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Preface

Soils sustain an immense diversity of prokaryotic and eukaryotic organisms. Micro-

bial functions in ecosystems are as diverse as the microbes themselves. Microbes

adapt to these microhabitats and live together in consortia, interacting with each

other and with other parts of the soil biota. Microorganisms play an essential role in

the functioning and sustaining of all natural ecosystems including biogeochemical

cycling of nutrients and biodegradation.

Plant–microbe interactions involving plant growth-promoting rhizosphere

microorganisms (PGPRs) are of beneficial agricultural importance, e.g., improve

plant productivity, suppress disease-causing microbes and nematodes, and acceler-

ate nutrient availability and assimilation. PGPRs compensate for the stress and

reduction in plant growth caused by weed infestation, drought, heavy metals, salt,

and other unfavorable environmental conditions and are frequently used as biofer-

tilizers. Biochemical and molecular tools are continuously being developed in an

attempt to better appreciate microbial abundance and distribution in natural envir-

onments to evaluate community structures with ecosystem functions and to develop

appropriate biofertilization and remediation approaches.

Bioaugmentation, biostimulation, and biocontrol approaches using microbial

inoculants, biofertilizer, bio(chemicals), and organic amendments have been used

for a long time to improve soil biology, fertility, crop productivity, and soil

remediation. In comparison with chemical-synthesized pesticides and fertilizers,

biofertilizers have several advantages including: they are relatively more safe,

potentially reduced environmental damage and human health risk, much more

targeted activity, effective in small quantities, multiply themselves but are con-

trolled by the plant and indigenous microbial populations, decompose more quickly

than conventional chemical pesticides, and can be used in conventional or inte-

grated pest management systems.

This volume, Bioaugmentation, Biostimulation, and Biocontrol of the Soil

Biology Series, is a selection of topics related to biological processes with an

emphasis on their application in improving soil health, fertility, and plant produc-

tivity. Topics include an overview of the role of bioaugmentation, biostimulation,

and biocontrol in soil biology; beneficial interactions of PGPRs and their products;

application of biofertilizer technology for pulse production; beneficial role of
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phosphate-solubilizing microorganisms in soil, composting of lignocellulosic

wastes and beneficial utilization of agro-industrial waste material for bioaugmenta-

tion and soil amendment; various bioaugmentation strategies for bio- and phyto-

remediation of contaminated soils, role of biosurfactants in soil biology and

remediation, and various aspects of biocontrol strategies for suppression of soil-

borne diseases for the protection of agricultural and horticultural plants

Experts in the area of soil science and environmental microbiology from diverse

institutions worldwide have contributed to this book. This book should prove to be

useful to students, teachers, and researchers in the disciplines of soil and environ-

mental sciences, microbiology, biochemistry, and biotechnology.

We gratefully acknowledge the cooperation and support of all the contributing

authors and valuable advice and encouragement provided by Prof. Ajit Varma and

Dr. Jutta Lindenborn throughout the preparation of this volume.

Waterloo, Canada Ajay Singh

Toronto, Canada Nagina Parmar

New Delhi, India Ramesh C. Kuhad
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Chapter 1

Bioaugmentation, Biostimulation,

and Biocontrol in Soil Biology

Ajay Singh, Nagina Parmar, Ramesh C. Kuhad, and Owen P. Ward

1.1 Microbial Diversity and Function in Soil

Biological diversity (or biodiversity) can be defined as the set of animal and

vegetable species, their genetic material, and the ecosystems they belong to, that

is it encompasses diversity at the ecosystem, species, and gene diversity levels

(Fontaine et al. 2003; Lynch et al. 2004). Soil organic matter and the associated

bioactivity are major contributors to carbon and nutrient cycling in the biosphere: it

is the main nutrient source for plant growth (after microbial decomposition) and

impacts upon soil quality (soil structure, resistance to erosion). It also represents the

major carbon reservoir of the biosphere–atmosphere system.

It is believed that up to one billion bacterial species actually exist in the earth

environment and yet only about 5,000 species have been described (Hunter-Cevera

1998; Curtis and Sloan 2004). Only about 1% of the soil bacterial population can be

cultured by standard laboratory practices. Similarly, more than 1.5 million species

of fungi are thought to exist of which only about 72,000 species have been isolated

or described. Microorganisms exist in every conceivable place on earth and soil

may harbor up to 10 billion microorganisms per gram. It is estimated that 1 g of soil

may contain about 4,000 different bacterial “genomic units” based on DNA–DNA

re-association. The tropics are considered to be richer in microbial diversity than

boreal or temperate environments. Some microbiologists believe that there is a

similar level of microbial diversity in the deserts. Many anthropogenic activities,

A. Singh (*)

Lystek International Inc, 107-279 Weber Street North, Waterloo, Ontario, Canada, N2J 3H8,

e-mail: asingh@lystek.com
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such as city development, agriculture, dispersal of pesticides, and other chemical

pollutants can potentially affect soil microbial diversity (Forney et al. 2004;

Blagodatskaya and Kuzyakov 2008).

Numerous factors are known to affect diversity: trophic interactions, spatial and

temporal habitat heterogeneity, disturbance, and eutrophication. Ecosystem stabil-

ity, productivity, and resilience toward stress and disturbances are influenced by the

microbial functional diversity (Table 1.1). Differences in microbial community

structures reflect the abilities of microorganisms to respond to specific environmen-

tal factors and substrates (Kuhad et al. 2004; Little et al. 2008). For example, the

fluorescent pseudomonads are attracted to plant roots and show diversity between

soil and plant surfaces. Species of Penicillium are abundant in temperate and cold

climates, whereas Aspergillus species predominate in warmer regions. Cyanobac-

teria are commonly found in neutral to alkaline soils. Depending on the nature of

the metabolites present in the soil, nitrogen-fixing, sulfur- and hydrogen-oxidizing,

and nitrifying bacteria are often found together with denitrifiers, sulfate-reducers,

and methanogens.

Further, microbial functions in ecosystems are as diverse as the microbes

themselves. Microbially digested organic materials enhance plant growth and

improve soil structure and nutrient status of soil. Denitrifying bacteria utilize

nitrous oxides (NOx) as the terminal electron acceptor. These denitrifiers produce

NOx reductase and can metabolize NOx in aerobic and anaerobic conditions.

Varieties of microhabitats with different physicochemical gradients and discontin-

uous environmental conditions are found in soil. Microbes adapt to these micro-

habitats and live together in consortia, interacting with each other and with other

parts of the soil biota that control microbial community structure and diversity.

Competitive interactions are influenced by soil structure and water regimes. Particle

size and other factors, such as pH, together with type and amount of available

organic compounds, may affect microbial community structure. Soil microbes are

also subjected to considerable seasonal fluctuations in environmental conditions,

particularly those conditions known to affect microbial activity, such as tempera-

ture, water content, and nutrient availability.

Plant growth-promoting rhizobacteria (PGPR) are free-living bacteria of bene-

ficial agricultural importance, for example, plant health and growth, suppress

disease-causing microbes, and accelerate nutrient availability and assimilation.

PGPR compensate for the stress and reduction in plant growth caused by weed

infestation, drought, heavy metals, salt, and other unfavorable environmental con-

ditions and is frequently used as biofertilizer. These bacteria belong to the genera

Acetobacter, Acinetobacter, Alcaligenes, Arthrobacter, Azoarcus, Azospirillum,
Azotobacter, Bacillus, Beijerinckia, Burkholderia, Derxia, Enterobacter, Glucona-
cetobacter, Klebsiella, Ochrobactrum, Pseudomonas, Rhodococcus, Serratia,
Zoogloea, etc. and have been subject of extensive research for decades. PGPRs

may have more than one mechanism for accomplishing plant growth by production

of root exudates, repression of soil-borne pathogens (by the production of hydrogen

cyanide, antibiotics, and/or competition for nutrients), siderophore production,

nitrate reduction, nitrogen fixation, phosphate solubilization, production of organic

2 A. Singh et al.



Table 1.1 Functional diversity of microbes in natural environment

Microbial process in soil Examples of microbes

Organic matter decomposition Trichoderma, Fusarium, Bacillus, Streptomyces,
Clostridium

Nitrogen fixation Rhizobium, Bradyrhizobium, Frankia,
Anabaena, Azotobacter, Beijerinckia,
Aerobacter, Chlorobium, Nostoc

Nitrogen cycles Bacillus, Pseudomonas, Serratia, Nitrobacter,
Nitrosomonas, Achromobacter,
Pseudomonas

Phosphate solubilization Azotobacter, Enterobacter, Bacillus,
Aspergillus, Penicillium, Rhizoctonia,
Trichoderma, Irwinia

Sulfur transformation Desulfovibrio, Thiobacillus
Iron transformation Ferribacterium, Leptothrix
Siderophore production Neurospora, Trichoderma, Agaricus, Fusarium,

Penicillium, ericoid mycorrhizal fungi,

Nocardia, Pseudomonas, Bacillus,
Aeromaonas, Erwinia

Phytohormone production (auxin,

gibberellin, cytokinin)

Azotobacter, Azospirillum, Pseudomonas,
Rhizobium, Bacillus, Flavobacterium,
Actinomyces, Nocardia, Fusarium,
Gibberella, Aletrnaria, Penicillium

Vitamins production (biotin, thiamin) P. fluorescens, P. putida
Antibiotics (kanosamine, oligomycin A,

oomycin A, phenazine-1-carboxylic acid,

pyoluteorin, pyrrolnitrin, viscosinamide,

xanthobaccin and zwittermycin A)

production

Bacillus spp.

Enzymes production (chitinase, cellulase,

glucanase, protease, lipase, dehydrogenase,

phosphatase, nitrogenase)

Plant growth-promoting rhizobacteria

and fungi

Lipopeptide biosurfactants (viscosinamide,

tensin)

Pseudomonas fluorescens

Metabolites production (HCN,

diacetylphloroglucinol)

P. fluorescens

Volatile compounds (2,3-butanediol, acetoin,

pyoluteorin, auxofuran) production

Pseudomonas spp.

Biocontrol Agrobacterium, Pseudomonas, Bacillus,
Strepetomyces, Trichoderma, mycorrhizal

fungi

Bioremediation Acinetobacter, Alcaligenes, Ochrabactrum,
Pseudomonas, Flavimonas, Rhodococcus,
Stenotrophomonas, Comamonas,
Arthrobacter, Burkholderia, Ralstonia,
Moraxella, Nocardia, Klebsiella,
Phanerochaete, Penicillium, Aspergillus,
Fusarium, Cladosporium

Phytoremediation Pseudomonas, Agrobacterium, Enterobacter,
Rhizobium, Kluyvera, Glomus,
Rhizobacteria, mycorrhizal fungi

1 Bioaugmentation, Biostimulation, and Biocontrol in Soil Biology 3



acids, and phytohormones (indole acetic acid or IAA), NH3, release of enzymes

(dehydrogenase, phosphatase, nitrogenase, 1-aminocyclopropane-1-carboxylate

(ACC) deaminase), and the induction of systemic disease resistance (Figueiredo

et al. 2010).

