiotic  compound 
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leading to failure of antibiotic compound to bind with target, thereby causing total 
inhibition of antibiotic effect. Certain bacteria develop resistance to antibiotics by 
altering the structure of the target molecule.  

14.3.3     Effl ux Pumps and Reduced Outer Membrane 
Permeability 

 Certain antibiotics, such as macrolides and tetracyclines, act in the cytosol. 
Therefore, they have to be transported across the cell membrane before they reach 
their target. A minimum concentration of antimicrobial agent in the cytosol is essen-
tial to have desired antibacterial effect. In some bacteria, membrane proteins, called 
effl ux pumps, export antibiotic molecules from the cytoplasm to the extracellular 
space, thus reducing the concentration of the antibiotic in the cytoplasm making the 
antibacterial compound less effective. Effl ux pumps are drug specifi c but many 
effl ux systems are multidrug transporters that are capable of expelling a wide spec-
trum of structurally unrelated drugs, making the bacteria multidrug resistant 
(Nikaido and Zgurskaya  1999 ; Webber and Piddock  2003 ). 

 Similarly, reduced outer membrane permeability will lead to reduced antibiotic 
uptake, thus reducing the effectiveness of antimicrobial compound.  

14.3.4     Acquired Resistance 

    Above-explained mechanisms of resistance to antibacterial compound are intrinsic 
characteristics of the organism, but resistance to antibacterial compounds as well 
can be “acquired” by organism by mutation of cellular genes or through acquisition 
of foreign resistance genes or through combination of these two mechanisms 
(Dzidic et al.  2008 ). Two mechanisms of acquiring resistance are mutational adapta-
tion and horizontal transfer by plasmids and the transposons (Roberts  2003 ). 

 It is now proven fact that microorganism tends to mutate in order to adapt to the 
environment of the antibiotic if it is exposed to inadequate doses of antibiotic for 
longer periods. New strain of the microorganism produced under such conditions 
becomes resistant to the antibiotic which was earlier effective against the microor-
ganism in adequate doses. Antibiotic resistance occurs by nucleotide point muta-
tions which are also able to produce a resistance phenotype (Woodford and 
Ellington  2007 ). 

 Horizontal transfer of resistance gene by microorganism is also a common mech-
anism which spreads antibiotic resistance. Microbes can acquire resistance gene 
from mobile genetic element, such as plasmids, integrons, and transposons. 
Horizontal transfer of resistance genes can take place into the recipient chromo-
some by recombination. Mobile genetic elements can be transmitted through 
 transformation, transduction, or conjugation.   
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14.4     Common Antimicrobial Compounds 
from Plant and Agrowaste 

 Most of the isolated antimicrobial compounds from plants are secondary 
 metabolites. These substances are normally synthesized by plants as plant 
defense mechanisms against microorganisms, insects, and herbivores, among 
others. They give odors, pigments, and fl avors to plants. More than 300 natural 
metabolites with antimicrobial activities have been reported in the period 2000–
2008 (Saleem et al.  2010 ). Many of these are very useful for humans as medi-
cines and food preservatives, among others. Common antimicrobial compounds 
from plant and agro sources are phenolics or simple phenols, fl avonoids, essen-
tial oils, coumarins, quinones, tannins, alkaloids, lignans, peptides, iridoids, and 
xanthones. 

 Polyphenols are the most common secondary metabolites of plants. These com-
pounds are building blocks for cell wall structures and serve as defense against 
pathogens. Phenolic compounds from plants are well known for high antioxidant, 
anti-infl ammatory, antiallergic, antithrombotic, and antimicrobial properties 
(Jayaprakasha et al.  2003 ; Baydar et al.  2004 ; Shoji et al.  2004 ; Alberto et al.  2006 ). 
Phenolic compounds present in fruits have antioxidant activity and protect the plant 
from environmental stress and fungal or bacterial infections. Waste products remain-
ing after juice processing (peel, seeds, stems, fl esh) are good sources of these ingre-
dients. Plant and agrowaste are considered as economical and eco-friendly source of 
phenolic compounds. 

14.4.1     Flavonoids 

 Flavonoids are plant compounds which contain a 2-phenylbenzopyran nucleus con-
sisting of two benzene rings (A and B) linked through a heterocyclic pyrane ring 
(C). Flavonoids are one of the important secondary metabolites found in various 
plant species. They protect the plants from UV radiation and other environmental 
stresses. Flavonoids are found ample in fruits, vegetables, nuts, seeds, stems, and 
fl owers, among others. These compounds are present in photosynthesizing cells 
(Cushnie and Lamb  2005 ; Havsteen  1983 ). Flavonoids present in fl owers give it 
attractive colors for pollinators. Flavonoids in leaves protect them from fungal 
pathogens and UV radiation (Harborne and Baxter  1999 ; Harborne and Williams 
 2000 ). They have antimicrobial, antifungal, and antiviral properties. Use of various 
compounds of fl avonoids is well known to cure human diseases. 

 Activity of fl avonoids against pathogenic microbes is attributed to cell wall per-
meability and the porins in the outer membrane present in microorganisms. Activity 
of some fl avonoids may also be due to their ability to complex with extracellular 
and soluble proteins and then with bacterial cell walls. Main classes of fl avonoids 
are fl avonols, fl avanones, isofl avones, anthocyanidins, fl avones, aurones, fl avanon-
3- ols fl avans, fl avan-3,4-diols, chalcones, and fl avan-3-ols.  
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14.4.2     Essential Oils 

 Essential oils are secondary metabolites found in plants. Fragrance of the plants is 
carried in essential oil fraction. Their general chemical structure, called terpenes, 
is C10H16. Other compounds in these groups are diterpenes, triterpenes, tetrater-
penes, hemiterpenes, and sesquiterpenes. Terpenoids are well known as antibacterial, 
antifungal, and antiviral. As per a report, about 60 % of essential oil derivatives are 
inhibitory to fungi, while 30 % inhibit bacteria (Saleem et al.  2010 ). Antibacterial 
mechanism of terpenes is reported to be due to membrane disruption by the lipo-
philic compounds. 

 Essential oils from various plants have shown antimicrobial activity against 
many pathogenic microbes (Melendez and Capriles  2006 ; Wannissorna et al.  2005 ). 
Essential oils from Citrus spp. are very effective antimicrobial agent against bacte-
ria as well as fungi. Citrus essential oils are used for improving the shelf life and 
preservation of processed food and fruits (Lanciotti et al.  2004 ), skim milk, and 
low-fat milk. Citrus essential oils are present in fruit fl avedo in great quantities 
(Chanthaphon et al.  2008 ). Antibacterial and antifungal activities of essential oils of 
 Mentha arvensis  and  Zingiber chrysanthum  leaves have been reported by Singh and 
Negi ( 1992a ,  b ). There are many reports on antimicrobial activity of essential oils 
and plant extracts, such as rosemary, peppermint, bay, basil, tea tree, celery seed, 
and fennel.  

14.4.3     Coumarins 

 Coumarins belong to benzopyrone group compounds, of which fl avonoids are the 
other main member. Coumarin (1,2-benzopyrone) is available in a wide variety of 
plants. Coumarins are reported to be formed as a defense mechanism in response to 
traumatic injury during the wilting process or by plant diseases or through drying. 
Although coumarins are synthesized mainly in leaves, they accumulate on the sur-
face of the leaves, fruits, and seeds. They are reported to protect the plants from 
fungal pathogens, beetles, and other    terrestrials Coumarins are present in tonka 
bean, vanilla grass, woodruff, mullein, lavender, strawberries, apricots, cherries, 
cinnamon, sweet clover, bison grass, cassia, and yellow sweet clover. It was fi rst 
isolated from tonka beans and has higher presence in some essential oils, particu-
larly cinnamon bark oil and lavender oil, fruits (e.g., bilberry, cloudberry), green 
tea, etc. (Mirunalini and Krishnaveni  2011 ; Monga et al.  2012 ). 

 Several coumarins have been reported to have antimicrobial properties (Kwon 
et al.  1997 ; Kayser and Kolodziej  1997 ). Methanol extract from  Mitracarpus scaber  
against  S. aureus  and  C. albicans  (Bisignano et al.  2000 ) and water extract from 
 Pelargonium sidoides  against  E. coli  and  Klebsiella pneumoniae  (Kayser and 
Kolodziej  1997 ) have shown antimicrobial effect.  
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14.4.4     Quinones 

 Quinones, naturally occurring pigments, are aromatic rings with two ketone 
 substitutions. Conversion from hydroquinone to quinone and vice versa takes place 
through oxidation and reduction reactions. This redox potential of the particular 
quinone–hydroquinone pair is important in many biological systems. A number of 
quinones, such as anthraquinones, naphthoquinones, and benzoquinones, are widely 
distributed in nature. Quinone is well known to demonstrate antibacterial, antifun-
gal, antiviral, antimicrobial, and anticancer activities (Beheshti et al.  2012 ).  

14.4.5     Tannins 

 Tannins are polyphenolic substances found in bark, wood, leaves, fruits, and roots 
of plants. They are reported to function as chemical defenses against pathogens and 
herbivores (Gedir et al.  2005 ). They are called tannins for their ability of tanning 
leather. Tannins are grouped in two major structural classes: hydrolyzable tannins 
and condensed tannins. Condensed tannins are derived from fl avonoid monomers, 
whereas hydrolyzable tannins are gallic acid-based multiple esters with  D -glucose. 
Condensed tannins are more widely distributed in nature. They have been found 
toxic to fi lamentous fungi, yeasts, and bacteria. They inhibit the growth of patho-
gens and herbivory (Gedir et al.  2005 ). Tannins are natural detergent and suitable 
substitute for synthetic anthelmintics (Tanner et al.  1995 ). Mechanism of antimicro-
bial action of tannins may be related to their ability to inactivate microbial adhesins, 
enzymes, cell envelope transport proteins, etc. (Yao et al.  1992 ).  

14.4.6     Alkaloids 

 Alkaloids are heterocyclic nitrogen compounds. Several alkaloids from natural 
sources possess potent antimicrobial properties and could be useful as antimicrobial 
compounds. One of the fi rst medicinally important alkaloid was morphine isolated 
from  Papaver somniferum  (Saleem et al.  2010 ). Diterpenoid from the plants of 
Ranunculaceae; solamargine, a glycoalkaloid from the berries of  Solanum khasia-
num ; and some other alkaloids have been reported to be useful against HIV infec-
tion (Mendoza et al.  1997 ; Cowan  1999 ).  

14.4.7     Peptides 

 Peptides are low molecular weight natural compounds and exhibit antimicrobial 
activity. It contains disulfi de bonds. Cationic peptides are the most common peptides. 
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The discovery of non-ribosomally synthesized peptides present in plants and 
 ribosomally synthesized peptides with antimicrobial properties has been very use-
ful in fi ghting pathogens. Very limited resistance for the bacterial strains has made 
antibiotic peptides a promising source of antimicrobial drugs (Zasloff  2002 ). Plant 
peptides isolated from roots, seeds, fl owers, stems, and leaves have shown activi-
ties against phytopathogens as well as against human pathogens. Many bioactive 
peptides have been isolated from milk-based products, eggs, meat, and fi sh as well 
as from different plant protein sources, such as soy and wheat, among others. 
Antimicrobial peptides act against different Gram-positive and Gram-negative 
 bacteria ( Escherichia ,  Helicobacter ,  Listeria ,  Salmonella , and  Staphylococcus ), 
yeasts, and fi lamentous fungi. The disruption of normal membrane permeability is 
understood to be partly responsible for the antibacterial mechanism of lactoferri-
cins (Hartmann and Meisel  2007 ).  

14.4.8     Lignan 

 Lignans are diphenolic compounds with a 2,3-dibenzylbutane structure. These are 
important plant phenolic compounds with known antimicrobial, antitumor, anti- 
infl ammatory, and antiviral properties. Lignans are available in fi ber-rich plants, 
such as wheat, beans, barley, oats, soybeans, lentils, garlic, asparagus, broccoli, and 
carrots. Flaxseed ( Linum usitatissimum ) is a very rich source of lignans. Lignans as 
source of plant phenolic compounds have been reported to reduce the risk of certain 
cancers.    Lignans are one of the major classes of phytoestrogens which act as anti-
oxidants. A lignan, (+)-lyoniresinol-3a-O-β- D -glucopyranoside, isolated from the 
root bark of Lycium chinense has shown antimicrobial activity against  Staphylococcus 
aureus  and three human-pathogenic fungi,  Candida albicans ,  Saccharomyces cere-
visiae , and  Trichosporon beigelii  (Saleem et al.  2010 ).  

14.4.9     Xanthones 

 Xanthones (9H-xanthen-9-ones) are heterocyclic compounds with the 
 dibenzo-γ - pyrone framework. Xanthone derivatives are secondary plant metabolites 
and have been isolated from fungi, lichens, and a few higher plants. Mangosteen 
( Garcinia mangostana  Linn.) tree is a very good source of xanthones. Xanthones 
have been isolated from peel, whole fruit, bark, and leaves of mangosteen 
(VishnuPriya et al.  2010 ). Several studies have reported antioxidant, antitumoral, 
anti-infl ammatory, antiallergy, antibacterial, antifungal, and antiviral activities of 
xanthones (Suksamrarn et al.  2006 ; Pedraza et al.  2008 ).  
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14.4.10     Iridoids 

 Iridoids are monoterpenoids, widely distributed in dicotyledonous plant families, 
such as the Apocynaceae, Scrophulariaceae, Diervillaceae, Lamiaceae, Loganiaceae, 
and Rubiaceae. Iridoids exhibit a wide range of bioactivities, such as 
 anti- infl ammatory, antioxidant, antibacterial, anticoagulant, antifungal, and antipro-
tozoal, among others. Aucubin and catalpol are the most spread iridoid glucosides 
in the  Veronica  genus. Aucubin has been reported to have shown wide pharmaco-
logical activities.   

14.5     Antimicrobial Compounds from Plant and Agrowaste 

 Substantial amount of reusable substances, such as soluble sugars, proteins,  phenols, 
and fi bers, are present in the agro-industrial wastes which can be very valuable for 
the production of value-added antimicrobial products. Normally, one or two parts of 
plants, vegetables, fruits, cereals, etc., are used for some useful product and the rest 
of the parts such as peels, pomace, seed, leaves, hull, bark, and root are dumped as 
waste. A number of research groups are working to explore various possibilities of 
utilizing the plant and agrowaste as value-added products (Table     14.1 ). Some of the 
important works on exploration of these natural wastes for production of antimicro-
bial compounds are summed up below.

14.5.1       Antimicrobial Compounds from Fruit Waste 

 Huge quantities of fruits are used worldwide but their peel, seed, and pomace remain 
mostly unutilized, thus generating huge amount of waste. These wastes, though 
highly perishable and seasonal, are a serious challenge for the processing industries 
and pollution monitoring agencies. Suitable methods can be adopted to utilize this 
waste into value-added products, which can improve the overall economics of pro-
cessing units and can help to reduce environmental pollution. A lot of developments 
have taken place in the fi eld of utilizing fruit waste and by-products for extraction 
of antimicrobial compounds. Some of the important studies on utilization of fruit 
wastes for production of antimicrobial agents are briefed here. 

14.5.1.1     Antimicrobial and Antioxidant Potential of Juice Pressing Waste 

 Anthocyanins, tannins, starches, saponins, polypeptides, and lectins were found in 
the water extract, and polyphenols, lactones, fl avones, and phenons were additional 
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phytochemicals traced in the extracts of the pomace (peels, seeds, fl esh) remaining 
after pressing the juice of  Fragaria ananassa  (strawberry),  Prunus cerasus  
(sour cherry),  Ribes nigrum  (black currant),  Ribes rubrum  (red currant),  Rubus fru-
ticosus  (blackberry), and  Rubus idaeus  (raspberry).    Antimicrobial and antioxidant 
potential of water and methanol extracts was investigated on  Bacillus cereus ,  
B. subtilis ,  Campylobacter jejuni ,  E. coli ,  Salmonella typhimurium  and  Serratia 
marcescens ,  C. albicans ,  C. krusei ,  C. glabrata ,  C. pulcherrima , and  C. parapsilo-
sis  by broth dilution method (Krisch et al.  2009 ). Both aqueous and methanol 
extracts inhibited growth of almost all bacteria. Methanol extracts had stronger 
inhibitory effect than water extracts. 

 Pomace of beetroot is also disposed as low-value feed or manure, although it is 
rich in phenols. During juice pressing, most of the secondary plant metabolites and 
dietary fi ber compounds of beetroot are not transferred into the liquid phase and 
remain in the pomace (Will et al.  2000 ). Beetroot ( Beta vulgaris  L. ssp.  vulgaris ) 
has very high total phenolic content, i.e., in the range of 50–60 µmol/g dry weight 
and very good antioxidant property (Vinson et al.  1998 ; Kahkonen et al.  1999 ). 
Beetroot peels are reported to contain l-tryptophan,  p -coumaric, and ferulic acids as 
well as cyclodopa glucoside derivatives (Kujala et al.  2001 ). 

 Phenolic content in beetroot is mainly present in the peel (50 %), crown (37 %), 
and fl esh (13 %) (Canadanovic et al.  2011 ). Canadanovic et al. ( 2011 ) reported 
phenolic content (376.4 mg/g of dry beetroot pomace extract), fl avonoid content 
(269.70 mg/g), and betalain (41.85 mg/g) in the ethanolic extract of the beetroot. 
They evaluated antibacterial activity of ethanol extract of beetroot pomace by disk 
diffusion and microdilution method against  Staphylococcus aureus ,  Bacillus cereus, 
Escherichia coli , and  Pseudomonas aeruginosa . Gram-positive bacteria 
 Staphylococcus aureus  and  Bacillus cereus  demonstrated higher susceptibility than 
Gram-negative bacteria  Escherichia coli  and  Pseudomonas aeruginosa  against 
beetroot extract.  

14.5.1.2     Antimicrobial Activity of Citrus Fruit Peels 

 Citrus is one of the major fruit commercially grown all over the world. Huge quan-
tity of wastes such as peels are generated every year, as juice yield of citrus is not 
even half of the total fruit mass (Manthey and Grohmann  2001 ). Citrus peels are 
rich in nutrients and contain many phytochemicals like fl avanones and polymethox-
ylated fl avones (Ahmad et al.  2006 ), thus can be explored for antimicrobial com-
pounds. Therapeutic value of citrus oil as an antidiabetic, antimicrobial, antifungal, 
hypotensive agent, antioxidant, antibacterial, and antiviral agent has been studied 
by many research groups (Kumamoto et al.  1986 ; Caccioni et al.  1998 ; Hamendra 
and Anand  2007 ; Kanaze et al.  2008 ). 

 Phytochemical analysis and antimicrobial activities of peel of  Citrus limon  
(lemon) and  Citrus sinensis  (sweet orange) were studied by Ashok et al. ( 2011 ). 
They used fi ve different solvent extracts (ethyl acetate, acetone, ethanol, petroleum 
ether, and water) for both types of peels and screened their extract against fi ve 
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pathogenic bacteria  Staphylococcus aureus ,  Bacillus subtilis ,  Escherichia coli , 
 Klebsiella pneumoniae , and  Salmonella typhi . They carried out phytochemical 
 analysis of powdered plant parts and reported presence of fl avonoids, saponins, tan-
nins, alkaloids, and terpenoids in the peel extracts. Solvent extracts of  Citrus sinensis  
peel and  Citrus limon  showed signifi cant activities and presence of different phyto-
chemicals. Acetone peel extract of  Citrus sinensis  showed highest antibacterial 
activity followed by the ethyl acetate peel extract of  Citrus limon . 

 Chanthaphon et al. ( 2008 ) studied ethyl acetate extracts and hydrodistillated 
essential oils of  Citrus  spp. and  kaffi r lime  peels ( Citrus hystrix  DC.) for antimicro-
bial activities against food-related microorganisms. Ethyl acetate extract from  kaffi r 
lime  contained limonene (31.64 %), citronellal (25.96 %), and β-pinene (6.83 %). 
Essential oil obtained from hydrodistillation contained β-pinene (30.48 %), sabi-
nene (22.75 %), and citronellal (15.66 %). They evaluated antimicrobial activities 
of ethyl acetate extracts from fresh peels and dried peels of tropical citrus fruits 
(lime), kaffi r lime, and pomelo peels against pathogenic  E. coli.  Extracts from both 
fresh and dried limes, kaffi r lime, and pomelo peels showed antibacterial activity 
against  S. aureus , but the ones from fresh peels showed higher activity. Similarly, 
the extracts from fresh lime and kaffi r lime peels showed activity against  E. coli  but 
no activity was observed with dried peels. They also observed that ethyl acetate 
extracts from all citrus peels showed better antimicrobial activities than their essen-
tial oils. The ethyl acetate extract of peels inhibited Gram-positive bacteria, yeast, 
and molds:  Staphylococcus aureus ,  Bacillus cereus ,  Listeria monocytogenes , 
 Saccharomyces cerevisiae  var.  sake , and  Aspergillus fumigatus .  

14.5.1.3     Antioxidant and Antimicrobial Activity 
of Pomegranate Peel and Seed 

 Pomegranate peel extract (PE) also shows excellent antioxidant and antimicrobial 
activity. Kanatt et al. ( 2010 ) studied the antimicrobial and antioxidant properties of 
pomegranate peel and seed extracts. Antimicrobial activity of pomegranate peel 
extract was tested against  Staphylococcus aureus ,  Bacillus cereus ,  Escherichia coli , 
and  S. typhimurium.  It inhibited growth of  Staphylococcus aureus  and  Bacillus 
cereus  but  Escherichia coli  and  S. typhimurium  were resistant to it. Pomegranate 
peel extract (PE) was found very effective in scavenging hydroxyl and superoxide 
anion radicals. Investigators used pomegranate peel extract to enhance shelf life of 
chicken meat products successfully by 2–3 weeks during chilled storage. 

 Tehranifara et al. ( 2011 ) also investigated the antioxidant properties of peel, 
seed, and leaf of pomegranate ( Punica granatum  L.). They used aqueous and meth-
anolic extraction with different concentrations (0, 500, 1,000, and 1,500 ppm) on 
three fungus  Penicillium italicum ,  Rhizopus stolonifer , and  Botrytis cinerea . 
Methanolic extract showed the highest inhibitory effect on the mycelia growth and 
spore germination. Peel and seed extracts showed more inhibitory effect than leaf 
extract. Antioxidant capacities of peel, seed, and leaf extracts of pomegranate were 
55.3 %, 35.7 %, and 16.4 %, respectively. The phenolic content was 2.8 times higher 
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in peel extract than leaf extract, which may be the reason for better antimicrobial 
activity of peel extract. These studies propose pomegranate peel and seed as source 
of powerful antioxidant and antifungal compounds.  

14.5.1.4     Antimicrobial Effect of Apple Skins 

 Apples are high on phenolic compounds (Mangas et al.  1999 ; Podsedek et al.  2000 ; 
Shoji et al.  2003 ). Apple pulp and skins are reported to contain catechin, procyani-
din, caffeic acid, and chlorogenic acid among other compounds. Skin of apple also 
contains fl avonoids such as quercetin glycosides and cyanidin glycosides which are 
not present in pulp (Escarpa and Gonzalez  1998 ; Vander et al.  2001 ). Alberto et al. 
( 2006 ) examined the antimicrobial activity of phenolic compounds extracted from 
the skin of two apple varieties Royal Gala and Granny Smith using the agar diffusion 
method. The phenolic compounds were extracted in acetone, methanol, and ethanol 
solvents. Total phenolic and fl avonoid content was obtained with Folin–Ciocalteu 
reagent (Singleton and Rossi  1965 ). Granny Smith variety skin was found contain-
ing more polyphenols and fl avonoid than Royal Gala, whereas maximum phenolics 
and fl avonoids were obtained in acetone extract for both varieties of apples. 
The highest inhibitory effect of both apple varieties corresponded to extract which 
contained high phenolic content. Antimicrobial activities of different extracts were 
evaluated against  Escherichia coli, Staphylococcus aureus ,  Pseudomonas aeruginosa , 
 Enterococcus faecalis , and  Listeria monocytogenes . Extracts of both the apple skins 
were reported to inhibit these microorganisms; however, extracts of Granny Smith 
were found more effective demonstrating a direct relationship between the phenolic 
content of the extracts and the antimicrobial effect. This study established the use-
fulness of apple skin for its antibacterial properties, thereby adding value to the 
already known benefi ts of apple to the human health.  

14.5.1.5     Fruit and Vegetable Peels 

 Chanda et al. ( 2011 ) evaluated seven fruit and vegetable peels for their antimicrobial 
properties:  Mangifera indica  L. (Anacardiaceae),  Lagenaria siceraria  (Molina) 
Standl. (Cucurbitaceae),  Solanum tuberosum  L. (Solanaceae),  Ananas comosus  
(Linnaeus) Merr. (Bromeliaceae),  Luffa acutangula  (L.) Roxb. (Cucurbitaceae), 
 Momordica charantia  L. (Cucurbitaceae), and  Moringa oleifera  Lam. (Moringaceae). 
Antimicrobial activities of hexane, chloroform, acetone, and methanol extracts of 
these samples were evaluated by agar well diffusion method against  Staphylococcus 
aureus ,  Staphylococcus subfl ava ,  Corynebacterium rubrum ,  Salmonella 
typhimurium ,  Enterobacter aerogenes ,  Klebsiella pneumoniae ,  Proteus mirabilis , 
 Cryptococcus luteolus ,  Candida albicans ,  Candida tropicalis , and  Candida  glabrata . 
 Mangifera indica  peel showed best and promising antimicrobial activity. Polar 
 solvents (acetone and methanol) were found more effective than nonpolar sol-
vents (hexane and chloroform). Activities shown by acetone extracts were the best, 
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followed by methanol extracts. The extracts showed better antifungal activity than 
antibacterial activity.  C. glabrata  and  K. pneumoniae  were the most susceptible 
organisms .  Report suggested that broad spectrum of antibacterial activity by  
M. indica  peels may help to discover new chemical classes of antibiotic substances.  

14.5.1.6     Antibacterial Effect of Grape Seeds 

 Grape seeds, which are normally a waste of winery or juice pressing, can be 
 effectively utilized for production of antioxidants and antimicrobial compounds. 
Jayaprakasha et al. ( 2003 ) have reported antimicrobial activity of acetone and meth-
anol extracts of grape seed against  Bacillus cereus ,  Bacillus coagulans ,  Bacillus 
subtilis ,  S. aureus ,  E. coli , and  P. aeruginosa . The authors reported that the extracts 
were free radical inhibitors and primary antioxidants that react with free radicals. 

 In another report on antimicrobial activity of grape seed extract, Baydar et al. 
( 2004 ) revealed that the grape seed extracts in acetone/water/acetic acid and ethyl 
acetate/methanol/water solvents inhibited various test organisms:  Aeromonas 
hydrophila ,  B. brevis ,  B. cereus ,  B. megaterium ,  B. subtilis ,  E. faecalis ,  E. coli , 
 Klebsiella pneumoniae ,  L. monocytogenes ,  Mycobacterium smegmatis ,  Proteus 
vulgaris ,  P. aeruginosa , and  S. aureus . The grape seed extracts were found to con-
tain high total phenolics, which should be the reason for their strong antimicrobial 
activity.   

14.5.2     Antimicrobial Compounds from Plant Wastes 

14.5.2.1     Antimicrobial Activity of Leaf Waste 

 Organic and aqueous extracts of mahagony ( S. macrophylla ) seeds have been 
reported to possess antimicrobial, antimalaria (Soediro et al.  1990 ), antidiabetic, 
antidiarrheal, anti-infl ammatory, and antitumor-promoting (Amelia et al.  1996 ) 
properties. Tan et al. ( 2009 ) studied the antimicrobial and antioxidant activities of 
methanol and dichloromethane extracts of  S. macrophylla  leaves, which are other-
wise not considered as a valuable product. They evaluated the antimicrobial activi-
ties of the extracts against four bacteria  Staphylococcus aureus ,  Bacillus subtilis , 
 Escherichia coli , and  Pseudomonas aeruginosa  and a fungus  Candida albicans . 
The methanol and the dichloromethane extracts were found more active against 
Gram-positive bacteria, i.e.,  Staphylococcus aureus  and  Bacillus subtilis , but 
showed very limited activity against  Escherichia coli  and  Pseudomonas aerugi-
nosa . Methanol extract also showed activity against  Candida albicans . Considerable 
amount of phenolic, tannin, and fl avonoid contents were found in the mahagony leaf 
extracts. 

 A study on the antimicrobial activity of extracts of the leaves and leaf waste of 
 Agave sisalana  Perrine, popularly known as sisal, has been carried out by Santos 
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et al. ( 2009 ). It is a monocotyledonous plant largely grown in Brazil and Mexico. 
Only 5 % of the decortications of the leaves of sisal ( A. sisalana ) are reported to be 
used to produce useful hard fi ber and the remaining 95 % being wasted as solid and 
juice waste. The study was carried out to evaluate the antimicrobial activity of 
extracts of the leaves and leaf waste. Investigators determined the antimicrobial 
activity by the paper disk diffusion method against bacteria and fungus both nonre-
sistant and resistant to antibiotics. The hydroalcoholic extract obtained from leaves 
and from sisal waste showed signifi cant inhibition of  C. albicans . However, HCl 
and methanol extract of leave waste did not show any activity against  S. aureus , 
 E. coli ,  M. luteus ,  B. cereus ,  P. aeruginosa , and  S. choleraesuis.  

 Pereira et al. ( 2007 ) used different cultivars of walnut ( Juglans regia  L.) leaves 
(Franquette, Mayette, Marbot, Mellanaise, and Parisienne) grown in Portugal, for 
evaluating their antimicrobial and antioxidant properties. Phenolic analysis of the 
extracts identifi ed 3- and 5-caffeoylquinic acids, 3- and 4-p-coumaroylquinic acids, 
p-coumaric acid, quercetin 3-galactoside, quercetin 3-pentoside derivative, querce-
tin 3-arabinoside, quercetin 3-xyloside, and quercetin 3-rhamnoside in the extract. 
The extract was found to inhibit the growth of Gram-positive test bacteria ( Bacillus 
cereus ,  B. subtilis ,  Staphylococcus aureus ). However, Gram-negative test bacteria 
( Pseudomonas aeruginosa ,  Escherichia coli ,  Klebsiella pneumoniae ) were resistant 
to the extracts. 

 Waste tobacco leaves have also been explored for extraction of fl avonoids, 
mainly rutin. Tobacco plant is a rich source of medicinally useful alkaloids and 
fl avonoids. Rutin, well-known fl avonoid, is known to reduce capillary fragility, 
swelling, bruising, hemorrhoids, diabetic vascular disease, diabetic retinopathy, 
pain, tired legs, night cramps, and restless legs (Grinberg et al.  1994 ; Beretz and 
Cazenave  1988 ). Fathiazada et al. ( 2006 ) studied tobacco waste of tobacco factories 
as a source of fl avonoids. They determined the content of rutin in waste and unfer-
mented leaves of tobacco by HPLC and found the content of rutin in waste leaves of 
tobacco (0.6 %) less than that of unfermented leaves (1.5 %). However, waste leaves 
can still be an economical source of rutin. 

 In another report on antibacterial activity of the citrus plant leaf waste, Ekwenye 
and Edeha ( 2010 ) reported inhibitory effect of ethanol and aqueous extract of  Citrus 
sinensis  leaf against  E. coli ,  K. pneumoniae , and  S. aureus .  

14.5.2.2     Antibacterial Activity of Other Plant Parts 

 Nascimento et al. ( 2000 ) studied antimicrobial activities of eight plant parts and 
tested antimicrobial activities of their extract against various microorganisms. The 
plants used for the study, plant parts used for extractions, and compounds obtained 
are given in Table  14.2 .

    Staphylococcus aureus ,  Salmonella choleraesuis ,  Pseudomonas aeruginosa , 
 Bacillus subtilis ,  Candida albicans ,  Proteus  spp . ,  K. pneumoniae ,  Shigella  spp., 
 Proteus  spp.,  Pseudomonas aeruginosa ,  Enterobacter aerogenes ,  Escherichia , and 
 Staphylococcus aureus  were used in the study .  The extracts from clove and 
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   Table 14.2    Compound extracted from plant parts   

 Plant  Plant part  Compound obtained 

 Thyme ( Thymus vulgaris  
L., Lamiaceae) 

 Dried leaves 
and fl owers 

 Essential oils (mainly thymol and carvacrol), 
fl avonoids, tannins, and triterpenes 

 Rosemary ( Rosmarinus 
offi cinalis  L., Lamiaceae) 

 Leaf  Flavonoids, phenolic acids (caffeic, 
chorogenic, and rosmarinic), and 
essential oils (camphor and cineole) 

 Lemon balm ( Melissa 
offi cinalis  L., Lamiaceae) 

 Leaf  Essential oils, fl avonoids and rosmarinic, 
caffeic, and chlorogenic acid 

 Basil ( Ocimum basilicum  
L., Lamiaceae) 

 Leaf  Essential oils (estragol and eugenol), 
tannins, and fl avonoids 

 Clove ( Syzygium aromaticum )  Dried buds  Essential oils (eugenol), tannins, 
and fl avonoids    

 Pomegranate ( Punica 
granatum  L., Punicaceae) 

 Pericarp  Ellagitannins and alkaloids 

 Jambolan ( Syzygium cumini , 
Skeels, Myrtaceae) 

 Leaf  Coumarins, essential oils, fl avonoids, 
triterpenes, and ellagitannins 

 Guava ( Psidium guajava 
 L., Myrtaceae) 

 Leaf  Flavonoids and tannins 

jambolan were active against nine and eight test microorganisms, respectively. 
Other extracts were also active against at least one of the tested microorganisms. 