Plant-associated bacteria include endophytic, phyllospheric, and rhizospheric

bacteria. Endophytes are bacteria or fungi that colonize healthy plant tissue inter-

and/or intracellular without causing any apparent symptoms of disease (Wang and

Dai 2010). They are found in almost every host plant studied so far and the

relationship between endophytes and host plants involves both mutualism and

antagonism, which beneficially impact upon the symbiotic system. The phyllo-

sphere refers to the above ground external regions of plant parts including leaves,

stems, flowers, and fruits. Bacteria residing in the phyllosphere are exposed to large

and rapid fluctuations in temperature, solar radiation, and water availability.

Root exudates are believed to have a major influence on the diversity of plant

growth-promoting rhizosphere microorganisms. Root exudates are chemical com-

pounds such as photosynthates, organic acids, sugars, polyamine putrescine

excreted from root tissues. Indirect interactions between plants and microbes

occur in the rhizosphere due to root exudates (Yang 2009).

Plant growth-promoting mycorrhizal fungi play a major role in the induced

resistance against diseases and uptake of P, Zn, Fe, and N in organically grown

crops (Raviv 2010). Simultaneously, mycorrhizae provide additional benefits, not

the least of which being their positive effect on gradual improvement in soil

aggregate stability, resulting from the direct effect of mycorrhizae mycelia.

Plant–microbe interactions such as biofertilization, rhizoremediation, biocon-

trol, and phytostimulation may be quorum sensing (QS) dependent. In QS behavior,

small diffusible extracellular signaling molecules meditate cell–cell communica-

tion. The signaling molecules for gram-negative bacteria are named autoinducers,

usually acylated homoserine lactones (AHLs). The gram-positive bacteria use

peptide-signaling molecules for QS. The catabolic response profile (CRP), a mea-

sure of short-term substrate-induced respiration, has been used to calculate the

catabolic diversity in soil (Gil-Sotresa et al. 2005). After a major disturbance

(landslides, volcanic eruptions, chemical or petroleum oil spills, etc.), significant

changes in catabolic functional diversity have been reported in soil ecosystems. The

major sources of carbon input for soil organisms are the plant roots and organic

residues contributed during and following plant growth. The proportions of nitro-

gen, carbon, and other organic matter alter microbial activity and diversity (Bend-

ing et al. 2002). Microorganisms play an essential role in the functioning and

sustaining of all natural ecosystems including biogeochemical cycling of nutrients

and biodegradation. The types of nutritional substrates available are different in

soils with varying soil organic matter quality, and they directly affect the microbial

community active in the soil. Native soil organic matter content may also signifi-

cantly affect enzyme diversity, which is greater in high organic-containing soils.

Microbial functional diversity analysis is important when considering the ability

of ecosystems to respond to changing environmental conditions, the need to

conserve the microbial gene pool, and utilization of the selective gene pools for

4 A. Singh et al.



useful biotechnological applications relevant to bioremediation and phytoremedia-

tion (Ward et al. 2003; Ohtsubo et al. 2004; Zhuang et al. 2007). Fortunately, with

development of advanced molecular in situ methods and improved cultivation

procedures, better estimates of the microbial functional diversity on earth can be

predicted and its role in soil ecosystem can be thoroughly evaluated.

1.2 Characterization of Natural Microbial

Communities in Soil

Characterization of natural microbial communities is a daunting task due to the

interactions, including those involving substrates and metabolites, possible in soil.

Methods for studying microbial diversity and community function can be broadly

divided into culture-dependent and culture-independent methods (Dahll€of 2002).
Culture-dependent methods are generally based on differential morphological,

metabolic, and physiological properties, including use of techniques for isolation

and cultivation on solid media, determination of most probable number (MPN), and

characterization of substrate utilization patterns. Culture-independent methods

include various biochemical and molecular approaches of community analysis

involving direct examination of metabolically active microbes using differential

stains, phospholipids fatty acid analysis (PFLA), polymerase chain reaction (PCR),

and application of DNA microarray to study specific microorganisms or groups of

microorganisms, specific genes, and to evaluate overall community profiles.

Soil biochemical properties related to the biocycling of elements (C, N, P, and S)

are generally useful indicators of soil quality (Gil-Sotresa et al. 2005). These

properties include both general biochemical parameters such as microbial biomass

C, dehydrogenase activity and N mineralization potential, and specific biochemical

parameters like activities of hydrolytic enzymes, such as phosphatase, urease, and

b-glucosidase. Biochemical properties can be used both individually, as simple

indices, or in combinations using complex equations derived from mathematical

combinations or the application of statistical programs.

Due to the diversity of compounds contained within the soil organic matter, a

great diversity of enzymes exists in soil. Because of the diversity of the soil

community and of the physical soil matrix, multiple soil enzymes are required to

efficiently degrade different compounds. With the recent advances in molecular

ecology, the genetic potential of microbial communities to produce enzymes can be

identified by the genomic studies targeting functional genes coding for extracellular

enzymes (Wallenstein and Weintraub 2008).

Metagenomics is a fast growing and diverse field directed at obtaining knowl-

edge on genomes of environmental microbes and entire microbial communities,

omitting the cultivation step (Chistoserdova 2010). Other terms such as environ-

mental genomics, ecogenomics, community genomics, and megagenomics are also

used to describe this area of biology. Function-based metagenomics relies on

cloning environmental DNA into expression vectors and propagating them in

1 Bioaugmentation, Biostimulation, and Biocontrol in Soil Biology 5



appropriate hosts (Craig et al. 2010). Following appropriate activity screens, an

active clone is identified and the sequence of the clone is determined. The gene of

interest and its respective product are further analyzed, and their biotechnological

potential is explored. Transcriptomic studies of mRNA and emerging proteomic

tools can now be used to assess the microbial regulation of extracellular enzymes,

pool sizes, diversity, and microbial source of soil enzymes. Furthermore, new mass-

spectrometry approaches can be used to quantify the enzymatic degradation pro-

ducts and develop improved models of decomposition.

Biochemical and molecular tools are continuously being developed in an attempt

to better appreciate microbial abundance and distribution in natural environments, to

evaluate community structures with ecosystem functions, determine the community

structure and function in soil, long-term effects of pollution (Prosser 2002; Singh

and Ward 2005) and to develop appropriate remediation approaches (Siciliano et al.

2003; VanHamme et al. 2003; Singh et al. 2009). Molecular methods for the analysis

of microbial diversity and community analysis will be greatly advanced if genome

projects are initiated to sequence environmentally important microorganisms.

1.3 Microbial Inoculants and Biofertilizers

Traditional use and importance of chemical fertilizers in agricultural production

cannot be over-emphasized, but with fertilizer costs going up, generally in parallel

to increase in energy costs, these need to be supplemented or substituted with

cheaper available alternatives such as beneficial microbial inoculants, biofertilizers,

and organic amendments to improve soil quality, fertility, biology, and agricultural

productivity (Saleem et al. 2007; Ray et al. 2008; Babalola 2010).

Biofertilizers contain different types of microorganisms, which have an ability to

convert nutritionally important elements from unavailable to available form

through biological processes in soil. Biofertilizers have emerged as a potentially

important component of the integrated soil nutrient supply system and hold great

promise to improve crop yields. Microbial inoculants and biofertilizers are an

important component of organic farming accounting for about 65% of the nitrogen

supply to crops worldwide. In comparison with chemical/synthesized pesticides

and fertilizers, microbial inoculants or biofertilizers have several advantages (Berg

2009) including:

(a) Greater relative safety

(b) Potentially reduced environmental damage and human health risk

(c) Much more targeted activity

(d) Effectiveness in small quantities

(e) Capacity for self-multiplication while being controlled by the plant as well as

by the indigenous microbial populations

(f) Faster decomposition than conventional chemical pesticides

(g) Ability to be used in conventional or integrated pest management systems
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Biofertilizers containing N-fixer (Rhizobium spp., Bradyrhizobium spp.,

Azotobacter chroococcum), P-solubilizer (Bacillus megaterium) and K-solubilizer

(Bacillus mucilaginous), and arbuscular mycorrhizal fungi (Glomus mosseae and

Glomus intraradices) have been developed for commercial applications. However,

in the current economic situation there is a need to get maximum output with

minimum cost, which is possible only if chemical fertilizers are supplemented with

organic- and bio-fertilizers.

Inoculation of legume seed by dusting with peat culture in the presence of

adhesives is an efficient and convenient way to introduce effective rhizobia to

soil and subsequently to the rhizosphere of legumes (Deaker et al. 2004). Lime-

pelleting of inoculated legume seed with superfine limestone (CaCO3) is used to

counteract the acidic effects of soil or superphosphate on the survival of the

rhizobia. Co-inoculation studies with PGPR and Rhizobia have shown increased

plant nodulation and N fixation (Figueiredo et al. 2010). Co-inoculation of some

Bacillus strains with effective Bradyrhizobium resulted in enhanced nodulation and

plant growth of green gram (Vigna radiata L.).

1.4 Fate of Genetically Modified Organisms

Determining the impact and fate of genetically modified organisms (GMOs) or non-

modified organisms on the environment are of great concern today. Genetic

exchange between microbes, plants and animals may be promoted by transforma-

tion. In general, release of DNA from different organisms occurs by cell lysis after

death. However, some microorganisms possess active mechanisms for releasing

large amounts of chromosomal or plasmid DNA which can reach concentrations

that could support horizontal gene transfer by transformation (Singh et al. 2006).

Plant DNA enters the soil continuously, predominantly from the sloughing off of

root cap cells, as a result of pathogen colonization of below-ground biomass,

through pollen dispersal, and during crop residue decomposition.

Bacteria are the only organisms capable of natural transformations and consid-

ered for the genuine bacterial gene transfer process. In bacteria, gene transfer can

occur by three mechanisms in the natural environment:

(a) Transformation – extracellular DNA is taken up by recipient bacteria

(b) Conjugation – genetic material is transferred from one bacterium to another by

cell to cell contact)

(c) Transduction – the transfer of genetic information between bacteria is mediated

by bacteriophages

Both bacteria and free DNA may be dispersed by percolation and flow of water,

air and dust, and other soil organisms. Upon entering the soil environment, extra-

cellular DNA is subjected to dynamic biological, physical, and chemical factors

that determine its fate (Levy-Booth et al. 2007; Pietramellara et al. 2009). Extracel-

lular DNA up to 20 kb in size may persist through cation bridging onto soil minerals
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and humic substances, and may be enzymatically degraded and restricted by

DNases of microbial origin, and/or enter the microbial DNA cycle through natural

transformation of competent bacteria. Lateral gene transfer may disseminate DNA

through the microbial community. DNA also tends to adsorb to the clay and sand

particles.

The potential risks associated with the release of GMOs into the environment

has led to the development and construction of active biological containment

systems in which bacteria are killed in a controlled suicide process (Ronchel and

Ramos 2001). This strategy has been developed to prevent the undesirable spread of

genetically modified microorganisms in the environment after they have completed

their intended tasks.

Genetically modified plants (GMPs) have great potential for future agricul-

tural, but also require a well-defined risk assessment. Most of the studies that have

been conducted in order to determine the effects of GMPs on soil microorganisms

and processes have been able to detect some sort of effect (Bruinsma et al. 2003).

GMPs have been found to affect bacteria, non-target fungi, target fungi, enzyme

activities, substrate utilization, and decomposition. Natural transformation is the

most likely mechanism for horizontal transfer of genes from transgenic crops to

bacteria. The single-stranded DNA taken up by the bacteria can either integrate

into the bacterial genome by homologous recombination or form an autonomous

replicating element. From laboratory experiments, >40 bacterial species from

different environments are known to be naturally transformable. Transgenic plant

DNA can be degraded during plant senescence and during microbial degradation

of the plant residue in soil. However, measured amounts of transgenic plant DNA

can escape these degradation processes and the long-term persistence, even of

a small percentage of released plant DNA, is assumed to enhance the likelihood

of bacterial transformation.

However, the effects of transgenic crops on soil microbial populations are

expected to be low or at least less important compared to other biosafety issues

of transgenic crops such as out-crossing to weedy species, effects on non-target

organisms or the appearance of new viruses (Mercier et al. 2006; Icoz and

Stotzky 2008).

1.5 Organic Amendments

Typical organic wastes and amendments that are applied to soil are pulp and paper

industrial sludge, municipal wastewater sludge, animal manure, abattoir waste, and

compost. Direct application of raw organic wastes is inappropriate for land use due

to their unknown compositions with respect to pathogens, toxic compounds, weed

seeds, heavy metals, and foul odors. These materials, if not appropriately treated or

processed to reduce environmental risks and disposal constraints, may pose a

serious threat to the environment and human health and cause toxicity to beneficial

microflora in soil. The practice of using landfills for organic waste disposal has to
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diminish due to large quantities of waste generation, and reduced availability of

dumping sites and the associated environmental hazards. Similarly, incineration is

expensive and causes air pollution. In contrast, land application of treated organic

wastes has emerged as an attractive and cost-effective strategy. These materials

have been proved to supply plant nutrients and organic matter to the soil for impro-

ved crop production. The beneficial impacts of organic amendments to soil and

nutrient composition of a range of organic material are shown in Tables 1.2 and 1.3,

respectively.

Use of organic soil amendments is a traditional cultural practice to improve soil

fertility and structure. It is also known as a control method for soil-borne diseases,

including plant–parasitic nematodes. Organic amendments have also been proposed

to control diseases caused by soil-borne pathogens such as Aphanomyces euteiches,
Gaeumannomyces graminis, Macrophomina phaseolina, Rhizoctonia solani,

Table 1.2 Beneficial impact of organic amendments to soil

Soil property Beneficial effect to soil

Biological Microorganisms, earthworm, decomposition, humus production, nutrient

availability, production of beneficial chemicals (hormones, amino acids,

vitamins, organic acids, antibiotics), suppression of plant pathogens, crop

productivity

Chemical Buffering capacity, chelating capacity, cation exchange capacity, pH

Nutritional Micronutrients (B, Cu, Mn, Mo, Zn) and macronutrients (Ca, Fe, Mg, K, P, C,

N, O, H)

Physical Soil aggregation, texture, porosity, bulk density, crusting, erosion, water

holding capacity, water infiltration and percolation

Table 1.3 Nutrient values of organic waste material

Organic matter % Nitrogen % Phosphorus % Potassium Availability of nutrients

Alfalfa hay 2–3 0.5–1 1–2 Medium

Cottonseed meal 6 3 1 Slow

Compost 1.5 0.5 1 Slow

Bone meal 1 11 0 Slow

Dried blood 12 1.5 0.5 Rapid

Feather meal 12 0 0 Medium

Fish meal 10 4 0 Slow

Grass clippings 1–2 0–0.5 1–2 Medium

Horn meal 12–14 1.5–2 0 Medium

Kelp 1 0.5 9 Rapid

Leaves 1 0–0.5 0–0.5 Slow

Legumes 2–4 0–0.5 2–3 Medium

Cow manure 0.25 0.15 0.25 Medium

Horse manure 0.3 0.15 0.5 Medium

Sheep manure 0.6 0.33 0.75 Medium

Swine manure 0.3 0.3 0.3 Medium

Pine needles 0.5 0 1 Slow

Poultry manure 2 2 1 Rapid

Sewage sludge 2–6 1–4 0–1 Moderate

Wood ashes 0 1–2 3–7 Rapid
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Thielaviopsis basicola, Verticillium dahlia, etc. (Bonanomi et al. 2010). Applica-

tion of organic soil amendments is a traditional control method for plant–parasitic

nematodes as well (Oka 2010). A variety of organic amendments, such as animal

and green manures, compost, nematicidal plants, and proteinous wastes, are used

for this purpose. Combinations of different mechanisms appear to produce nema-

tode suppression in amended soils. Possible mechanisms involved in nematode

suppression are:

(a) Release of pre-existing nematicidal compounds in soil amendments

(b) Generation of nematicidal compounds, such as ammonia and fatty acids, during

degradation

(c) Enhancement and/or introduction of antagonistic microorganisms

(d) Increase in plant tolerance and resistance

(e) Changes in soil physiology those are unsuitable for nematode behavior

1.5.1 Conventional Compost and Vermicompost

Composting is considered one of the most appropriate options for addressing the

constraints associated with organic solid waste materials for agricultural use.

However, according to an estimate (Ahmad et al. 2007), 827 million tons of

compostable materials are produced each year, largely by agriculture, municipali-

ties, and industry. However, only 140 million tons, or 17%, of those are collected

for composting. Composting is a biological process which converts heterogeneous

organic wastes (manure, sludge, yard wastes, leaves, fruits, vegetables, and food

wastes) into humus-like substances by mixed microbial population under controlled

optimum conditions of moisture, temperature, and aeration. Composts provide

plant nutrients and improve soil biophysical properties, soil organic matter, and

crop yields. Decomposers include bacteria, actinomycetes, and fungi that are

widespread in nature and are indigenous to soil, dust, fruit and vegetable matter,

and wastes of all sorts, so special organisms are not required.

Vermicompost, like conventional compost, provides many benefits to agricul-

tural soil, including increased ability to retain moisture, better nutrient-holding

capacity, better soil structure, and higher levels of microbial activity. Vermicom-

post may sometimes be superior to conventional aerobic compost in the levels of

plant-available nutrients, beneficial microorganisms, ability to stimulate plant

growth, ability to suppress diseases, and ability to repel pests. This is a relatively

new area and not much information is available. There seems to be strong evidence

that worm castings may repel hard-bodied pests probably due to the production of

the chitinase enzyme by the worms, which breaks down the chitin in the insects’

exoskeleton.

Climate change is one of the most serious and pressing environmental problems

of our time. Farms are a significant contributor to climate change, largely through

the release of carbon from soils and the generation of methane gas from livestock
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and their manures. Both composting and vermicomposting address these issues

through carbon sequestration, a process of locking up carbon in organic matter and

organisms within the soil. Because composts are stable, more carbon is retained in

the soil than would occur if raw manure or inorganic fertilizer were applied. The

consistent application of compost or vermicompost gradually raises the level of

carbon in the soil.

Since, the composting process results in the same level of greenhouse gas (GHG)

emissions as if the materials were allowed to decay naturally, it is considered to be

neutral with respect to GHG generation. The potential advantages of composting

described above also apply to vermicomposting. In theory, however, vermicom-

posting should provide some potentially significant advantages over composting

with respect to GHG emissions. The vermicomposting process does not require

manual or mechanical turning, as the worms aerate the material as they move

through it. This should result in fewer anaerobic areas within the piles, reducing

methane emissions from the process. It also reduces the amount of fuel used by

farm equipment or compost turners. It has been suggested that the increased

effectiveness of vermicompost relative to compost in promoting plant growth and

increasing yield can result in the displacement of 5–7 times as much fertilizer per

unit of vermicompost, thereby decreasing the GHG emissions proportionately.

Finally, analysis of vermicompost samples has shown generally higher levels of

nitrogen than analysis of compost samples made from similar feedstock. This

implies that the process is more efficient at retaining nitrogen, probably because

of the greater numbers of microorganisms present in the process. This, in turn,

implies that less nitrous oxide is generated and/or released during the process, such

that less free ammonia is generated. Since N2O is 310 times as potent a GHG as

CO2, this could be a significant benefit.

1.5.2 Wastewater Biosolids

Biosolids are the residual solids remaining after wastewater or sludge has been

treated. The need for solids reduction is becoming more evident as the volume of

generated wastewater biosolids is growing and municipal plants are choosing to

dispose of the nutrient-rich solids through recycling to agriculture fields and thus

helping to save space in landfills. Biosolids contain significant amounts of nutrients

required by plants, including nitrogen, phosphorus, potassium, and micronutrients,

making them an excellent fertilizer for use in agriculture and forestry. Addition of

biosolids to soil improves bulk density, increases porosity, soil aggregation, mois-

ture and nutrient retention, and organic carbon. Biosolids have been used in

conjunction of phytoremediation technology for landfill remediation as landfill or

phytocapping to stabilize soil and simultaneously remediate landfill leachate (Kim

and Owens 2010). However, long-term application of biosolids to cultivated land

may raise concerns for food safety from contaminants, such as the pathogens, heavy
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metals, and endocrine disruptive compounds (EDCs) present in the biosolids that

may find their way in water streams or accumulate in plant tissues.