 Stems and leaves are generated as waste in the production of the cherry liquor 
from ginja cherry plant. Piccirillo et al. ( 2010 ) investigated the antimicrobial prop-
erties of these wastes. The ethanol extracts of stems and leaves were tested against 
Gram-positive and Gram-negative bacteria ( B. subtilis ,  S. aureus  MSSA,  S. aureus  
MRSA,  Pseudomonas  sp.,  P. aeruginosa ,  Flavobacterium  sp.,  E. coli ,  Salmonella ) 
using the disk diffusion and the broth dilution techniques. The ethanol extracts of 
stems and leaves inhibited growth of Gram-positive as well as Gram-negative bac-
teria but it showed better antibacterial activity against Gram-positive bacteria than 
Gram-negative bacteria. The antimicrobial activity of ginja cherry stems and leaves 
waste is attributed to the presence of valuable compounds like polyphenols in the 
extract.   

14.5.3     Antimicrobial Potential of Agro-Industrial Wastes 

14.5.3.1     Extraction of Polyphenolic Compounds 
from Mango Seed Kernels 

 Huge quantities of peel and kernel by-products are generated during processing of 
mango. This waste has high content of phenolic compounds and saturated fatty 
acids. Mango kernels are good source of phospholipids, phenolic compounds, 
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campesterol, β-sitosterols, stigmasterol, and tocopherols (Soong and Barlow  2004 ). 
Mango seed kernel enhances oxidative stability and shelf life of fresh cheese and 
ghee (Parmar and Sharmar  1990 ). Good antioxidant property of mango seed kernel 
is attributed to the presence of polyphenols, sesquiterpenoids, phytosterols, and 
microelements, such as selenium, copper, and zinc (Schiber et al.  2003 ). 
Maisuthisakul ( 2008 ) found phenolic compounds like phenolic acids and fl avonoids 
in the extract of Thai mango ( Mangifera indica  Linn.) seed kernels.  

14.5.3.2     Extraction of Tannins from Agricultural By-Products 

 Huge amount of agricultural wastes of tannin-containing plants are generated. 
Tannins, a polyphenolic compound, showed antimicrobial (Doughari et al.  2008 ) 
and antioxidant activities (Zargham and Zargham  2008 ). Sung et al. ( 2012 ) investi-
gated wastes from green tea processing, acorn, chestnut, and persimmon hulls for 
extraction of tannin and their antibacterial and antioxidant activities. Tannin content 
in the ethanol, acetone, and aqueous extracts was determined. They found tannin 
concentrations in the extracts of chestnut hull, green tea waste, acorn hull, and per-
simmon hull. Tannin concentration for green tea waste was highest in ethanol 
extracts, whereas for chestnut hull it was highest in ethanol and acetone extracts. 
Antibacterial activities of various extracts were screened against  Staphylococcus 
aureus, E. coli, S. fl exneri ,  L. monocytogenes , and  B. coagulans.  Tannin extracts 
from green tea waste showed higher antibacterial activity than the extracts of acorn, 
chestnut, and persimmon hulls.  

14.5.3.3     Biological Activity of Jojoba Hull Extracts 

  Simmondsia chinensis,  better known as jojoba, is commercially cultivated in many 
countries all over the world. It is grown commercially for its seed oil. It is also used 
as food by many animals. Jojoba seed oil has medicinal properties useful for treat-
ment of cancer, kidney disorder, obesity, sore heart, warts, and wounds (Leung and 
Foster  1996 ). Wagdy and Taha ( 2012 ) evaluated antimicrobial activity of phenolic 
extracts of jojoba hulls using different extracting solvents against fi ve bacterial 
strains  Escherichia coli ,  Staphylococcus aureus ,  Bacillus cereus ,  Listeria monocy-
togenes , and  Salmonella typhimurium.  They used fi ve different extracts: methanol, 
ethanol, acetone, isopropanol, and ethyl acetate. Different extracts of jojoba hulls 
inhibited growth of the test microorganisms through varying degree. Maximum 
inhibition of  B. cereus  and  S. typhimurium  was exhibited by ethyl acetate extract. 
Highest inhibition of  B. cereus  was achieved with ethyl acetate.  S. aureus  was inhib-
ited most by methanol extract. Highest inhibition of  L. monocytogenes  and  E. coli  
was obtained with ethanol and acetone extract, respectively. Wagdy and Taha ( 2012 ) 
suggested that jojoba hull is a very promising source of bioactive compounds with 
very good antioxidant, antimicrobial, and anticancer properties .   
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14.5.3.4     Antimicrobial Compounds from Olive Oil Mill Waste 

 Olive fruit is a rich source of phenolic compounds, such as phenol acids, phenol 
alcohols, catechol, methylcatechol, phenyl alcohols (tyrosol, hydroxytyrosol), 
 fl avonoids (luteolin-7-glucoside, apigenin-7-glucoside, rutin and quercetin), and 
several anthocyanin pigments (cyaniding-3-glucoside and cyaniding-3-rutinoside) 
(Ragazzi et al.  1973 ; Andary et al.  1982 ; Romero et al.  2002 ). Hydroxytyrosol is 
one of major phenolic compound present in olive fruit with remarkable pharmaco-
logical and antioxidant activity (Visioli et al.  2004 ; Fernandez et al.  2006 ). 
Oleuropein is another valuable compound with certain antiviral, antibacterial, anti-
fungal, antioxidant, and anti-infl ammatory properties (Aziz et al.  1998 ; Visioli and 
Galli  2002 ). Phenolic compounds derived from olives have shown antibacterial 
activities against pathogenic bacteria, such as  Salmonella  spp.,  Staphylococcus 
aureus ,  Clostridium botulinum , and  Listeria monocytogenes  (Payne et al.  1989 ; 
Nychas et al.  1990 ; Tassou and Nychas  1995 ). 

 It is a known fact that olive oil mill waste contains polyphenols in considerable 
amount. Concentration of polyphenols has been reported to be so strong that 
phytopathogenic bacteria like  Pseudomonas syringae  and  Corynebacterium michi-
ganense  fail to grow in it (Capasso et al.  1995 ). Ciafardini and Zullo ( 2003 ) studied 
the effect of polyphenols present in the olive oil mill wastewater (OMWW) on the 
crucifer seed-borne phytopathogen  Xanthomonas campestris . They reported that 
polyphenols in contact with the bacterial cultures react with the protein of the bacterial 
cell walls and disrupt them. OMWW was able to control the seed-borne phyto-
pathogen  Xanthomonas campestris  completely without damaging the germinability 
of the crucifer seeds and the metallic greenhouse structures. Therefore, Ciafardini 
and Zullo ( 2003 ) suggested that polyphenols from OMWW are a natural substitute 
for commercial corrosive chemicals like sodium hypochlorite, which is currently 
used to disinfect seeds and greenhouses.  

14.5.3.5     Other Agrowastes 

    Martin et al. ( 2012 ) assessed the antimicrobial potential and chemical composition 
of guava bagasse ( Psidium guajava ), Cabernet Sauvignon, Pinot Noir ( Vitis  vinifera ) 
grape marc, Isabella grape marc ( Vitis labrusca ) wastes, Petit Verdot Verdejo grape 
marcs, Syrah and Verdejo grape stems, Petit Verdot grape seed and red grape fer-
mentation lees ( Vitis vinifera ), tomato bagasse ( Solanum lycopersicum ) wastes, 
and vegetable wastes, kale ( Brassica oleracea ), beet ( Beta vulgaris ), broccoli 
( Brassica oleracea ) and turnip stems ( Brassica rapa ), carrot ( Daucus carota ) and 
radish leaves ( Raphanus sativus ), pumpkin ( Cucurbita  sp.) and peanut peel, and 
passion fruit hulls ( Passifl ora edulis ) against pathogenic microorganisms of impor-
tance in food. Samples were immersed in ethanol and methanol solutions to pre-
pare extract. Beet stalk, peanut peel, Pinot Noir grape marc, Petit Verdot grape seed 
and marc, red grape fermentation lees, and guava bagasse wastes showed antimicro-
bial activities against Gram-positive bacteria  Staphylococcus aureus  and  Listeria 
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monocytogenes . Methanol extract of peanut peels and ethanol extract of guava 
bagasse extracts showed the lowest MIC against  S. aureus  and  L. monocytogenes.  
Guava bagasse extract showed the highest antimicrobial activity against 
 L. monocytogenes .   

14.5.4     Utilization of Agrowaste as Substrate 

 Agro-industrial wastes, such as wheat bran, rice husk, corn bran fenugreek straw, 
corn bran, and sugarcane bagasse, can be used as a substrate for production of 
important antimicrobial agents using various fermentation techniques (Negi and 
Banerjee  2009 ) using suitable microbes. This can make the antimicrobial compound 
very economical and eco-friendly. Microorganisms like endophytic microbes are 
rich source of novel natural compounds, and these compounds can be used for pro-
duction of antimicrobial compounds using agrowaste as suitable substrate. 

14.5.4.1     Sugarcane Molasses as the Source of Antimicrobial Products 

 Sugarcane molasses is the waste generated during sugar production and crystalliza-
tion from sugarcane. Generally, it is used as a source for animal feed or biomass for 
ethanol production. Molasses holds the antimicrobial properties because of pheno-
lic compounds present in it. Sugarcane molasses show strong antioxidative and 
tyrosinase inhibitory activities (Nakasone et al.  1996 ; Takara et al.  2002 ,  2003 , 
 2007 ). Takara et al. ( 2007 ) tested the bioactive compounds present in the sugarcane 
molasses against two pathogenic bacteria  S. mutans  and  S. sobrinus  responsible for 
dental caries in human and animals.  

14.5.4.2     Pine Needles as the Source of Antimicrobial Products 

 Chir pines, or  Pinus roxburghii , are pines growing wild in the Himalayan range. 
 P. roxburghii  contains a number of phytochemicals like alkaloids, glycosides, fl avo-
noids, saponins, tannins, and terpenoids in needles, female cones, and bark. 
Antibacterial and antifungal activities of essential oils of  Pinus roxburghii  stems 
were studied by Hassan and Amjid ( 2009 ). Major components in essential oil were 
α-pinene (41.9 %) followed by 3-carene (16.3 %), caryophyllene (12.3 %), p-cymene 
(1.9 %), terpineol (1.8 %), limonene (1.7 %), borneol acetate (1.1 %), caryophyllene 
oxide (1.0 %), camphene (0.9 %), and terpinyl acetate (0.8 %). Antibacterial activ-
ity of stem essential oil was observed against  Staphylococcus aureus  and  Bacillus 
subtilis , while no activity was observed against  E. coli  and  Enterobacter aerogenes.  
Similarly, antifungal activity of  Pinus roxburghii  essential oil was found inhibiting 
 Aspergillus terreus ,  Aspergillus fl avus ,  Aspergillus candidus ,  Aspergillus versi-
color ,  Aspergillus niger , and  Trichoderma viride.   
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14.5.4.3     Sugarcane Bagasse as the Source of Antimicrobial Products 

 Sugarcane bagasse is a good source for the production of coumaric acid. Ou et al. 
( 2009 ) obtained coumaric acid from the sugarcane bagasse. The purifi ed product 
has shown antimicrobial, anti-infl ammatory, antioxidant, and free radical scaveng-
ing activities like ferulic acid.  

14.5.4.4     Groundnut Shells as the Source of Antimicrobial Products 

 Oxytetracycline is one of the most important antibiotics produced from streptomy-
ces, which is considered as the largest antibiotic-producing genus (Walve et al. 
 2001 ). Four agricultural wastes, namely, groundnut shells, corncob, corn pomace, 
and cassava peels, were used by Asagbra et al. ( 2005 ) as the substrate for the growth 
of  Streptomyces  spp. in solid-state fermentation. Oxytetracycline production started 
within three days and reached its peak on the sixth day with groundnut shells as 
substrate.  

14.5.4.5     Production of Oxytetracycline from Cocoyam Peels 

 Ndubuisi Ezejiofor et al. ( 2012 ) used cocoyam peels (household kitchen waste) for 
production of oxytetracycline by  Streptomyces speibonae  OXS1 in solid-state fer-
mentation. They used cocoyam peels of species  Colocasia esculenta  and  Xanthosoma 
esculenta  as substrate. Oxytetracycline production started on the fi rst day of fer-
mentation and reached its peak on third day. Higher biomass weight (140.86 g) was 
found for  C. esculenta  than  X. esculenta  (101.62 g) after seven days fermentation 
indicating higher presence of oxytetracycline in the fermented  C. esculenta . 
Oxytetracycline was present in both species of the cocoyam peels.    

14.6     Recent Advances 

 Advances in biology and chemistry along with powerful screening and isolation 
techniques have given the fi eld of natural antimicrobials a big thrust. With the use 
of latest technologies with particular emphasis on the total synthesis and analog 
design, it is now possible to determine the mechanism of action of a newly discov-
ered antibiotic and resistance mechanism of bacteria.    New techniques and technolo-
gies not only help in exploration of new antimicrobial compounds but also ensure 
their intelligent application. Nanotechnology is one of the important emerging fi elds 
that can signifi cantly improve the exploitation and application of antimicrobial 
compounds. In the recent past, there has been signifi cant research to discover 
nanoparticles with novel physical, chemical, and biological properties. 
Nanotechnology is being used for delivery of antimicrobial phenolic compound 
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extracts to effectively inhibit food-borne pathogens. Effectiveness of the antimicrobial 
compound with nanoparticle delivery compared with conventional delivery system 
has improved signifi cantly. By using nanoparticle delivery system, phenolic 
 compounds can be used as natural and better replacement of chemicals to control 
pathogens for commercial food safety applications. 

 Various nanomolecules, such as silver nanoparticles, carbon nanotubes, magne-
sium oxide nanoparticles, and zinc oxide nanoparticles, are being used very effec-
tively in tackling human and food pathogens. Silver nanoparticles are nontoxic to 
the human body at low concentrations but have broad-spectrum antibacterial actions 
(Lara et al.  2010 ). Silver particles have strong antimicrobial effect against many 
drug-resistant organism such as  Staphylococcus aureus  (MRSA),  Pseudomonas 
aeruginosa ,  E. coli , and  S. pyogenes . The nano-silver materials have immense 
potential application due to the strong antimicrobial activity of silver against a broad 
spectrum of bacteria, viruses, and fungi and the low frequency of development of 
resistance (Egger et al.  2009 ). 

 Similarly, carbon nanotubes have applications in drug delivery and as compo-
nents in medical nanodevices. They also show strong antibacterial activity like sil-
ver nanoparticles. Direct interaction of the carbon nanotubes with the bacterial cell 
membranes causing signifi cant membrane damage is reported to be the reason for 
their bactericidal effect .  Magnesium oxide nanoparticles and zinc oxide nanoparti-
cles also have antimicrobial properties and being explored for therapeutic applica-
tions (Matthews et al.  2010 ). 

 Ravichandran et al. ( 2011 ) demonstrated the effi cacy of phenolics on pathogen 
reduction delivered by nanoparticles by studying their effects on  Listeria monocyto-
genes  ( L.m. ),  Escherichia coli  O157:H7 ( E.c. ), and  Salmonella typhimurium  ( S.t .) 
in brain–heart infusion broth (BHI) and meat system. Encapsulation of benzoic acid 
in polylactic-co-glycolic acid nanoparticles inhibited both the pathogens much bet-
ter than the delivery without nanoparticles. With the advent of new nanoparticles 
and technology, target-specifi c delivery of therapeutic agents using nanocarriers has 
become a very promising fi eld. Various delivery vehicles have been designed based 
on different nanomaterials, such as polymers, dendrimers, liposomes, nanotubes, 
and nanorods (Matthews et al.  2010 ).  

14.7     Conclusion 

 Despite numerous advances in the fi eld of antibiotics, bacterial and fungal infec-
tions are still major concern for pharmaceutical as well as food industry. This gets 
aggravated with the presence of multidrug-resistant strains. Recent advances in 
biology, chemistry, nanotechnology, and other associated fi elds, though, have 
improved the discoveries of novel classes of antibiotics from natural sources. Large 
numbers of studies are being carried out to explore the various possibilities of utiliz-
ing the plant and agro-industrial waste for production of value-added products 
including antimicrobial agents. There are unlimited possibilities in the fi eld of waste 
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utilization, which requires more push from the industry to take the benefi ts of the 
researches in the laboratories to the common man through industry. Utilization of 
plant and agrowaste for production of antimicrobial agents may signifi cantly reduce 
the cost of medicines and food    preservatives, thereby improving the health and food 
scenario in the society and at the same time can help to improve the environment. 
Although extensive research in the fi eld of plants and agro-based antimicrobials has 
led to the discovery of many new natural antimicrobial agents by pharmaceutical 
industry, still the area of reusing the plant and agro-industrial by-products or wastes 
for extraction or production of antimicrobial agents needs more support from 
industries.     
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15.1            Introduction 

 Enzymes are biomolecules that catalyze and accelerate chemical reactions. Almost 
all processes in a biological cell require enzymes in order to occur at desired place. 
Enzymes are extremely selective for their substrates, and their activity is regulated 
by factors like substrate concentration, pH, and temperature. Enzyme activity is 
determined by the quantity of substrate transformed or product formed per unit time. 
The reaction rate depends on a number of experimental conditions, such as temperature, 
pH, ionic strength, and the presence or absence of inhibitors or activators. All these 
attributes make the enzymes important therapeutic tools offering a diversifi cation 
platform to pharmaceutical industry. For example, adenosine deaminase is highly 
specifi c towards its substrate and can be potentially used to treat severe combined 
immunodefi ciency disease (SCID) (Aiuti  2002 ). Nowadays, the application of 
enzyme technologies to pharmaceutical research, development, and manufacturing 
is a growing fi eld. Unlike common medicinal products which can temporarily solve 
the particular health problems, pharmaceutical enzymes address the underlying 
cause of health problem and the patient can achieve permanent relief. 

 Although pancreatic enzymes and pepsin and papain were vogue for therapeutic 
use even before 1940, the concept of the therapeutic enzymes is only about 40 years 
old. A therapeutic enzyme was described as part of replacement therapies for 
genetic defi ciencies in the 1960s by de Duve (   de Duve  1996 ). The industrial 
enzymes are required in bulk and absolute purity is not essential, whereas 
 pharmaceutical enzymes are required in small quantities but in absolutely pure 
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form. Enzymes and enzyme-generated products are administered to patients in very 
small dose to avoid possible side effects (Vellard  2003 ). The recombinant enzyme 
drug, Activase (recombinant human tissue plasminogen activator), used for removal 
of blockage of a coronary artery by a clot, was approved by the Food and Drug 
Administration (FDA), USA, in 1987 (Vellard  2003 ). After insulin in 1982, this was 
the second recombinant protein drug to be marketed. Adagen (pegademase bovine) 
was the fi rst therapeutic enzyme considered as orphan drug approved by the FDA, 
USA, in 1990 under the Orphan Drug Act (Vellard  2003 ). The drug was particularly 
used for the treatment of severe combined immunodefi ciency disease (SCID), which 
is caused by the chronic defi ciency of ADA (adenosine deaminase) (Hershfi eld 
et al.  1993 ). The Orphan Drug Act was passed in 1983 in the United States to 
encourage pharmaceutical companies to develop treatments for rare medical dis-
eases affecting only small number of people (<2,00,000). Under this act, companies 
that develop such a drug may sell it without competition for 7 years and may get 
clinical trial tax incentives. The orphan drugs can be defi ned as those drugs intended 
to treat either a rare disease or a more common disease where manufacturer cannot 
expect to make profi ts. The orphan diseases are often so rare that a physician may 
observe only one case a year or less (Sharma et al.  2010 )   .  

15.2     Structure of Enzyme 

 Enzymes have a complex globular three-dimensional structure and their activity 
depends upon their three-dimensional structure. A part of enzyme comprising 3–4 
amino acids is called active site which is involved in substrate binding and catalysis. 
The shape and chemical environment of the active site facilitates the enzyme reac-
tion. The enzymes are very specifi c to substrates because both enzyme and the sub-
strate possess specifi c complementary geometric shapes that fi t exactly into one 
another. Some enzymes do not need any additional components to show full activ-
ity. However, others require nonprotein molecules called cofactors for their activity. 
Cofactors may be inorganic ions such as Fe 2+ , Mg 2+ , Mn 2+ , and Zn 2+  and organic or 
metallo-organic molecules. Cofactors are classifi ed depending upon how tightly 
they bind to an enzyme. Dissociable (loosely bound) cofactors are called as coen-
zymes and non-dissociable (tightly bound) cofactors as prosthetic groups. The inac-
tive enzyme, without the cofactor, is called an apoenzyme, while the complete 
enzyme with cofactor is called holoenzyme.  

15.3     Nomenclature and Classifi cation of Enzymes 

 Enzymes are generally classifi ed into six groups on the basis of the type of reactions 
they catalyze. Since the nomenclature was determined by the Enzyme Commission 
in 1961 updated in 1992, all enzymes have been assigned an “EC” number:
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    (a)    EC 1  Oxidoreductases : catalyze oxidation/reduction reactions.   
   (b)    EC 2  Transferases : transfer a functional group (e.g., a methyl or phosphate 

group).   
   (c)    EC 3  Hydrolases : catalyze the hydrolysis of various bonds.   
   (d)    EC 4  Lyases : cleave various bonds by means other than hydrolysis and 

oxidation.   
   (e)    EC 5  Isomerases : catalyze isomerization changes within a single molecule.   
   (f)    EC 6  Ligases : join two molecules with covalent bonds.     

 More than 3,000 human enzymes have been identifi ed and named. Except for 
some of the originally studied enzymes like pepsin, rennin, and trypsin, most 
enzymes have a suffi x “ase” which is attached to the name of substrate on which it 
acts like lactase as the enzyme breakdown disaccharide lactose to monosaccharide 
glucose. In some cases the type of reaction is also added to the name like DNA 
polymerases synthesizes the assembly of the DNA. Most of the pharmaceutical 
enzymes belong to the EC 3 hydrolase group, such as galsulfase. However, some 
pharmaceutical enzymes, such as rasburicase, belong to the oxidoreductase group.  

15.4     Biopharmaceutical Enzymes 

 The enzymes used as drugs have two important features which distinguish them 
from the conventional drugs, such as:

    1.    Unlike drugs they bind and act on their targets with great affi nity.   
   2.    They are highly specifi c and act as catalyst to convert multiple target molecules 

to the desired products.     

 These two features make enzymes specifi c and potent drugs that can accomplish 
therapeutic biochemistry in the body that small molecule (synthetic active ingredi-
ent) cannot. The catalytic activity of enzymes is exploited in industrial manufactur-
ing of drugs. Enzymes are also used as digestive aid where they are used to 
supplement digestive enzymes like amylase, lipase, and protease. Almost all 
enzyme therapies developed till date deal with the genetic disorders. Also the 
enzyme replacement therapy is used for relatively rare, inborn error of metabolism 
(Germain  2002 ; Chan et al.  2005 ). Several enzymes are also used to prevent and 
treat common diseases like heart attack and stroke (Longstaff et al.  2008 ). 
The enzyme collagenase has been reported for healing burn wound in children and 
enzyme chondroitinase ABC in the treatment of spinal cord injury (Ozcan et al. 
 2002 ; Bradbury et al.  2002 ). The enzymes used in pharmaceutical industry are 
listed in Table  15.1 . Several enzymes are also used as prodrug, a drug that is admin-
istered in an inactive or signifi cantly less active form, but once administered it is 
metabolized in vivo into an active metabolite through bioactivation process. 
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The prodrug is generally used for absorption, distribution, optimize excretion, and 
complete metabolism of drug (Stella et al.  1985 ). There are several advantages 
associated with the prodrugs:

     1.    Increased absorption and elimination of unpleasant taste.   
   2.    Decreased toxicity and metabolic inactivation.   
   3.    Increased chemical stability and prolonged or short-lived action.    

  The prodrugs can be classifi ed in two groups:

    (a)     Carrier-linked prodrugs : It contains a group that can be easily removed enzy-
matically (such as an ester) to reveal the true drug. For example, dipivefrine is 
prodrug of epinephrine used to treat glaucoma (Fig.  15.1a ). The dipivaloyl 
esters allow for greater corneal permeability which is hydrolyzed by corneal 
and aqueous humor esterases. It is available as ophthalmic solution. It causes 
vasoconstriction and converted to epinephrine upon penetration of the cornea 
(Nakamura et al.  1993 ).

       (b)     Bioprecursor prodrugs : These are metabolized into a new compound which may 
itself be active or is further metabolized into an active metabolite (e.g., amine to 
aldehyde to carboxylic acid). Sulfasalazine (Fig.  15.1b ) is used in the treatment 
of ulcerative colitis, an infl ammatory bowel disease, and rheumatoid arthritis 
(McGirt et al.  2006 ). Anaerobic bacteria in the lower bowel metabolically reduce 
sulfasalazine to the therapeutic agent 5-aminosalicylic acid. It is often well tol-
erated, but sometimes may cause severe depression in young males.      

  Fig. 15.1       ( a ) Structure of dipivefrine. ( b ) Structure of sulfasalazine. Available from   http://www.
drugbank.ca/drug           
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15.5     Application of Enzymes as Pharmaceuticals 

15.5.1     Galsulfase 

 Galsulfase is a recombinant human  N -acetylgalactosamine 4-sulfatase and was used 
in enzyme replacement therapy for the treatment of mucopolysaccharidosis VI 
(MPS VI) (Harmatz et al.  2004 ). Mucopolysaccharidosis VI (MPS VI) or Maroteaux- 
Lamy syndrome is a rare recessive lysosomal storage disease (LSD) resulting from 
a defi ciency in the enzyme  N -acetylgalactosamine 4-sulfatase.  N -acetylgalactosamine 
4-sulfatase is a soluble monomeric protein with a molecular weight of 56 kDa. The 
glycosylated product has an apparent molecular weight of 66 kDa on SDS-PAGE. 
The predicted amino acid sequence and the nucleotide sequence of the recombinant 
enzyme are identical to native human N-acetylgalactosamine 4-sulfatase (also 
known as arylsulfatase B, EC 3.1.6.12) (Bond et al.  1997 ).    The enzyme is respon-
sible for hydrolysis of the sulfate moiety of the glycosaminoglycan (GAG) dermatan 
sulfate during its stepwise degradation. Defi ciency of  N -acetylgalactosamine-4-
sulfatase leads to the accumulation of its substrate, dermatan sulfate, in the lyso-
somes of many cell types (Neufeld and Muenzer  2001 ). The accumulation causes a 
progressive disorder with multiple organ and tissue involvement. 

 Recombinant-engineered galsulfase supplies  N -acetylgalactosamine 4-sulfatase 
and catalyzes the cleavage of the sulfate ester from terminal  N -acetylgalactosamine 
4-sulfate residues of GAG chondroitin 4-sulfate and dermatan sulfate. Increased 
catabolism of GAG in turn reduces systemic dermatan sulfate accumulation, 
thereby reducing the primary symptoms of MPS VI. This drug was approved by 
the FDA, USA, in May 2005 for the treatment of patients with mucopolysacchari-
dosis type VI. It is the fi rst approved product for the treatment of mucopolysac-
charidosis type VI and has been granted orphan drug status (Hopwood et al.  2006 ). 
Galsulfase treatment is well tolerated although some patients developed antibodies 
against the enzymes and also some less serious side effects such as headache, joint 
pain, and eye redness were observed. Naglazyme is a formulation of galsulfase by 
BioMarin Pharmaceuticals Inc., USA, which is a purifi ed human enzyme that is 
produced by recombinant DNA technology in a Chinese hamster ovary cell line 
(White et al.  2008 ).  

15.5.2     Asparaginase 

 Asparaginase (E.C.5.1.1) is widely used in the treatment of childhood acute lym-
phoblastic leukemia (ALL). Asparaginase hydrolyzes  L -asparagine to  L -aspartic 
acid and ammonia in leukemic cells, resulting in the depletion of asparagine, 
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inhibition of protein synthesis, cell cycle arrest in the G1 phase, and apoptosis in 
susceptible leukemic cell populations (McCredie et al.  2008 ). The asparaginases 
isolated from  Escherichia coli  (EcA) and  Erwinia chrysanthemi  (EcA) are useful 
antileukemic agents (Hill et al.  1967 ). In a signifi cant number of patients with acute 
leukemia, particularly lymphocytic, the malignant cells depend on an exogenous 
source of asparagine for survival. Normal cells, however, are able to synthesize 
asparagine and thus are least affected by the rapid depletion produced by treatment 
with the enzyme asparaginase.  L -asparaginase, intravenously injected into patients, 
is primarily distributed in the plasma (Ho et al.  1970 ). A study revealed that, in 
patients with metastatic cancer and leukemia, initial plasma levels of  L -asparaginase 
following intravenous administration were correlated to dose. Daily administration 
resulted in a cumulative increase in plasma levels (Ho et al.  1970 ). Elspar (aspara-
ginase) contains the enzyme  L -asparaginase amidohydrolase derived from 
 Escherichia coli  and marketed by Merck & Co., Inc., USA. Asparaginase is also 
marketed by other two companies, Lundbeck Inc., USA, and Prescript 
Pharmaceuticals, USA. 

 Since asparaginase has relatively short half-life (10–0 h), PEGylated asparagi-
nase (pegaspargase) with 10–15 times longer half-life was developed during 
1970–1980. Indeed the asparaginase also has other disadvantages, like the need for 
frequent intramuscular injection and a very high rate of allergic reaction (Graham 
 2003 ). To overcome this problem,  L -asparaginase is modifi ed by covalently conju-
gating units of monomethoxy polyethylene glycol (PEG), molecular weight of 
5,000, to the enzyme, forming the active ingredient PEG- L -asparaginase. 
   Pegaspargase is more effective than asparaginase and facilitates production of 
 oxaloacetate which is needed for general cellular metabolism (Wetzler et al.  2007 ). 
This particular drug is marketed by Ben Venue Laboratories Inc., USA, and Enzon 
Inc., USA.  

15.5.3     Dornase Alfa 

 Dornase alfa is a highly purifi ed recombinant human deoxyribonuclease I (rhDN-
ase) used in the treatment of cystic fi brosis, a most common lethal recessive dis-
order in white population, and is caused by a defective cystic fi brosis transmembrane 
conductance regulator and a chloride channel protein, leading to improper salt 
balance and thick tenacious secretions (Collins  1992 ). Dornase alfa is produced 
by genetically engineered Chinese hamster ovary cells containing DNA encoding 
for the native human deoxyribonuclease I (DNase) (EC 3.1.21.1), an enzyme 
which selectively cleaves DNA. The enzyme contains 260 amino acids with an 
approximate molecular weight of 37 kDa (Shak et al.  1990 ). The primary amino 
acid sequence is identical to that of the native human deoxyribonuclease I. 
Dornase alfa hydrolyzes the DNA present in sputum/mucus of cystic fi brosis 
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patients and reduces viscosity in the lungs, promoting improved clearance of 
secretions (Shah et al.  1996 ). The enzyme does not appear to affect sputum in the 
absence of an infl ammatory response to infection nor does it affect the sputum of 
healthy individuals. Clinical trials and observation studies on the effi cacy of dor-
nase alfa (commonly known as Pulmozyme) inhalatory therapy have shown 
improvement in lung function and a decrease of respiratory exacerbations in 
patients with cystic fi brosis and moderate lung disease (Suri et al.  2001 ). This 
drug is well tolerated but some side effects such as chest pain and skin rashes have 
been reported (Davies et al.  1997 ).  

15.5.4     Agalsidase 

 Agalsidase is used in enzyme replacement therapy for Anderson-Fabry disease, 
which is an X-linked defect of glycosphingolipid metabolism (El Dib and Pastores 
 2010 ). The primary driver of the disease is the accumulation of glycolipids (globo-
triaosylceramide [GL-3]) in a variety of cell types, including vascular endothelial 
cells, a range of renal cell types, cardiomyocytes, and neurons, which is caused by 
defi cient activity of the lysosomal enzyme, alpha-galactosidase (Schaefer et al. 
 2009 ). Clinical manifestations of Fabry disease include renal failure, cardiomyopa-
thy, and cerebrovascular accidents. 

 Fabrazyme (agalsidase beta) is a recombinant human α-galactosidase A enzyme 
(EC 3.2.1.22), responsible for the breakdown of alpha-galactosides in the lysosome 
(Guce et al.  2010 ) with the same amino acid sequence as the native enzyme. 
Fabrazyme (agalsidase beta) is produced by recombinant DNA technology in a 
Chinese hamster ovary mammalian cell expression system (Schaefer et al.  2009 ) 
and marketed by Genzyme Inc., USA. Fabrazyme is intended to provide an exoge-
nous source of alpha-galactosidase A and to limit the accumulation of the glycolip-
ids in the tissues. This drug also has side effects such as diffi culty in breathing, 
choking of throat, hives, rashes, itching, and fever.  

15.5.5     Therapeutic Protein Inhibitors of Elastase 

 Human neutrophil elastase is a trypsin-type serine protease (EC 3.4.21.37). The key 
physiological role of neutrophil elastase is in innate host defense. It can also partici-
pate in tissue remodeling and possesses secretagogue actions that are now recog-
nized as important to local infl ammatory responses (Chughtai and O’Riordan  2004 ). 
A number of potent reversible and irreversible inhibitors of neutrophil elastase have 
been developed for its potential therapeutic use:
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    1.    Pre-Elafi n: The drug pre-elafi n, also known as trappin-2, is an elastase-specifi c 
inhibitor that could be an ideal candidate for the treatment of neutrophil 
elastase- driven lung diseases. Neutrophil elastase (EC 3.4.21.37) is a potent 
serine protease involved in host’s defense. The inhibitory activity of pre-elafi n 
resides in its COOH-terminal region that can be released as mature elafi n 
(Tremblay et al.  2002 ).   

   2.    Prolastin: Prolastin is an alpha-1 proteinase inhibitor marketed by Talecris 
Biotherapeutics C (Bayer, Germany). Its primary mechanism is inhibiting the 
action of the serine protease called elastase in the lungs, and its defi ciency is asso-
ciated with progressive ultimately fatal emphysema (Karnaukhova et al.  2006 ).    

15.5.6       Pancrelipase 

 Exocrine pancreatic insuffi ciency is a serious condition which occurs in several 
diseases including chronic pancreatitis, cystic fi brosis, pancreatic cancer, and post- 
pancreatic surgery (Sikkens et al.  2010 ). Pancreatic enzymes are essential for diges-
tion of food as it can be absorbed by the body. In the case of chronic pancreatitis or 
pancreatic cancer, the pancreas may not produce enough enzymes for complete 
digestion of food. As a result the food was not completely absorbed by the body. 
This phenomenon is called malabsorption (Fieker et al.  2011 ). The major malab-
sorption problems arise from incomplete fat digestion. Pancrelipase or pancreatic 
enzyme replacement therapy was used to treat malabsorption. It is a protein mixture 
isolated from porcine or bovine pancreas, sometimes called pancreatin, and con-
tains three enzymes, amylase (to digest starchy carbohydrate), lipase (to digest fat), 
and protease (to digest protein). Exogenous pancrelipase reduces the amount of 
nitrogen and fat excreted in the stool, but the overdose of pancrelipase causes diar-
rhea or stomach upset (Fieker et al.  2011 ). The drug is marketed by the brand names 
of Creon, Nutrizym, Pancrease HL, or Pancrex.  

15.5.7     Imiglucerase 

 Imiglucerase is used for the treatment of type 1 Gaucher disease, characterized by a 
functional defi ciency in human β-glucocerebrosidase enzymatic activity (Weinreb 
et al.  2005 ). β-Glucocerebrosidase (β- D -glucosyl- N -acylsphingosine glucohydro-
lase, EC 3.2.1.45) is a lysosomal glycoprotein enzyme which catalyzes the hydroly-
sis of the glycolipid glucocerebroside to glucose and ceramide. Absence of the 
enzyme, β-glucocerebrosidase, causes accumulation of lipid glucocerebroside in 
tissue macrophages which become engorged which are termed as Gaucher cells. 
Injection of imiglucerase into Gaucher disease patients leads to elevated levels of 
the enzyme in serum and reduction in the accumulation of glucocerebroside which 
reduces anemia, thrombocytopenia, spleen and liver size, and decreased cachexia 
(Pastores et al.  2004 ). 
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 Imiglucerase is marketed as Cerezyme by Genzyme Inc., USA, and produced by 
recombinant DNA technology using Chinese hamster ovary. Purifi ed imiglucerase 
is a monomeric glycoprotein of 497 amino acids, containing four N-linked glyco-
sylation sites. Cerezyme differs from placental glucocerebrosidase by one amino 
acid at position 495, where histidine is substituted for arginine. This drug was 
approved by the FDA in 1994 and more than 5,600 patients in 90 countries have 
been treated with Cerezyme (Weinreb et al.  2005 ). Cerezyme is given intravenously, 
and its application leads to a marked improvement in the clinical manifestation of 
the Gaucher disease (Pastores et al.  2004 ). General side effects, such as fatigue, 
headache, abdominal pain, fever, dizziness, chills, and backache, have been reported 
but only in 1.5 % patients (Ali et al.  2011 ).  

15.5.8     Pegademase Bovine 

 The drug, pegademase, is bovine adenosine deaminase (EC 3.5.4.4) enzyme derived 
from bovine intestine. It is used for enzyme replacement therapy for treating severe 
combined immunodefi ciency disease (SCID) associated with the defi ciency of ade-
nosine deaminase (ADA) (Polmar et al.  1975 ) .  The enzyme has been extensively 
PEGylated for extended serum half-life. It is a conjugate of numerous strands of 
monomethoxy polyethylene glycol (molecular weight 5,000), covalently attached to 
the enzyme adenosine deaminase (Hershfi eld et al.  1987 ). The enzyme adenosine 
deaminase is responsible for converting adenosine to inosine. In the absence of 
adenosine deaminase, the purine substrate adenosine, 2′-deoxyadenosine and its 
metabolites are actually toxic to lymphocytes thereby leading to diminished immune 
function. Pegademase converts 2′-deoxyadenosine to 2′-deoxyinosine via deamina-
tion (Pesu et al.  2005 ). Severe combined immunodefi ciency disease (SCID) is a 
primary immune defi ciency caused by several genetic defects in the immune system 
(Hershfi eld and Mitchell  1995 ). Adagen (pegademase bovine) injection was the fi rst 
successful application of enzyme replacement therapy for an inherited disease 
(Hershfi eld et al.  1987 ) and approved in 1990 by the FDA, USA. Adagen has been 
used to treat nearly 150 patients with ADA-defi cient SCID worldwide. The possible 
side effects of this drug are allergic reactions like diffi culty in breathing, choking of 
throat, swelling of the lips, tongue, face, hives, and signs of infection such as sore 
throat, fever, or congestion.  

15.5.9     Tissue Plasminogen Activators 

 Tissue plasminogen activator (tPA) (EC 3.4.21.68) is a serine protease found on 
endothelial cells and catalyzes the conversion of plasminogen to biologically active 
plasmin. It is the main enzyme for breaking down the blood clots (fi brin clots) and 
allows blood fl ow to the affected areas, thus preventing brain damage (Tsurupa and 
Medved  2001 ; Imming et al.  2006 ). As a protease, tPA plays a crucial role in 
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regulating blood fi brinolysis, maintaining the homeostasis of extracellular matrix 
and modulating the posttranslational activation of growth factors. tPA is found not 
only in the blood, where its primary function is as a thrombolytic enzyme, but also 
in the central nervous system (CNS). It participates in a number of physiological 
and pathological events in the CNS, as well as the role of neuroserpin as the natural 
regulator of tPA’s activity in these processes. 

 Tissue plasminogen activator (tPA) is used in clinical medicine as a thrombolytic 
agent to treat embolic or thrombotic diseases (Longstaff et al.  2008 ), like pulmonary 
embolism (blockage of the main artery of the lung or one of its branches by a sub-
stance that has travelled from elsewhere in the body through the bloodstream), myo-
cardial infarction, heart attack (results from the interruption of blood supply to a 
part of the heart), and stroke or cerebrovascular accident (rapid loss of brain 
function(s) due to disturbance in the blood supply to the brain) (Del Zoppo et al. 
 2009 ). Some of the examples of tissue plasminogen activators used clinically and 
also approved by the FDA, USA, are mentioned below. About one third of the 
patients treated with intravenous thrombolytic therapy exhibited an improvement 
poststroke (Saver  2004 ). 

15.5.9.1     Alteplase 

    Alteplase binds to fi brin-rich clots via the fi bronectin fi nger-like domain and the 
kringle-2 domain. The protease domain then cleaves the Arg/Val bond in 
plasminogen to form plasmin. Plasmin in turn degrades the fi brin matrix of the 
thrombus, thereby exerting its thrombolytic action. It also produces limited 
conversion of plasminogen in the absence of fi brin. This drug is marketed by the 
name of Activase and used in all thrombolytic diseases such as acute myocardial 
infarction, acute ischemic stroke, and lysis of acute pulmonary emboli (Hacke et al. 
 2008 ). It is synthesized using the complementary DNA (cDNA) for natural human 
tissue-type plasminogen activator obtained from a human melanoma cell line. The 
manufacturing process involves secretion of alteplase into the culture medium by an 
established Chinese hamster ovary cell lines into which the cDNA for alteplase had 
been genetically inserted.  

15.5.9.2     Reteplase 

    Reteplase is a recombinant non-glycosylated form of human tissue plasminogen 
activator, which has been modifi ed to contain 357 of the 527 amino acids of the 
native human tPA (amino acids 1–3 and 176–527) and retained the activity-related 
kringle-2 and serine protease domains of human tPA. Retavase is considered a 
“third-generation” thrombolytic agent, genetically engineered to retain and delete 
certain portions of human tPA. Reteplase is similar to alteplase but the modifi cations 
give reteplase a longer half-life of 13–16 min. It is produced by recombinant DNA 
technology in  E. coli  and was marketed by the name of Retavase. The protein is 
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isolated as inactive inclusion bodies from  E. coli , converted into active form by an 
in vitro folding process and purifi ed by chromatographic separation. Reteplase also 
binds fi brin with lower affi nity than alteplase, improving its ability to penetrate into 
clots. It works best to help people with strokes caused by clots (ischemic strokes) 
when it is given right away after the stroke symptoms begin (Hilleman et al.  2007 ).  

15.5.9.3     Tenecteplase 

    Tenecteplase is a 527 amino acid glycoprotein developed by introducing the 
following modifi cations to the complementary DNA (cDNA) for natural human 
tPA: a substitution of threonine 103 with asparagine and a substitution of asparagine 
117 with glutamine, both within the kringle-1 domain and a tetra- alanine substitution 
at amino acids 296–299 in the protease domain (Ohman et al.  2005 ). The brand 
name of this drug is TNKase and is used for the treatment of myocardial infarction 
and lysis of intracoronary emboli. It binds to fi brin-rich clots and cleaves the Arg/
Val bond in plasminogen to form plasmin (Gurbel et al.  2005 ). Plasmin in turn 
degrades the fi brin matrix of the thrombus, thereby exerting its thrombolytic action. 
This helps to remove blood clots and arterial blockages that cause myocardial 
infarction. Tenecteplase is known to have a long half-life; therefore, a single bolus 
injection is suffi cient for the treatment (Davydov and Cheng  2001 ).  

15.5.9.4     Anistreplase 

 Anistreplase is another human tissue plasminogen activator and is used to eliminate 
blood clots or arterial blockages that cause myocardial infarction. It cleaves the Arg/
Val bond in plasminogen to form plasmin. Plasmin in turn degrades the fi brin matrix 
of the thrombus, thereby exerting its thrombolytic action. It was marketed by the 
name of Eminase by Wulfi ng Pharma GmbH, Germany. Eminase is a complex of 
Lys-plasminogen ( p -anisoyl derivative of the primary Lys-plasminogen) and strep-
tokinase (Lee et al.  2004 ). A  p -anisoyl group is chemically conjugated to a complex 
of bacteria-derived streptokinase and human plasma-derived Lys-plasminogen 
proteins.   

15.5.10     Urokinase 

 Urokinase (EC 3.4.21.73) is also a serine protease, which specifi cally cleaves the 
Arg-Val bond in inactive plasminogen to form active plasmin. Urokinase was origi-
nally isolated from human urine, but is present at several physiological locations, 
such as blood stream and the extracellular matrix. Activation of plasmin triggers a 
proteolysis cascade that, depending on the physiological environment, participates 
in thrombolysis and extracellular matrix degradation. Urokinase is used for the 
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treatment of pulmonary embolisms (Overington et al.  2006 ). It is available by the 
name of Abbokinase and Kinlytic and administered by intravenous infusion. It has 
some side effects such as epistaxis, bleeding gums, and bloody or tarry stools (  http://
www.rxlist.com/cgi/generic2/tenecteplase.htm    ).  

15.5.11     Streptokinase 

 This is another thrombolytic agent and was also used in the treatment of acute 
evolving transmural myocardial infarction, pulmonary embolism, deep vein throm-
bosis, arterial thrombosis or embolism, and occlusion of arteriovenous cannulae 
(Meneveau et al.  1997 ). Streptokinase (EC 3.4.99.0) creates an active complex to 
form the proteolytic enzyme plasmin. Streptokinase forms a highly specifi c 1:1 
active enzymatic complex with plasminogen which also cleaves the Arg/Val bond 
in plasminogen (Mundada and Prorok  2003 ) and converts inactive plasminogen 
molecules into active plasmin (Sikri and Bardia  2007 ). Plasmin degrades fi brin 
clots as well as fi brinogen and other plasma proteins. Streptokinase is marketed 
under the name of Streptase. It is a purifi ed preparation of a bacterial protein elabo-
rated by group C ( beta )-hemolytic  streptococci.  Streptokinase in some cases has 
been shown to be more effective than tissue plasminogen activator alteplase 
(Capstick and Henry  2005 ).  

15.5.12     Bromelain 

 Bromelain is a proteolytic enzyme found in pineapple juice and stems that offers 
variety of health benefi ts. Bromelain can be taken to support healthy digestion and 
for treating infl ammatory, cardiovascular, and skin disorders. The two main enzymes 
are stem bromelain (EC 3.4.22.32) and fruit bromelain (EC 3.4.22.33). Bromelain 
is used for treating osteoarthritis (Brien et al.  2004 ) and is also a promising anti- 
infl ammatory agent (Fitzhugh et al.  2008 ).  

15.5.13     Hyaluronidase 

 Hyaluronidase (EC 3.2.1.35) is used in conjunction with other drugs to speed their 
dispersion and delivery of medicines. Hyaluronidase hydrolyzes hyaluronic acid 
by splitting the glucosaminidic bond between C1 of the glucosamine moiety and 
C4 of glucuronic acid. This temporarily decreases the viscosity of the cellular 
cement and increases diffusion of injected fl uids and localized transudates and 
exudates, facilitating their absorption (Csoka et al.  1999 ). It also increases the 
absorption rate of parenteral fl uids given by hypodermoclysis and is an adjunct in 
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subcutaneous urography for improving resorption of radiopaque agents. The drug 
has been branded as Hydase™ (animal-derived hyaluronidase), Vitrase (marketed 
by ISTA Pharmaceuticals, USA), and Amphadase (marketed by Amphastar 
Pharmaceuticals, USA).  

15.5.14     Rasburicase 

 Rasburicase is derived from a cDNA code from a modifi ed  Aspergillus fl avus  strain 
and expressed in a modifi ed yeast strain of  Saccharomyces cerevisiae  (Collings 
et al.  2010 ). It is recombinant urate oxidase enzyme (EC 1.7.3.3) and is used to treat 
lymphoid leukemia, non-Hodgkin’s lymphoma, and acute myelogenous leukemia. 
Rasburicase converts existing uric acid to allantoin, which is 5–10 times more solu-
ble in urine than uric acid. The oxidation of uric acid to allantoin by rasburicase 
produces hydrogen peroxide and carbon dioxide (Ribeiro and Pui  2003 ). The injec-
tion of rasburicase reduces levels of uric acid and mitigates the toxic effects of 
chemotherapy induced tumor lysis. This drug is marketed by the name of Elitek by 
Sanofi -Aventis Inc., USA. The possible side effects of this drug are vomiting, fever, 
nausea, abdominal pain, and diarrhea (Ho et al.  2006 ).   

15.6     Application of Immobilized Enzymes as Pharmaceutical 

 Chemical immobilization of proteins and enzymes was fi rst attempted in 1960s, and 
it is an emerging approach to new drug therapies. Immobilization means the 
enzymes with restricted mobility or rendered less motile by chemical or physical 
treatment. It was fi rst prepared by loading to polymeric matrices or binding onto 
carrier materials. Industrial use of enzymes is greatly limited because they are rela-
tively unstable, have a very high cost of purifi cation, and have cumbersome process 
of recovery of active enzyme from reaction mixture after the completion of catalytic 
process. Immobilized enzymes are more stable to pH and temperature stress and 
less susceptible to the denaturing agents. In addition, an immobilized enzyme 
should have long-term stability and unaltered sensitivity and biological activity 
after attachment to the matrix than free enzyme when used as therapeutic purpose 
(Klein and Langer  1986 ). Immobilization has been successfully utilized for studies 
with such enzymes, as cytochrome P-450, UDP-glucuronosyltransferases, glutathi-
one S-transferases, S-methyltransferases, and  N -acetyltransferases (Dulik and 
Fenselaut  1998 ). 

 One of the major applications of immobilized enzymes in pharmaceutical indus-
try is the production of 6-aminopenicillanic acid (6-APA) by deacylation of the side 
chain in either penicillin G or V, using penicillin acylase (penicillin amidase). Today 
more than 50 % of 6-APA is enzymatically produced using the immobilized route 
which is core of penicillin antibiotic. Penicillin amidase from  E. coli  is immobilized 
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on cellulose triacetate fi bers for producing 6-APA from penicillin G (Alvaro et al.  1990 ). 
   Similarly for producing 6-APA from penicillin V, penicillin amidase is immobilized 
by covalent binding to Amberlite XAD-7 with glutaraldehyde through physical 
adsorption to bentonite or by ionic binding to DEAE-Sephadex and also by covalent 
binding to a copolymer of acrylamide and maleic anhydride (Arshad et al.  2007 ). 
The major reasons for its success is in obtaining a pure product, thereby minimizing 
the purifi cation costs (Giordano et al.  2006 ). This process of the immobilized 
enzyme technology was also approved in India. The fi rst industrial process for the 
production of 6-APA was started in 1970s by Astra, Sweden, and Riga Biochemical 
Plant (former USSR). 

 Immobilization has also been used for the production of 7-aminodeacetoxy- 
cephalosporanic acid, an intermediate in the production of semisynthetic cephalo-
sporins. Conversion of 7-amino-3-deacetoxy-cephalosporanic acid (7-ADCA) to 
cephalexin by immobilized penicillin G acylase (IMPGA) has been investigated. It 
was observed that under optimized conditions, IMPGA can attain 85 % conversion 
of 7-ADCA to cephalexin. Furthermore, IMPGA can be reused for about ten cycles 
(Maladkar  1994 ). Production of cefazolin by immobilized cefazolin synthetase from 
 E. coli  as a biocatalyst has been possible. The complex of the physicochemical stud-
ies makes it possible to design a highly effi cient technological process for production 
of cefazolin (Kurochkina and Nys  1999 ). Macrolide antibiotics tylosin and nikkomy-
cin also can be produced by  Streptomycin  spp., immobilized with calcium alginate.  

15.7     Production of Biopharmaceuticals at Industrial Scale 

 The main focus of the pharmaceutical industry is to develop such processes for pro-
ducing recombinant therapeutic and diagnostic proteins of high value at large scale 
that utilize agricultural residue or waste as main component of the medium. Most of 
the enzymes are produced by submerged fermentation or by solid state fermentation 
at industrial scale owing to the inherent advantages such as higher yield, less energy 
requirement, and less cumbersome in downstream processing. The α-amylase was 
produced from agricultural by-products such as wheat bran, rye straw, wheat straw, 
and rice bran by  Bacillus cereus  MTCC 1305 by solid state fermentation (Singh et al. 
 2010 ). α-Amylases are used as a digestive aid by hydrolyzing α-(1 → 4) glycosidic 
linkages of polysaccharides to yield dextrin, oligosaccharides, maltose, and  D -glu-
cose. In recent years, the biopharmazymes are produced and overexpressed in  E. coli  
and in mammalian cells by recombinant technology. 

 The pharmaceutical manufacturing of recombinant proteins most frequently 
employs single-cell suspension cultures in stirred-tank bioreactors of variable sizes 
up to 20,000 L (Wurm  2004 ). Advances in media and process optimization for 
mammalian cell culture system have already resulted in more than 100-fold 
improvement in yield.    Monoclonal antibodies (mAb) for treating breast cancer and 
an immunoglobulin-TNF (tumor necrosis factor) receptor fusion protein for treat-
ing rheumatoid arthritis, are produced in suspension cell lines including 
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suspension-adapted Chinese hamster ovary or murine myelomas in stirred-tank 
reactors (Chu and Robinson  2001 ). Further insights and subsequent targeted modi-
fi cations with respect to genome-scale technologies including genomics, transcrip-
tomics, and proteomics are expected to contribute to the development of mammalian 
cell-based production systems in bioreactors and are hoped to further improve pro-
tein yields and quality in the near future (Matasci et al.  2008 ).  

15.8     Future Prospects 

 New strategies are continuously emerging for synthesizing and immobilization of 
new enzymes to enhance their role and effi ciency to treat variety of diseases. 
In response to the need in the pharmaceutical industry for more complex, chiral 
molecules, fi ne chemical companies are adopting new manufacturing technologies 
to produce more effi cient compounds with wide spectrum of activity. In particular, 
recent developments in biocatalysis combined with novel process engineering have 
provided improved methods for the production of valuable chemical intermediates 
(Huisman and Gray  2002 ).  Enzymes with antioxidative property are still an area of 
intense research within the pharmaceutical industry. Superoxide dismutase which 
transforms the highly toxic superoxide anion to moderately toxic hydrogen perox-
ide has been of interest to the pharmaceutical industry for quite some time and is 
still under research (Veronese et al.  2002 ). 

 Several researchers are also working in the area of inhibition of human neutrophil 
elastase (EC 3.4.21.37) having implications in the treatment of chronic obstructive 
pulmonary disease (COPD) consortium, such as emphysema and chronic bronchi-
tis. Human butyrylcholinesterase, a naturally occurring serum detoxifi cation 
enzyme, acts to break down acetylcholine. It could be useful for the treatment of 
cocaine overdose, as demonstrated by recent results (Melov et al.  2000 ). Several 
other lysosomal storage diseases are also being investigated with enzyme replace-
ment therapy, including Hurler’s disease and Maroteaux-Lamy syndrome (Harmatz 
et al.  2004 ). The enzymes which are designed and designated as orphan drugs under 
investigation in the USA are listed in Table  15.2 .

15.9        Conclusions 

 The total number of pharmaceutical enzymes in use around the world probably 
exceeds 3,000 not including the tens of thousands of formulations containing differ-
ent combinations of these ingredients. Enzymes are important in therapeutic and in 
commercial processes because they accelerate specifi c chemical reaction to produce 
a useful effect or product. From the perspective of a supplier of pharmaceutically 
important enzymes, the success of business lies in identifying the particular techno-
logical niche for improved product. Advancements in biotechnology over the past 
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10 years have allowed pharmaceutical companies to produce safer and cheaper 
enzymes with enhanced potency and specifi city. More recently, identifying pharma-
cological activity based upon an understanding of how enzymes work at the molecular 
level has enabled the industry to discover many new groups of successful drugs. 
Along with these advances, changes in orphan drug laws and new initiatives taken 
by the FDA, USA, have been effective in facilitating efforts to develop enzyme 
drugs. India’s pharmaceutical fi ne chemical industry is undergoing readjustment to 
the structural changes evolving patent regime.     
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16.1            Introduction 

 The use of cosmetics by man dates back to the remotest times. Older cultures 
derived their cosmetic products from natural compounds, such as fruits, milks, veg-
etables, fl owers, and seeds, also including mineral compounds, such as ashes and 
clays. Table  16.1  summarizes the main facts related to the relationship between 
mankind and the searching of well-being, health, and beauty.

   The history of use and growth of commercial cosmetics was initially connected 
to religious and ornamental aspects, gaining connotation of well-being and confi -
dence over time. This quest for beauty unleashed initially the search for active 
ingredients and materials that could be removed from nature and reality surrounding 
the human being. Thus, numerous formulae have been developed to smoothen, 
invigorate, and beautify skin, hair, and others. However, products and techniques 
are being improved and have become increasingly sophisticated. The advent of fi ne 
chemicals and the synthesis of molecules in the twentieth century and current bio- 
and nanotechnologies have led to the acquisition of key assets, such as hyaluronic 
acid, citric acid, xanthan gum, growth factors, and nanoparticulate systems. 

 Nowadays, a new approach in obtaining cosmetic products or raw materials for 
its production is the use of industrial wastes from innumerous industrial processes: 
physical, chemical, biological, biotechnological, and/or nanotechnological pro-
cesses. This makes it possible to give a better destination to some wastes, giving 
them a new function as a cosmetic product. 
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 Taking into consideration all these aspects, the biocosmetic industry can take 
advantage of the large amounts of wastes generated by innumerous industries that 
can provide them with large amounts of rich- and low-value materials, which can be 
processed by innumerous techniques with the objective of obtaining high-valued 
products with great biological potential and safety. 

 In this chapter, potential cosmetic compounds derived from industrial wastes 
were described as a sustainable alternative for the cosmetic industry. In Sect.  16.2 , 
interesting compounds for the cosmetic industry such as antioxidants, ferulic acid, 
lycopene, sericin, and others are described to be obtained through physical and/or 
chemical processing of wastes originated from human activity encompassing soil 
exploitation. Section  16.3  explores marine processing industries’ wastes as sources 
of important raw materials to produce biocosmetics. As in Sect.  16.2 , the raw mate-
rials normally pass through a physical and/or chemical treatment in order to become 
suitable for the cosmetic industries. Section  16.4  presents and discusses about tech-
nologies of using microorganisms to obtain pure cosmetic ingredients through fer-
mentation processes (and not only chemical or physical processes), which is an 
infi nite source and avoids problems related to purity and security of those molecules 
obtained from animal and vegetables extractions. Special attention is given to the 
possibility of reuse of industrial wastewaters as source of nutrients or precursors for 

   Table 16.1    Relationship between human being, natural material, and beauty and well-being   

 Primitive people  Skin painting: Ornamental and religious purposes 

 Egypt  Eyes: Ash and dyes 
 Skin: Animal and vegetable fats, beeswax, honey, milk, 

and aromatic oils 
 Ancient Greece  Visage: Blackberries and seaweed 

 Lipstick: Cinnabar (mercury sulfi de—pigment) 
 China  Nails: Pigmented polish 
 Rome  Skin: Donkey milk; powder to lighten skin 

 Cilia and eyebrows: Coal 
 Middle ages  Lipstick: Saffron 

 Cilia: Black soot 
 Teeth: Sage (bleaching) 
 Skin: Egg and Vinegar 
 Prohibition of the cult of hygiene and exaltation 

of beauty—the disappearance of the use of cosmetics in Europe 
 Crusades  Resurgence of cosmetics. Growth of perfumes development 
 Late eighteenth 

century 
 Witchcraft in England 

 Twentieth century  Home production and emergence of the fi rst cosmetic industries 
 1970s  Popularization of makeups 
 1980s  Formulas evolved for cosmetics pigmented 
 1990 until nowadays  New technologies and process, refi ned products, concerns about 

security, concerns about animal safety, concerns about environmental 
quality and preservation 
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microbial fermentation and production of cosmetic interesting molecules, which is 
an innovative eco-friendly and low-cost approach that will play an important role in 
the next years. 

16.1.1     Defi nition 

 According to the Segen’s Medical Dictionary ( 2012 ), biocosmetic is a cosmetic 
product containing biotechnology-based product(s) or a cosmetic that has a mecha-
nism of action based on biologic principles. In this context, biocosmetic can be 
defi ned as a product that uses, in at least one step of it production (or production of 
one of its raw materials), some industrial residue or waste from food, feed, or other 
kind of industry. When used as a substrate for cosmetic preparations, industrial resi-
dues and wastes can undergo various kinds of processing, such as chemical, physi-
cal, biological, or biotechnological, focusing on their concentration, purifi cation, or 
bioactivation of molecules of interest. In order to be considered as an interesting 
material for the production of biocosmetics, the waste must have at least one impor-
tant and desired property, such as high-antioxidant potential, high amounts of phe-
nolic compounds, capacity to improve sensorial properties, act in the product 
smoothness or lightness, and being skin softener or hair shiner. Furthermore, as a 
common cosmetic, it must pass through tests to guarantee its physical, chemical, 
and microbiological safety, according to international rules and regulations. 

 Concerns about safety of synthetic molecules and the search for cheaper and eco- 
friendly molecules resulted in an increase interest in the substitution of synthetic 
antioxidants by natural ones, especially in cosmetics and pharmaceuticals. It has 
promoted research on vegetable, animal, marine, and biotechnological sources and 
the search for new antioxidants in new raw materials.   

16.2       Products from the Earth 

 The human being uses many artifi ces for their well-being on the planet. Agriculture, 
livestock, fi shery, poultry, textile industry, and many others are technologies in con-
stant development that have played an important role in the evolution of the human 
race. Not long ago, the waste materials generated by these technologies were 
improperly disposed in the nature, following no rules and thus impacting directly 
the environment. In this context, the reuse of such wastes is a new approach in the 
production of new compounds, reducing their pollution potential and avoiding high 
costs during waste disposal (   Jayathilakan et al.  2012 ). 

 Due to its composition and properties, meat, poultry, and fi sh processing wastes 
and by-products have a potential to be converted into useful high-valued products. 
Regulatory requirements are important as many countries restrict the use of meat 
by-products for reasons of food safety and quality (Jayathilakan et al.  2012 ). 
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16.2.1     Antioxidants from Agricultural Wastes 

 The concept of biorefi nery has been used to support several research and 
 technological developments. It comprises the concept of zero emission, or at least 
 minimum losses in which the possibility to use one waste as raw material by another 
process is evaluated. Many studies have been performed based on this concept, 
including the valorization of agroindustrial and forestry wastes (Alonso et al.  2011 ) 
to produce bioactive molecules with high-antioxidant potential and soybean vinasse 
to produce lactic acid (Karp et al.  2011 ). Despite the problems related by Peschel 
et al. ( 2006 ) about the use of agricultural wastes as source of antioxidants and phe-
nolic compounds (heterogeneity of the batches, high costs involved in drying, and 
some expensive steps of extraction), they seem to be an interesting source of bioac-
tive molecules. 

 The cultivation of vegetables and crops results in the production of many indus-
trial products and by-products for human and animal consumption. Consequently, 
it is observed that many residues and wastes are produced, which are commonly 
burnt or used as feed or fertilizer. Normally, vegetable materials have high levels of 
phenolic compounds, whose presence is also detected in its by-products and 
wastes. The phenolic compounds are in most cases highly related to the antioxidant 
capacity, which makes the agricultural wastes an interesting low-cost source of 
antioxidants. The properties of the bioactive molecules obtained from agricultural 
wastes are multiple, such as protection against free radical damage and LDL (low-
density lipoproteins) oxidation, besides being safe for human and animal health 
(Sambanthamurthi et al.  2011 ). 

 Antioxidants are widely used to prevent deterioration of oxidizable goods, 
such as cosmetics, pharmaceuticals, and plastics. Polyphenols are a class of 
compounds with higher antioxidant activity. Other biological properties, such as 
anticarcinogenicity, antimutagenicity, antiallergenicity, and bleaching and anti-
aging activity, have been reported for natural and synthetic antioxidants, which 
are some of the desirable properties for pharmaceutical and cosmetic formulae 
(Moure et al.  2001 ). 

 Large variety of agricultural wastes have been studied as source of antioxidant 
molecules, phenolic compounds, fl avors, and colorants. Some examples are wastes 
from bergamot (Conidi et al.  2011 ), wastes from the  Solanaceae  family plants pro-
cessing (tomato, potato, eggplant, and pepper) (Taylor and Fraser  2011 ), and oil 
palm liquor (Sambanthamurthi et al.  2011 ). Peschel et al. ( 2006 ) studied residues 
from juice production: red beet, apple, strawberry, and pear; wastes from the can-
ning industry: tomato, artichoke, and asparagus; after harvesting wastes: chicory, 
endive, cucumber, and broccoli; and two medicinal herbs rich in polyphenols: 
golden rod herb ( Solidago virgaurea ) and woad herb ( Isatis tinctoria ). After many 
steps of material treatment and extraction, it was measured the total phenolic com-
pounds of each waste extract and their antioxidant activity was determined. The best 
and promising materials were artichoke, apple, and tomato, considered suitable for 
incorporation in topical cosmetic formulations. 

A.C. Novak et al.



393

  Camellia sinensis  is a plant known for being largely used in tea preparations, as 
green, black, and old tea. The wastes produced in each of these processes were ana-
lyzed by Farhoosh et al. ( 2007 ) and showed highly promising antioxidant-rich 
extracts, with potential application in cosmetics, for both topical and ingestion 
formulations. 

 An antioxidant-rich extract, mainly composed of fl avonoids, was obtained from 
the  Siraitia grosvenori ’s leaves by Pan et al. ( 2012 ). Taiwanese pummelo ( Citrus 
grandis Osbeck ) wastes were also identifi ed as a rich source of antioxidant extracts, 
but also showing whitening properties and tyrosinase inhibition comparable to the 
kojic acid (   Wu et al.  2011 ).  