A large number of human pathogens, which primarily originate from human

feces, can find their way into biosolids. The diversity and number of pathogens in

biosolids depend upon the general health of the contributing population, presence of

hospitals, farm animals, and abattoir industries in the area (Girones 2006; Sidhu and

Toze 2009). Enteric virus, protozoa, and parasites are obligatory parasites and

hence unable to multiply in biosolids, whereas bacteria may multiply under favor-

able conditions. Generally, pathogenic viruses and bacteria die within 1–3 months,

whereas protozoan oocysts and helminth ova can survive for up to a year in

wastewater and possibly much longer in untreated biosolids. The inactivation of

pathogens in the biosolids depends upon a number of factors such as temperature,

moisture content and competition from indigenous microflora. Other factors such as

predation, pH adjustment, sunlight, oxygen and oxidants, mechanical shearing or

abrasion, soil type, and texture also influence pathogen inactivation. A number of

different types of pathogens can be present in the biosolids but only a small portion

of them are a cause of concern including bacteria: Escherichia coli O157:H7,
Listeria, and Helicobacter pylori; the viruses: coxsackievirus, echovirus, hepa-

titis A, rotavirus, and norovirus; and the parasites: Cryptosporidium, Cyclospora,
Toxoplasma, Microsporidia and Giardia. Currently, the lack of well-developed

methods for the detection and enumeration of viral, protozoan, and helminth

pathogens is the main cause of non-availability of the data on pathogen behavior

in biosolids.

Various stabilization processes for the treatment of wastewater biosolids to

remove pathogens have been used commercially; including composting, heat dry-

ing, pelletizing, incineration, mechanical and thermal destruction, enhanced ther-

mophilic digestion and chemical (alkali, ammonia, sulfamic acid, fly ash, etc.)

treatment (Table 1.4). Treatment technologies involving high temperature or pres-

sure systems are generally more energy extensive and expensive to operate and

maintain with high capital/operating costs as compared to technologies involving

only chemical and pasteurization processes. Chemical stabilization and heat-drying

processes have been used that produce pathogen-free nutrient-rich high solids liquid

or dry soil-like organic product for soil enrichment, topsoil blend, and as organic

fertilizer amendments.

Municipal wastewater may contain a complex mixture of EDCs, originating

from personal care products, pharmaceuticals, excreted hormones, household and

industrial chemicals, etc. Different environmental agencies have classified the

following compounds as EDC or potential EDC: steroids (17b-estradiol, ethynil
estradiol, estrone, diethylstilbestrol), some alkylphenols (nonylphenol, nonylphe-

nol ethoxylate, octylphenol, octylphenol ethoxylate), polychlorinated biphenyls

(PCBs), brominated flame retardants, polyaromatic hydrocarbons (PAHs), di-(2-

ethyl hexyl) phthalate, bisphenol A (BPA), hexachlorobenzene, pentachlorophenol,

polychlorinated dibenzodioxins/furans (PCDD/F), tributylin, and many pesticides

including, atrazine, lindane, and dieldrin. Some pre-treatment methods (enzymatic,

thermal, oxidation) may facilitate EDC biodegradation in subsequent biological
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treatment (mesophilic anaerobic digestion, sequential biological reactors). How-

ever, none of the research studies carried out till date report partial breakdown

products and/or intermediates of EDCs after pre-treatment, which could be poten-

tially more toxic than the parent compounds. Therefore, systematic studies are

required to explore the degradation of toxic intermediates after sludge pre-treat-

ment and subsequent stabilization processes. However, as is discussed further in the

next section, studies in environmental technology, including passive bioremedia-

tion through natural attenuation and more engineered bioremediation processes,

have proven that soil ecosystems respond to the presence of synthetic chemical

contaminants by adjusting their microbial populations to facilitate contaminant

biodegradation. Indeed, even in cases where the contaminants were perceived to

Table 1.4 Commercially used wastewater biosolids stabilization processes

Stabilization process Description Supplier/developer

Alkali/pasteurization Using a combination of heat, alkali and high

shear to cost effectively achieves cell

lysis; high solid pathogen-free liquid

fertilizer product as soil amendment;

recycling to anaerobic digester to

improve digestion/biogas production/

solids reduction

Lystek, Canada

Alkali/heat drying

treatment

Use of chemicals such as lime, sulfamic acid,

cement kiln dust, lime-kiln dust, and/or

fly ash, heating; soil-like dry fertilizer

product as soil amendment

N-Viro, USA

Bioset, USA

Anhydrous ammonia/heat Mixing by pug mill, concentrated

phosphoric, sulfuric acid, ammonia,

drying; dry fertilizer product as soil

amendment

Vitag, USA

Pelletizing/heat drying Heat drying sludge and manure to a dry

product as soil amendment

Terratec, Canada

Veolia, USA

Unity Envirotech,

USA

Thermal hydrolysis Pre-treatment of sludges for anaerobic

digestion of municipal and industrial

sludge and biowaste; dry fertilizer

product as soil amendment

Veolia, USA

Cambi, Norway

High-pressure homogenizer/

alkali

Chemical pre-treatment and high-pressure

homogenizer to weaken and burst cells;

application in anaerobic digestion

improvement

Paradigm, Canada

Auto-thermophilic aerobic

digestion (ATAD)

digestion/chemical

Chemical pre-treatment and thermophilic

aerobic digestion of organic waste;

granular or liquid product for land

application

PMC Biotec, USA

Mechanical disintegration Homogenizing, pressurizing and passing

through disintegration nozzle to rupture

cell structure; application in anaerobic

digestion improvement

Siemens, USA
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be recalcitrant, organisms have been shown to develop the requisite new biodegra-

dative capacities. Furthermore, the principal nutrients in biosolids act to promote

this biodegradation through bioaugmentation.

One of the limiting steps in conventional treatment of wastewater by aerobic or

anaerobic processes is the availability of biodegradable organics called as volatile

suspended solids (VSS) in the wastewater sludges. Consequently, many research

efforts have been made in the recent past to increase the VSS destruction by

adopting various types of pre-treatments (chemical, thermal, mechanical, and

biological pre-treatments and combinations thereof) and are recently reviewed by

Carrère et al. (2010). Sludge pre-treatments rupture suspended solids (microbial

cells), liberate the nutrients, partially solubilized the suspended solids, increase the

soluble chemical oxygen demand, decrease viscosity, and improve the overall

sludge digestibility. Ultrasonication, high pressure homogenizer, shearing, alkaline

hydrolysis, thermal hydrolysis, and partial oxidation through chemical reaction or

ozonation are efficient pre-treatment methods that have been reported to increase

sludge biodegradability.

Bioconversion wastewater sludge into value-added products (VAPs) such as

biopesticides or other biocontrol agents (BCAs), microbial inoculants, industrial

enzymes, bacterial bioplastics, and other biopolymers have been achieved with

successful and encouraging results (Barnabé et al. 2009). However, wastewater

sludges are known to contain toxic metals, organic micro-pollutants and pathogens

and may pose risks associated with the commercial application of VAPs. Environ-

mental risks related to various contaminants may be reduced by selecting the

biosolids with low contaminant levels and by adopting necessary steps to decon-

taminate or eliminate the contaminants of concern followed by subjecting

the product to rigorous ecotoxicological (teratogenicity, carcinogenicity, and

mutagenicity) tests during product registration with the government regulatory

authorities.

1.6 Bioaugmentation and Biostimulation in Bioremediation

1.6.1 Bioremediation

Soil and aquatic environments are potential target media for thousands of contami-

nants that vary in composition and in concentration. These contaminants enter the

system as a result of a wide range of actions such as intentional applications,

inadequate residue disposal, accidental wastes, and inappropriate use. The pollution

by inorganic compounds such as nitrates, phosphates, and perchlorates is due

to an inadequate disposal of manufacture residues of fireworks and matches;

explosives such as hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-

1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) from their manufacture and tests;

monoaromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylene
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from oil spills and of storage tanks leaking; polycyclic aromatic hydrocarbons

from accidental spills; a range of herbicides such as diuron, linuron, and chloro-

toluron used in weed control and by heavy metals (Fig. 1.1) (Sheoran et al.

2008; Ward et al. 2009).

Microorganisms can degrade numerous organic pollutants due to their metabolic

machinery and to their capacity to adapt to inhospitable environments. The capacity

of a microbial population to degrade pollutants within an environmental matrix

(e.g., soil, sediment, sludge or wastewater) can be enhanced either by stimulation of

the indigenous microorganisms, by addition of nutrients or electron acceptors

(biostimulation) or by the introduction of specific microorganisms to the local

population (bioaugmentation).

The concept of introduction of non-indigenous or cultured microorganisms into

natural or engineered environments is not new, and has been practiced in agricul-

ture, in some wastewater treatment processes, and bioremediation of contaminated

sites. Traditional bioaugmentation practice has achieved its greatest results through

repeated application of highly competent pollutant degrading bacteria using appro-

priate microbial strain selection better suited for a particular tasks and environments

(Singh et al. 2009). The potential for successful bioaugmentation may be increased

by using soil containing indigenous degrader populations exposed previously to

contaminants. Introduction of naturally developed microbial consortia may be more

effective as compared to single strains isolated and applied as pure cultures.
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Fig. 1.1 Role of bioaugmentation, biostimulation and biocontrol in soil biology and fertility
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Most bioaugmentation studies have been carried out using gram-negative bacte-

ria belonging to species of Pseudomonas, Flavobacterium, Sphingomonas, Alcali-
genes, and Achromobacter (Singh et al. 2004; El Fantroussi and Agathos 2005).

Other potential bioaugmentation strains may be gram-positive bacteria species,

such as Rhodococcus,Mycobacterium, and Bacillus. Useful fungal species belongs
to genus Absidia, Achremonium, Aspergillus, Verticillium, Penicillium, and Mucor
(Mrozik and Piotrowska-Seget 2010). No single microbial species or group appears

to be universally applicable to bioaugmentation and success in removal of recalci-

trant toxic substances from soils using microbial consortia has been demonstrated.

One of the most important strategies for bioremediation efficacy relates to

maintaining appropriate viable counts of the introduced strain. There are different

approaches in delivering bacterial strain to desired contaminated areas. Immobiliza-

tion of microorganisms has been suggested as a strategy to improve the effectiveness

of bioaugmentation as it provides a protective barrier around microorganisms.

Several carriers were tested for soil bioremediation, for example, polyvinyl alcohol,

chitin and chitosan, vermiculite, sugarcane bagasse, corncob and corncob powder,

gellan gum, wheat straw, organo-mineral carriers consisting of zeolite-clinoptilolite

and humic acids. Survival of inoculated microorganisms as well as their bioreme-

diation performances can be most likely enhanced by the supply of carbon sub-

strates co-localized with the inoculum in the immobilization matrix, which could at

the same time selectively promote immobilized cell growth and not indigenous

microbial populations in soil.