16.2.2     Ferulic Acid 

 Another interesting molecule that has important antioxidant activity is the phenolic 
compound called ferulic acid. It is a hydroxycinnamic acid found in plant cell walls 
which was reported to have a wide range of applications, including as cosmetic raw 
material due to its properties of skin whitening and antioxidant (Barberousse et al. 
 2008 ; Wang et al.  2011 ) and photoprotection (Graf  1992 ). Additionally, it can be 
used as feedstock for the biotechnological production of fl avorings and aromatic 
compounds, including vanillin and vinylguaiacol (Max et al.  2010 ). Tilay et al. 
( 2008 ) studied maize bran, rice bran, wheat bran, wheat straw, pineapple peels, and 
pomegranate peels for the production of ferulic acid, achieving best results with 
maize bran. Max et al. ( 2010 ) detected ferulic acid in prehydrolyzed solid residue of 
trimming vine shoots. 

 In cosmetic products ferulic acid can be added to sun protect products, in anti-
aging treatments, as adjuvants in skin cancer treatment and in old skin care. There 
are industrialized products containing ferulic acid associated with vitamins for 
topical use (usually in concentrations between 0.1 and 0.5 %), but it can also be 
manipulated in manipulation pharmacies under medical prescription (in concentra-
tions up to 5 %).  

16.2.3     Resveratrol 

 Resveratrol, the antioxidant molecule that has gained a lot of attention in the last 
years, can be found in agricultural wastes. This molecule has great bioactive proper-
ties and has a global market estimation of >$30 billion according to    Rayne et al. 
( 2008 ). The referred authors identifi ed grape cane waste as a potential source of 
trans-resveratrol and trans-viniferin, whose recovery yield is greatly infl uenced by 
the solvent used in extraction. The trans-resveratrol obtained from this waste showed 
economical and environmental advantages. Peanut roots were also evaluated as 
sources of resveratrol (Chen et al.  2002 ). 
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 Another way to obtain the resveratrol is through biotechnology, using recombinant 
microorganisms and plant cell suspensions. The microorganisms used include 
 Yarrowia lipolytica ,  Lactococcus lactis ,  Aspergillus niger ,  Aspergillus oryzae , 
 Saccharomyces cerevisiae , and  Escherichia coli , while plants species include 
 Arachis hypogea ,  Gossypium hirsutum L.,  and  Vitis vinifera . Biotechnological 
production of resveratrol is still limited (culture conditions, optimization, and scal-
ing- up problems), but the yields are considerable (Donnez et al.  2009 ). 

 The antioxidant activity of resveratrol occurs through inhibition of cyclooxygenase 
and lipoxygenase enzymes, acting as anti-infl ammatory and anticoagulant. Studies 
show that resveratrol can induce apoptosis, programmed cell death, acting as an anti-
proliferative agent for some types of tumors (Zhang et al.  2012 ). The most common 
form of presentation is as supplements, providing antioxidant power; preventing wrin-
kles, elasticity and skin hydration, sunscreen, and anti-stain; and preventing photoag-
ing. Some high added value cosmetic products containing resveratrol combined with 
other assets are on the market. Resveratrol is said to prevent formation of blemishes, 
sun damage, and skin lightening and also shows anti-wrinkle effect and improves the 
overall appearance of the skin. There are reports of products containing 1 % resvera-
trol that provided a signifi cant lightening of the skin in just 14 days (Howard  2011 ). 

 There are few studies reporting the real acting benefi ts and transformations that 
resveratrol suffers in the human organism. Studies carried in pigs by Baxter ( 2008 ) 
demonstrated good absorbency through the stratum corneum. The same author con-
cluded that the topical use seems to pose little risk and potentially large benefi ts 
(Baxter  2008 ).  

16.2.4     Lycopene 

 Lycopene is a bioactive red colored pigment, largely used as pigment and antioxi-
dant, belonging to carotene molecules class. It occurs in plants, such as tomato, 
papaya, pink grapefruit, red guava, red grapes, and watermelon (Kong et al.  2010 ). 

 Tomato processing wastes and by-products are considered as a potential source 
of bioactive compounds, mainly lycopene. Lycopene was detected in tomato peel 
and tomato peel fi ber, tomato skin (Benakmoum et al.  2008 ), tomato paste waste (Xi 
 2006 ), tomato peels and seeds (Sandei and Leoni  2006 ), tomato pomace (   Vagi et al. 
 2007 ), and also in pulp waste (Chiu et al.  2007 ). 

 Lycopene properties have been extensively studied. Activities against iron- 
induced oxidative stress damage (Matos et al.  2006 ), lipid peroxidation and oxida-
tive DNA damage (Matos et al.  2000 ), and cardiovascular and related diseases, 
cancer, and diabetes (Kong et al.  2010 ) have also been described. 

 Lycopene’s antioxidant properties enable it to be used as ingredient in cosmetic 
formulation. The natural carotenoid content in the human skin is related to the 
healthy diet rich in fruits and vegetables, and external factors, such as illness, 
UV and IR radiation of the sun, smoking, and alcohol consumption, reduce the 
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 concentration of the carotenoids in the skin (Lademann et al.  2011 ). In this context, 
topical uses of a lycopene-rich gel or cream improve the natural barrier against the 
premature skin aging. The challenge is to determine if the topical use has the same 
effects of a lycopene-rich healthy diet. Studies demonstrated that it could be a great 
sun-screening agent as well as an excellent antioxidant for cosmetic formulations 
(Maheshwari et al.  2012 ). 

 Most studied lycopene extraction method is supercritical CO 2 , which causes less 
degradation and loss of properties and is thus considered the most effective pro-
cesses to extract the lycopene (Vagi et al.  2007 ; Shi et al.  2009 ). Methods that avoid 
excessive heating also showed higher lycopene recovery yields (Kerkhofs et al.  2005 ). 
(Navarro-González et al.  2011 ) proposed the use of enzymatic or physical pretreat-
ments prior to extraction. 

 Lycopene-rich extract is already commercialized (LycoMega ® , Lycomplete ® ) 
in form of food supplements, but few industries have released an extract suitable 
for cosmetic use. An example is Hydropom, an aqueous extract compatible to 
creams and gels with dosage recommended between 3 and 5 %. Lycopene contain-
ing products marketing usually explores the appeal of organic, green, or animal 
cruelty free.  

16.2.5     Olive Mill Wastes 

 The steps involved in the olive oil extract are crushing, pressing, and separation of 
oil from water. There are three different processes to extract olive oil: simple press-
ing (discontinuous), continuous three-phase, and continuous two-phase centrifugal 
olive oil extraction. The two-phase method is the most modern one, achieving 
higher yields and producing a low-moisture cake but generating larger amount of 
solid and liquid wastes (Matosa et al.  2010 ). The tendency of replacing discontinu-
ous and three-phase technologies by the two-phase means that larger amounts of 
such wastes will be generated. 

 In the olive oil process, the yield is 2:3:5 olive oil to semi-solid cake to aqueous 
liquor, corresponding to larger production of residues. As the olive oil process 
requires a high heating power, these residues have been used in the energy genera-
tion within the plant (Matosa et al.  2010 ). Many studies have also shown the possi-
bility to use the olive stone in many industries as plastic fi lling, abrasive, biosorbent, 
animal feed, resins, bio-oil, and activated carbon (Rodríguez et al.  2008 ). 

 The olive mill waste, rich in polyphenols, is formerly was used for long time as 
renewable energy source or fertilizer. It has been proposed for its use as a low-cost 
substrate for the production of xanthan and ethanol. The production of active com-
pounds from this waste constitutes a viable alternative for valorizing this problem-
atic waste (Obied et al.  2008 ). 

 Many works have shown that simple treatment can generate stable antioxidants 
(Capasso et al.  2006 ; Galanakis et al.  2010 ). They can play two functions in a 
 cosmetic product: as preservative and as bioactive molecule maintaining and 
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improving skin health. From the olive mill waste water, it is possible to produce 
hydroxytyrosol triacetyl from hydroxytyrosol, an abundant molecule present in this 
residue. Analysis has shown that hydroxytyrosol triacetyl produced through fer-
mentation has the same activity as the one obtained through chemical path, showing 
advantages, such as higher stability and no toxicity (Capasso et al.  2006 ). 

 Other phenolic compounds were identifi ed in the olive oil, including hydroxyty-
rosol acetate, tyrosol and catechol (Brenes et al.  2004 ), caffeic acid, coumaric acid, 
and oleuropein (Garcia-Castello et al.  2010 ). Concentration of such compounds 
reaches 600 mg/kg, which makes their recovery attractive for cosmetic application 
(Brenes et al.  2004 ). 

 The potential of the phenolic compounds from olive has been proved by the devel-
opment of two commercial products, recommended for use against free  radicals. They 
are composed of 3,4-dyhydroxyphenylethanol and 3,4- dihydroxyphenylglycol, 
compounds present in large amounts in the olive fruits, oil, and wastes (Rodríguez 
et al.  2007 ). 

 The olive oil itself is widely used in a variety of cosmetic products, such as sham-
poos, conditioners, liquid and bar soaps, creams, and lotions. The incorporation of 
the powder from the olive stone in cosmetics as an exfoliating agent is a new 
approach and is being used recently (   Cosmoliva  2012 ;    RedFlower  2012 ; Rodríguez 
et al.  2008 ; Mohammadi et al.  2005 ; Korres  2012 ).  

16.2.6     Wastes from the Textile Industry 

16.2.6.1     Sericin 

 Sericin is a globular protein secreted by the silkworm,  Bombyx mori,  during spin-
ning of the cocoon. It represents 25–30 % of silk proteins and plays a fundamental 
role in the silk fi ber acting as cement by sticking it together, providing a sticky coat-
ing in the fi broin fi ber (Capara  2012 ; Aramwit et al.  2011 ). The silk fi bers have 
many uses in a wide range of industries, such as textiles, medical, biotechnological, 
and cosmetic, due to its properties of water absorbency (due to its high contents of 
serine and aspartic acid), dying affi nity, thermotolerance, luster, and insulation 
(Aramwit et al.  2011 ). 

 In silk manufacture of fi broin and sericin, the two major proteins secreted by the 
silkworm are separated through a degumming process where fi broin is recovered 
and sericin is discarded in the wastewater. The degumming wastewater is known for 
its high-oxygen demand (Fabiani et al.  1996 ) and if not treated correctly can result 
in environmental contamination. It is estimated that global production of 400,000 
tons of dry cocoon, which means approximately 50,000 tons of sericin are discarded 
in degumming wastewater (Kim  2007 ;    Zhang  2002 ). 

 The most suitable methods for sericin recuperation from textiles wastewaters are 
ultrafi ltration (UF) and nanofi ltration (NF) (Aramwit et al.  2011 ). Drying can also 
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be used but did not show interesting results (Capara  2012 ). After sericin recupera-
tion, a decrease in pH, COD, BOD 5 , and total solids is observed, indicating that the 
extraction methods are suitable to sericin recovery and wastewater treatment. Future 
perspectives in this fi eld are the use of enzymatic hydrolysis to obtain highly puri-
fi ed sericin. 

 There are large quantities of studies showing the biological activities and uses for 
the sericin obtained from textile wastewater. They are summarized in Tables  16.2  
and  16.3 . In Table  16.2 , some biomedical applications of sericin extract from textile 
industry wastes are presented, while in Table  16.3 , some studies on different proper-
ties of sericin and its potential for use in cosmetic industry are presented.

    Table 16.2    Biomedical applications of sericin extract from textile industry wastes   

 Application  Reference 

 Improve serum-free mammalian cell culture  Terada et al. ( 2005 ) 
 Enhance culture human skin fi broblast attachment 

and play an important role in the wound healing process 
 Tsubouchi et al. ( 2005 ) 

 Supply healing process  Ogawa et al. ( 2004a ,  b ) 
 Enhance wound healing by sericin cream  Aramwit and Sangcakul 

( 2007 ) 
 Suppress UVB-induced and chemical-induced acute damage 

and tumor promotion in mouse skin 
 Zhaorigetu et al. ( 2003 ) 

    Table 16.3    Some studies on different properties of sericin and its potential of use in cosmetic 
industry   

 Material  Characteristics  Reference 

 Blending protein with other 
materials: Polyurethane; 
foam 

 Good moisture absorbing/
deabsorbing properties 

 Nomura et al. 
( 1995 ) 

 Polyvinyl alcohol 
(PVA); fi lm 

 Highly interface of PVA/sericin complex 
and excellent fracture strain 

 Ishikawa et al. 
( 1987 ) 

 PVA; hydrogel  Good moisture absorbing/deabsorbing 
properties 

 Yoshii et al. 
( 2000 ) 

 Improving by the 
cross- linking of protein; 
dimethylolurea 

 High strength and water permeability 
cross-linked sericin in short time 

 Gimenes et al. 
( 2007 ) 

 UV-radiation  Good mechanical properties 
and cytocompatibility sericin fi lms 

    Kim et al. 
( 2001 ) 

 Polyethylene glycol 
diglycidyl ether 

 Good mechanical properties and sericin 
can be released effi ciently for promoting 
collagen production 

    Xie et al. ( 2007 ) 

 Genipin  Film producer and surfactant agent  Aramwit et al. 
( 2010 ) 

  Adapted from Aramwit et al. ( 2012 )  
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16.2.6.2         Meat and Leather Industries 

 Many wastes generated by the meat industry such as tendons are rich in collagen. 
Several studies have reported the downstream steps to obtain a hydrolyzed collagen-
rich material and its use in cosmetic care preparations, such as humectant (Mokrejs 
et al.  2009 ; Cot  2004 ), and for the production of acylamino-carboxy surfactants 
(known for their favorable dermatological effects) (Mokrejs et al.  2009 ). Another 
example is the use of such collagen hydrolyzates from leather collagen proteins, edi-
ble meat product casings, and others in the production of potentially edible hydrogels 
for biodegradable packaging (Langmaier et al.  2008 ), which can be used also in cos-
meceutical supplements. The collagenic biomaterials generated by using leather 
wastes have a wide range of applications, especially when highly purifi ed. Collagen 
extracted from leather wastes can be used in formulation of gel, fi lm, sponge, or 
fi bers, representing economic and environmental advantages (Catalina et al.  2011 ). 

 When the leather wastes are used for protein extraction, fat is usually discarded. 
The transesterifi cation of such fat produces an ester with potential use for cosmetic 
industry (Isler et al.  2010 ), completing the cycle of the total reuse of the leather 
wastes for cosmetics applications. 

 Despite being not capable to replace neither play the same function in the skin 
when compared with the collagen produced by the human being, the collagen 
extracted from different sources acts at least moisturizing and giving softness to it. 
The main reason of this unequal action is due to the particle size: the topical collagen 
cannot penetrate the skin barrier and will not supplement collagen defi ciencies. The 
main feature of cosmetics containing collagen is the moisture added to the skin, 
because this molecule is capable to bind water, resulting in a conditioned and mois-
turized skin. So this kind of product acts decreasing water loss by the skin, improving 
its texture and increasing its suppleness. Manipulated formulas and industrialized 
products contain normally 2–10 % of collagen and are indicated for body and face 
skin fi rmness, anti-wrinkle for the eye area, streaks prevention, and others.    

16.3      Products from the Sea 

 Currently, various metabolites such as terpenoids, tocopherol, polysaccharides, 
 carotenes, phenolic compounds and antioxidant molecules, chitin, chitosan, and 
unsaturated fatty acids from different marine organisms (bacteria, micro- and mac-
roalgae) have been researched and studied. This kind of research fi ts the market 
demand for natural cosmetic products and has shown high rates of conversion into 
commercial products. Major drawbacks are the sustainable production of such com-
pounds and proof of absence of biological or chemical pollutants (Imhoff et al.  2011 ). 

 The main products from the sea with potential for use in cosmetic are collagen, 
the chitosan/chitin, and the polyunsaturated fatty acids (PUFA). These products 
have as main source the wastes generated by food industry processes involving fi sh, 
shrimps, and algae. Once large amounts of rich residues are generated, the full reuse 
of these materials is not only environmental friendly but also economically 
interesting. 
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16.3.1     Collagen 

 Collagen is the most abundant protein in vertebrates and constitutes about 25 % of 
vertebrate total proteins. It forms unique insoluble fi bers that have high tensile 
strength and a right-handed triple superhelical rod consisting of almost three identi-
cal polypeptide chains (   Ogawa et al.  2004a ,  b ). 

 Traditionally, collagen is isolated from the skins of land-based animals, such as 
cow and pig. Non-denatured and denatured collagen have different applications: 
the fi rst one is suitable for cosmetics, biomedical, and pharmaceutical industries, 
while the second fi nds applications in the food and biomedical industries (Ogawa 
et al.  2004a ,  b ). 

 Despite the fact that fi sh collagens denature at temperatures below 30 °C and 
possess lower stability than the mammalian counterparts (Ogawa et al.  2004a ,  b ), 
many studies have reported the extraction and purifi cation of this molecule from 
wastes generated by the processing of sea animals, such as fi sh. Many species have 
been studied, such as black drum ( Pogonias cromis ), sheepshead seabream 
( Archosargus probatocephalus ) (Ogawa et al.  2004a ,  b ), yellowtail fi sh (Morimura 
et al.  2002 ), and others. 

 Downstream steps for collagen purifi cation include molecule acid or enzymatic 
hydrolysis followed by steps of precipitation and re-solubilization and dialysis. 
Analyses of viscosity, protein, and amino acid composition are carried out to deter-
mine purity and properties of the obtained collagen. Some studies report a moder-
ately heat-stable collagen, suggesting its use as substitute for the land-based animal 
ones, about which there are some concerns from consumers and manufacturers 
(Ogawa et al.  2004a ,  b ). 

 The collagen from fi sh and livestock processing wastes seems to have interesting 
properties for the cosmetic industry: high water retention capacity, ability to repair 
rough skin, lack of odor, and absence of harmful effects on skin. The collagen pro-
tein hydrolyzate shows higher antiradical activity (Morimura et al.  2002 ), which is 
interesting to be used as food and cosmetic additive. 

 An interesting fi eld in collagen recovery is enzymatic hydrolysis. While acidic 
treatment can break the structure and remove protein from the material, the enzy-
matic treatment can bring some improvements to the process, such as specifi city 
and a higher-quality fi nal material. Many microorganisms are capable of producing 
collagenases, such as  Aspergillus ,  Phizopus , and  Bacillus , and some of them can 
reach high yields of degradation effi ciency (Morimura et al.  2002 ).  

16.3.2     Compounds from Shrimps 

 The waste generated by the shrimp processing contains several bioactive compounds, 
such as chitin, pigments, amino acids, and fatty acids. These bioactive compounds 
have a wide range of applications including medical, therapies, cosmetics, paper, 
pulp and textile industries, biotechnology, and food applications (Kandra et al.  2012 ). 
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 Shrimp heads are usually removed in peeling shed or at packaging facilities. 
They are a large source of protein and oils but are disposed in landfi lls or discarded 
in sea water, becoming an important concern for environmental pollution as they 
have higher organic load and result in unpleasant smell. About 45–48 % of the 
shrimp weight is discarded as waste, reinforcing its higher availability for further 
processing. As it still contains many interesting and valuable compounds, appropri-
ate processing can be of great industrial interest (Kandra et al.  2012 ; Wang et al. 
 2005 ), and other properties, such as antimicrobial potential, have also been reported 
(Wang et al.  2005 ). 

 Shrimp wastes, fermented or not, have been reported as source of carotenopro-
teins, which, when hydrolyzed, results in a mix of amino acids, including large 
amount of the essential ones. It can also be an interesting source of astaxanthin 
protein-free, which can have important applications in cosmetic industry, as pig-
ment and mainly antioxidant, 10 times higher than other carotenoids, such as zea-
xanthin, lutein, canthaxanthin, and beta-carotene, and 500 times higher than 
alfa-tocopherol (Armenta and Guerrero-Legarreta  2009 ). 

 In the processing of shrimp wastes, the biotechnology again appears as an impor-
tant tool to obtain most purifi ed products. With the use of specifi c proteases, the 
proteins from shrimp waste can be hydrolyzed, and the recovery of astaxanthin and 
protein hydrolyzate may be feasible (Armenta and Guerrero-Legarreta  2009 ).  

16.3.3     Polyunsaturated ω-Fatty Acids (PUFA) 

 Many molecules isolated from the sea products, wastes, and subproducts are being 
reported as having benefi cial effects against heart diseases and reduced infl amma-
tory reactions, as well as good source of polyphenol molecules, with antioxidant 
properties. Nowadays, these products are often used as food supplements, but have 
a potential to be used in the cosmetic industry (Imhoff et al.  2011 ). Among these 
important classes are the polyunsaturated fatty acids, called PUFA, which play an 
important role in the human and animal health. 

 PUFA and the products derived from them are involved in many enzymatic 
routes, metabolic and cellular structure functions, and prevention of degenerative 
diseases (such as Parkinson and Alzheimer), as well as in anti-infl ammatory pro-
cesses (   Martin et al.  2006 ). The major studied PUFA include docosahexaenoic acid 
(DHA) and eicosapentaenoic acid (EPA) (both ω-3 fatty acids) and arachidonic acid 
(ARA) and gamma-linoleic acid (GLA) (both ω-6 fatty acids). 

 Docosahexaenoic acid (DHA) can be extracted from fi sh or produced by biotech-
nological ways. Chi et al. ( 2007 ) reported the production of DHA using a substrate 
for the growth of the microalga,  Schizochytrium limacinum,  using crude glycerol, a 
by-product from the biodiesel industry. This by-product is too costly to be purifi ed, 
and its use as raw material to another process is suitable, especially for microorgan-
isms’ cultivation. This study suggests that the crude glycerol is a promising feed-
stock for production of DHA from heterotrophic algal culture (Chi et al.  2007 ). 
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 The viscera represent one of the poorest used wastes from meat processing. 
In many countries, they are used for human nutrition, but the excess is still dis-
carded without any processing. Some studies demonstrated that viscera can be an 
interesting source of high-valued molecules, such as PUFA.    Wang et al ( 2009 ) 
analyzed the fatty acid profi le of the yak kidneys, generally considered a waste, 
and found fi fteen different fatty acids, including arachidonic acid. This kind of 
study indicates the suitability for development of possible PUFA-rich products 
from meat wastes. 

 Both eicosapentaenoic and arachidonic acids were also reported to be produced 
by biotechnological means. They can be produced using fungi,  Mortierella alpina , 
cultivated in a mixture of crude soybean oil, a sucrose waste stream and soymeal 
waste stream (   Cheng et al.  1999 ).   

16.4      Biotechnological Products 

 According to    Thakur ( 2006 ), the environment is used by humans to sustain their 
basic needs for survival and to provide raw materials to be converted into products 
and services. There is an urgent need to exploit the biotechnological innovations, 
using industrial wastes and by-products in the production of food, feed, energy, and 
also pharmaceuticals and cosmetics. There is an increasing tendency in the search 
for new routes and new products for the replacement of chemical and traditional 
technologies by biocatalysts and genetically engineered microorganisms technolo-
gies capable of using renewable raw materials without loss of quality or energy. 

 In this part of the chapter, various compounds, such as antimicrobials, preserva-
tives, polysaccharides, biosurfactants, and retinoid obtained through biotechnological 
production from a great variety of wastes and by-products, will be discussed. At the 
same time, it results in waste valorization through production of high-valued cos-
metic compounds, biotechnological processes from unconventional substrates 
avoiding costs related to waste disposal and treatment, thus being an interesting 
alternative for the cosmetic industry. 

16.4.1     Antimicrobial and Preservative 

 Antimicrobial is a molecule or a group of molecules capable of limiting microor-
ganism growth or even completely stopping it. It is a useful ingredient in cosmetic 
industries as preservative. 

 The recent discussions on the safety of parabens, a largely used preservative in 
the cosmetic industry, are opening new approaches for the development of new 
antimicrobials and preservatives. In this context, some studies (Peng et al.  2006 ; 
Nguyen et al.  2005 ) have contributed to elucidate the reaction mechanisms of 
 parabens in the cell structure that confer its large activity against contaminants. 
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Nguyen et al. ( 2005 ) indicated that the interaction between parabens and bacteria is 
provided by the action in bacterial channels, collapsing the cell turgor and allowing 
the leakage of cytoplasmic contents. Nevertheless, side effects of parabens in ani-
mals and humans were not yet clearly identifi ed and understood. The search for new 
preservative products with little or no toxicity, feasible to substitute synthetic para-
bens, is a fi eld that is gaining importance. Natural parabens production was identi-
fi ed by Peng et al. ( 2006 ), who had isolated a bacterium capable to produce a 
parabens class molecule which, despite lows yields of production, was capable of 
preventing growth of yeasts, molds, and Gram-positive bacteria. 

 The innumerous studies found in the literature about preservatives and antimi-
crobials of biotechnological origin shows that biotechnology has a great contribu-
tion to the cosmetic industry, being capable to supply it with various classes of 
molecules, both as compound for the formula and as active principles.  

16.4.2     Polysaccharides 

 The industrial applications of microbial polysaccharides are very diverse, especially 
in the cosmetic industry. Polysaccharides produced by bacteria, fungi, and microal-
gae are used in cosmetic formulations as both active ingredients and sensorial 
improver. Industrial wastes can be a suitable substrate for the production of micro-
bial polysaccharides for cosmetic applications, combining economic and environ-
mental advantages. The main polysaccharides used in cosmetics are hyaluronic acid 
and xanthan gum. 

16.4.2.1     Hyaluronic Acid 

 The hyaluronic acid is a polysaccharide traditionally obtained by extraction from 
animals, as reported by Murado et al. ( 2012 ), who described its extraction from fi sh 
eyeball after various steps of purifi cation, reducing the environmental impact of this 
residue. It is naturally present in the human body as lubricant liquid in the joints and 
in the eye and spread in human skin, sustaining and moisturizing it. 

 The internal use of the hyaluronic acid can be as a medicinal task, fi lling joints 
and in the treatment of conjunctive tissue diseases, or as a cosmetic task, used in 
wrinkles fi lling or in plastic surgery. Recent developments include capsules for 
ingestion and cosmetics containing fractions of hyaluronic acid. The real effi cacy of 
this kind of products is questionable because its penetration in the skin can be tough. 
Many tools as nanotechnology can facilitate it; in some products, the nanoparticu-
lated hyaluronic acid is told to penetrate to the dermis, minimizing the wrinkles and 
maintaining the tonus and a moisturized skin. 

 The main concern about the hyaluronic acid is its safety for human use due to 
possible viral or prion contamination as it is an animal-originated product. The steps 
needed to guarantee its safety enhance too much the fi nal price and can derail its 
production,. 
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 In this context, many works have been carried on biotechnological ways to 
 produce hyaluronic acid. A strain of  Streptococcus thermophilus  was isolated from 
dairy products and cultured in skimmed milk.  S. thermophilus  was capable to 
 produce hyaluronic acid with different molecular weight together with exopolysac-
charides, showing potential use in medical, cosmetic, and food applications 
(Izawa et al.  2009 ).  

16.4.2.2     Xanthan Gum 

 Xanthan gum is the second microbial polysaccharide most commercialized in the 
world. It was discovered in 1963 and since has been extensively studied. It has many 
applications in food and feed industries (bakery, beverage, dairy, dressings, pet 
food, syrups and toppings, relish, sauces, gravies) but also in oil industry, agricul-
tural products, cleaners, pharmaceuticals, and coating and paper industries (Palaniraj 
and Jayaraman  2011 ). 

 The cosmetic application of xanthan gum includes the improvement of the fl ow 
properties of shampoos and liquid soaps, promoting also a stable, rich, and creamy 
lather. With its good rheological properties, it has become an excellent binder for all 
toothpastes, including gel and pumpable types, also improving the ribbon quality 
and the ease of extruding (Palaniraj and Jayaraman  2011 ). 

  Xanthomonas campestris  is one of the best xanthan gum producers, and despite 
sucrose and glucose are recognized as the two best carbon sources for the cultiva-
tion, many other sources, considering the use of wastes, were successfully tested: 
hydrolyzed rice, barley and corn fl our, acid whey, cheese whey, sugarcane molasses, 
a mixture of mannose and glucose, waste sugar beet pulp, maize, cassava starch, and 
peach pulp. The xanthan gum obtained using any of these materials are considered 
safe for human use (Palaniraj and Jayaraman  2011 ) and is perfectly suitable to the 
production of biocosmetics, aggregating value to a residue.  

16.4.2.3     Other Polysaccharides and Oligosaccharides 

 Microorganisms isolated from extreme environments can be large producers of 
polysaccharides. They use polysaccharide in protection against high or low tem-
peratures, excess of salinity, or even excess of movement. 

  Salipiger mucosus , isolated from halophile environments from the Mediterranean 
seaboard, showed the capacity of producing large amounts of exopolysaccharides 
(EPS) (Llamas et al.  2010 ). After purifi cation, such EPS showed very low viscosity, 
pseudoplastic behavior, and emulsifying activity on several hydrophobic substrates. 
Moreover its composition showed a high amount of fucose rich, an interesting mate-
rial for cosmetic products, since studies have demonstrated that fucose has action in 
eye-contour wrinkles and other skin benefi ts (Fodil-Bourahla et al.  2003 ). 
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 Oligosaccharides are commonly used in cosmetics as stabilizers and bulking 
agents.    Adachi and Vallee ( 2002 ) evaluated the skin emollient effi cacy of various oli-
gosaccharides, obtained by a controlled enzymatic depolymerization of membranous 
polysaccharides (agarose, carrageenan, alginate, and fucoidan) extracted from brown 
seaweed. The high molecular weight oligosaccharide applied to skin- protected cells 
from cigarette smoke, pesticides, and heavy metals, while the low molecular weight 
oligosaccharide showed anti-infl ammatory effect. When chelated with metals, the 
low-weight polysaccharide presented other activities: with zinc it showed sebum 
regulation and antibacterial action, and with manganese and magnesium, it inhibited 
free radical activity and prevented Langerhans cell from UVB radiations. 

    Ken-ichi et al. ( 2002 ) study showed that trehalose infl uences the water- holding 
properties of lipid multilamellar structure existing in the stratum corneum. 

 Cyclodextrins are used to solubilize fragrance, suppress their volatility, and facil-
itate spraying, thus being used in deodorants to neutralize smoke, mold, cooking, 
stale, and pet odors emanating from clothes. They are also used in skin care prod-
ucts (soaps and shampoos) to stabilize antibacterial monoterpenoid (   Dodziuk  2006 ; 
   Patel and Goyal  2011 ).   

16.4.3     Biosurfactants 

 Biosurfactant or bioemulsifi cant is an emulsifi er molecule produced by a microor-
ganism. It acts by reducing the superfi cial tension between two or more immiscible 
or poor miscible materials, allowing it to mixture better. It has a great structural 
diversity, belonging to glycolipids (Nitschke et al.  2011 ), lipopeptides, peptides and 
polymers, and fatty acids classes (Parkinson  1985 ). Usually, the primary step of 
recovery of such biomaterial results in a crude extract composed of a mixture of 
compounds (carbohydrate, protein, lipids, uronic acids and others, and sulfates) 
(Bodour et al.  2003 ). In many cases, this crude extract shows improved properties 
than the purifi ed compound. 

 Generally biosurfactants’ properties are compared with the synthetic surfactants’ 
Triton and Tween, which are frequently used in cosmetic and pharmaceutical indus-
tries. These biosurfactants frequently show great potential for use in cosmetics, 
replacing synthetic substances in the formulation. A wide range of microorganisms 
are known to produce these compounds: marine bacterium (Kumar et al.  2007 ), 
yeasts ( Candida lipolytica ) (Rufi no et al.  2007 ),  Mycobacterium ,  Nocardia , 
 Rhodococcus ,  Corynebacteria ,  Pseudomonas ,  Torulopsis ,  Acinetobacter calcoace-
ticus , and  Bacillus subtilis  (Parkinson  1985 ). 

 In the beginning, biosurfactants were researched solely for environmental appli-
cations, especially decontamination and bioremediation. Later, high-valued applica-
tions were researched, because of the higher cost of production. In cosmetics, they 
are used as emulsifi ers, humectants, preservatives, and detergents. To overcome the 
cost production, the use of industrial wastewaters is a new interesting approach. 
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 Due to biosurfactant’s amphiphilic nature, it is necessary to provide special 
conditions to stimulate its production by the microorganism. In this context, oily 
residues can provide both a great biosurfactant production and lower costs of 
production. 

 Some oily residues used in this subject are those resulting from vegetable oil 
refi nery (Rufi no et al.  2007 ), sludge palm oil (Nawawi et al.  2010 ), soap stock from 
vegetable oil refi ning process (Benincasa et al.  2004 ), and distillery and dairy wastes 
(Makkar and Cameotra  2002 ). 

 Many advantages of biosurfactants production have been reported. The main 
positive aspect is the higher biodegradability as compared to synthetic surfactants, 
the organic load reduction of the wastewaters used as culture medium, and lower 
sensitivity to extreme temperatures, pH, or salinity (Parkinson  1985 ). Further, if 
produced by fermentation using cheaper renewable substrates, it is independent of 
fossil hydrocarbon resources (Parkinson  1985 ). 