The combination of bioaugmentation and biostimulation might be a promising

strategy to speed up the bioremediation process. Both indigenous and exogenous

microorganisms could benefit from biostimulation by the addition of energy

sources or electron acceptors. The combination of bioaugmentation with surfactant

addition might increase its chances of success.

1.6.2 Microbe-Assisted Phytoremediation

Phytoremediation for clean-up of contaminated soil has long been recognized as a

remediation option. Since the interface between microbes and rhizosphere is con-

sidered to greatly influence the growth and survival of plants, alternative phytor-

emediation methods that exploit rhizosphere bacteria to reduce metal and organic

pollutant toxicity to plants have been investigated extensively (Zhuang et al. 2007;

Hsieh et al. 2009; Karami and Shamsuddin 2010). Bacterial diversity and the

number of culturable heterotrophic bacteria decrease significantly in polyaromatic

hydrocarbon- and phenyl urea herbicides-contaminated soils. The number of pro-

karyotic genomes per gram of wet weight of soil declined eightfold following many

years of heavy metal treatment (Kent and Triplett 2002). With the exception of the

Proteobacteria, all phylogenetic taxa examined declined as a percentage of the total

number of prokaryotes in the soil. The percentage of Proteobacteria doubled with
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the heavy metal treatment. A significant reduction in the enzyme activities such as

dehydrogenase, acid phosphatase, and b-glucosidase is observed following high

levels of heavy metal contamination (Nowack 2008).

In phytoremediation plants facilitate favorable conditions for microbial degrada-

tion through their root systems and provide O2 necessary for biodegradative path-

ways, which represents a simple and inexpensive means of accessing contaminants

existing in subsurface soils and water and encouraging degradation, volatilization or

immobilization of pollutants (Abhilash et al. 2009; Weyens et al. 2009). The plant

and microbial enzymes involved in the primary and secondary oxidations of organ-

ics are reasonably well characterized (Kavamura and Esposito 2010). Microbes

provide a link between roots and the soil, changing metal availability and toxicity.

Some bacteria, such as biosurfactant-producing Pseudomonas aeruginosa, are

able to decrease metal solubility and its mobility, minimizing its phytotoxicity

(Lynch and Moffat 2005; Jing et al. 2007; Juwarkar et al. 2007). Microbe-assisted

phytoremediation techniques have been used in the treatment of trichloroethylene,

PCBs, and polycyclic aromatic hydrocarbons (Zhuang et al. 2007).

PGPR have recently been used in environmental remediation, particularly to

overcome plant stress under flooded, high temperature and acidic conditions.

Indirect impact of PGPR is usually achieved by production of plant hormones

(gibberellins, cytokinins, and auxins), by increasing the plant tolerance to diseases

and releasing heavy metal binding components, such as methallothioneins and

phytochelatines, which are useful in the bioremediation of contaminants (Wu

et al. 2006).

Recently, the benefits of combining endophytic bacteria with plants for

increased toxic metal contaminated soil remediation have been successfully

demonstrated (Rajkumar et al. 2009). Endophytic bacteria reside within plant

hosts without causing disease symptoms. The metal resistant endophytes are

reported to promote plant growth by various mechanisms such as nitrogen fixation,

solubilization of minerals, production of phytohormones, siderophores, transforma-

tion of nutrient elements, and utilization of 1-aminocyclopropane-1-carboxylic acid

as a sole N source.

Fungi have also been used in phytoremediation technology, like arbuscular

mycorrhizae fungi or AMF (Khan 2005). In order to enhance phytoremediation

efficiency, the effects of dual inoculation with ectomycorrhizal fungi and the

ectomycorrhiza-associated bacteria Micrococcus luteus and Sphingomonas sp. on
the growth and metal accumulation of willows in contaminated soil has been

investigated with success (Zimmer et al. 2010). The principal role of AMF is to

improve the uptake of phosphorus and mineral nutrients for plants and enhance the

number and length of root branch; however, the alleviation mechanism of AMF on

the phytoremediation of metal is not clear.

Bioavailability of heavy metals can also be increased by decreasing pH by

adding sulfuric acid or organic fertilizers or using chelating reagents such as

ethylene diamine tetraacetic acid (EDTA) and (S,S)-N,N0-ethylenediamine disuc-

cinic acid (EDDS) (Hong et al. 2010). Plant roots produce chelating agents that can

complex with lead, gold, and uranium in plants, increasing the metal solubility and
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translocation from root to shoot. Soil microbes produce small, high-affinity iron-

chelating compounds siderophores that are one of the strongest soluble Fe3+

binding agents known, which enable them to live in diverse environments

(Guenther 2007).

1.6.3 Chemical Additives

Biostimulation of microbiological processes for pollutant degradation usually

involves the modification of the contaminated medium by adjusting pH, addition

of limiting nutrients to achieve an ideal nutrient C:N:P ratio and improving the soil

moisture. Another biostimulation approach is to add microbial products, such as

biosurfactants or enzymes, directly as an amendment either alone or in combination

with microbial inoculants. Biosurfactants have been used for bioremediation of

metal and organic-contaminated material, and they may also have a use in bioaug-

mentation applications either to protect microbial inoculants from metal toxicity or

to increase the amount of organic substrates available for degradation.

Chemical additives such as (bio)surfactants, organic/inorganic acids and alkali,

water soluble solvents such as methanol, complexing agents such as EDTA,

and oxidizing and reducing agents have been used for soil washing, flushing, and

dissolving organic pollutants for soil remediation in conjunction with natural

microbial activity. Cationic, anionic, and non-ionic surfactants contain both hydro-

phobic and hydrophilic compounds making them ideal for solubilization of hydro-

phobic compounds. Numerous studies at the laboratory, pilot or field scale have

indicated enhancement in the process in the presence of these chemicals. Removal

efficiencies are affected by pH, soil type, particle size, permeability, and type of

contaminants. High clay and organic matter are detrimental for remediation pro-

cesses. Biosurfactant applications in the environmental industries are promising

due to their biodegradability, low toxicity, and effectiveness in enhancing biode-

gradation and solubilization of low solubility compounds. Studies on application

of biosurfactant such as surfactin (Bacillus subtilis), rhamnolipid (Pseudomonas
aeruginosa), and sophorolipid (Torulopsis bombicola) in enhancing removal of

metals (Cu, Cd, Zn) from contaminated soil have shown some promise in the

past (Mulligan 2005).

Commonly employed remediation technologies for treating PAH-contaminated

soils include soil washing or solvent extraction, bioremediation, and chemical

oxidation. In all PAH remediation techniques, a major influencing factor is

the tendency of PAHs to adsorb tightly to organic matter in soil due to their hydro-

phobic nature. An interesting advancement in the field of soil remediation for

hydrophobic organic compounds is the inclusion of vegetable oil in various

technologies. Vegetable oil offers multiple applications in soil remediation, rang-

ing from its utilization as a solvent to physically extracting PAHs to its usage as

soil amendment to enhance biological and non-biological treatments (Pannu et al.

2004; Yap et al. 2010).
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1.7 Biocontrol

Traditional methods used to protect crops from diseases have been largely based on

the use of chemical pesticides. Applications of fungicides, fumigants, herbicides,

and insecticides can have drastic effects on the environment and consumers.

Chemical methods may not be economical in the long run because they pollute

the atmosphere, damage the environment, leave harmful residues, and can lead to

the development of resistant strains among the target organisms with repeated use.

Therefore, a reduction or elimination of synthetic pesticide applications in agricul-

ture is highly desirable. One of the most promising means to achieve this goal is by

the use of BCAs for disease control alone, or to integrate with reduced doses of

chemicals in the control of plant pathogens resulting in minimal impact of the

chemicals on the environment. Biocontrol of pests in agriculture is a method of

controlling pests including insects, mites, weeds, and plant and soil-borne diseases.

A number of BCAs have been registered and are available as commercial products,

including strains belonging to bacterial genera such as Agrobacterium, Pseudomo-
nas, Streptomyces, and Bacillus, and fungal genera such as Gliocladium, Tricho-
derma, Ampelomyces, Candida, and Coniothyrium.

PGPR produce numerous compounds that are toxic to pathogens, such as HCN,

phenazines, pyrrolnitrin, pyoluteorin, and enzymes, antibiotics, metabolites, and

phytohormones. The potential of PGPR for biological control can result from one or

more mechanisms, including antagonism, competition, and the production of anti-

biotics or siderophores or by inducing disease resistance and/or direct growth by

improving nutrient uptake for plants by the alteration of plant hormone levels.

Combining multiple PGPR types can suppress disease development in many crop

plants and protect them against a broad range of soil-borne plant pathogens.

During the infection process, phytopathogenic bacteria enter plant tissues either

by wounds or natural openings and occupy the apoplast of plant tissues or the xylem

where they multiply and spread, a process that often involves the participation of

hydrolytic enzymes and toxins (Soto et al. 2009). Pathogenic bacteria and mutual-

istic rhizobia are able to invade and establish chronic infections within their host

plants. The success of these plant–bacteria interactions requires evasion of the plant

innate immunity by either avoiding recognition or by suppressing host defenses.

The primary plant innate immunity is triggered upon recognition of common

microbe-associated molecular patterns. Different studies reveal striking similarities

between the molecular basis of rhizobial nodulation factors and microbe-associated

molecular patterns from plant pathogens.

The global market for biocontrol has been valued over $580 million (Bolckmans

2008). This was divided into 43.5% of sales in North America, 20.7% in Europe,

12.2% in Asia, 11.2% in Oceania/Australia, 8.3% in Latin America and 3.9% in

Africa. While Bacillus thuringiensis is used to control most of the economically

important insect pests, including American bollworm sp., Earias spp., Spodoptera
sp., and Plutella sp., strains of Bacillus subtilis, and P. fluorescens are used to

control bacterial as well as fungal pathogens.
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Trichoderma, an asexual fungus found in the soils of all climatic zones, is a

secondary opportunistic invader, a fast growing and strong spore producer, an

excellent source of cell wall degrading enzymes (cellulases, ligninases, chitinases,

glucanases, etc.), and an important antibiotic producer. Numerous Trichoderma
strains are “rhizosphere competent” and are able to degrade hydrocarbons, chlor-

ophenolic compounds, polysaccharides, and the xenobiotic pesticides used in

agriculture. During the interaction of Trichoderma with the plant, different classes

of metabolites may act as elicitors or resistance inducers.