 According to Klekner and Kosaric ( 1993 ) and Maier and Soberón-Chávez 
( 2000 ), some of the products composed of surfactants among their main ingredients 
include insect repellents, acne pads, antidandruff products, deodorants, nail care 
products, and others. Biosurfactants have found a special place in the personal care 
market also because of their intrinsic low toxicity, excellent moisturizing properties, 
and skin compatibility (Brown  1991 ). Klekner and Kosaric ( 1993 ) described a prod-
uct containing 1 mol of sophorolipid and 12 mol that had become a commercial skin 
moisturizer cream; patents for the use of rhamnolipids to make liposomes and emul-
sions (Ishigami et al.  1988 ) and mycolates are suited for applications in creams, 
pastes, sticks, and fi lms (Lang and Philp  1998 ). 

 The review on the use and production of biosurfactants performed by Makkar 
and Cameotra ( 2002 ) can be used for further information in this subject.  

16.4.4     Retinoids 

 Retinoids are lipophilic isoprenoids derived from β-carotene composed of a cyclic 
group and a linear chain with a hydrophilic end group (Jang et al.  2011 ). These 
compounds include retinol (vitamin A), retinal, retinyl esters, and retinoic acid and 
derivatives. All these molecules are known cosmetic agents and effective pharma-
ceuticals for skin diseases. Retinoids are chemically unstable and biologically 
degraded via retinoic acid. It can be produced by biotechnology, employing genetic 
modifi ed microorganisms or wild strains.  E. coli  was used by Jang et al. ( 2011 ) in a 
two-phase culture system using a dodecane overlay to produce blocks that com-
pound the retinoids molecules. 

 Retinol can be obtained also through extraction from fermented shrimp waste. 
An acid lactic fermentation can be used to preserve shrimp, generating a fermented 
waste containing a protein-rich liquor, a lipid fraction, and insoluble chitin. The lipid 
fraction can then be fractionated into carotenoid pigments (mainly, astaxanthin), 
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sterols (cholesterol), and retinol (vitamin A). Nowadays, this kind of process is 
used in the aquaculture industries, but also has potential to be used in cosmetic 
industries and to be proven for its safety and absence of contaminants in the puri-
fi ed compound.   

16.5     Future Prospects 

 The future of biocosmetics is promising. Every day new researches, processes, and 
material are being discovered, and the existing ones are frequently ameliorated. 
Industries and enterprises have their own R&D (research and development) depart-
ments, whose studies and developments rarely become accessible to general public. 
These researches are confi dential as trade secret and we only have access when a 
new product arises in the market. It is, thus, hard to foresee a great innovative prod-
uct before it launches on market, just looking for academic researches. 

 The use of wastes in cosmetic production allows the use of “sustainable” and 
“green” claims in their products, which will improve sales and generate a better 
acceptance by the consumers. For industrial economics, it is also a good point: the 
costs involved in the process are lower and the enterprise’s social image is amelio-
rated. The production of biocosmetics aims the appearance of innovative products, 
satisfying the select cosmetic consumers who are always looking for novel and 
improved products. 

 The development of biocosmetic products has some drawbacks. The absence of 
specifi c laws hinders the raw materials and products to be correctly categorized. 
These products have to follow the same principles of absence of contamination, 
safety and effi cacy than the normal cosmetics, but maybe other specifi c tests should 
be performed to ensure their safety. It could make the consumers feel safer enough 
to use the biocosmetics without discomfort and preconception. In this context, many 
researches are using food and pharmaceutical wastes for biocosmetic productions, 
once these products have to follow very restrictive healthy security parameters, 
including the wastes generated during their production, which makes these wastes 
safer than others from other sources. Another drawback for the industrial produc-
tion of biocosmetics from waste is its availability: the waste has to be supplied at 
constant amounts and with a relatively constant composition; this can be a problem 
specially when the waste comes from a seasonal culture and/or varies each different 
batch or season. 

 Biorefi nery concept is soaring and growing. It began to be applied fi rst in less 
restrictive industries, such as biocombustibles and fertilizers, passing through food 
and feed industries. Now it is arriving to cosmetic and pharmaceutical ones. It was 
possible due to the growing development of technologies and techniques which allow 
wastes decontamination and assays that ensure its security. Much more can and will 
be done in the fi eld of biocosmetics, a fascinating, inexhaustible, and increasing area. 
The diversity of wastes and microorganisms can be widely explored in the develop-
ment of a variety of process and new products for health, beauty, and well-being.     
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17.1            Introduction 

 Biopolymers are ecologically safe alternatives to conventional polymers because of 
their biodegradable nature and their origin from renewable resources (   Dionisi et al. 
 2005 ). Recent discoveries in the fi eld of bacterial polymer biosynthesis have opened 
up new avenues for the rational engineering of bacteria towards the production of 
biopolymers suitable for industrial and medical applications. Over the past decade, 
a better understanding of bacterial polymer biosynthesis pathways from intermedi-
ates of central metabolism has been achieved. Bioplastics and biopolysaccharides 
are examples of biopolymers which are synthesized by a wide variety of microor-
ganisms. Selection of a suitable composition substrate is an important factor for the 
optimization of biopolymers production and properties. Since, the high cost of sub-
strates is a major factor in biopolymers production economics, thus the usage of 
waste biomass could signifi cantly reduce the total production cost (   Serafi m et al. 
 2004 ; Lemos et al.  2006 ). Therefore, the use of cheaper carbon source is required in 
order to reduce the high production cost of biopolymers. 

 This chapter highlights the recent advances of different biopolymers sources, 
bacterial biopolymer biosynthesis pathways, and the valorization of waste biomass 
to produce biopolymers, especially bioplastics and biopolysaccharides. Finally, the 
potential applications of these biopolymers have been discussed. These biopoly-
mers have been selected on the basis of the characteristics of their biosynthesis 
pathways, the extent of knowledge available to describe their formation, and their 
commercial relevance and applied potential.  

    Chapter 17   
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17.2     Sources of Polymers 

 The source of a polymer often determines its nature, common properties, and its 
potential applications. Depending on the source, two types of polymers are tradition-
ally distinguished: natural polymers and synthetic polymers. However, over the past 
three decades, a new class of polymer resulting from blending of natural and syn-
thetic polymers has emerged and attracted increased attention (Sionkowska  2011 ). 

17.2.1     Natural Polymers 

 The term “natural polymers” refers to macromolecules that occurred naturally or 
synthesized by living organisms (Quélénis  2008 ). Even though some authors 
employ “biopolymers” as a synonym of “natural polymers,” it’s important to bear in 
mind that “biopolymer” is widely designated for “biodegradable polymers” or “bio- 
based” polymers whether natural or synthetic. Natural polymers are derived from 
animals, plants, and/or microbes (Cascone et al.  2001 ). Table  17.1  summarizes the 
most renowned natural polymers widely applied for the fabrication of polymeric 
materials and their classifi cation. Natural polymers are formed by the juxtaposition 
of monomeric units linked covalently. Their characteristics are entirely determined 
by the physicochemical properties of the monomers and their sequence. Therefore, 
a precise molecular organization can lead to a rich complexity of structure and role 
in the organism (Rodriguez-Cabello et al.  2005 ).  

  Depending on the type of monomers, biological macromolecules can be classi-
fi ed into three classes: polysaccharides, proteins, and nucleic acids. Although lipids 
and phospholipids may associate and form very large particles, they are not consid-
ered as polymers since their association results from electrostatic or hydrophobic 
interactions, not from covalent ones. 

17.2.1.1     Polysaccharides 

 Polysaccharides, also called carbohydrates, are constituted by the repetition of large 
number of monosaccharides, such as glucose, fructose, and galactose (Nishinari and 
Takahashi  2003 ). Monosaccharides are linked by  O -glycosidic bonds and they are 
able to form either linear or branched polymers. The physical properties of polysac-
charides including solubility, gelation, and surface characteristics are dictated by 
monomers sequence, chain shapes, and molecular weight. In the organism, polysac-
charides play crucial role in membranes and intracellular communication and act as 
storage molecules (Malafaya et al.  2007 ). 

E. Chaabouni et al.
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 Some natural polysaccharides, such as starch and chitin, are widely studied 
(Synowiecki and Al-Khateeb  2003 ). For example, “starch” is synthesized by plants 
as food reservoir. It is composed of a mixture of two polymers of α-glucose, linear 
amylose and a highly branched amylopectin. It is known to be one of the most 
promising natural polymers because of its abundance and its renewability (Tang 
and Alavi  2011 ). Similarly, “chitin” is found in cuticles of insects, crustacean 
shell wastes, and cell walls of fungi, and “alginate” is extracted from brown algae. 
All these polymers are abundant in nature and attract attention due to various 
applications.  

17.2.1.2     Proteins 

 Protein-based macromolecules are the second most important class of natural poly-
mers. They are composed by 20 essential amino acids and are linked by amide 
bonds. On their native environment, proteins are responsible for an impressive array 
of function ranging from structural to signaling and catalytic roles. Actin, tubulin, 
keratin, and collagen are key structural constituents, whereas hormones play a major 
role in intercellular signaling. The best example of catalytic proteins is enzymes. 
Like polysaccharide-based polymers, protein-based polymers are also regarded as 
promising materials due to their biocompatibility, ability of being cross-linked, and 
their biodegradable nature. Among the most commonly applied protein-based poly-
mers, collagen, silk, and fi brin have well-established relevance.  

17.2.1.3     Nucleic Acids 

 Nucleic acids include deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). 
They are very important for all living organisms as they are the storehouse of genetic 
information and play a crucial role in the preservation of species. The extraction and 
synthesis of nucleic acids is feasible in laboratory (Raha et al.  2004 ).    Moreover, 
sequencing of genomes has been made possible, and hence, nucleic acids have been 
applied in many medical and nanobiotechnological purposes, such as diagnostics 
(Dunbar  2006 ) and postsurgical treatments (Werk et al.  2010 ). Nevertheless, they 
aren’t considered with particular interest for the conception of polymeric 
materials.  

17.2.1.4     Other Natural Polymers 

 It is noted that some other “polymers” that are naturally produced by living organ-
isms can’t be simply classifi ed as one or another of macromolecules listed above. 
For instance, “natural rubber” described by Puskas et al. ( 2006 ) as “the most important 
polymer produced by plants” and “a strategically important raw material used in 
many products” has such complexity that its exact structure is still undefi ned. 
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   Many components are thought to be a part of “natural rubber”: Nyburg ( 1954 ) 
detected the presence of isoprene repeat units by using X-ray diffraction studies 
Puskas et al. ( 2006 ) and reported that fatty acid ester may be the terminal groups 
and the cyclized polyisoprene sequences were also detected. Other “abnormal” 
chemical groups were also identifi ed, such as aldehydes (Eng and Ong  2000 ), epox-
ides (McIntyre et al.  2001 ), and amines (Tanaka  1989 ). Natural polymers, espe-
cially proteins and polysaccharides, have many attributes required for the industrial 
purposes, such as biocompatibility, biodegradability, and nontoxicity. Indeed, they 
are regularly required as polymeric materials (e.g., for biomedical equipments) due 
to their resemblance with the cellular compounds, their high chemical versatility, 
and their relatively good biological performance. Moreover, their degradability may 
be controlled in some cases by cells or enzymes (Malafaya et al.  2007 ). Nevertheless, 
despite their abundance and their good properties, the use of natural polymers on an 
industrial scale could be problematic. First of all, their relatively weak mechanical 
properties and thermal instability restrict the range of shape they can be processed 
into. Their native structure can be damaged if the environmental conditions, such as 
pH and temperature, are not optimal. Furthermore, the high insolubility of some 
natural polymers, such as elastin, silk, and keratin, could be an obstacle for process-
ing (Sionkowska  2011 ). Finally, due the cost of purifi cation, natural polymers are 
more expensive than synthetic ones.   

17.2.2     Synthetic Polymers 

 In contrary to natural polymers, synthetic ones are man-made molecules and they 
don’t exist naturally. The development of synthetic polymers has been made possi-
ble with the advancement in knowledge and techniques related to the petrol-based 
chemistry. Theoretically, all kind of association between monomolecules could be 
imaginable if the reaction of polymerization is feasible. However, in reality, polym-
erization of monomers is very challenging. First of all it is primordial to conceive 
reactive molecules that may interact with others (Tasdelen et al.  2011 ). Secondly, 
various physicochemical parameters, such as temperature, pressure, additive prod-
ucts, and water removal, have to be well managed (Hvala et al.  2011 ). The produc-
tion of synthetic polymers at an industrial scale was initially encouraged to overcome 
the urgent need for synthetic rubber during the World War II. Nowadays, synthetic 
polymers are largely present in all sectors of economic activity, such as in the form 
of structural materials, biomedical engineering, and wastewater treatment (Chua 
et al.  1997 ). Millions of tons of synthetic polymer latex, synthetic elastomers, and 
waterborne coating have been produced using synthetic polymers. Polypropylene 
(PP) is considered as one of the most interesting synthetic polymers in terms its 
mechanical properties and low cost of production. Polyethylene (PE) and polysty-
rene (PS) are also well-known synthetic polymers which are largely employed for 
plastic production. 
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 In general, mechanical properties and thermal stability of synthetic polymers are 
better than those of natural macromolecules. These characteristics make them easier 
to use and able to be processed into a wide range of shapes. However, due to their 
very low degradability, toxicity (Suh and Matthew  2000 ), and nonrenewability of 
their starting materials, they can’t be considered as a viable solution in the long 
term. For this reason, research has been focusing on the development of bio-based 
polymers that have the biocompatibility, biodegradability, nontoxicity, and improved 
mechanical and thermal stability (Sionkowska  2011 ). In this direction “bioartifi -
cial” polymers are very promising.  

17.2.3     Bioartifi cial or Biosynthetic Polymers 

 Artifi cial macromolecules result from the chemical modifi cation of natural macro-
molecules or from blending synthetic and natural polymers. Polymer blending has 
shown a massive expansion in volume and complexity over the past three decades 
in terms of both the scientifi c advancement and application as reviewed in several 
publications (Pingping  1997 ; Piza et al.  2003  ; Marsano et al.  2004 ; Ye et al.  2007 ; 
Wang et al.  2011 ). The notion of artifi cial product is not recent, since the fi rst artifi -
cial polymer, nitrocellulose, was produced in 1846 by the nitration of cellulose. 
However, there is a regain of interest to biosynthetic polymers, especially with the 
growing environmental concerns and the limits of petrol-based polymers. Nowadays, 
the terms of “bioartifi cial” or “biosynthetic” polymers refer to two distinct notions:

 –    Polymers which are biodegradable, either from natural or synthetic sources.  
 –   Polymers which are derived from renewable resources, such as vegetable fats 

and oils, corn starch, and pea starch (Hong Chua et al.  1999 ) using either chemi-
cal or biological processes. These polymers are not necessarily biodegradable.    

 The focus of current research and the main subject of this chapter is the biologi-
cal production of polymers based on renewable resources with improved properties 
of biodegradability. The next section is giving some valuable examples of these 
biopolymers and their synthesis.   

17.3     Synthesis of Polymers with Biological Functionality 

17.3.1     Bioplastics 

 Bioplastics have been produced from a wide range of sources, including proteins, 
lipids, and polysaccharides (Avérous  2004 ; Hernandez-Izquierdo and Krochta 
 2008 ; Siracusa et al.  2008 ). They have been conceived as a solution for environmen-
tal pollution and harming wildlife caused by the nonrecyclable, nonrenewable, and 
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nonbiodegradable nature of conventional plastics. Bioplastics are of major interest 
for nowadays applications. They are of many types and the promising among them 
are given below:

 –     Biomass-based bioplastics , such as starch-based plastics and cellulose-based 
plastics: Starch and cellulose are not really plastic polymers. Thus, they can’t be 
processed into bioplastics if other synthetic polymers are not added. For exam-
ple, cellulose is usually pretreated chemically before being used as a reinforcing 
agent in the production of polymer composites (Zhang et al.  2012 ).    Whereas 
starch, usually used in small amount (6–30 %), can be melt and fl uidized only in 
the presence of plasticizer, such as water, glycerol, and sorbitol using high tem-
perature (Tang and Alavi  2011 ), the potential of these polysaccharide-based bio-
degradable polymers obtained from agro-resources has long been recognized. 
However, till date their use is limited to some applications (e.g., food industry). 
They are not suitable for the packaging industries, e.g., to replace conventional 
plastic materials. They could be an interesting alternative to overcome the limita-
tion of the petrochemical resources in the future (Avérous  2004 ).  

 –    Bioplastics extracted from microorganisms : Some bacteria are known to syn-
thesize and to store polyesters (polyhydroxyalkanoates, PHAs) that exhibit 
mechanical properties similar to polypropylene with the added benefi t of biode-
gradability (Barham  1990 ; Lenz and Marchessault  2005 ). PHA can be formed 
by the polymerization of volatile fatty acids (acetic, propionic, and butyric 
acids) by bacteria, such as  Alcaligenes eutrophus  from starchy wastewater (Yu 
 2001 ).  Aeromonas caviae  was also used to generate PHA from soybean oil 
(Kahara et al.  2004 ; Koller et al.  2010 ). Moreover, poly-3-hydroxybutyrate 
(PHB) has been proposed as promising microbial polyester that is comparable 
to some of more common petrochemical-derived thermoplastics (Grothe et al. 
 1999 ). However, a number of problems are associated with PHB, such as the 
fragility of some PHB-based material which increases upon aging at room tem-
perature (Shi et al.  1996 ). 

 –  PHAs could be made by more than 150 different monomers and can be in differ-
ent small, medium, and large chain length PHA with extremely different proper-
ties (thermoplasticity, melting points ranging from 40 to 180 °C). To improve the 
physico-mechanical properties of PHAs, a large range of homo- and co- polyesters 
has been produced by the incorporation of different structural repeat unit types 
such as alkanes, alkenes, alkanols, and carboxylic acids into PHA. For example, 
poly(3-hydroxybutyrate-co-3-valerate) (PHBV) has been prepared with biode-
gradable bacterial polyester and low-cost value-added agricultural by- products, 
such as corn straw, soy stalk, or wheat straw (   Ahankari et al.  2011 ).  

 –    Bioplastics synthesized from monomers with natural source : Polylactic acid 
(PLA) is the main member of this family. PLA is an aromatic polyester derived 
from monomers of lactic acid which is produced by the microbial fermentation 
of agriculture by-products, especially carbohydrate-rich substances. PLA is con-
sidered as a sustainable alternative to petrochemical-derived products and is 
largely commercialized.     
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17.3.2     Microbial Polysaccharides 

 Nowadays, microbial polysaccharides are given a particular and growing interest, 
since they represent a potential market. Polysaccharides derived from microorgan-
isms can be produced by bacteria, yeast, fungi, and microalgae. Comparing with 
plant-derived polysaccharides, microbial ones offer a wide range of advantages. 
First of all, production is considerably faster: few days for microbial production as 
compared to 3–6 months in the case of plants. Secondly, there is an opportunity to 
use these organisms for the nutrient removal in wastewater treatment, since they can 
transform industrial wastes into valuable chemicals. Moreover, utilizing microor-
ganisms doesn’t compete with arable land. 

 Microbes are able to synthesize a huge number of polysaccharides with remark-
able physicochemical properties. Some microbial polysaccharides have well- 
established applications, such as thickeners, stabilizers, and gelling agents. Two 
classes with particular interest are exopolysaccharides (EPSs) and capsular polysac-
charides (CPSs). 

17.3.2.1     Exopolysaccharides 

 EPSs have the peculiarity to be peripheral and weakly associated to the cell. They 
may be released into the medium (Cescutti  2009 ). Structurally, EPS, as well as CPS, 
can be homopolymers (made up of a single type of monosaccharide) or heteropoly-
mers (made up of several types of monosaccharides) (Donot et al.  2012 ). Dextran is 
an example of homopolysaccharides composed of units of glucose and synthesized 
by bacteria, such as  Leuconostoc  sp. Levan is another example of EPS, composed of 
units of  d -fructofuranosyl and synthesized extracellularly. It is produced by bacte-
ria, such as  Zymomonas mobilis  or  Bacillus subtilis  (Monsan et al.  2001 ). Among 
the heteropolysaccharides, xanthan is one of the most studied EPS. Rosalam and 
England ( 2006 ) described the composition of xanthan as follows: two  d -glucose, 
two  d -mannose, and a  d -glucuronic acid.  

17.3.2.2     Capsular Polysaccharides 

 Unlike EPS, CPSs are covalently linked to lipids or phospholipids of the cell surface 
and form an extracellular envelope. The capsule determines the immunological 
properties of some pathogenic bacteria. Both CPS and EPS are the principal con-
stituents of biofi lms. Biofi lms are envelope formed around multicellular aggregates 
and play a major role in the interaction of these associated cells with their environ-
ment. In addition, polysaccharides can promote the adherence of microorganisms to 
surfaces and to each other. A notable number of CPS are produced by  Escherichia 
coli  and  Klebsiella pneumoniae  and confer to these bacteria their pathogenicity 
(Cescutti  2009 ).    
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17.4     Valorization of Biomass to Produce Biopolymers 

 The biopolymers are usually produced in the biological fermentation processes 
using renewable and sustainable agricultural feedstocks such as vegetable oils and 
animal fats, dairy whey, molasses, and meat-and-bone meal or other biomass com-
ponents including lignocellulosics. There are also non-fermentative processes (ther-
mochemical ones) which convert biological feedstocks to chemicals (Gray et al. 
 2006 ; Gong et al.  2008 ; Hames  2009 ; Mu et al.  2010 ). In addition, some of the 
polymers can also be produced directly in plant by industrial crops constructed via 
genetic modifi cation (GM) routes (Matsumoto et al.  2009 ). 

 Till date, most of the research on the production of biopolymers is in early stage 
of development, while a few studies have been carried out on commercial scale 
(Chen  2009 ). Most of these polymers are manufactured via the microbial fermenta-
tion routes. A concept of a new branch of biotechnology termed white biotechnol-
ogy has been developed, referring to the industrial development and implement 
strategies for chemical production based on biomass-derived carbon sources 
(Hermann and Patel  2007 ; Soetaert  2007 ). Although the technologies were devel-
oped many years ago, large-scale production of polymers from biomass was not 
feasible due to their expensive nature. However, in recent years, the innovations 
from the research sectors, particularly in biotechnology, have made some of the 
biological conversions competitive with the existing fossil-based processes. To 
mention a few, there are production of vitamins, antibiotics, and ethanol using bio-
technological approaches (Hermann and Patel  2007 ; Soetaert  2007 ). 

 Synthetic biology (SB) has been considered as a new way of doing biotechnology. 
It is an emerging science and engineering fi eld that applies engineering principles to 
biology. The potential benefi ts of SB include the development of novel medicines, 
renewable chemicals, and fuels (Gaisser et al.  2009 ). Due to the infancy of SB, a 
variety of defi nitions are circulating in the scientifi c community, and no consensus 
defi nition has been drawn. SB-related research has been performed in several fi elds, 
such as DNA synthesis (or synthetic genomics) (Carlson  2009 ; Gibson et al.  2009 , 
 2010 ), engineering DNA-based biological circuits (Canton et al.  2008 ), minimal 
genome (or minimal cell) (Luisi  2007 ), protocells (or synthetic cells) (Bedau et al. 
 2009 ), and xenobiology (or chemical synthetic biology) (Schmidt and Pei  2011 ). 

 One of the key issues hindering the large-scale biopolymer production is the cost 
of sugars and fatty acids as feedstocks. This issue is an obstacle not only for the 
production of PHAs but also other commodity chemicals and fuels. Recently, world 
food prices reached a record high according to a report from the Food and Agriculture 
Organization (FAO) of the United Nations. The Food Price Index reached 214.7 
points in December 2010 and slightly above the previous peak of 213.5 points during 
food crisis in 2008 (BBC News Business  2011 ). It has already been in debate that 
increasing biofuel production from starch and sugar may post further threat to the 
food safety. Thus, it is a key challenge to develop biological processes to harness the 
nonfood-based biomass. In theory, lignocellulosic biomass may be the best sustain-
able carbon source which could be used as substrate to produce many value- added 
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products such as biopolymers (mainly bioplastics and polysaccharides). A great deal 
of work has been carried out to convert cellulosic biomass into useful products. The 
ideal microbes should be equipped with a couple of properties, such as the ability to 
hydrolyze cellulosic material effectively, with minimal requirement for preprocess-
ing; the ability to convert the sugars released into molecules useful as liquid fuels 
and/or chemical industry feedstocks; self-tolerance to these molecules at a high con-
centration; and suitable respects for use in industrial bioreactors (French  2009 ). 
There are no super-producing microbes in nature; they can be only constructed via 
complex engineering, something that SB is expected to be capable of. Most of the 
nonedible biomass is made up by long cellulose, hemicellulose, and lignin (Lynd 
and Zhang  2002 ). With respect to their chemical composition, hemicellulose is a 
mixture of monomers, such as  d -xylose,  l -arabinose,  d -mannose, and  d -galactose, 
together with sugar derivatives, such as 4- O -methyl- d -glucuronic acid.    Lignin is a 
complex chemical compound formed by polymerization of aromatic monomers. 
Cellulose can be digested to  d -glucose by enzymatic or nonenzymatic hydrolysis. 
A typical enzymatic hydrolysis of cellulose involves a multiple-step process medi-
ated by several enzymes. A handful of enzymes have been identifi ed to degrade 
cellulose effi ciently from different microbes (Lynd et al.  2002 ). Cellulosomes can be 
used for the degradation of cellulose and hemicellulose, and they have in fact been 
considered as one of nature’s most elaborate and highly effi cient nanomachines 
(Fontes and Gilbert  2010 ). Integration of cellulosomal components occurs via highly 
ordered protein–protein interactions between two proteins: cohesins and dockerins, 
which specifi cally allow the incorporation of cellulases and hemicellulases onto a 
molecular scaffold. Cellulosomes can be used for a range of SB applications, from 
clothes whitening to paper waste treatment or chemical production from lignocel-
lulosic biomass. The fi rst synthetic cellulosomes have already been constructed 
(Mitsuzawa et al.  2009 ). SB will play an important role in developing cellulose deg-
radation module along with the chemical producing module where the standardiza-
tion of biological parts and interdisciplinary nature of SB enable combination of 
multiple modules. To date, degradation of lignin and cellulose is still problematic 
though they can be degraded by enzymes produced by very few fungi. Using SB 
methods may develop lignin degradation enzymes with enhanced capability. In addi-
tion, one possible solution to make the biomass amenable to hydrolysis is the bio-
mass derived from genetically modifi ed plants. Such attempt has been tried by 
lignin-defi cient genetically modifi ed plants (Baucher et al.  2003 ). The same idea has 
been applied to develop genetically modifi ed potatoes for industrial applications 
which have been approved to cultivate in EU (Ryffel  2010 ). 

17.4.1     Valorization of Biomass to Produce Bioplastics 

 The major cost in the bioplastic production is the cost of the substrate (Yamane 
 1993 ). Thus, to reduce the productions cost of these bioplastics, the simplest 
approach is to choose renewable, inexpensive, and most readily available carbon 
substrates that could support both the microbial growth and bioplastic production 
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effi ciently. Microorganisms are capable of producing bioplastics such as PHA from 
various carbon sources ranging from inexpensive, complex waste effl uents to plant 
oils (Fukui and Doi  1998 ), fatty acids (Eggink et al.  1992 ), and alkanes (Lageveen 
et al.  1988 ). Each year, a large amount of waste materials are discharged from agri-
cultural and food processing industries in Canada and worldwide, and these wastes 
represent a potential renewable feedstock for bioplastic production. Plant oils such 
as soybean oil, palm oil, and corn oil are desirable carbon sources for PHA produc-
tion using bacteria  Burkholderia cepacia  (Alias and Tan  2005 ) and  Comamonas 
testosteroni  (Thakor et al.  2005 ). These oils have been used as they are relatively 
cheaper than most sugars. Furthermore, bioplastics such as PHA have been pro-
duced using glycerol as substrate. Glycerol is a by-product of the palm oil refi ning 
process. It is used as a humectant as well as a plasticizer in certain applications such 
as oral care products, tobacco, cosmetics, food, and beverages. Glycerol is gener-
ated in large quantities as coproduct stream of biodiesel and possesses a great poten-
tial to be an attractive carbon source for PHA production by certain microorganisms 
(Ashby  2005 ; Chee et al.  2010 ; Zhu et al.  2010 ). Many studies are shown that 
different microorganisms such as  Burkholderia  sp.  Pseudomonas corrugata and 
P. oleovorans  could synthesize PHA from glycerol by under appropriate growth 
conditions (Ashby  2005 ; Chee et al.  2010 ; Zhu et al.  2010 ).  

17.4.2     Valorization of Biomass to Produce Polysaccharides 

 To reduce the production cost of polysaccharides, many studies have been investi-
gated to produce microbial polysaccharides using agricultural feedstocks. Currently, 
despite the vast number and biodiversity of the extremophilic producers of polysac-
charides, namely, EPS, these nontoxic and biodegradable polymers represent only a 
small fraction of the current polymer market. These few marketable EPS derived 
from extremophiles belong only to the bacteria domain: actually no EPS produced 
by Archaea has a commercial application. The high production costs and the poor 
physicochemical properties (compared with those of industrial EPSs from plants, 
such as guar gum, cellulose, pectin, and starch, and from seaweed as alginate and 
carrageenan) make the microbial EPSs not suitable for commercial purpose. The 
fermentation media that account up to 30 % of the cost for a microbial fermentation 
usually are made of expensive nutrients, such as yeast extract, peptone, and salts. In 
order to maximize the cost-effectiveness of the process, recent works shifted towards 
using multicomponent feedstock systems, and the synthetic media were replaced by 
cheaper alternatives. Molasses were successfully used for fermentative production 
of commercial polysaccharides, such as curdlan (Lee et al.  2003 ), xanthan 
(Kalogiannis et al.  2003 ), dextran (Vedyashkina et al.  2005 ), and gellan (Banik et al. 
 2007 ). Spent malt grains, apple pomace, grape pomace, and citrus peels were used 
for xanthan production by solid-state fermentation (Stredansky and Conti  1999 ). 
Similarly, the olive mill wastewater was used for xanthan production (López et al. 
 2001 ). Besides the use of cheaper substrates, the reduction of production costs can 
be achieved by improvement of product yields by optimizing fermentation conditions 
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or developing higher yielding strains (e.g., by mutagenesis or genetic manipulation) 
and by optimizing downstream processing. Moreover, the interest for the develop-
ment of microbial EPSs could be related to their use in high-value market niches, 
such as cosmetics, pharmaceuticals, and biomedicine, where traditional polymers 
fail to comply with the required degree of purity or lack some of specifi c functional 
properties. In these high-value applications, quality and purity products wholly 
surpass the cost production and product yield issues, identifying in these interesting 
biopolymers suitable candidates for biotechnological applications (Kumar et al. 
 2007 ). The use of polymer in many biotechnological applications makes them very 
important molecules. In this context, the bacterial polymer biosynthesis pathways 
have been studied extensively in order to improve its yield of production.   

17.5     Bacterial Polymer Biosynthesis Pathways 

 Biopolymers can be produced in almost all bacteria in the form of intracellular and 
extracellular inclusions. There are different pathways to produce biopolymers. 
In this chapter we have focused on the pathways of the production of bioplastics and 
polysaccharides. The biopolymer biosynthesis pathways using bacteria are pre-
sented in details in Fig.  17.1 .  

  Fig. 17.1    Bacterial polymer biosynthesis pathways from intermediates of central metabolism       
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17.5.1     Bacterial Bioplastic Synthesis 

 To produce bacterial bioplastics (polyhydroxyalkanoates (PHAs); also known as 
 bacterial bioplastics), there are three well-known natural biosynthesis pathways of 
PHAs (Tsuge  2002 ). The pathway I is most common which is found in many bacteria. 
It leads to generation of 3-hydroxybutyryl (3HB) monomers from acetyl CoA derived 
from sugars where a set of enzymes are involved, such as PhaA (3- ketothiolase which 
converts acetyl CoA to acetoacetyl-CoA), PhaB (NADPH-dependent acetoacetyl-
CoA reductase, resulting in 3HB-CoA), and PhaC (PHA synthase, polymerizing 
3HB-CoA to the fi nal monomers). The pathways II and III are more commonly found 
in the genus of  Pseudomonas . They are pathways using either sugars or fatty acids as 
carbon source to convert to either acetyl CoA or acyl CoA, resulting mainly in mcl-
( R )-hydroxyacyl (3HA) monomers. The ( R )-specifi c enoyl- CoA hydratase (PhaJ) 
and ( R )-3-hydroxyacyl-ACP-CoA transferase (PhaG) play similar roles as PhaB in 
the pathway I to obtain 3HA-CoA. PHAs are natural polymers with properties similar 
to those of the plastics. There is a renewed interest in producing PHAs in a biological 
process fed with sustainable sources. Several microbes have been constructed to pro-
duce PHAs (Sandoval et al.  2007 ; Zhang et al.  2009 ; Hofer et al.  2010 ).  