Mycorrhitic plants are better protected against soil-borne diseases (Pozo and

Azcón-Aguilar 2007; Lioussanne et al. 2009), whereby the protection by the AM

fungal colonization of the plant root conferred to plants against many soil-borne

pathogens such as species of Aphanomyces, Cylindrocladium, Fusarium, Macro-
phomina, Phytophthora, Pythium, Rhizoctonia, Sclerotinium, Verticillium, and

Thielaviopsis and various nematodes.

1.8 Conclusions

Bioaugmentation and biostimulation approaches using microbial inoculants, bio-

fertilizers, bio(chemicals), and organic amendments have been used for a long time

to improve soil biology, fertility, crop productivity, biocontrol method for soil-

borne diseases and plant–parasitic nematodes and soil remediation. Knowledge of

microbial diversity and function in soils is limited because of the taxonomic and

methodological limitations associated with studying these organisms. With the

recent rapid advances in the development of molecular methods we are beginning

to understand the astonishing diversity of microbial populations and communities

in the environment (Singh and Ward 2009; Christoserdova 2010). Chemical ferti-

lizers increase yield in agriculture but are expensive and harm the environment.

They deplete non-renewable energy via side effects, such as leaching out, and

polluting water basins, destroying microorganisms, and friendly insects, making

the crop more susceptible to the attack of diseases, reducing soil fertility, thereby

causing irreparable damage to the overall system. The use of plant growth-promot-

ing organisms or biofertilizers could be a better alternative to chemical fertilizers.

They are economical, not harmful to the environment, and could easily be found.

Microbial inoculants, which can fulfill diverse functions in plants, lead to promising

solutions for a sustainable, environmentally friendly agriculture.
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Chapter 2

Beneficial Interactions of Plant Growth

Promoting Rhizosphere Microorganisms

Nagina Parmar and Jaimie Dufresne

2.1 Introduction

The plant rhizosphere is the major soil ecological environment for plant–microbe

interactions involving colonization of different microorganisms in and around

growing roots which may either result in associative, symbiotic, neutralistic, or

parasitic interactions depending upon plant nutrient status in soil, soil environment,

plant defence mechanism, and the type of microorganism proliferating in the

rhizosphere zone. Finding the microorganisms very close to epidermis, plants

secrete signal molecules for protection against invasion of the heterogeneous

microbes in the root zone, and at this stage the differentiation takes place between

pathogenic, associative, symbiotic, or neutralistic adaptation of microbes with the

plant (Hayat et al. 2010). The plant signal molecules produced in response to

microbial adhesion are the flavonoids and flavones which are secreted in the

rhizosphere bacteria and some remain attached to plant cell walls to act as antimi-

crobial agents (phytoalexins).

In legume–Rhizobium symbiosis, the rod-shaped soil bacterium, Rhizobium,
induces nitrogen-fixing nodules on the roots of leguminous plants. In this process,

dinitrogen which is chemically inert and makes up approximately 80% of the

volume present in the earth’s atmosphere is reduced to ammonia by the bacterial

enzyme nitrogenase. The plants provide a micro-aerobic environment for the

effective functioning of the oxygen-sensitive nitrogenase and carbohydrates for

bacterial endosymbionts to support their metabolism. In return, the bacteria fix

atmospheric nitrogen used by the plant for the synthesis of organic nitrogenous

compounds to meet its biological needs. Due to its agricultural importance, this

symbiotic association has been the subject of extensive scientific research, and

different laboratories world over are trying to increase the effectiveness of symbio-

sis through genetic manipulation of the host and the bacterium and to extend the
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Rhizobium–host infectivity to other non-leguminous crops (Stacey et al. 1980;

Fisher et al. 1985; Fisher and Long 1992).

In the rhizosphere system, plant growth promoting bacteria (PGPR) and nodule

promoting rhizobacteria (NPR) capable of producing growth promoting substances

have been identified. These organisms induce phytoalexins production by the plant,

creating antibiosis in the rhizosphere for pathogenic forms, siderophores production to

chelate insoluble cations and associative action with the plant (Lifshitz et al. 1986;

Halverson and Handelsman 1991). The rhizosphere bacteria involved in such type of

interactions are species of Pseudomonas and Bacillus (Capper and Higgins 1993;

Guaiquil and Luigi 1992; Parmar and Dadarwal 1997). This chapter will focus on the

effect of such bacteria and will provide an insight into plant–microbe interactions.

2.2 Interactions Among Diazotrophs

Rhizobium, a gram-negative bacteria, is able to establish symbiosis with legumi-

nous plants such as Cicer as well as many other rhizobacterial strains, and develops

positive interactions with legumes by inhabiting root nodules. Within these

nodules, nitrogen-fixing bacteria reduce atmospheric nitrogen to ammonia. This

provides many plants with a sufficient useable nitrogen source (Sessitsch et al.

2002). Studies on legume rhizosphere bacteria have shown that besides indigenous

rhizobia interacting and competing for nodulation with an inoculant strain by antago-

nistic or synergistic interactions, other diazotrophs such as Azotobacter and Azospir-
illum as well as rhizosphere fungi and bacteria especially species ofPseudomonas and
Bacillus do interact withRhizobium affecting nodulation and nitrogen fixation (Bolton

et al. 1986; El-Mokadem 1989; Ahmad et al. 2006; Gaind et al. 2007; Rodriguez and

Frioni 2003). These diazotrophs manage important biological functions by symbioti-

cally interacting with Rhizobium populations within the rhizosphere and help create a

beneficiary region where interacting microorganisms benefit from additional nutrient

resources (Halbleib and Ludden 2000; Gaind et al. 2007).

2.2.1 Interaction of Rhizobium with Azotobacter/Azospirillum

Interactions of Azotobacter/Azospirillum with the Rhizobium as co-inoculants have

been observed to be synergistic in a majority of studies conducted under laboratory,

greenhouse or field conditions. Combined inoculation of Azotobacter and Rhizo-
bium sp. produces a positive response. Azotobacter sp. influence Rhizobium by

significantly increasing nodulation. Increasing N2 content within roots and shoots

of respiring/metabolizing plant cells improves conditions within the rhizosphere

and enhances synergistic interactions between host and Azotobacter sp. In an open

field conditions, Azotobacter and Azospirillum have both been shown to improve

growth yields in various soil mineral compositions. This suggests that a mutualistic
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relationship exists between Azotobacter and Azospirillum where both interact with

the Rhizobium to improve Cicer arietinum (chick pea) yields (Parmar 1995; Parmar

and Dadarwal 1997).

The beneficial effects of Azotobacter and Azospirillum on plants are mainly

attributed to improvements in root development, an increase in the rate of water and

mineral uptake by roots, the displacement of fungi and plant pathogenic bacteria,

and to a lesser extent, biological nitrogen fixation (Okon and Itzigsohn 1995).

Associative effect of Azospirillum lipoferum and Azotobacter chroococcum with

Rhizobium sp. improved the growth of chick pea grown on both loamy sand and

sandy soils (El-Mokadem et al. 1989). Associative effect of A. chroococcum on

Bradyrhizobium strains (BM 42 and BM 43) specific to moong bean (Vigna
radiata) was also observed (Yadav and Vashishat 1991). The effect was more

pronounced when A. chroococcum was co-inoculated with both the strains of

Bradyrhizobium.
Certain species of Azospirillum have been used to study the relationship between

free-living nitrogen-fixing rhizobacteria and legumes. Abundant in the rhizosphere,

Azospirilla possesses a versatile metabolic system where carbon and nitrogen are

metabolized readily. In an unfavourable arid or nutrient-deficient conditions, Azos-
pirilla can morphologically transform into what appears to be enlarged cysts and the

development of an outer polysaccharide coat by accumulating poly-L-hydroxybuty-

rate granules which serve as carbon and energy sources. A phenotypic advantage,

such as a flagellum, allows the highly motile Azospirillum genus to swim toward

nutrients via chemotactic attraction thus enhancing growth and increased yields

(Steenhoudt andVanderleyden 2000). The inoculation of legumeswithAzospirillum
prompts enlarged lateral roots and root hairs. This results in improved water uptake

and retention with higher nutrient uptake (Steenhoudt and Vanderleyden 2000).

Some of the studies have shown that a relationship exists between chemotactic

behaviour and Azotobacter’s influence on plant growth such as cotton (Gossypium
hirsutum L.) and wheat (Triticum aestivum L.) (Kumar et al. 2007). In the areas of

soil where plant root exudates such as sugars, glucose, amino acids and organic

acids have been deposited, bacteria mobilize towards these exudates through

chemotactic attraction. Increased yields and enhanced growth using A. chroococ-
cum indicate a positive response attributed to nitrogen fixation, phosphorus mobili-

zation, bacterial production and the release of phytohormones (Kumar et al. 2007).

2.2.2 Interaction of Rhizobium sp. with Rhizobacteria

Rhizosphere bacteria, especially species of Pseudomonas and Bacillus, have been
identified in the rhizosphere of various leguminous and non-leguminous crops that

help in plant colonization and suppression of plant pathogens (Table 2.1). Such

characteristics have defined rhizobacteria more recently as PGPR or NPR. Interac-

tions of these rhizobacteria with Rhizobium may be antagonistic or synergistic

and the beneficial effects of these bacteria have been extensively exploited for
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economic gains in the recent years (Bolton et al. 1986; Halverson and Handelsman

1991; Parmar 1995).

Parmar and Dadarwal (1999) studied co-inoculation of the rhizobacteria with

effective Rhizobium strains of chickpea and observed a significant increase in

nodule weight, root and shoot biomass and total plant nitrogen when grown either

in sterilized chillum jars or under pot culture conditions. The Rhizobium stimulatory

Pseudomonas sp. “CRP55b” showed maximum increase in all the symbiotic para-

meters. On co-inoculation with Rhizobium strains “Ca181” and “Ca313”, Pseudo-
monas sp. “CRP55b” and “CRS68” resulted in significant increases in nodule

weight, root and shoot biomass and total plant nitrogen (Fig. 2.1). The nodule-

stimulating rhizobacteria enhanced levels of flavonoid-like compounds in roots on

seed bacterization. In another study, a greater number of nodules per plant were also

produced where Bradyrhizobia was used with strains of Pseudomonas aeruginosa
compared with Bradyrhizobia used alone (Izhar et al. 1995).

The influence of PGPR on drymatter accumulation and chick pea (C. arietinum L.)

yield under field conditions has been thoroughly studied (Rokhzadi et al.