17.5.2     Bacterial Polysaccharide Biosynthesis 

 The polysaccharides produced by bacteria can be subdivided into the exopolysac-
charides (EPSs) (e.g., xanthan, dextran, alginate, cellulose, hyaluronic acid (HA), 
and colonic acid), which can be either secreted or synthesized extracellularly by 
cell wall-anchored enzymes, the CPS (e.g., the K30 antigen), and the intracellular 
polysaccharide (IPS) (glycogen) (   Rehm  2010 ). The formation of polysaccharides 
with such varied structures and compositions requires the recruitment of different 
enzymes and proteins, which is refl ected in the varied organizations of the biosyn-
thesis gene clusters (Rehm  2010 ). The EPS and CPS biosynthesis gene clusters are 
subject to extensive transcriptional regulation involving two-component signal 
transduction pathways, quorum sensing, alternative RnA polymerase σ-factors 
and anti-σ-factors, as well as integration host factor (iHF)-dependent and cyclic 
di-GMP- dependent processes (Leech et al.  2008 ).    Induction of EPS biosynthesis 
is often correlated with establishment of the biofi lm growth mode (Hall-Stoodley 
et al.  2004 ). Nucleoside diphosphate sugars (such as ADP-glucose), nucleoside 
diphosphate sugar acids (such as GDP- mannuronic acid), and nucleoside diphos-
phate sugar derivatives (such as UDP-N - acetylglucosamine) are direct precursors 
for bacterial polysaccharide biosynthesis. Polymer-specifi c biosynthesis enzymes 
(e.g., pyrophosphorylases and dehydrogenases) are required for the synthesis of 
the activated polymer precursor, which is the fi rst committed biosynthesis step, 
and have been targeted by metabolic engineering to enhance polymer production 
(Ruffi ng and Chen  2006 ). Polymerization and secretion of EPS and CPS are often 
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rate limiting and can substantially affect the fl ux of carbon towards the processive 
formation of high-molecular-mass exopolymers. The synthases or catalytic sub-
units of synthases are mostly localized in the  cytoplasmic membrane and are often 
associated with proteins that are required for translocation of the polymer across 
the cytoplasmic membrane and, if needed, the outer membrane. The production of 
HA requires only a single protein, HA synthase (HasA), for polymerization and 
secretion (Brown and Pummill  2008 ); however, most EPSs are polymerized and 
secreted by membrane-spanning multiprotein  complexes. These complex-medi-
ated biosynthesis processes can be subdivided into two general pathways. One 
pathway is exemplifi ed by the Wzy-dependent polymerization and secretion 
mechanism used in xanthan biosynthesis, which requires a lipid carrier for transfer 
of the repeat unit oligosaccharide across the cytoplasmic membrane. The second 
pathway is independent of both Wzy and a lipid carrier and is proposed for the 
production of EPS, such as alginate and cellulose, which are not composed of 
repeat units. 

 After discussing the bacterial biosynthesis pathways of a series of biodegradable 
polymers, it is interesting to elaborate on their current applications.   

17.6     Applications of Polymers 

 A great variety of polymers are already in use at the biological interface and in many 
cases as their properties are either inherently biomimetic or indeed superior to their 
natural counterparts. The different applications of biopolymers are presented in 

details in Table  17.3 . 

17.6.1      Medical Application 

 Biopolymers are biodegradable materials that can be degraded and gradually 
absorbed and/or eliminated by the body biopolymers. They are of immense interest 
to biomedical technologies such as tissue engineering, bone replacement/repair, 
dental applications, and controlled drug delivery because these are formed of many 
nontoxic components and are considered to be inherently biocompatible. 

 Biopolymers are used in medical device applications for interaction with a bio-
logical system. These biopolymers are able to coexist with some host’s reactions in 
a specifi c use (Williams et al.  1988 ). 

 Besides applications in plastics, polylactic acid (PLA)-derived bioplastics are 
also used extensively in biomedical applications, such as sutures, stents, dialysis 
devices, and drug capsules, and evaluated as a matrix for tissue engineering 
(Park et al.  2008 ). 
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 Exopolysaccharides have a number of industrial applications which relate either 
directly or indirectly to medicine. One such application is the use of dextran and its 
derivatives at laboratory and industrial scale for the purifi cation of compounds of 
medical interest, including pharmaceuticals, and enzymes for diagnostic purposes. 
Polysaccharides may also be used to encapsulate drugs for their gradual delivery, 
and they may be used to immobilize enzymes employed for diagnosis or for the 
chemical modifi cation of pharmaceutical products (Matou et al.  2005 ). These appli-
cations clearly utilize the functional properties of the polysaccharides, such as their 
rheology or capacity for gel formation. Alternatively, the pharmacological or other 
biological properties of the polymers may be employed. There are essentially three 
types of direct application of the biological properties of exopolysaccharides to 
medicine (Sudip  2012 ). The exopolysaccharides may be used as vaccines in prefer-
ence to whole microbial cells or cultures (Sudip  2012 ). Thus, side effects due to 
other cell components such as lipopolysaccharides or proteins are avoided. On the 
other hand, not all polysaccharides are good immunogenic propriety (Sudip  2012 ), 
nor are the exopolysaccharides necessarily the major factors in the specifi c disease 
syndromes caused by the polysaccharide-producing microbial pathogens (Arena 
et al.  2009 ). 

 As a result of their unique and tunable properties, several bacterial EPSs play an 
important role in the development of new pharmaceuticals, because not only of their 
ability of forming polymeric matrices but also due to their inherent biological activity. 
For example, xanthan, sulfated dextran, and sulfated curdlan are used as antiviral 
(Ghosh  2009 ) and anticancer agents (Takeuchi  2009 ). As a result of its high fucose 
content,    FucoPol (Freitas  2011 ) is seen as a product with potential to be used in 
antitumor, anti-infl ammatory, and immune-enhancer drugs. 

 EPS can also be used as a source of oligosaccharides and sugar monomers, which 
constitute added-value applications. Fucose is an example of a rare sugar that is dif-
fi cult to obtain, for which supply falls short of demand in the international market. 
Formulations that contain fucose, as well as fucose-containing oligosaccharides, 
have been reported to have properties that potentiate their use, either in pharmaceu-
ticals (e.g., as anticarcinogenic or anti-infl ammatory agents) or in cosmetic products 
(as antiaging agents) (Kumar et al.  2007 ).  

17.6.2     Agricultural and Agro-Industrial Applications 

 All main classes of polymers—that is, plastics, coating, elastomers, fi bers, and 
water-soluble polymers—are nowadays used for controlled release of pesticides 
and nutrients, soil fertilization, seed coatings, and plant protection (McCormick and 
Lichatowhich  1979 ). Degradable plastics are also of serious interest as materials for 
crop mulching in fi elds or as agricultural plant containers. Their biodegradation 
mode (i.e., composting) is of great signifi cance as it allows various biodegradable 
materials to be combined and processed into useful materials to improve the state of 
the soil. Bioplastics have many agricultural applications including degradable plant 
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pots, stakes, erosion control netting, and mulch fi lm (McCormick and Lichatowhich 
 1979 ). The companies are expecting to charge a premium for the plastic. Receiving 
a premium for low-value items such as disposable dinnerware or horticultural appli-
cations would be very unusual except in those political geographies that are banning 
nondegradable plastic items. 

 Bacterial EPSs have been extensively used in high-value applications, such as 
agro-industrial applications where they are mostly used as thickening, stabilizing, 
binding, and structure creation agents, as a result of their non-Newtonian behavior 
and high viscosity in aqueous media. When applied in food products, they must be 
able to maintain their properties when incorporated into formulations, in which they 
might experience signifi cant variability of pH and ionic strength, along with the 
infl uence of other food components (Freitas  2011 ).  

17.6.3     Packaging 

 Physical characteristics of polymers for packaging are greatly affected by their 
chemical structure, molecular weights, crystallinity, and processing conditions. The 
physical characteristics required in packaging equally depend on the items to be 
packed and the environments in which the packages will be stored. Products to be 
stored frozen for some time require specifi c packaging. Foods demand stricter pack-
age requirements than solid products. 

 Recent research has focused on developing polymeric matrices (polysaccha-
rides) with tuned properties (e.g., transparency, barrier and mechanical properties, 
biocompatibility, or bioactivity) for several applications, namely, edible coatings for 
food products (Yasuhiro and Yoshimitsu  2010 ) and packaging purposes (Alves 
 2011 ). 

 Biologically derived polymers may be used for the production bulk packages 
with the same technology used for conventional materials. These data prove that 
they are not less important in any physical, thermal, mechanical, and barrier proper-
ties than the conventional plastics. Bioplastics do offer several other additional 
advantages over conventional plastics in bulk packaging. Compost derived in part 
from bioplastics increases the soil organic content as well as water and nutrient 
retention, while reducing chemical inputs and suppressing plant diseases. Moreover, 
starch-based bioplastics have been shown to degrade 10–20 times quicker than con-
ventional plastics. Further, on burning traditional plastics, toxic fumes are produced 
which can be harmful to people’s health and the environment. If any biodegradable 
fi lms are burned, there is little, if any, toxic chemicals or fumes released into the air. 
With respect to safety, degradation tests revealed that more than 90 % of samples 
degraded in 10 months, according to the measurements of weight loss and CO 2  
production. There are water-soluble biocomposites with solubility depending on the 
amount and the molecular weight and its crystallinity. Bioplastics, such as PHBV 
and PHB, are biodegradable in soil, river, water, seawater aerobic and anaerobic 
sewer sludge, and compost. For example, PHBV mineralizes in anaerobic sewer 
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sludge to CO 2 , water, and some percentage of methane to the extent of nearly 80 % 
in 30 days. Another example is application of a special biocomposite in making of 
laundry bags for hospital and other institutions, where the bag dissolves during the 
washing and biodegrades after disposal into sewage. Samples of bioplastic compost, 
obtained by mixing the test material with organic waste when compared with sam-
ples of reference compost produced only with organic waste, showed the fact when 
tested on plants, it did not release substances toxic for the plants and environment. 

 Compared to conventional plastics derived from petroleum, bio-based polymers 
have more diverse stereochemistry and architecture of side chains which enables 
research scientists a greater number of opportunities to customize the properties of 
the fi nal packaging material. Thus, with these added advantages and almost similar 
properties of LDPE, PVC, Nylon, HDPE, and PP, we can implement bioplastics in 
the bulk packaging industry at the places of these petroleum-based plastics which are 
creating environmental pollution by its nondegradability and harmful gas emission.  

17.6.4     Environmental Applications 

 Biopolymers, namely, exopolysaccharides, play an important role in sludge dewa-
tering during the wastewater treatment process. Sludge dewatering is one of the 
most important steps in wastewater treatment and for sludge recycle.    Better dewa-
terability of sludge leads to economical disposal and reuse, such as production of 
polyhydroxyalkanoates (PHAs) or any bioplastics, bricks for construction, and use 
as a raw material for growth of industrial microorganisms (Tyagi et al.  2002 ; Yezza 
et al.  2004 ). Sludge is found to be negatively charged (approximately −30 mV), and 
hence, cationic synthetic polymers are generally employed to neutralize the sludge 
charge, which facilitates the sludge settling. These polymers are expensive, and pol-
lute environment and safety precautions must be followed during their handling 
(Changa et al.  2002 ). To overcome these existing problems, an alternative and suit-
able way is using biocoagulants/biofl occulants produced by bacterial strains derived 
from activated sludge. During the past fi ve decades, researchers have been ventur-
ing to biofl occulate the sludge using microorganisms. Microorganisms are capable 
of growing in diverse environments and producing secondary metabolites during 
their growth. Microorganisms growing in sludge produce secondary metabolites 
mainly consisting of carbohydrates (extracellular polysaccharides, alginate, and 
chitosan), proteins (lectins), lipids (fatty acids), and DNA and RNA. It has been 
well documented that microbial EPS plays an important role in biofl occulation pro-
cess by interacting with the sludge solids. The microbial EPS may be nonionic or 
may contain cationic, anionic, and/or both charges (Garnier et al.  2005 ). 

 Sludge settling ability of EPS mainly depends on the concentration and charac-
teristics of EPS. The concentration of EPS produced by sludge is affected by sludge 
characteristics, EPS biochemical characteristics, operational parameters in a waste-
water treatment plant, as well as type of microbial community dominating in that 
treatment plant. Generally, there is an optimal concentration of EPS for sludge 
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 settling (Urbain et al.  1993 ). EPS concentration below or above the optimal level is 
detrimental to sludge settling. Thus, this is also an eventual role of the biopolymers 
in fl occulation.   

17.7     Conclusions, Outlook, and Perspectives 

 Although plant products or plant-derived biopolymers served as commodity materials 
before the 1920s, petrochemically synthesized polymers (including thermoplastics, 
thermoset plastics, adhesives, and coatings) now dominate the commodity materials 
market, with an annual production estimated at 260 million tons in 2007 (Hopewell 
et al.  2009 ). This suggests a previous growth rate of approximately 9 % per annum. 
Owing to an increasing environmental awareness and the limitation of fossil 
resources, it is anticipated that renewable biopolymers will replace a substantial 
fraction of the market for synthetic polymers. There will also be a growing demand 
for bacterial production of polymers with material properties that are specifi cally 
tailored for applications in various fi elds of daily life. The competitive advantage of 
the environmentally friendly and highly process synthesis of biodegradable and, 
in many cases, biocompatible polymers will become increasingly attractive for 
industry. However, the fermentation media that account up to 30 % of the cost for a 
microbial fermentation usually are made of expensive nutrients, such as yeast 
extract, peptone, and salts.    The use of renewable, inexpensive, and most readily 
available carbon substrates such as    lignocellulosic wastes could reduce the produc-
tion cost of biopolymer production process and will attract more the industries. The 
major problem related to the use of lignocellulosic waste for biopolymer is its com-
plexity. Thus, lignocellulosic wastes should be fermented by microorganisms able 
to hydrolyze lignocellulosic material effectively and convert the sugars released into 
biopolymers. Bacteria remain ideal production organisms for polymers owing to the 
availability of genetic systems and techniques for engineering metabolic pathways, 
which provide an ever-growing design space for the production of biopolymers with 
material properties of interest. In addition, further knowledge of the molecular 
mechanisms of biopolymer biosynthesis could be used for the design of specifi c 
biosynthesis enzyme inhibitors that will be useful when the respective biopolymer 
is an important virulence factor. 

 However, the use of bacteria to produce biopolymers, namely, polysaccharides, 
is very limited. Polysaccharides recovered from plant, algae, and animal sources are 
still the major contributors to the overall hydrocolloid market. This is mainly 
because of the higher prices of bacterial polysaccharides, which are a consequence 
of the high value of the carbon sources commonly used and of the associated down-
stream costs. 

 Nevertheless, the research interest in bacterial production of polysaccharides is 
continuously growing and is focused on using low-cost substrates and improving 
downstream processing and on metabolic engineering that aims for production of 
polymers with fi ne-tuned properties. In fact, the main advantage of bacterial 
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 polysaccharides relies on the possibility of tailoring their chemical composition and 
structure, which foresees rather specifi c applications in pharmaceutical products, 
medical devices, and cosmetics. In the next few years, we can expect a signifi cant 
increase in added-value products/technologies based on bacterial polysaccharides 
and bioplastics, especially developed for the specifi c market.     
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18.1            Introduction 

 Surfactants are amphipathic molecules having characteristic property of reducing 
interfacial tension between two immiscible liquids which helps to improve their 
miscibility. Due to these properties, use of synthetic surfactants as emulsifi ers, 
detergents, solubilizers, and foaming and wetting agents became widespread for 
household and industrial processes has increased their demand over 300 % within 
the last decade (Van Bogaert et al.  2007 ). Majority of the surfactants and emulsifi ers 
are being synthesized chemically from petrochemicals. This results in additional 
pressure on already depleting stocks of petroleum products. Additionally, due to 
extensive use and release of synthetic surfactants in the environment, issues relating 
to human health and environment safety have arisen over the last years. The com-
monly used synthetic surfactants are persistent in environment as these are  composed 
of branched chain fatty acids which cannot be degraded by majority of microbes. 
Moreover, synthetic colorant and optical brighteners present in commercial 
 preparations of synthetic surfactants are known to cause allergic reactions and 
reproductive and developmental problems in mammals and fi sh. In light of these 
ecological issues, extensive research is being carried out for production of biologi-
cally safe surface-active molecules from non-petrochemical sources. 

 Biosurfactants, the secondary metabolites of microbial origin, are biodegradable 
and environmentally safer alternative to synthetic surfactants. Additionally, they 
have ability to retain their surface-active properties at wide range of temperature, 
pH, and salinity which is suitable for their use in harsh operating condition during 
their applications in environment management, laundry, mining, and metallurgical 
industries. The microbial surfactants due to their better biocompatibility as  compared 
to synthetic surfactants could be used safely in cosmetics, in therapeutics, and as 
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functional food ingredients in food products for human consumption. The microbial 
species belonging to different genera  Pseudomonas  sp. , Bacillus  sp. , Acinetobacter  
sp.,  Agrobacterium  sp ., Rhodococcus  sp. , Arthrobacter  sp.,  Nocardia  sp. , 
Corynebacterium  sp.,  Mycobacterium  sp., and  Candida  sp .  have been reported to 
produce biosurfactants. These biomolecules based on their diverse structural 
compositions can be classifi ed as glycolipids, phospholipids, lipopolysaccharides, 
lipoproteins/lipopeptides, and hydroxylated/cross-linked fatty acids. This vast 
diversity of functional groups lacking in synthetic surfactants provides a wide range 
of surface-active properties to biosurfactants. However, in spite of such advantages, 
large-scale application of these biomolecules is still limited because the overall 
 production cost of biosurfactant is three to ten times higher than synthetic surfac-
tants (Mukherjee et al.  2006 ). Thus, the use of biosurfactants is not economical for 
applications which require their bulk quantities, such as bioremediation of polluted 
sites, laundry, and enhanced oil recovery. Presently, the use of biosurfactants is 
 limited only to certain high-value applications, such as cosmetics, diagnostic kits, 
and stabilization of nano-emulsions, as high cost of these products could offset the 
overall cost of biosurfactant production. 

 The three basic factors primarily responsible for high cost of biosurfactant 
 production are (1) cost of raw materials, (2) low yield of biosurfactant by microor-
ganisms, and (3) cost of downstream processing. It is estimated that cost of initial 
raw materials account for almost 50 % of the overall cost of biosurfactant produc-
tion (Rodrigues et al.  2006 ). Thus, lowering the cost of growth medium could 
signifi cantly lower the overall cost of biosurfactant production. The large amount of 
renewable agricultural waste and industrial by-products rich in organic matter is 
generally disposed in the environment. Asokan et al. ( 2005 ) reported release of 350 
million tons of wastes from agricultural sources in India which includes sugarcane 
bagasse, paddy and wheat straw, coconut husk, and vegetable wastes among others. 
The utilization of such agricultural wastes as raw material for production of high- 
value biochemicals not only would reduce the overall cost of production but also 
may reduce the risk related to their discharge in the environment. Similarly, indus-
trial by-products/wastes, such as molasses, soy molasses, potato process effl uent, 
cassava wastewater, orange fruit peelings, frying oils, oil refi nery wastes, olive oil 
mill effl uent, peanut oil cake, soap stock, whey, distillery waste, and used motor 
lubricant oil, are other potential nutrient supplements which could support micro-
bial biomass/product formation at laboratory/pilot scale (Sengupta  2002 ). However, 
production of microbial surfactant at commercial level requires a lot of basic studies 
for developing nutritionally balanced medium formulation as certain by-products/
wastes are available only in specifi c regions of the world which limits their general-
ized use for process development. The cost may further be reduced by developing 
protocols to produce more than one value-added product in the same process or 
harnessing secondary products. 

 This chapter presents an account of reports regarding evaluation of suitable 
 low- cost renewable agro-industrial wastes as nutrient sources for production of 
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microbial surfactants. The literature survey indicated that statistical-based pro-
cess optimization studies and effi cient bioreactor designing approaches could 
 provide a suitable road map for cost effective production of such biomolecules at 
commercial scale.  

18.2     Biosurfactants: Microbial Origin 

 The water-soluble compounds are preferred source of nutrition for microbial 
growth. The nonaqueous phase soluble hydrocarbons, although are rich source of 
carbon and energy for microbial growth, are not readily bioavailable to microorgan-
isms. Some of the microbial populations present in such ecosystem produce surface- 
active compounds which help in emulsifi cation of these nonaqueous phase 
hydrocarbons to aqueous phase. The microemulsions of hydrocarbons thus formed 
increase their availability to microbes which can use them as growth substrates. 
This ability of these microorganisms provides them a competitive edge over non-
biosurfactant- producing microbes to thrive in oligotrophic environment. The micro-
organisms belonging mainly to  Pseudomonas  spp. , Rhodococcus  spp.,  Arthrobacter  
spp.,  Bacillus  spp., etc. are being explored for production of surface-active mol-
ecules for diverse applications. 

18.2.1     Classifi cation and Chemical Composition 

 Biosurfactants are natural surface-active secondary metabolites of microbial origin 
which are known for their diverse chemical structures (Fig.  18.1 ). The surface- 
active compounds of microbial origin are primarily classifi ed into two major classes: 
biosurfactants (low-molecular-weight compounds) and bioemulsifi ers (high-
molecular- weight compounds). Microbial surfactants are amphipathic biomolecules 
having both hydrophobic and hydrophilic domains. The hydrophilic domain can be 
a carbohydrate, phosphate, cyclic peptide, amino acid, carboxylic acid, or alcohol. 
Most of the biosurfactants are either anionic or neutral while some are cationic, hav-
ing amine groups. The hydrophobic moiety is frequently a hydrocarbon chain com-
prised of a long-chain fatty acids, hydroxy fatty acids, or α-alkyl-β-hydroxy fatty 
acids. These wide ranges of structural variations in biosurfactants provide them 
characteristic surface-active properties, ranging from emulsifi ers to biosurfactants, 
which could be exploited for multifarious applications. The broad grouping of 
structurally diverse biosurfactants and their microbial origin are summarized in 
Table  18.1 .
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  Fig. 18.1    Structural variations in diff erent types of microbial surfactants       

18.3          Comparative Account of Biosafety and Surface-Active 
Properties of Biosurfactants and Synthetic Surfactants 

18.3.1     Biodegradability and Toxicity 

 Presently, majority of surfactants available in the market are products/by-products 
of petrochemical industries. The common nonionic synthetic surfactants include 
ethylene, ethoxylates, sorbitan ester, and propylene oxide copolymers while ionic 
synthetic surfactants include fatty acids, ester sulfates or sulfonates, and quater-
nary ammonium salts. These surfactants are being used in various sectors, such as 
laundry and cleaning (54 %), textiles, leather and paper (13 %), cosmetics and 
pharmaceuticals (10 %), chemical processes (10 %), food industry (3 %), and 
agriculture (2 %) (Rahman and Gakpe  2008 ). According to a recent estimate, the 
worldwide production of synthetic surfactants is increasing over ten million tons 
each year which is putting immense pressure on already depleting sources of 
petrochemicals (Van Bogaert et al.  2007 ). The products based on these synthetic 
surfactants generally contain artifi cial colorants and aminotriazine or 
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stilbene-based nonbiodegradable optical brighteners which can cause skin/eye irri-
tations and allergic reactions in mammals and fi shes (RPA  2006 ). Moreover, dieth-
anolamine-based surfactants can chemically react with natural nitrogen oxides in 
the atmosphere to form carcinogenic nitrosamines (IARC  2000 ). Some synthetic 
surfactants contain inorganic phosphates, such as aluminosilicates which are 
responsible for excessive algal growth resulting in eutrophication of water bodies. 
Thus, excessive use and accumulation of synthetic surfactants in the environment 
is not biologically safe. 

 However, microbial surfactants being of biological origin are easily biodegrad-
able and less toxic than their synthetic counterparts. Lima et al. ( 2011 ) reported 
42.5–73.4 % degradation of fi ve microbial surfactants produced by  Flavobacterium  
sp., two  Bacillus  sp.,  Dietzia maris,  and  Arthrobacter oxydans  which is signifi -
cantly higher as compared to 24.8 % achieved of synthetic surfactant sodium 
dodecylsulfate (SDS) by mixed cultures of the soil after 7 days of incubation. The 
hemolytic activity of lipopeptide produced by  Bacillus subtilis  ATCC6633 is lower 
than that of synthetic surfactants cetyltrimethylammonium bromide (CTAB), tetra-
decyltrimethylammonium bromide (TTAB), benzalkonium chloride (BC), and 
SDS (   Noudeh et al.  2005 ). Das and Mukherjee (    2005 ) reported that a glycolipid 
biosurfactant produced by  P. aeruginosa  is safe for human consumption as it has no 
detrimental effect on the human heart, lung, liver, and kidney tissues. Poremba 
et al. ( 1991 ) reported that the lethal concentration causing 50 % mortality (LC 50 ) of 
synthetic anionic surfactant (Corexit) against  Photobacterium phosphoreum  was 
ten times lower than that of rhamnolipids indicating that rhamnolipid being ten 
times less toxic than synthetic surfactant.  

18.3.2     Surface Activity 

 The addition of surfactant in a solution up to a concentration known as the critical 
micelle concentration (CMC) reduces the surface/interfacial tension to a level where 
no further reduction takes place with addition of surfactant. The surfactant mono-
mer aggregate at CMC due to weak hydrophobic and van der Waals interactions and 
form micelles to entrap hydrophobic compounds in the core resulting in their emul-
sifi cation in aqueous phase. The CMC of biosurfactants is generally 10–40 times 
lower than synthetic surfactants, thus biosurfactant at low concentration can achieve 
higher emulsifi cation activity. These low concentrations are safe and economical in 
different industrial and biotechnological applications (Desai and Banat  1997 ). The 
high-molecular-weight surface-active biomolecules which do not effi ciently 
decrease the surface tension are generally good emulsifi ers and used in cosmetics 
and food industries to form stable emulsions of oil in water (Muthusamy et al. 
 2008 ). These studies showed that microbial surfactants with diverse chemical com-
position, low toxicity, and biodegradability have distinct functional properties 
which can be exploited for specialized applications in various commercial sectors as 
summarized in Table  18.2 .
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18.4         Substrates for Biosurfactants Production 

18.4.1     Conventional Substrates for Microbial Surfactants 
Production 

 The carbon source used in growth medium primarily affects the quantity and quality 
of biosurfactants produced by microorganisms (Sen  1997 ; Abouseoud et al.  2008 ). 
Different microbes have been reported to use wide range of carbon sources, such as 
alkanes, pyruvate, fructose, succinate, citrate, glycerol, mannitol, lactose,  n - paraffi n , 
hexadecane, and glucose for production of biosurfactants (Robert et al.  1989 ; Abu- 
Ruwaida et al.  1991 ; Pruthi and Cameotra  2003 ). The commonly used organic and 
inorganic nitrogen supplements for biosurfactants production includes urea, beef 
extract, yeast extract, casein hydrolysate, ammonium nitrate, potassium nitrate, 
sodium nitrate, and ammonium chloride (Abouseoud et al.  2008 ; Aparna et al. 
 2012 ). Although, use of these conventional carbon and nitrogen sources is suitable 
for lab scale studies but is not economically viable to support production at com-
mercial scale. Thus, there is a need to explore possibilities of using various low-cost 
agro-industrial waste or by-products as nutrient supplements in fermentation media 
to lower the cost of biosurfactant production.  

18.4.2     Low-Cost Substrates: Cheap and Value-Added 
Alternatives 

 Farming and agricultural production worldwide support basic food requirements of 
mankind, and processing of agricultural raw materials in industries produces a 
 considerable amount of solid waste and by-products. The processing of wheat, rice, 
corn, sorghum, and barley grains in food industries releases large amounts of 
 wastewater rich in carbohydrates in the environment. Thus, studies have been car-
ried out to explore possibilities of using low-cost and renewable agro-industrial 
wastes including distillery wastes, plant oils, oil wastes, starchy substances, and 
whey as substrates for cost effective production of biosurfactant (Deleu and Paquot 
 2004 ; Ferreira  2008 ; Montoneri et al.  2009 ). The agricultural residues of various 
crops and industrial wastes reported as substrates for biosurfactant production are 
presented in Table  18.3 .

18.4.2.1       Starchy Substrates 

 The carbohydrate-enriched crops, such as corn, wheat, rice, cassava, and potatoes, 
are being grown worldwide. Starch obtained from these crops is a major industrial 
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product used as a thickener in food industries for making puddings, custards, soups, 
noodles, pastas, etc. and as a nonfood product in paper and clothing industries. Potato 
is a rich source of starch (9.1–22.6 g/100 g), protein (0.8–4.2 g/100 g), micronutrients 
(iron, potassium, magnesium, phosphorus, and calcium), and vitamin C (Lutaladio 
and Castaldi  2009 ). The potato peel containing about 40 % dietary fi bers and 28–51 % 
starch depending upon the peeling process is usually discarded as waste (Camire 
et al.  1997 ). Moreover, it is estimated that 41 % of the potato crop cannot be utilized 
for making consumable products due to its overproduction/spoilage and thus used in 
animal feed and alcohol production (Natu et al.  1991 ; Fox and Bala  2000 ). 

 Fox and Bala ( 2000 ) utilized waste from potato processing industry to produce 
biosurfactant by  B. subtilis  ATCC 21332 in shake fl ask studies. The production of 
biosurfactant reduced the surface tension of growth medium to 28.3 mN/m from 
71.3 mN/m with critical micellar concentration of 0.10 g/l. Similarly, Das and 
Mukherjee ( 2007 ) reported biosurfactant (lipopeptides) production by two  Bacillus 
subtilis  strains DM-03 and DM-04 using powder of potato peels as substrate in solid 
state fermentation (SSF) and submerged fermentation (SmF).  Bacillus subtilis  
DM-03 supported 67.0 mg/gram dry substrate (mg/gds) to 80 mg/gds in SSF and 
SmF systems, respectively. Zhu et al. ( 2012 ) reported production of 50.01 mg/gds 
lipopeptides by  Bacillus amyloliquefaciens  XZ-173 by utilizing starch-rich rice 
straw (3.67 g) and soybean fl our (5.58 g) as substrates in SSF after 2 days of 
incubation. 

 Cassava is cultivated as an annual crop in tropical and subtropical regions for its 
edible starch-rich tuberous roots. The cassava wastewater is a rich source of protein, 
fructose, glucose, maltose, nitrate, phosphorus, and minerals (Nitschke and Pastore 
 2006 ). Nitschke and Pastore ( 2003 ,  2004 ,  2006 ) used cassava wastewater for surfac-
tin production by  Bacillus subtilis  ATCC 21332 and  B. subtilis  LB5a. The yield of 
surfactin was 2.2 g/l and 3.0 g/l respectively during shake fl ask studies in the fer-
mentation medium. While, Barros et al. ( 2008 ) reported production of a biosurfac-
tant by  Bacillus subtilis  LB5a in a 40 l pilot scale batch bioreactor by using cassava 
wastewater. The foam was collected simultaneously by fractionation which was 
precipitated to yield 2.4 g/l of biosurfactant during the fermentative process. The 
microbial surfactant supported good surface activity with reduction in surface ten-
sion of growth medium to 27 mN/m and the CMC of 11 mg/l. Further, Costa et al. 
( 2009 ) reported use of cassava wastewater as a substrate for the production of rham-
nolipids by  P. aeruginosa  in lab scale shake fl ask studies. The rhamnolipid produc-
tion was 660 mg/l with reduction in surface tension of growth medium up to 
30 mN/m and CMC of 26.5 mg/l. 

 Corn steep liquor, a by-product obtained after separation of starch by wet milling 
of corns, is generally used as a nutritive source in animal feed as it contains protein 
(47 %), lactic acid (26 %), dextrose (2.5 %), nitrogen (7.5 %), and fat (0.4 %). It can 
be potentially used as a low-cost nutrient for microbial growth (White and Johnson 
 2003 ). Sobrinho et al. ( 2008 ) reported a low-cost medium containing 5.0 % (w/v) 
groundnut oil refi nery residue and 2.5 % (w/v) corn steep liquor as substrates for 
biosurfactant (4.5 g/l) production by yeast  Candida sphaerica  (UCP 0995). 
Recently, Luna et al. (    2013 ) reported 9 g/l biosurfactant production by using same 
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strain of  C. sphaerica  (UCP 0995) in medium supplemented with 9.0 % corn steep 
liquor and 9.0 % groundnut oil refi nery residue. The biosurfactant with CMC of 
0.25 mg/ml lowers the surface tension of water from 70 to 25 mN/m. Thus, these 
studies indicated the potential of wastes/by-products containing starch/others 
micronutrients as low-cost substrates for economical production of biosurfactants.  

18.4.2.2     Oils and Oil Wastes as Substrates 

   Vegetable Oils 

 The production of oil and fats around the world from animal and plant sources was 
more than three million tons, and out of that 75 % of the oil is obtained from plants 
(Haba et al.  2000 ). According to a recent report, the total worldwide production of 
vegetable oils in 2008–2009 was around 133 million tons (USDA  2009 ). The veg-
etable oils are comprised of varied ratios of different fatty acids such as palmitic 
acid (C16:0), linoleic acid (C18:2), oleic acid (C18:1), lauric acids (C12:0), stearic 
acids (C18:0), and myristic acids (C14:0) as described in Table  18.4 .

   Mercade et al. ( 1988 ) reported production of 7,10 dihydroxy-8(E)-octadecanoic 
acid by  Pseudomonas  strain 42A2 by utilizing by-product of vegetable oils mix-
tures containing 98 % (w/w) of oleic acid. Kitamoto et al. ( 1993 ) reported use of 
soybean oil as substrate for  Candida antarctica  T-34 which supported production of 
mannosylerythritol lipids (MEL-A and B) having antimicrobial properties against 
gram-positive bacteria. Vollbrecht et al. ( 1999 ) used oleic acid-rich oils, rapeseed 
oil, and sunfl ower oil individually as substrates for  Tsukamurella  sp. DSM 44370 
and obtained better growth and glycolipid production than that obtained in synthetic 
media. The sunfl ower oil supported overall yield of 5 g/l of glycolipids GL1, GL2, 
and GL3 with reduction in surface tension of water from 72 mN/m to 35 mN/m, 
23 mN/m and 24 mN/m respectively. CMC value of glycolipids was 10 mg/l. 
Similarly, Casas and Garcia-Ochoa ( 1999 ) used sunfl ower oil as a substrate for 
 Candida bombicola  and reported 120 g/l production of sophorolipid after 8 days of 
incubation. Mata-Sandoval et al. ( 1999 ) reported improved production of 

   Table 18.4    Fatty acid composition of different vegetable oils   

 Vegetable oils 

 Fatty acids (%) 

 Lauric 
acids 
(C12:0) 

 Palmitic 
acid 
(C16:0) 

 Myristic 
acids 
(C14:0) 

 Stearic 
acids 
(C18:0) 

 Oleic acid 
(C18:1) 

 Linoleic 
acid (C18:2) 

 Sunfl ower oil  –   5.9  –  4.5  19.5  65.7 
 Saffl ower oil  –   4.29  –  1.92  14.36  74.6 
 Soya-bean oil  –  10.3   0.1  3.8  22.8  56.0 
 Coconut oil  44.6   8.2  16.8  2.8   5.8  1.8 
 Rice bran oil  –  16.9   0.7  1.6  39.1  33.4 
 Olive oil  10.93  1.98  72.3  9.21 
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rhamnolipid (100–165 mg/g substrate) by  Pseudomonas aeruginosa  UG2 using 
corn oil as a sole carbon source in the medium instead of succinic acid and glucose 
as these supported only 12–36 mg rhamnolipid per gram substrate. Rau et al. ( 2001 ) 
reported economical production of sophorolipid with overall yield of 57 g/l/day in 
feed- batch and 76 g/l/day in continuous mode using rapeseed oil along with glucose 
as carbon source. Trummler et al. ( 2003 ) obtained overall yield of 45 g/l biosurfac-
tant mixtures of mono- and dirhamnolipids by using rapeseed oil as substrate for 
 Pseudomonas  sp. DSM 2874. Camargo-de-Morais et al. ( 2003 ) used 1 % (v/v) olive 
oil as carbon source for  Penicillium citrinum  which supported production of a gly-
colipid. Pekin and Vardar-Sukan ( 2005 ) reported capability of  Candida bombicola  
ATCC 22214 to produce 400 g/l of sophorolipids in a 3 l bioreactor using Turkish 
corn oil, glucose, and cheap market honey as carbon sources. Thaniyavarn et al. 
( 2006 ) studied the production of biosurfactant by using 2 % (v/v) of different veg-
etable oils as a carbon sources in the growth medium for  Pseudomonas aeruginosa  
A41. The maximum biosurfactant yield of 6.58 g/l was obtained with olive oil fol-
lowed by 2.91 g/l with palm oil and 2.93 g/l with coconut oil. Thaniyavarn et al. 
( 2008 ) further reported use of 4 % (v/v) soybean oil as carbon source for production 
of sophorolipid by a thermotolerant strain  Pichia anomala  PY1. The biosurfactant 
lowered the surface tension of growth medium to 28 mN/m and possesses crude oil 
displacement property of 69.43 cm 2  for a potential application in extraction of crude 
oil from oil wells. Coimbra et al. ( 2009 ) reported production of biosurfactant by six 
 Candida  strains utilizing mixture of oil-rich substrates including groundnut, oil 
refi nery residue, and soybean oil with corn steep liquor and glucose. The biosurfac-
tant produced was able to remove 90 % of the hydrophobic contaminants from sand. 
Daverey and Pakshirajan ( 2009 ) used soybean, sunfl ower, and olive oil in combina-
tion with sugarcane molasses as a low-cost medium and reported production of 
24 g/l sophorolipids from the yeast  Candida bombicola . In subsequent fermentor 
(3 l) studies using 50 g/l of sugarcane molasses with 50 g/l of soybean oil as the 
substrates under optimal conditions the authors achieved 60 g/l of sophorolipids 
production (Daverey and Pakshirajan  2010 ).  

   Waste Vegetable Oil 

 Vegetable oil wastes generated from food industries, oil refi neries, soap industries, 
and kitchen are generally disposed in sewers or drains which causes pollution and 
blockages in waterways. Thus, oil waste residues, such as olive oil mill effl uents 
(OOME), soybean oil refi nery wastes, and fried oils, are being exploited as low-
cost substrates for the production of rhamnolipid, sophorolipid, mannosylerythri-
tol, and lipopeptides (Trummler et al.  2003 ; Rahman et al.  2002 ; Pekin and 
Vardar-Sukan  2005 ). 

 Olive oil mill effl uents, a water-soluble fraction released after extraction of oil, 
contain toxic polyphenols and are not suitable for human consumption but can be 
used as a nutrient-rich substrate for microbes to produce biochemicals of commer-
cial importance. OOME contains sugars (20–80 g/l), nitrogen (12–24 g/l), organic 
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acids (5–15 g/l), and residual oil (0.3–5 g/l) and was reported for fi rst time in 1993 
as a substrate for production of rhamnolipids (0.058 g/g OOME) by  Pseudomonas  
sp. JAMM (Mercade et al.  1993 ). The biosurfactant produced was able to lower the 
surface tension of growth medium from 40 mN/m to about 30 mN/m. 

 The used frying oils of sunfl ower, canola, soybean, olive, rice bran, corns, etc. 
are being released at the large scale in the environment. The restaurants in the 
United States are producing waste frying oil at an average rate of 100 billion liters 
per week (Shah et al.  2007 ). The nutritional value of frying oils varies depending 
upon food products fried and number of times it has been reused. The used frying 
oils have 30 % higher polar hydrocarbons (triacylglycerol oligomers, triacylglyc-
erol dimmers, oxidized triacylglycerol monomers, and diacylglycerols) than the 
fresh oil and can be exploited as a low-cost substrate for production of microbial 
products (Marmesat et al.  2007 ). There is a considerable difference in the composi-
tion and chain lengths of fatty acids in fresh and fried oils. Haba et al. ( 2000 ) 
reported that used olive and sunfl ower oils have 22.52 % more myristic acid and 
lauric acid as compared to the standard unused oils. They reported production of 
biosurfactants by  Pseudomonas  spp.,  Bacillus  spp.,  Rhodococcus  sp.,  Acinetobacter 
calcoaceticus,  and  Candida  spp. in medium supplemented with 2 % (v/v) used olive 
oil and sunfl ower oil as carbon source. All the cultures lowered the surface tension 
of growth medium to 40 mN/m from 62 mN/m.  Pseudomonas aeruginosa  strain 
47T2 produced 2.7 g/l of rhamnolipid using waste frying sunfl ower and olive oil as 
substrates (Haba et al.  2000 ). Abalos et al. ( 2001 ) reported production of new rham-
nolipids (9.5 g/l) by  Pseudomonas aeruginosa  AT110 using soybean oil refi nery 
wastes, and the CMC of biosurfactant was 122 mg/l. Shah et al. ( 2007 ) studied 
biosurfactant production by  C. bombicola  in fed-batch fermentations using restau-
rant oil waste and reported 34 g/l of sophorolipids production.  Vedaraman and 
Venkatesh  ( 2011 ) reported production of surfactin, a cyclic lipopeptides (CLP) by 
 Bacillus subtilis  MTCC 2423 in submerged batch cultivation using waste frying 
sunfl ower oil and rice bran oil. The overall yield of biosurfactant was 14.9 g/kg and 
11.0 g/kg of frying sunfl ower oil and rice bran oil respectively.  Wadekar  et al. ( 2012 ) 
reported production of rhamnolipid mainly dirhamnolipids by  Pseudomonas aeru-
ginosa  (ATCC 10145) using waste frying oil. The yield of biosurfactant was 2.8 g/l 
and 7.5 g/l respectively before and after activated earth treatment of waste frying oil. 
The acid activated earth upon mixing with 50 g of heated (90 °C) waste frying oil 
adsorbed the peroxide, hydroperoxides, and low-molecular-weight aldehydes and 
ketones from the oil. The treatment increased the consumption of linoleic acid from 
58 to 75 % by  P. aeruginosa  which indicated that presence of peroxides in frying oil 
might have restricted the consumption of linoleic acid and decreased the yield of 
rhamnolipids.  

   Spent Lubricating Oils 

 The worldwide estimated use of lubricating oils, such as hydraulic oil, motor oil, 
transmission oil, brake fl uids, crankcase oil, and gear box oil generated from 
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different industries, was 42 million tons in 2010 (IETC  2012 ). The lube oil is com-
posed of synthetic base oils (90 %), such as polyalphaolefi n (PAO), polyalkylene 
glycols, phosphate esters, silicate esters, and synthetic esters, and variety of oil 
additives (10 %), such as emulsifi ers/demulsifi ers, friction modifi ers, and corrosion 
inhibitors (Bartels  2005 ). The difference between fresh and used lube oil is that 
polyaromatic hydrocarbons (PAHs) are generally undetectable in unused oil while 
these are abundant in all used lubricating oils. Moreover, concentrations of alkanes 
are higher in used oils by 2–3 folds than fresh lube oils. The used lube oil is either 
disposed of by burning on-site in permitted hazardous waste incinerators or used as 
fuel in industrial furnaces and boilers. However, only 38 % is recycled or properly 
managed and remaining is a potential source of pollution in the environment. 
Mercade et al. ( 1996 ) reported the screening and isolation of microorganisms utiliz-
ing waste lubricating oil as sole carbon source from hydrocarbon-contaminated soil 
for production of biosurfactants. The biosurfactant produced by  Rhodococcus  sp. 
and  Bacillus  sp. was characterized as trehalose, glycolipids, and lipopeptide. 
Thavasi et al. ( 2008 ) used a mixture of waste motor lubricant oil and low-costing 
peanut oil cake a by- product obtained from peanut oil manufacturing as substrates 
for glycolipid biosynthesis by  Bacillus megaterium, Azotobacter chroococcum,  and 
 Corynebacterium kutscheri .   

18.4.2.3     Waste of Dairy Industries 

 The wastes from animal origin, such as whey from dairy industries, animal fat, and 
tallow from meat processing industries, are generally being discarded through the 
effl uent treatment systems. These wastes being rich in proteins, amino acids, lipids, 
vitamins, and minerals can be utilized as medium supplements to support microbial 
growth and biosurfactant production (Deshpande and Daniels  1995 ; Dubey and 
Juwarkar  2001 ). 

 Daniel et al. ( 1998 ) reported two-stage fed-batch (3 l) cultivation process using 
deproteinized whey and rapeseed oil as substrates for production of sophorolipids 
by  Candida bombicola  ATCC 22214 and  Cryptococcus curvatus  ATCC 20509. The 
fi rst stage involved consumption of lactic acid in deproteinized whey (1.5 l) by 
 Candida bombicola  ATCC 22214 in stirred fed-batch. Thereafter cells of  Candida 
bombicola  in the medium were homogenized at high pressure to release crude cell 
debris and single cell-oil in the medium. This medium was then supplemented with 
rapeseed oil (100 g/l) and inoculated with  Cryptococcus curvatus  ATCC 20509 for 
production of sophorolipids. This two-stage fed-batch system yielded 422 g/l soph-
orolipids. Dubey and Juwarkar ( 2001 ) used mixture of distillery and whey wastes as 
substrate for production of biosurfactant by  Pseudomonas aeruginosa  strain BS2 
which supported overall yield of 0.92 g/l during the stationary growth phase. The 
biosurfactant with CMC of 0.028 mg/ml reduced the surface tension of water from 
72 to 27 mN/m. Further, a decrease in chemical oxygen demand (COD) by 81.0 % 
and 87.0 % of distillery and whey wastes respectively was observed indicating abil-
ity of cells to assimilate these waste as carbon and nitrogen sources.  Daverey  and 
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 Pakshirajan  ( 2010 ) used deproteinized whey and glucose as substrate for sophoro-
lipids production by  Candida bombicola . The supplements supported up to 33.3 g/l 
of biosurfactant production by yeast in bioreactor. The CMC of biosurfactant was 
27.17 mg/l and able to reduce surface tension of water down to 34.18 mN/m. The 
biosurfactant was able to solubilize nonaqueous phase liquids ( n -hexane, sunfl ower 
oil, and olive oil) indicating its potential application in bioremediation of hydrocar-
bon polluted sites.  Jahanshah  et al. ( 2013 ) used whey to enrich microbial diversity 
present in municipal waste compost and isolated two biosurfactant producers viz. 
 Bacillus  sp. and  Streptomyces  sp. The biosurfactant produced by these isolates 
resulted in >50 % removal of heavy metals (lead, nickel, chromium, and cadmium) 
during bioremediation. The anionic biosurfactants form a complex with positively 
charged metal ions to remove them from the negatively charged humus and organic 
matters of compost matrix. Thus, removal of heavy metals using crude biosurfactant 
decreased the bio-toxicity of polluted site and enhanced the decomposition rate of 
organic matter by 42.3 %.  

18.4.2.4     Waste of Sugar Industries 

 The sugar industries release molasses as a by-product after crystallization of the 
sugar from liquid extracts of sugarcane or sugar beet as further extraction of sugar 
from molasses is not economical (Maneerat  2005 ). Sugarcane molasses is a complex 
mixture of 48–56 % total sugar (mainly sucrose), 9–12 % nonsugar organic matter, 
2–4 % protein, 1.5–5 % potassium, 0.4–0.8 % calcium, 0.06 % magnesium, 0.6–2.0 % 
phosphorus, 1.0–3.0 mg/kg biotin, 15–55 mg/kg pantothenic acid, and 2,500–
6,000 mg/kg inositol, and 1.8 mg/kg can be an effective growth medium supplement 
to support microbial growth (Makkar and Cameotra  1997 ). Soy molasses, a by-prod-
uct of soybean oil processing, is rich in fermentable carbohydrate (30 % w/v) mainly 
glucose, arabinose, sucrose, raffi nose, and stachyose. Due to increase in demand of 
soy protein-based foods and drinks, soy molasses is available as by-product and can 
be used as a medium supplement for supporting microbial growth (Deak and Johnson 
 2006 ). The cost of soy molasses is approximately 20 % lower than glucose, thus 
reducing the overall cost of biosurfactant production (Lynd et al.  1999 ). 

 Solaiman et al. ( 2004 ) used 333 g/l soy molasses equivalent to 100 g/l of carbo-
hydrates and 90 ml/l oleic acid as substrates to produce 21 g/l of pure sophorolipids 
by  Candida bombicola . The yield of sophorolipids increased to 55 g/l in 12 l bench-
top fermentor with 4 l of working volume using same fermentative medium 
(Solaiman et al.  2007 ). Rashedi et al. ( 2005 ) used sugar beet molasses as carbon 
source to support rhamnolipid production by  Pseudomonas aeruginosa . The yield 
of rhamnolipid per gram biomass was 0.003 g, 0.009 g, 0.053 g, 0.041 g, and 0.213 g 
in medium supplemented with 2 %, 4 %, 6 %, 8 %, and 10 % (v/v) molasses, respec-
tively. The rhamnolipid was able to form stable emulsions with aromatics,  n -alkanes, 
olive oil, and crude oil. Rodrigues et al. ( 2006 ) used sugarcane molasses and cheese 
whey as alternative substrates to synthetic media for  Lactococcus lactis  53 and 
 Streptococcus thermophilus . The authors observed 1.2–1.5 time increase in biosur-
factant production per gram cell dry weight and 75 % reduction in overall cost of 
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production process at lab scale. Raza et al. ( 2007 ) reported gamma ray-induced 
 Pseudomonas aeruginosa  EBN-8 mutant utilizing clarifi ed blackstrap molasses as 
a sole carbon and energy source for production of rhamnolipid-based surfactant 
with a yield of 1.45 g/l after 96 h of incubation. Moldes et al. ( 2007 ) reported ability 
of  Lactobacillus pentosus  to produce 0.71 g of biosurfactant per gram of biomass 
while growing in medium supplemented with hemicellulosic sugar hydrolyzates 
derived from trimming vine shoots as carbon source. Moldes et al. ( 2011 ) used bio-
surfactant for bioremediation of soil contaminated with octane by mobilizing the 
target contaminant from the soil surface to make it bioavailable for the microbial 
population. They reported 62.5 % degradation of octane by  Lactobacillus pentosus  
in presence of biosurfactant as compared to 24 % achieved in absence of biosurfac-
tant after 15 days of treatment. Abdel-Mawgoud et al. ( 2008 ) reported 1.12 g/l of 
surfactin production by  Bacillus subtilis  BS5 in medium having of 16 % (w/v) 
molasses and 5 g/l NaNO 3 . Joshi et al. ( 2008 ) reported lipopeptide biosurfactant 
production based upon decrease surface tension (29 mN/m) of growth medium by 
 Bacillus licheniformis  K51,  B. subtilis  20B,  B. subtilis  R1, and  Bacillus  strain HS3 
using 5.0–7.0 % (w/v) of molasses as a sole source of nutrition at 45 °C.  Onbasli  
and  Aslim  ( 2009 ) reported rhamnolipid biosurfactant production by  Pseudomonas 
luteola  B17 and  Pseudomonas putida  B12n using 1–5 % (w/v) sugar beet molasses 
supplements to growth medium. 

 Glycerol, a trihydroxy alcohol, syrup is abundant in nature and can be utilized by 
many microorganism as a carbon source (   Syldatk et al.  1985 ). The glycerol is 
obtained economically from renewable resources by hydrolysis of animal fat and 
vegetable oil and also as a coproduct of biodiesel production as every 100 kg of 
biodiesel production generates 10 kg of glycerol. The depleting natural fuel 
resources, and increasing price and demand of fuel have increased production of 
biodiesel with average annual growth rate of 38 % during 2005–2010 (REN21 
 2011 ). There are reports regarding use of glycerol obtained from bio-refi neries with-
out pretreatment or purifi cation to support enhanced production of biosurfactants. 
Ashby et al. ( 2005 ) used biodiesel coproduct stream (BCS) containing crude glyc-
erol, free fatty acids (FAA), and fatty acyl methyl esters (FAME) as a feedstock for 
synthesis of sophorolipids (SL) by  Candida bombicola  with an overall yield of 
60 g/l which was signifi cantly higher than 9 g/l obtained using pure glycerol. This 
may be due to easy availability of FAA and FAME and other micronutrients in BCS 
required for SL synthesis. Samadi et al.  2007  isolated  Brevibacterium  sp. strain S-34 
capable of utilizing glycerol as sole carbon source and supported yield of 2.4 g/l 
glycolipid after 72 h of incubation. Dos Santos et al. ( 2010 ) reported two strains of 
 Pseudomonas  spp. capable of using vegetable oils and glycerol as alternative low-
cost carbon sources supporting production of biosurfactant as evident by decrease in 
surface tension and mineral oil emulsifi cation effi ciency of cell-free culture broths 
ranging from 50 to 59 %. Sousa et al. ( 2011 ) used coproduct of biodiesel production 
as carbon and energy source for  Pseudomonas aeruginosa  MSIC02 and reported the 
production of rhamnolipids with overall yield of 1.2 g/l. The biosurfactant obtained 
was reported to possess emulsifying properties with emulsifi cation index 
(IE 24 ) = 65 % and form stable emulsions with mineral and vegetable oils.    
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18.5     Process Optimization 

 It is evident from the presented data that microorganisms due to their metabolic 
diversity could utilize diverse type of nutrients for their growth. However, there is a 
need to induce the desired biochemical pathway for improving the production of 
biological molecules of commercial interest. The maximal expression of these met-
abolic pathways can be achieved by optimizing the physicochemical conditions and 
medium supplements to improve the yield of biosurfactant. The process optimiza-
tion methods involve classical one-variable-at-a-time approach and statistics-based 
response surface methodology (RSM). This approach can help to achieve maximum 
production levels by understanding the cumulative effect of key variables on the 
overall yield of biosurfactant. 

18.5.1     Optimization of Medium and Physicochemical 
Conditions 

 The production of biosurfactants is signifi cantly infl uenced by variety of substrates 
which may induce or repress the biosurfactant production. The water-insoluble sub-
strates ( n -alkanes) or hydrocarbons generally induce biosurfactants (lipoprotein) 
production under natural conditions (Radwan and Sorkhoh  1993 ). Although, 
 glucose is a preferred source of biosurfactant production; however, glucose could 
repress synthesis of biosurfactants by catabolic repression as reported in case of 
 Arthrobacter paraffi neus  where no biosurfactant production was observed when 
hexadecane was replaced with glucose ( Duvnjak  et al.  1982 ). Thus, yield and activ-
ity of end product is largely affected by variations in carbon, nitrogen, and phospho-
rous sources and their concentrations (Guerra-Santos et al.  1986 ). 

 Abdel-Mawgoud et al. ( 2008 ) observed that fermentation conditions and 
medium components (carbon, nitrogen, and minerals) signifi cantly improved 
 surfactin production effi ciency of  Bacillus subtilis  BS5 in mineral salts medium. 
The medium supplemented with glucose (20 g/l) and NaNO 3  (5 g/l) supported yield 
of 0.35 g/l biosurfactant yield. The authors reported threefold increase in biosur-
factant yield to 1.12 g/l by replacing glucose with 160 ml/l molasses under similar 
physicochemical conditions of pH (6.5–6.8) at 30 °C. Mutalik et al. ( 2008 ) 
 optimized the production of biosurfactant from  Rhodococcus  spp. MTCC 2574 
using one-factor-at-a-time approach which suggested mannitol, yeast extract, and 
meat peptone as suitable carbon and nitrogen sources and  n -hexadecane as the 
inducer for biosurfactant production. Seven hydrocarbons were evaluated for the 
enhancement of biosurfactant production, and  n -hexadecane gave maximum EI 24  
of 59.2 % and selected as an inducer. The concentrations of these media components 
were further optimized by using central composite rotatable design (CCRD) of 
RSM. The optimized concentrations of mannitol (1.6 g/l), yeast extract (6.92 g/l), 
meat peptone (19.65 g/l), and  n -hexadecane (63.8 g/l) increased the yield of biosur-
factant by 3.4-fold from 3.2 to 10.9 g/l. 
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 Reis et al. ( 2004 ) studied production of biosurfactant by  Bacillus subtilis  ATCC 
6633 using commercial sugar, glycerol, mannitol, and soybean oil. The cells grown 
in medium supplemented with 10 g/l commercial sugar achieved maximum reduc-
tion in surface tension (28.7 mN/m) after 48 h of incubation with CMC of 78.6 mg/l. 
Thavasi et al. ( 2011 ) optimized the concentrations of waste motor lubricant oil and 
peanut oil cake for production of glycolipopeptide biosurfactant in 3 l fermentor. 
The maximum biosurfactant production of 6.4 mg ml/l was achieved using 2 % 
(w/v) waste motor lubricant oil and peanut oil cake in mineral medium (pH 8) using 
8 mg/l of dissolved oxygen (DO) at 38 °C in a run of 120 h. The biosurfactant was 
able to emulsify crude oil, waste motor lubricant oil, kerosene, diesel, peanut oil, 
xylene, naphthalene, and anthracene. Similarly, Ghribi and Ellouze-Chaabouni 
( 2011 ) optimized the concentrations of orange peels and soya bean as growth sub-
strates for improving biosurfactant production effi ciency of  Bacillus subtilis  SPB1 
by employing central composite design. The optimal medium composed of orange 
peels (15.0 g/l), soya bean (15 g/l), and diluted sea water (200 ml/l) increased the 
biosurfactant production to 4.45 g/l from 2.39 g/l obtained from un-optimized 
medium using orange peels (15.0 g/l), soya bean (45 g/l), and diluted sea water 
(40 %). In this study, biosurfactant was effi ciently used as a biocontrol agent against 
olive moth  Prays oleae . 

 Jamal et al. ( 2012 ) studied effect of different combinations of sludge palm oil 
(SPO), sucrose, and glucose to improve biosurfactant (phospholipids) production 
by  Klebsiella pneumoniae  WMF02 in SmF using one-factor-at-a-time optimization 
approach. The optimized medium containing 5 g/l sucrose and 4 % (v/v) SPO 
 lowered the surface tension of growth medium to 25.70 mN/m as compared to 
36.2 mN/m achieved in un-optimized medium. The studies carried out in our lab 
improved the overall biosurfactant production by lab isolate  P. aeruginosa  ChlD by 
2.5 times from 3.2 to 7.2 g/l when grown in medium supplemented with molasses 
(2.0 %) and corn steep liquor (2.5 %) as carbon and nitrogen sources as compared 
to that obtained by cells grown in presence of glucose (2 % w/v) and tryptone 
(0.25 % w/v) supplemented medium.  

18.5.2     Bioreactor Designing 

 The implementation of these successful lab/pilot scale studies at commercial level 
is possible only by designing suitable bioreactor confi gurations capable of support-
ing high product yield over a specifi c period of time. However, production of bio-
surfactant at bioreactor level confronts certain operative problems. The excessive 
formation of foam by increasing the levels of aeration and agitation is the basic 
problem while lowering the rate of aeration signifi cantly affects the growth of 
microbes and resulting biosurfactant production. Further, maintaining the pH and 
temperature at large scale is not cost effective. Thus there is a need to design effi -
cient bioreactor to support enhanced production at fairly low price. There are only 
few studies available in literature regarding scale-up of production from shake fl ask 
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to bioreactor level at pilot scale promising the enhanced production for commercial 
applications. 

 Mao-Sung et al. ( 2006 ) developed an innovative batch bioreactor to lower the 
severe foaming raised during surfactin production by  Bacillus subtilis  ATCC 21332. 
The bioreactor was integrated with a foam collector and biosurfactant precipitation 
unit. In addition, activated carbon was used as a solid carrier in the fermentation 
broth to increase cell mass concentration and surfactin yield. The bioreactor allowed 
stable surfactin fermentation at the rate of 190 mg/l/h using 6.45 g/l glucose under 
intensive foaming conditions. The controlled foaming allowed aeration of 1.5 vvm 
and agitation at 300 rpm without addition of antifoam agents. 

 Daverey and Pakshirajan ( 2009 ) developed a 3 l fermentor containing medium 
supplemented with 50 g/l sugarcane molasses and 50 g/l soybean oil and inoculated 
with 5 % (v/v) yeast  Candida bombicola . The temperature was maintained at 30 °C 
with agitation of 200 rpm. These optimum conditions yielded 47 g/l sophorolipids 
without controlling pH of the growth medium which reduces to 3.5 during the pro-
cess. However, the yield increased to 60 g/l in the fermentor under when pH was 
maintained constantly at 6.0. 

 Chtioui et al. ( 2012 ) reported a horizontal glass bioreactor equipped with stain-
less steel rotating discs mounted on a central shaft for production of lipopeptides 
fengycin and surfactin by  Bacillus subtilis  ATCC 21332. The cells were immobi-
lized on the surfaces of rotating discs partially submerged in 1.2 l of medium. 
The aeration was applied on the exposed surface of the rotating blades rotating at 30 
rotations per minute which maintained a non-foaming fermentation process. 
Although, the maximal yield of fengycin and surfactin were only 838 mg/l and 
212 mg/l respectively after 72 h, but further modifi cation in this foam free process 
could advance the scale-up of the fermenters for production of biosurfactants.  

18.5.3     Downstream Processing 

 The extraction of end product in its pure form from a complex growth medium 
increases the complexity and cost of the overall process (Smyth et al.  2010 ). The use 
of biosurfactants for human consumption as antimicrobials or food ingredients 
demands high purity which involves several complex extraction and purifi cation 
steps. The use of less complex substrates and development of effective downstream 
protocols may decrease the number of steps required to obtain the pure end product. 
Thus, development of cost-effective downstream processing will be a step forward 
to achieve commercialization of these biomolecules. The most frequently used 
downstream processes involve uses of solvent extraction, acid precipitation, ammo-
nium sulfate precipitation, crystallization, centrifugation, adsorption, and foam 
fractionation (Mukherjee et al.  2006 ; Chen et al.  2008 ; Neto et al.  2009 ). 

 The drawbacks regarding use of volatile organic solvents and chemical sub-
stances in large quantity are their high cost, air pollution and health-related hazards. 
The use of solvent systems chloroform:ethanol (2:1) and chloroform:methanol 
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(65:15) is reported for extraction of rhamnolipid from cell free supernatant and 
extraction of surfactin from acid precipitated dried pellet respectively (Nitschke and 
Pastore  2006 ; Costa et al.  2006 ). Whereas, ethyl acetate, dichloromethane and 
methanol are being used as individual solvents to dissolve acid-precipitated lyophi-
lized lipopeptide biosurfactant (Smyth et al.  2010 ; Joshi et al.  2008 ; Das et al.  2008 ). 
Thus, development of bioreactor with integrated foam collector and use of different 
solid activated carriers to immobilize biomass and increase surfactant yield is the 
need of the day for successful and environmentally safe production of biosurfactant 
at commercial scale.   

18.6     Conclusion 

 The increased production of petroleum-based synthetic surfactants and their reck-
less use for various applications is of major environmental concerns as it had 
adversely affected the microfl ora of natural habitats and regeneration ability of the 
polluted sites. Thus, there is a need to replace such toxic compounds with environ-
mentally safe and bio-based surfactants. The microbial surfactants due to their 
diverse range of applications, biodegradable properties, ability to maintain activity 
at wide range of temperature, and pH are emerging as most desirable biomolecules 
of future. The economics of biosurfactant is essential for its commercialization. 
The exploitation of abundantly available cheap agro-industrial by-products/wastes 
as alternative substrates for biosurfactant production and prudent optimization of 
process parameters and medium components could increase the yield and lower the 
production cost. Further, development of innovative bioreactor designs and inte-
grated downstream processing are desirable to support large-scale production and 
economical harvesting of biosurfactants at commercial level.     
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19.1            Introduction 

 The term “platform chemicals” broadly indicates the group of chemicals that can be 
used as building block for manufacturing of structurally related valuable chemicals, 
such as polymers. For instance, lactic acid could be considered as the platform 
chemical for the production of polylactide (Jang et al.  2012c ). At present, most of 
the commercial platform chemicals are produced from petroleum-based products. 
However, fossil-derived resources are nonrenewable and their amount is increas-
ingly depleting (Bechthold et al.  2008 ). Additionally, application of these materials 
has a number of environmental concerns. In this context, the concept of biorefi nery 
has been developed (Jiang et al.  2011 ). Broadly, biorefi nery is a manufacturing con-
cept where industrially important chemicals, including biofuels and their precur-
sors, are produced by environment-friendly microbial processes using biomass/
organic material. Thus, biorefi nery-based platform chemicals may become an 
industrially important sustainable alternative for commercially available petro-
chemical process-based platform chemicals. In fact, in recent years, considerable 
importance has been given on renewable resources-based platform chemicals 
(Bechthold et al.  2008 ;    Jang et al.  2012a ,  b ,  c ) for the production of fuels, chemicals, 
and industrial materials (Sels et al.  2013 ). Owing to its high availability and renew-
able nature, lignocellulose is an attractive substrate of bioproduction of platform 
chemicals (Jäger and Büchs  2012 ). In a report from the US Department of Energy, 
top 15 value-added platform chemicals that could be produced from starch, cellu-
lose, or hemicellulose have been listed, and the list includes important C2–C4 
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platform chemicals, such as glycerol, succinic acid, aspartic acid, and malic acid 
(Jäger and Büchs  2012 ). Likewise, a number of reports could be found where 
 biomass/organic waste materials, such as cheese-processing industry wastewater 
(Hwang and Hansen  1997 ), corn steep liquor/corn fi ber hydrolysate (Zhu et al. 
 2002 ),  Jerusalem artichoke  hydrolysate (Huang et al.  2011 ), wood hydrolysate 
(Kim et al.  2004 ), and straw hydrolysates (Zheng et al.  2009 ), have been used for 
sustainable production of C2–C4 platform chemicals. Thus, bioproduction of plat-
form chemicals has the potential to be integrated as a profi table waste-utilization 
strategy. Being a microbial/biochemical process, bioproduction of platform chemi-
cals has certain concerns, such as product inhibition. Fortunately, recent technolo-
gies such as in situ product removal have been successfully implemented for 
improved process performance. Thus, the purpose of the present chapter is to dis-
cuss recent developments in as well as potential implementation of platform chemi-
cal bioproduction.  