2008). Studies have shown that a combined inoculation of Azospirillum spp.,

A. chroococcum 5, Mesorhizobium ciceri SWR17 and Pseudomonas fluorescens P21
improved nodulation, increased dry matter accumulation in roots and shoots,

grain yields, biomass and protein yield of chick-pea by a significant margin. This

can be attributed to the cumulative effects of an enhanced supply of nutrients,

mainly nitrogen and phosphorus and the production of growth promoting sub-

stances. In addition, P. fluorescens has been found to synergistically interact with

additional rhizobacteria to form interactions within the rhizosphere, attributing to

Table 2.1 Important plant growth-promoting rhizobacteria (PGPR)

PGPR Agricultural crop References

Pseudomonas fluorescens PCL1606 Avocado Cazorla et al. (2006)

P. fluorescens CHA0 Arabidopsis sp. Iavicoli et al. (2003)

Bacillus subtilis FB17 Arabidopsis thaliana Rudrappa et al. (2008)

Collimonas fungivorans Tomato Kamilova et al. (2008)

Bacillus subtilis, B. amyloliquefaciens
IN 937, Enterobacter cloaca

Arabidopsis sp. Ryu et al. (2003)

P. putida KD Tomato and cucumber Rezzonoco et al. (2005)

P. fluorescens WCS 365 Tomato Kamilova et al. (2006)

Comamonas acidovorans Kiwi Erturk et al. (2010)

Bacillus cereus UW 85 Grain legumes Vessey and Buss (2002)

Bradyrhizobium and PGPR Mungbean Shaharoona et al. (2006)

Pseudomonas BA-8, Bacillus OSU-142,
Bacillus M-3

Strawberry Pirlak and Kose (2009)

Agrobacterium amazonense Rice Rodrigues et al. (2008)

Bacillus cepacia strain OSU-7 Stored potatoes Recep et al. (2009)

Pseudomonas brassicacaerum,
P. Marginali, P. oryzihabitans,
P. putida, Alcaligenes xylosoxidans

Indian mustard

and rape

Belimov et al. (2007)
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phytohormone production, the stimulation of nutrient uptake and the bio-control of

deleterious soil bacteria and phyto-pathogenic fungi.

Synergistic effects of plant growth-promoting rhizobacteria and Rhizobium on

nodulation and nitrogen fixation by pigeonpea (Cajanus cajan) were also observed

(Tilak and Ranganayaki 2006). Co-inoculation of a variety of PGPR such as

A. chroococcum and Pseudomonas putida with Rhizobium sp. (AR-2-2 k) showed

increased plant growth, nodulation and improved nitrogenase activity. The associ-

ation of Rhizobium sp. with P. putida, P. fluorescens and Bacillus cereus seems to

produce the best agronomical results.

Inoculation of Rhizobium phaseoli and PGPR such as P. fluorescens P-93 and

A. lipoferum S-21on bean yield and plant growth parameters yielded promising

results (Yadegari et al. 2008). In the dually inoculated plants, there were significant

increases in quantity, weight, total dry matter, seed yield, and protein content. All

treatment combinations resulted in higher yield; however, Rhizobium strain Rb-133

inoculated with P. fluorescens P-93 gave the highest number of seeds and pods per

plant, seed protein yield, and overall seed quantity.

2.2.3 Interaction of Rhizobium with Actinomycetes

The agonistic and antagonistic effects of soil microbes through various interactions

of bacteria, fungi, and Actinomycetes on Rhizobium have profoundly influenced

sustainable annual harvests. Actinomycetes, a common antagonistic bacterium is

often studied for its inhibitory effects on bacteria within the host rhizosphere. There

are various studies in literature suggesting the antagonistic effect of Actinomycetes

Fig. 2.1 Co-inoculation of Rhizobium strain “Ca 313” with Pseudomonas sp. “CRS68” showed an
increase in nodulation in Cicer. (1) Control (no bacteria), (2) Ca 313 alone, (3) Co-inoculated

Ca313 + CRS68
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under in vitro and in vivo conditions. Out of 60 isolates of Actinomycetes, bacteria

and fungi from pasture soil samples, where no nodulation was observed in clover

and 25–70% isolates of Actinomycetes were antagonistic toward 12 strains of

Rhizobium trifolii tested (Patel 1974). Nine lysogenic Streptomyces sp. NSA4

were isolated from the nodule surface of black gram which was found to inhibit

fast- and slow-growing strains of cow pea and soybean rhizobia. The fast-growing

strain of Rhizobium (both cow pea miscellany and soybean) was more sensitive to

antibiosis as compared to slow-growing stains (Jayaraman et al. 1985; Pugashetti

et al. 1992). Another study observed that 90% of the Actinomycetes sp. isolated

from soil obtained from field plots was antagonistic to Rhizobium japonicum
(Pugashetti et al. 1992). In addition, 70% of other Actinomycetes sp. isolated

from soybean rhizosphere were antagonistic to its homologous rhizobia. However,

few isolates stimulated growth of Bradyrhizobium japonicum.
The isolates of Streptomyces lydicus WYEC108 from pea plants (Pisum sati-

vum) were originally studied for its properties as an antifungal biocontrol agent.

This strain is capable of mycoparasitic colonization of fungal root pathogens and

the excretion of antifungal metabolites within plant rhizospheres. WYEC108 is a

unique Streptomyces strain that has the ability to act as a PGPR. It was also

hypothesized that root and nodule colonization is one of the several mechanisms

by which Streptomyces acts as a naturally occurring plant growth-promoting bacte-

rium in pea and possibly other leguminous plants. Streptomyces WYEC108

enhanced nodule growth, bacteroid differentiation and act as an aid in bacteroid

assimilation of iron and other inorganic nutrients from soils, resulting in enhanced

overall growth (Tokala et al. 2002).

There are some specific interactions in plant rhizosphere among different genera

of Actinomycetes. Actinomycete mycelium makes up to 20% of the total bacterial

biomass in the rhizosphere. There is significant lytic activity within the rhizosphere.

Actinomycete mycelium content within the rhizosphere is significantly higher in

root systems of healthy plants compared to those of plants suffering from root rot

disease. Inoculating winter rye (Secale cereale L.) with Actinomycetes has benefi-
ciary growth advantages; however, co-inoculation of Actinomycetes with the cow

clover plants (Trifolium pretense L.) had no effect on growth (Merzaeva and

Shirokikh 2006).

2.2.4 Interaction of Rhizobium with Mycorrhiza

The role of mycorrhizal fungi, especially the vesicular-arbuscular mycorrhizae

(VAM) belonging to the Zygomycetes class in phosphorous mobilization in soils

having a relatively low level of available phosphorous, is well established for

cereals as well as legumes. AM fungi are obligate symbionts, but differ from

VAM as they are not host specific.

Associative action of mycorrhizal fungi in legumes has a great impact on root

and shoot development and phosphorous uptake which results in the enhancement
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of nodulation and nitrogen fixation. There are several studies reporting the interac-

tions between AMF and Rhizobium sp. (Adholeya and Johri 1986; Albrecht et al.

1999; Poi et al. 1989; Sivaprasad 1991). Variation in the response of nodulating

pigeon pea (C. cajan) to different isolates of myccorhizal fungi was also observed

(Ianson and Linderman 1993). Inoculation with an effective Rhizobium combina-

tion with seven VAM fungi (Glomus sp.) had a variable effect on plant growth

enhancement, nodulation, and N2 fixation.

There are various studies in the literature describing many significant findings in

the synergistic interaction between AMF and asymbiotic N2-fixing bacteria such as

A. chroococcum, Azospirillum spp. and Acetobacter diazotrohicus (Barea et al.

1998; Barea et al. 2002, 2005; Barea and Azcon-Aguilar 1982). The role of AM

fungi as P suppliers to legume root nodules is of great relevance when a specific AM

fungus, Rhizobacterium sp. known for effective nodulation and N2 fixation was

found in a mycotrophic legume Anthyllis cytisoides in a Mediterranean semi-arid

ecosystem in Spain (Requena et al. 1996, 2001). The strain Glomus intraaridices
was found to be more effective with Rhizobium sp. NR 4, whereas Glomus
coronatum was effective when co-inoculated with Rhizobium sp. NR9 strain.

Research has provided evidence that the genetic pathway of AM symbiosis is

shared in part by other root–microbe symbioses such as N2-fixing rhizobia (Peterson

and Guinel 2000).

Such specific interactions between AM fungi, Rhizobium, and PGPR have

provided an insight into specific functional compatibility relationships between

AMF and PGPR and their management when used as biofertilizers or biocontrol

agents.

2.3 Rhizobacterial Factors in Growth Promotion

Research on the use of rhizobacteria to promote plant growth (legumes as well as

non-legumes) has increased dramatically over the last few years due to potential

benefits observed in the use of PGPR or NPR, both under cultural conditions as

well as under field conditions. A diverse array of bacteria, including species

of Pseudomonas, Azospirillum, Azotobacter, Bacillus, Klebsiella, Enterobacter,
and Serratia has been shown to enhance plant growth. The mechanisms by which

these rhizobacteria enhance plant growth are multitudinous which include prod-

uction of plant growth-regulating substances (PGRs), phytohormones, suppression

of plant pathogens through antibiosis, bacteriocinogenic action, siderophore

production, nitrogen fixation, mineralization of organic phosphorus, production of

phytoalexins/flavonoids-like compounds, enhancement of mineral uptake, etc.

(Parmar 1995; Parmar and Dadarwal 1997; Mukerji et al. 2006).

The cumulative effect of these complex interactions among plant roots and

various microbial populations can result in plant growth promotion and or patho-

genesis and decay. This section will focus on plant growth promotion by rhizobac-

teria either directly or indirectly.
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Rhizobacteria can stimulate growth by producing plant growth regulators known

as phytostimulators in the absence of pathogens. Many phytostimulators are plant

hormone analogues, meaning PGPR produce an identical or nearly identical com-

pound that mimics the action of a plant hormone. These substances are usually light

weight volatile organic compounds. Thus far, known phytostimulators include

indole-acetic acid (IAA), gibberelic acid, cytokinins, and in some cases ethylene

(Ahmad et al. 2008). The plant responses to PGPR have been excellently reviewed

elsewhere (Bakker et al. 2007; Van Loon 2007).

2.3.1 Plant Growth Regulators

Many rhizosphere bacteria produce IAA in culture media especially in the presence

of tryptophan (Ek et al. 1983; Strzelceyck and Pokjska-Burdzej 1984) in the

rhizosphere and rhizoplane of forage grasses and many economically important

cereals such as wheat, barley, and pearl millet (Tien 1979), and tomato and bean

plants (Barea and Brown 1974). The accumulation of IAA in the cultural filtrate of

rhizobacterial isolates from the rhizosphere of sugar beet has been reported previ-

ously (Loper and Schroth 1986).