19.2     Platform Chemicals and Their Applications in Industry 

 There are various types of platform chemicals which are produced by industries for 
various purposes. Today with the growth of industrialization, there has been a sub-
stantial growth in the demand for industrial platform chemicals for various applica-
tions. Platform chemicals have been used in various forms including as detergents, 
polishes, cleaning agents, varnishes, adhesives, solvents, bioenergy, dyes used for 
photocopying, and so forth. Platform chemical applications are presented in details 
in Table  19.1 . Most of the platform chemicals shown are produced from fossil oil; 
however, some of them could be replaced by bio-based chemicals at this time 
(Murphy  2011 ; Carbonell et al.  2012 ; Curran and Alper  2012 ; Hong and Nielsen 
 2012 ; Ye and Bhatia  2012 ). The bio-based platform chemical market includes all 
the chemicals obtained from renewable feedstock such as agricultural raw materi-
als, agricultural waste products or biomass, and microorganisms (Hatti-Kaul et al. 
 2007 ; Jang et al.  2012b ). Platform chemicals are estimated to reach a market size of 
US$ 3.5 billion in 2014 from US$ 1.9 billion in 2009 at an optimistic CAGR of 
12.6 % from 2009 to 2014. Platform chemicals play an important role in the renew-
able chemical market since their multiple functional groups can be converted to 
families of highly useful chemicals. Immense market opportunity lies for the renew-
able chemical market in Japan and the rapidly developing economies of India, 
China, and Russia, which largely consume chemicals from petrochemical feed-
stock. Governmental support and initiatives to encourage the use of renewable 
chemicals is expected to provide the necessary boost to the market in these econo-
mies. Strategic alliances and new technology developments are a few of the most 
popular strategies being deployed by the market players in this segment to gain 
competitive edge and also to build upon their market presence by knowledge and 
resource sharing. The market is driven by the increasing demand from the food- 
packaging industry, biodegradable and compostable plastics, and other consumer 
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products. Platform chemicals possess chemical moieties that serve as linkages 
 during polymerization or chemical reactions. For example, diamines and dicarbox-
ylic acids serve as building block compounds by offering amine and carboxylic 
groups, respectively, to form amide bonds during the polymerization stages of 
 polyamide production (   Jang et al.  2012c ). Dicarboxylic acids (oxalic, malonic, suc-
cinic, glucaric, adipic, fumaric, and malic acids), diamines (ethylenediamine, 
cadaverine, and putrescine), diols (ethylene glycol, propanediols, and butanediols), 
and aldehydes (formaldehyde) are the most common building block compounds 
used in condensation polymerization reactions (Odian  2004 ). Another building 
block chemical, ethylene, has a carbon–carbon double bond that serves as a p bond 
to make an s-bond linkage to an adjacent ethylene molecule during the polymeriza-
tion stage of PE production (Jang et al.  2012c ). Building block compounds contain-
ing carbon-to- carbon double bonds (e.g., ethylene, isobutylene, acrylonitrile, vinyl 
chloride, styrene, methyl methacrylate, vinyl acetate, and isoprene) are typically 
used for addition polymerization (Odian  2004 ). Some platform chemicals, such as 
monocarboxylic acids (acetic, propionic, butyric, pentanoic, and hexanoic acids) 

   Table 19.1    Applications of platform chemicals in industry   

 Classifi cation  Platform chemical  Applications  References 

 C3 chemicals  Propionic acid  Food and feed preservatives  Boyaval and 
Corre ( 1995 ) 

 Lactic acid  Bioplastic food industry 
as a preservative in the 
textile and pharmaceutical 
industries and in the 
chemical industry 
as a raw material 

 Sauer et al. 
( 2008 ); 
Akerberg and 
Zacchi ( 2000 ) 

 3-Hydroxypropionic acids  Manufacture of various 
plastics, coatings, adhesives, 
elastomers, as well as fl oor 
polishes, and paints 

 Ashok et al. 
( 2011 ) 

 1-Propanol  Esterifying reagents  Hanai et al. ( 2007 ) 
 Isopropanol  Esterifying reagents  Hanai et al. ( 2007 ) 

 C4 chemicals  Butyric acid  of food, cosmetic, 
pharmaceutical, and fi ne 
chemical manufacturing 

 Dwidar et al. 
( 2012 ) 

 Succinic Acid  Platform chemical for 
specialized polyester 
raw material for nylon 
precursor (adipic acid) 

 McKinlay et al. 
( 2007 ); Song 
and Lee 
( 2006 ) 

 1-Butanol  Biofuel  Kirschner ( 2006 ); 
Lee et al. 
( 2008 ) 

 Isobutanol  Cosmetics, such as nail polish 
solvent, rubber, and fuel 
ingredients 

 Atsumi et al. 
( 2008 ) 
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and monools (ethanol, propanol,  n -/isobutanol, and pentanols) are used as  precursors 
to form polymers, followed by chemical reactions that convert them into building 
block compounds. Propionic acid has many application areas, including the produc-
tion of cellulose fi bers, herbicides, perfumes, and pharmaceuticals (Boyaval and 
Corre  1995 ). In industry, propionic acid is mainly produced through petrochemical 
routes, using ethylene as a starting material (Hohenschutz et al.  1974 ).

19.3        Production of C3 Chemicals 

 In this part of this book chapter, we concentrate on the bio-based production of 
representative C3 platform chemicals, including carboxylic acid (propionic acid), 
hydroxy acids (lactic and 3-hydroxypropionic acids), and alcohols (1-propanol and 
isopropanol) using renewable resources. The general pathway of platform chemical 
from biomass is presented in details in Fig.  19.1 , and microorganisms and substrates 
used to produce platform chemicals are presented in details in Table  19.2 .

  Fig. 19.1    Platform chemical production from biomass       
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19.3.1        Carboxylic Acid: Propionic Acid 

 Propionic acid is a C3 carboxylic acid with many industrial applications as a spe-
cialty chemical, and its calcium, potassium, and sodium salts are widely used as 
food and feed preservatives (Boyaval and Corre  1995 ). Currently, propionic acid is 
produced almost exclusively via petrochemical processes, with an annual produc-
tion capacity of 400 million lbs in the USA. As the crude oil prices had surpassed 
US$100 per barrel, there have been increasing interests in propionic acid produc-
tion from renewable bioresources by fermentation using propionibacteria (Zhang 
and Yang  2009 ; Wang et al.  2012 ; Zhu et al.  2012 ). Propionic acid bacteria have 
long been used in the dairy industry. These bacteria play important roles in the 
development of the characteristic fl avor and eye production in Swiss-type cheeses. 
However, conventional propionic acid fermentation suffers from low productivity, 
low product concentration, and low yield due to strong end-product inhibition by 
acidic pH and the coproduction of other by-products, mainly acetic and succinic 
acids. Consequently, the conventional fermentation route for propionic acid pro-
duction is ineffi cient and it competes with diffi culty with petrochemical routes. 
Presently, only small amounts of propionate are produced by fermentation and are 
used as a natural product in foods for the labeling purpose. In order to make the 
fermentation route economically viable, it is necessary to develop novel fermenta-
tion processes that use highly effi cient bioreactors and separations techniques. 
To lower the product cost, recent efforts have focused on using industrial wastes or 
by-products as low- cost renewable feedstocks (Fig.  19.1 ) for propionic acid fer-
mentation (Feng et al.  2011 ; Zhu et al.  2012 ). Several studies have shown that 
glycerol can be a good carbon source for propionic acid fermentation with a higher 
propionic acid (Zhang and Yang  2009 ; Zhu et al.  2010 ).    The fast growth of bio-
diesel production, a promising substitute for petroleum diesel, produce annually a 
large amount of crude glycerol, that present an economically feasible feedstock for 
industrial uses (da Silva et al.  2009 ). Glycerol has a high reduction degree, which 
favors the production of more reduced metabolites (Ito et al.  2005 ) but can cause 
redox imbalance in metabolism, leading to reduced cell growth and productivity, 
when used as the sole carbon source in fermentation (Zhang and Yang  2009 ). To 
overcome this problem, co-fermentation of glycerol with glucose has been pro-
posed as an  effi cient process supporting both product formation and cell growth 
(Liu et al.  2012 ). In glycerol fermentation, propionic acid is mainly produced 
through succinate. A metabolically engineered  Propionibacterium acidipropionici  
strain produced 106 g/L propionic acid with a 0.56 g/g yield and 0.035 g/L/h pro-
ductivity from glycerol during fed-batch fermentation in a fi brous-bed bioreactor 
(Zhang and Yang  2009 ). However, many hurdles must be overcome (toxicity, by-
product formation, low productivity, and redox imbalance) before propionic acid 
can be economically produced on a large scale.  
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19.3.2     Hydroxy Acids: Lactic and 3-Hydroxypropionic Acids 

 Lactic and 3-hydroxypropionic acids, both of which containing a hydroxyl group 
and a carboxyl group, are versatile block compounds that are particularly useful 
for the production of biodegradable polyesters, such as PLA and poly
(3- hydroxypropionate). Lactic acid has a long history of uses for fermentation and 
preservation of human foodstuffs (Akerberg and Zacchi  2000 ). It was fi rst discov-
ered in sour milk by Scheele in 1780, who initially considered it a milk component. 
Lactic acid can be produced by either microbial fermentation or chemical synthesis. 
In the early 1960s, a method to synthesize lactic acid chemically was developed due 
to the need for heat-stable lactic acid in the baking industry (Datta et al.  1995 ). 
There are two optical isomers of lactic acid:  l- (+)-lactic acid and  d- (−)-lactic acid. 
At present, lactic acid is produced by the fermentation of carbohydrates; the world-
wide lactic acid production volume in 2007 was estimated to be 150,000 ton (Sauer 
et al.  2008 ). Lactic acid is produced directly from pyruvate by the lactate dehydro-
genase (Ldh) of various microorganisms, including  Carnobacterium, Enterococcus, 
Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, 
Tetragenococcus, Vagococcus, and Weissella . Lactic acid is now considered to be 
one of the most useful chemicals, used in the food industry as a preservative, acidu-
lant, and fl avoring, in the textile and pharmaceutical industries, and in the chemical 
industry as a raw material for the production of lactate ester, propylene glycol, 
2,3-pentanedione, propionic acid, acrylic acid, acetaldehyde, and dilactide 
(Akerberg and Zacchi  2000 ). Recently, lactic acid consumption has increased con-
siderably because of its role as a monomer in the production of biodegradable PLA, 
which is well known as a sustainable bioplastic material (Litchfi eld  1996 ). Compared 
to chemical synthesis, the biotechnological process for lactic acid production offers 
several advantages: low substrate costs, production temperature, and energy con-
sumption (Datta and Henry  2006 ). Lactic acid-producing microorganisms use pyru-
vic acid as the precursor for lactic acid production. The conversion of pyruvic acid 
to lactic acid can be catalyzed by two types of enzymes: NAD-dependent  l -lactate 
dehydrogenase and NAD-dependent  d -lactate dehydrogenase (Garvie  1980 ). 
Because the optical purity of lactic acid is a crucial factor in lactic acid-based indus-
tries, numerous studies have investigated the biotechnological production of opti-
cally pure lactic acid (John et al.  2007 ; Okano et al.  2010 ; Zhao et al.  2010 ). There 
are two problems in the biotechnological production of optically pure lactic acid. 
The fi rst problem is the substrate cost because of the addition of sugars as carbon 
sources. This problem can be resolved through fermentative production of lactic 
acid from cheap materials. Many cheap, renewable raw materials such as molasses, 
starch, lignocellulose, and wastes from agricultural and agro-industrial residues 
have been used as substrates for lactic acid fermentation. The second problem for 
lactic acid production is the operating cost related to sterilization of the media and 
the separation and purifi cation processes after fermentation. There have been 
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numerous investigations on the development of biotechnological processes for 
 lactic acid production, with the ultimate objectives to enable the process to be more 
effi cient and economical.  l -,  d -, or  dl -lactic acid may be biologically produced by 
utilizing lactic acid dehydrogenases (Ldh) with different stereospecifi cities 
(Wu et al.  2011 ). Recently, an engineered sporolactobacillus produced 207 g/L 
 d -lactate from 223 g/L of glucose with a productivity of 3.8 g/L/h and an optical 
purity of 99.3 % in a 30-L fed-batch fermentation supplemented with 40 g/L of 
peanut meal as a nitrogen source (Wang et al.  2011 ). Lactic acid may also be pro-
duced by metabolically engineered  E. coli  strains (Zhu et al.  2007 ). A fed-batch 
fermentation of a metabolically engineered  E. coli  strain showed a production of 
138 g/L of  d -lactic acid with an overall yield of 0.86 g/g of glucose and a productiv-
ity of 3.5 g/L/h (Zhu et al.  2007 ). Although bio-based production methods for lactic 
acid have advanced enough to be used at an industrial level, further improvements 
of their economy could be achieved by developing inexpensive carbon substrates 
and reducing the requirement of lactic acid bacteria for complex nitrogen sources. 
Klebsiella pneumoniae is a promising microorganism for 3-hydroxypropionic acid 
production from sugars such as glycerol (Ashok et al.  2011 ). 

 3-Hydroxypropionate can be produced from glycerol via 3-hydroxypropionic 
aldehyde (3-HPA). Recently, the metabolic pathway of K. pneumoniae was 
engineered to direct carbon fl ux from glycerol to 3-hydroxypropionic acid by the 
overexpression of endogenous glycerol dehydratase (dhaB) and g-glutamyl-g-ami-
nobutyraldehyde dehydrogenase (PuuC). Additionally, the dhaT gene (encoding 
1,3-propanediol oxidoreductase; dhaT) was deleted to eliminate a completing path-
way. A fed-batch fermentation of this engineered strain produced 16.0 g/L 
3-hydroxypropionic acid from glycerol with a productivity of 0.66 g/L/h (Ashok 
et al.  2011 ). However, a recombinant  E. coli  strain harboring a-ketoglutaric semial-
dehyde dehydrogenase (Sadh) from Azospirillum brasilense, along with dhaB and 
glycerol dehydratase reactivase from K. pneumoniae, produced 38.7 g/L of 
3-hydroxypropionic acid with a yield of 0.34 g/g and productivity of 0.53 g/L/h in 
glycerol fed-batch fermentation (Rathnasingh et al.  2009 ). Unlike K. pneumoniae, 
 E. coli  lacks the coenzyme B12 metabolism required for dhaB activity; therefore, 
addition of coenzyme B12 to the culture medium could increase the cost in large-
scale production. However, utilizing glycerol for the biological production of 
3-hydroxypropionic acid could be a promising sustainable process because glycerol 
is a major by-product of biodiesel production.  

19.3.3     Alcohols: 1-Propanol and Isopropanol 

 1-Propanol and isopropanol can be used in place of methanol as esterifying 
reagents, and the formed esters show reduced crystallization at low temperatures 
(Hanai et al.  2007 ). Chemically, 1-propanol is produced from ethane, carbon mon-
oxide, and hydrogen, while isopropanol is produced by a hydration reaction 
between water and propene (Jain and Yan  2011 ). 2-Ketobutyrate, a component of 
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the amino acid biosynthesis pathways, was used as a precursor of 1-propanol in a 
metabolically engineered  E. coli  strain (Atsumi et al.  2008 ) by sequential reactions 
of  Lactococcus lactis  2-ketoacid decarboxylase (Kdc) and  S. cerevisiae  Adh2. The 
production of 1-propanol was further improved by increasing the precursor avail-
ability using evolved  Methanococcus jannaschii  citramalate synthase (CimA) to 
enhance the conversion of pyruvate to 2-ketobutyrate (Atsumi and Liao  2008 ). The 
engineered  E. coli  strain produced 3.9 g/L 1-propanol from glucose with a produc-
tivity of 0.04 g/L/h in fl ask culture (Atsumi and Liao  2008 ). Several microorgan-
isms have been reported for isopropanol production, including wild-type 
 Clostridium beijerinckii  (George et al.  1983 ), engineered  E. coli  (George et al. 
 1983 ; Hanai et al.  2007 ). The strategy for the microbial production of isopropanol 
is derived from the  C. beijerinckii  pathway for converting acetyl CoA to isopropa-
nol via acetone (George et al.  1983 ). However, due to the limited metabolic infor-
mation and tools, the maximum titer from the native producer was only 1.8 g/L 
(George et al.  1983 ). More recently, a  C. acetobutylicum  ATCC 824 (pIPA3) strain 
harboring the secondary AdhI of  C. beijerinckii  NRRL B593 and a synthetic ace-
tone operon (adc-ctfA-ctfB) of  C. acetobutylicum  produced 5.1 g/L of isopropanol 
in anaerobic fl ask culture. Metabolically engineered  E. coli  harboring four genes 
(thl-adc-ctfA-ctfB) involved in the acetone-producing pathway of  C. acetobutyli-
cum  ATCC 824 and the gene-encoding AdhI of NRRL B593 achieved a higher titer 
of 13.6 g/L with a 0.15 g/g yield and 0.28 g/L/h productivity in glucose fed-batch 
fermentation (Jojima et al.  2008 ).   

19.4     Bioproduction of C4 Chemicals 

19.4.1     Carboxylic Acid: Butyric Acid 

 Butyric acid has wide range of industrial application in the fi eld of food, cosmetic, 
pharmaceutical, and fi ne chemical manufacturing. Moreover, it can be used to pro-
duce fuels, such as butanol, ethyl butyrate, and butyl butyrate (Dwidar et al.  2012 ). 
In fact, butyric acid is a precursor of biobutanol. However, owing to its toxicity, 
fermentative production of butanol is problematic. Therefore, fi rstly, a biomass 
could be fermented to butyric acid and then it could be used as a starting material 
for butanol production (Dwidar et al.  2012 ). In the production of cellulose acetate 
butyrate plastics, the raw material of textile fi ber manufacturing is the present major 
industrial application of butyric acid (Dwidar et al.  2012 ; Huang et al.  2011 ). 
Likewise, polyhydroxybutyrate (PHB), another industrially important polymer, 
could also be produced from butyric acid (Dwidar et al.  2012 ). Butyric acid is 
known to have anticancer property and a wide range of pharmaceutical applications 
(Dwidar et al.  2012 ; Huang et al.  2011 ). Similarly, butyric acid derivatives, such as 
its methyl, ethyl, and amyl esters, are used as fl avor or aroma compounds (Dwidar 
et al.  2012 ). 
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 Anaerobic bacteria, such as  clostridia  sp., can produce butyric acid by fermentation 
of a variety of substrates ranging from glucose to complex agro-industrial waste 
materials. Among different members of the genus Clostridium,  C. butyricum  and  
C. tyrobutyricum  are the two mostly studied species for butyric acid production. 
Jiang et al. ( 2011 ) have reported the use of glucose as the major substrate for butyric 
acid production by  C. tyrobutyricum  using a repeated fed-batch process. According 
to the authors, the process was successful in reducing the product inhibition and 
fi nal butyric acid concentration as high as 86.9 ± 2.17 g/L could be achieved (Jiang 
et al.  2011 ). Similar to glucose, xylose is the other substrate commonly investigated 
for butyric acid production (Zhu et al.  2002 ; Zhu and Yang  2003 ). For improved 
economic feasibility of the process, various industrial waste materials have also 
been evaluated for possible application in butyric acid production. Hwang and 
Hansen ( 1997 ) have used cheese-processing industry wastewater for butyric acid 
production using a continuously stirred tank reactor. The authors have used a con-
stant inoculum system to reduce the experimental error and different physiological 
parameters were optimized by using response surface methodology. According to 
the authors, pH 7.26 at 36.2 °C was found to be optimum; however, the response 
was unpredictable and a small change of these parameters could cause signifi cant 
variations in cumulative butyric acid production (Hwang and Hansen  1997 ). 
Likewise, butyrate production by fermentation of corn steep liquor supplemented 
with corn fi ber hydrolysate has been reported by Zhu et al. ( 2002 ). The authors have 
demonstrated that using this crude substrate, butyrate yield as high as 0.47 g/g sub-
strate as well as maximum productivity of 2.91 g/L/h could be achieved (Zhu et al. 
 2002 ). Huang et al. ( 2011 ) have evaluated Jerusalem artichoke as a potential, less 
expensive substrate for butyric acid production by  Clostridium tyrobutyricum . 
According to the authors, in a fed-batch process, fi nal butyric acid concentration as 
high as 60.4 g/L could be achieved by using acid-treated Jerusalem artichoke hydro-
lysate as the substrate (Huang et al.  2011 ). 

 Product inhibition is a concern in butyric acid bioproduction; however, a consid-
erable progress has been made in resolving this problem. Actually, due to inhibitory 
effect of butyric acid on microbial growth, it is diffi cult to achieve a relatively higher 
fi nal product concentration by employing a traditional fermentation process. In turn, 
low fi nal product concentration can increase the expense of product recovery and 
reduce economic feasibility of the process. In this context, cell immobilization is 
one of the frequently used strategies for improved butyric acid production. Jiang 
et al. ( 2011 ) have reported that microbial cells could be immobilized in fi brous 
matrix to develop a fi brous-bed bioreactor for industrial application. According to 
the authors, relatively higher cell density could be maintained and improved pro-
ductivity could be achieved by using this technology. Similarly, the immobilized 
microorganisms were found to quickly adapt to the acidic environment and were 
capable of developing a mutant community with high acid tolerance (Jiang et al. 
 2011 ). Similarly, Zhu and Yang ( 2003 ) have reported that  Clostridium tyrobutyri-
cum  immobilized in fi brous matrix developed a mutant variety capable continuing 
butyric acid production at fi nal product concentration as high as 30 g/L, using glu-
cose and xylose as substrate (Zhu and Yang  2003 ). Based on kinetic behavior of 
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biomass production profi le as well as activity of the enzymes in the butyric acid 
formation pathway, such as phosphotransbutyrylase and butyrate kinase, the authors 
have concluded that highly acid-tolerant mutant variety emerged out of the immo-
bilized  Clostridium tyrobutyricum  were physiologically superior to the original cul-
ture (Zhu and Yang  2003 ). Butyric acid production by immobilized  C. tyrobutyricum  
has also been reported by Huang et al. ( 2011 ) and the authors have discussed pos-
sible commercial application of the process (Huang et al.  2011 ). Similar to cell 
immobilization, in situ product extraction is another strategy frequently applied to 
resolve the problem of product inhibition. Vandák et al. ( 1997 ) have demonstrated 
an extractive fermentation process for butyric acid production by  Clostridium butyr-
icum  S21. The authors have evaluated nine different organic extractive agents in 
terms of cell growth and butyric acid production by the organism (Vandák et al. 
 1997 ). Among different extracting agents, based on biocompatibility as well as 
improvement in butyric acid production, Hostarex A327 (20 % w/w) in oleyl alco-
hol was reported to be suitable for in situ product recovery (Vandák et al.  1997 ). 

 A number of genetic engineering strategies for enhanced butyric acid production 
could be found in the literature. In general, these approaches involve elimination of 
multiple product formation pathways so that butyric acid could be the major fer-
mentation end product, for example, butyric acid, acetic acid, hydrogen, as well as 
carbon dioxide are the major products of glucose fermentation by  Clostridium tyro-
butyricum . Among these products, acetic acid production has negative effect on 
butyric acid yield. In an approach by Liu et al. ( 2006 ), genes encoding two impor-
tant enzymes (phosphotransacetylase and acetate kinase) of acetic acid biosynthetic 
pathway have been inactivated for improved butyric acid yield (Liu et al.  2006 ). Zhu 
et al. ( 2005 ) also have reported genetic manipulation of acetic acid formation path-
way by integrational mutagenesis and 15 % improvement as well as 14 % reduction, 
respectively, in butyrate and acetate production by mutated  C. tyrobutyricum  (Zhu 
et al.  2005 ). Thus, it could be concluded that butyric acid is an important platform 
chemical and considerable success has been made in its bioproduction.  

19.4.2     Dicarboxylic Acids: Succinic, Malic, 
and Fumaric Acids 

 Succinic acid is an important platform chemical and it can be used as the precursor 
for different specialized polyesters (  http://en.wikipedia.org/wiki/Succinic_acid    , 
accessed on 09/04/2013). Similarly, succinic acid could be used as raw material for 
the production of 1,4-butanediol, nylon precursor (adipic acid), ethylenediamine 
disuccinate, tetrahydrofuran, diethyl succinate, 2-pyrrolidinone,  N -methyl pyrro-
lidinone, and gamma-butyrolactone (McKinlay et al.  2007 ; Song and Lee  2006 ). 
Likewise, it has many other applications in food and beverage, agriculture, as well 
as pharmaceutical industries. Succinic acid can be produced either by fermentative 
conversion of organic substrates or by chemical conversion of petroleum product. 
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Out of these two options, at present, succinic acid is commercially produced from 
liquefi ed petroleum gas or petroleum oil using chemical method (McKinlay et al. 
 2007 ; Song and Lee  2006 ). Being a sustainable process, succinic acid bioproduction 
is an attractive option; however, in its present form, it is not economically compa-
rable to that of petrochemical-based technologies (McKinlay et al.  2007 ). There are 
certain technical constraints in succinic acid bioproduction and they need to be 
resolved prior to its effi cient microbial production. Firstly, fi nal concentration of 
succinic acid in fermented media should be suffi ciently higher for cost-effective 
product recovery. Similarly, downstream processing strategies should be simplifi ed 
(McKinlay et al.  2007 ). Further, it should be ensured that by-product formation is 
reduced so that high product yield could be achieved. Apart from the aforemen-
tioned approaches, selection of appropriate microbial culture as well as strain 
improvement through metabolic engineering is another possible option for profi t-
able succinic acid bioproduction. 

 In a report by Liu et al. ( 2008 ),  Actinobacillus succinogenes  CGMCC1593 has 
been evaluated for succinic acid bioproduction using cane molasses. The authors 
have evaluated the use of sulfuric acid-treated cane molasses and reported that a 
maximum succinic acid concentration of 50.6 ± 0.9 g/L could be achieved by using 
a small-scale anaerobic bioreactor (Liu et al.  2008 ). Further, the authors have men-
tioned that by employing a 5-L stirred tank bioreactor, faster cell growth and prod-
uct formation could be achieved. Moreover, by changing the process mode to 
fed-batch, substrate inhibition could be reduced and fi nal succinic acid concentra-
tion could be further increased (Liu et al.  2008 ).    Lee et al. ( 2002 ) have isolated a 
novel nonspore-forming, mesophilic, succinic acid-producing bacterium from 
bovine rumen, which has been named as  Mannheimia succiniciproducens  
MBEL55E. According to the authors, the bacterium can grow at pH 6.0–7.5 and can 
produce succinic acid, acetic acid, and formic acid at a ratio of 2:1:1 (Lee et al. 
 2002 ). Vemuri et al. ( 2002 ) have demonstrated a dual-phase fermentation process 
for improved succinic acid production by  Escherichia coli  AFP111. This unique 
process has an initial aerobic phase for improve biomass production followed by an 
anaerobic phase for succinic acid synthesis. The authors have reported that using the 
optimized conditions, the process can achieve a fi nal succinic acid concentration of 
99.2 g/L (Vemuri et al.  2002 ). In general, application of less expensive organic 
waste materials as the substrate is an option for enhancing the fi nancial compatibil-
ity of a fermentation process, and the same is true for succinic acid bioproduction. 
Kim et al. ( 2004 ) have used NaOH-treated wood hydrolysate as the substrate for 
succinic acid production by  Mannheimia succiniciproducens  MBEL55E. The 
authors have used batch as well as continuous fermentation process and reported 
that succinic acid productivity of 1.17 g/L/h could be achieved by a batch process, 
whereas, the same by a continuous process could be 3.19 g/L/h (Kim et al.  2004 ). 
Similarly, succinic acid production by  Actinobacillus succinogenes  CGMCC1593 
using straw hydrolysates as the major substrate has been reported by Zheng et al. 
( 2009 ). In another study, Lee et al. ( 2001 ) have demonstrated that glycerol could 
be used as the substrate for succinic acid production by  Anaerobiospirillum 
succiniciproducens . The authors have reported that by feeding yeast extract as a 
supplementary nutrient, the fi nal succinic acid to acetic acid ratio could be enhanced 

E. Chaabouni et al.



485

up to 31.7:1 (Lee et al.  2001 ). Thus, it could be concluded that considerable prog-
ress has been made in succinic acid bioproduction. However, it seems that genetic 
engineering strategies are still less explored in this particular fi eld.  

19.4.3     Butanol and Isobutanol 

 1-Butanol and isobutanol are 4-carbon alcohol platform chemicals with several 
large-volume derivatives and are used in many applications such as in plasticizers, 
amino resins, in paint industry, and as fuel additives among others. 1-Butanol can be 
used as precursor for the production of latex surface coatings, enamels, and lacquers 
(Kirschner  2006 ; Lee et al.  2008 ). Furthermore, 1-butanol could be used as a bio- 
based transportation fuel and is more fuel effi cient than ethanol on a volume basis. 
While isobutanol ester derivatives, such as diisobutyl phthalate, can be used as plas-
ticizer agents (Atsumi et al.  2008 ). Also, through standard chemistry, isobutanol can 
be used as an ingredient in nearly 40 % of traditional chemicals (such as butenes, 
toluenes, and xylenes) as well as many in transportation fuels. Used as a solvent, 
isobutanol appears in paints and cosmetics such as nail polish. The solvent, rubber, 
and fuel ingredient markets are each worth several billion dollars. Butanol produc-
tion has been undertaken by chemical processes in which propylene is catalytically 
converted to 1-butanol (Jones and Woods  1986 ). More recently, the primary method 
of butanol production was carried out using biological processes by anaerobic fer-
mentation with  Clostridium acetobutylicum  the acetone–butanol–ethanol (ABE) 
fermentation pathway (Jang et al.  2012a ,  b ,  c ). In this context, clostridial species 
have advantages over other bacteria and yeasts in utilizing various carbon sources 
(Steen et al.  2008 ; Jang et al.  2012a ,  b ,  c ). However, the butanol yields were low and 
the production cost was high. The US DOE’s Small Business Technology Transfer 
Program is funding research to improve the bio-based route to butanol and make it 
cost competitive with the petroleum-based route. Researchers are attempting to 
increase butanol yield by using improved bacteria strains, employing advanced 
reactor technology, and separating the organic acid production and organic acid-to- 
alcohol phases into different vessels. Thus, metabolic engineering of Clostridium 
has been undertaken to improve 1-butanol production by reducing by-product for-
mation. One notable example is the production of 16.7 g/L of 1-butanol with a 
productivity of 0.31 g/L/h in anaerobic batch fermentation of glucose, using a butyr-
ate kinase-inactive mutant of  C. acetobutylicum  in which formation of the by- 
product, butyrate, was blocked (Harris et al.  2000 ). Recently, 1-butanol production 
of 14–15 g/L was achieved during glucose fermentations by engineered  E. coli  har-
boring a modifi ed Clostridial pathway (Dellomonaco et al.  2011 ; Shen et al.  2011 ). 
Biological isobutanol production was carried out; reported using  E. coli  strain, more 
than 20 g/L of isobutanol was produced from glucose (Atsumi et al.  2008 ). 
Isobutanol production has also been implemented in several other organisms such 
as  C. glutamicum  (Smith et al.  2010 ; Blombach et al.  2011 ; Li et al.  2011 ).  
C. glutamicum  is an attractive producer of isobutanol that was successfully 
 engineered to produce 13 g/L of isobutanol with a yield of 0.20 g/g on glucose 
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(Blombach et al.  2011 ). Researchers have made signifi cant progress in biological 
1-butanol and isobutanol production using metabolic engineering of  E. coli , 
 Clostridium acetobutylicum,  and  C. glutamicum ; the production effi ciency still 
needs to be improved for it to become economically viable. Further work on engi-
neering these strains and exploring their tolerances and the use of low-cost renew-
able substrate like biomass may allow researchers to increase the yields of butanol 
and isobutanol to an industrial scale.   

19.5     Conclusions 

 Most of platform chemicals have been produced from fossil oil that is currently 
 facing global crises, such as climate change and fossil-resource depletion. Thus, 
there is an increasing demand for sustainable production of bio-based platform 
chemicals using biomass sugars as a substrate fermented by microorganisms. 
Chemical products with a broad range of carbon lengths, including C3–C4 carbox-
ylic acids, dicarboxylic acids,  hydroxy  acids, amino carboxylic acids, alcohols, and 
amines, can be produced by the sugar fermentations of microorganisms. Presently, 
bio-based lactic acid has already been commercialized, and succinic, isobutanol, are 
nearing large- scale commercialization as bio-based chemicals. However, propionic 
acid, 1- butanol, 3-hydroxypropionic acids, butyric acid, and 1-propanol are 
 produced only in small amounts by fermentation because of the low effi ciency and 
the high cost of the fermentation. In order to make the fermentation route economi-
cally viable, it is necessary to develop novel fermentation processes that use highly 
effi cient bioreactors and separation techniques and low-cost renewable resources, 
namely, industrial wastes and by-products, as substrate for fermentation.     
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