In particular, the production of IAA seems to be one of the most prevalent plant

growth promoting traits among PGPR. Higher auxin levels impair plant defence

mechanisms making colonization easier. The biosynthesis of IAA in rhizobacteria

is affected by several environmental factors. In particular, IAA production

increases in conditions of higher pH, limited carbon and higher quantities of

tryptophan (Spaepen et al. 2009). Thus far, six pathways for the biosynthesis of

IAA have been identified in rhizobacteria, five of which are tryptophan dependant

and one which is tryptophan independent. Instead of tryptophan, this pathway

depends on the presence of indole-3-glycerolphosphate. Some rhizobacteria have

several IAA biosynthesis pathways. In plants, most IAA are found in a conjugated

form that allows for storage and prevents degradation (Spaepen et al. 2007).

It is believed that approximately 80% of rhizobacteria produce IAA (Khalid

et al. 2004). Arshad and Frankenberger (1988) showed while studying the produc-

tion of ethylene by the soil fungi Acremonium falciforms that microbially produced

ethylene can affect plant growth of etiolated pea seedlings. Etiolated pea seedlings

presented a classical triple response, which included reduction in elongation, swel-

lings of the hypocotyls and a change in the direction of the growth (horizontal),

when A. falciforms was used as an inoculant. Further studies showed the production
of PGPRs by many soil microorganisms in the presence of suitable precursors

(Arshad and Frankenberger 1990).

It has also been well documented that the biosynthesis of auxins with their

excretion into soil makes a major contribution to the bacterial plant growth-pro-

moting effect (Lambrecht et al. 2000; Steenhoudt and Vanderleyden 2000). Not as

well understood as IAA, cytokinins and gibberellins have also been shown to

stimulate root and shoot development in several ways (van Loon 2007). Cytokinins,

34 N. Parmar and J. Dufresne



for example, have been implicated in cell division and nitrogen fixing nodule

development (Murray et al. 2007; Tirichine et al. 2007). They also promote rapid

growth of the primary root and enhance branching (Ortiz-Castro et al. 2009).

Another class of recently discovered phytostimulating compounds called N-acyl-
L-homoserine lactones have been shown to modulate gene expression in plants.

These molecules are also used by bacteria for cell-to-cell communication (Ortiz-

Castro et al. 2009). The cofactor PQQ (pyrroloquinoline quinine) was also identi-

fied as a plant growth promoting factor while promoting the growth of tomato and

cucumber plants (Choi et al. 2008). The results showed the property of PQQ as an

antioxidant; however, the effect is mostly indirect.

These studies suggest that microbially released PGRs in the rhizosphere may

affect plant growth and may be subjected to direct uptake by plant roots because of

the intimate contact between microbial and plant cells.

2.3.2 Phytoalexins

Phytoalexins are low molecular weight, antimicrobial compounds that are both

synthesized by and accumulated in plants after exposure to microorganisms

(Dakora 1985; Dakora et al. 1993; Van Peer et al. 1991, 1990). The concept of

phytoalexin is expanded because many isoflavonoids (the most widely studied class

of phytoalexins) were shown to serve as signal molecules during infection of plant

roots by symbiotic microbes (Landa et al. 2002). Phytoalexin synthesis can be used

as an indicator of enhanced defence mechanism in bacteria-treated plants. An

increase in the production of three phytoalexins, for example, rishitin, lubimin,

and solvetivon were observed in potato slices and an inhibition in mycelia growth

of Phytophthora infestans by culture filtrate of Streptomyces (Bochow and

Fritzsche 1990). It has also been observed that like other plants, Graminae contain

secondary plant metabolites that have been found to be toxic to plant pathogenic

fungi and bacteria and are proposed to be responsible for resistance to microbial

pathogens (Gross 1991).

Similarly, in another study induction and accumulation of phytoalexins in cow

pea roots were observed when infected with myccorhizal fungus and also their

resistance to Fusarium wilt disease. From the studies in our laboratory (Parmar

1995; Parmar and Dadarwal 1999), it was apparent that the rhizosphere bacteria

such as fluorescent Pseudomonads and Bacillus sp. produced certain signal mole-

cules which probably enhanced the flavonoid production by plant roots. The

enhanced flavonoid production could be an additional factor in nodule promotion.

In addition, production of phytoalexins was demonstrated to increase after prior

inoculation of chick pea (C. arietinum L.) seedlings with non-pathogenic isolates of

Fusarium oxysporum (inducers) and this was correlated with a delay on the onset of

symptom and reduction of Fusarium wilt development (Landa et al. 2002).

Indirectly, PGPR can act as biofertilizers via asymbiotic nitrogen fixation and

the solubilization of mineral phosphates and other nutrients. Rhizobacteria can also
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act as biocontrol agents by producing siderophores that compete with pathogenic

organisms for iron, by producing antibiotics and bacteriocins that suppress bacterial

pathogens and by producing anti-fungal metabolites (Ahmad et al. 2008).

The optimization of these interactions may lead to improvement in the yields of

various leguminous and non-leguminous crops. In particular, the extension of

symbiotic biological nitrogen fixation to non-legume crops would be of enormous

economical and environmental benefit.

2.3.3 Biocontrol Agents

Biocontrol agents include molecules that induce an immune response within the

plant or molecules that in some way suppress plant pathogens either indirectly by

competing for essential nutrients or directly inhibiting growth of phytopathogens.

2.3.3.1 Stimulation of Host Defence

When a plant comes into contact with a pathogenic microorganism, it responds with

a systemic acquired response (SAR) where the plant’s immune system is primed to

defend itself against disease. Many phytopathogenic fungi, for example, are known

to induce systemic acquired responses in plants. The most common parasitic fungi

belong to genera Pythium sp., Rhizoctonia sp. and Fusarium sp. (Mukerji et al.

2006). Some Fusarium sp. cause root rots and wilts and some feed on dead plant

tissues (Mukerji et al. 2006). The exact mechanisms for how the plant immune

system primes itself are still unknown; however, certain molecules in the pathway

such as salicylic acid, for example, appear to play a critical role as a plant

messenger once the plant is exposed to a pathogen (Wildermuth et al. 2001).

Some PGPR can stimulate a plant’s defence system without the presence of a

pathogen by emitting molecules similar to those in the plant’s SAR. This response

is called induced systemic resistance (ISR). Some of these molecules include

methyl salicylate (MeSA), methyl jasmonate (MeJA) and ethylene. Thus far,

evidence of PGPR eliciting ISR has been observed in carnations (Van Peer et al.

1991), the common bean, cucumber (Wei et al. 1991) and grapevine (Verhagen

et al. 2004, 2010). In other experiments, the colonization of root systems with

PGPR, such as P. fluorescens, P. putida, Bacillus pumilus and Serratia marcescens
was protected against foliar diseases (Pieterse et al. 2002).

2.3.3.2 Siderophores

Siderophores are small molecules excreted by rhizobacteria when deficient in iron.

By complexing with available iron in the rhizosphere it becomes less available to

competing phytopathogens which also require iron thus inhibiting competitor

growth. Siderophore production by P. fluorescens F113 has been shown to play a

36 N. Parmar and J. Dufresne



role in biocontrol of potato soft rot under iron limiting conditions (Whipps 2001). In

addition, the antifungal activity of test isolates was greatly enhanced when both

HCN and siderphores were produced indicating that together these two plant

growth-promoting activities work synergistically to inhibit pathogenic fungi and

protect plant health (Ahmad et al. 2008).

2.3.3.3 Antibiotics

Many rhizobacteria have been shown to produce antibiotics that inhibit the growth

of an antagonistic bacterium. P. fluorescens (Trevisan) Migula F113, for example,

has been shown to control the soft rot potato pathogenErwinia carotovora subspecies
atroseptica by producing the antibiotic 2,4-diacetylphloroglucinol (DAPG) (Whipps

2001). Three glucanase-producing actinomycetes, when used separately or more

effectively in combination, could significantly promote plant growth and therefore

inhibit the growth of Pythium aphanidermatum (El Tarabily et al. 2009). Other major

antibiotics produced by B. cereus are phenazine-e-carboxylic acid and phenazine-1-

carboxamide; 2,4-diacetyl phloroglucinol (phl) (Dunne et al. 1998), pyoluteorin

(Nowak-Thompson et al. 1999), zwittermicin A (Emmert et al. 2004), gluconic acid

(Kaur et al. 2006), 2-hexyl-5-propyl resorcinol (Cazorla et al. 2006) and kanosamine

(Milner et al. 1996).

Bacteriocins are proteins that normally kill or inhibit the growth of closely

related bacterial strains. Bacteriocin thuricin 17 was isolated from the PGPR

Bacillus thuringenisis NEB17 (Gray et al. 2006). Oddly enough, this novel bacteri-
ocin was able to inhibit the growth of not only related gram positive bacterial

strains, but also of a gram negative strains of Escherichia coli MM294 (pBS42).

2.3.3.4 Antifungal Metabolites

Many antifungal metabolites have been produced and shown to be effective in vitro.

These antifungal metabolites are also suspected to have antifungal activity in vivo.

These metabolites include ammonia, butyrolactones, 2-4-diacetylphloroglucinol,

HCN, kanosamine, Oligomycin A, Oomycin A, phenazine-1-carboxylic acid

(PCA), pyoluterin (Plt), pyrrolnitrin (pln), viscosinamide, xanthobaccin and zwit-

termycin A (Milner et al. 1996; Whipps 2001). In addition, certain fungi have been

shown to be sensitive to particular combinations of metabolites.

2.4 Conclusions

The beneficial effects of the rhizobacteria in enhancing root development asso-

ciated with increase in nodule biomass by native as well as co-inoculated Rhizobium
strains are well documented. Some degree of specificity was observed with regard
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to plant species as the rhizobacteria from Cicer rhizosphere were observed as better
co-inoculants compared to rhizobacteria isolated from the other crops such as green

gram and pigeon pea. Various studies have also provided an evidence of different

mechanisms by which there is an increase in crop productivity and the disease

suppressive ability of these rhizobacteria. There is still not enough data to suggest

the establishment of the newly isolated rhizobacterial strains in the rhizosphere, but

further studies using genetically marked strains should make it possible to deter-

mine their exact role in rhizosphere establishment.
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3.1 Introduction

Microorganisms in the soil constitute less than 0.5% (w/w) of the soil mass; yet they

have amajor impact on soil properties and processes. Soilmicroflora constantly interact

with each other and such interactions are very dynamic in nature. Microbe–microbe,

plant–microbe, soil–plant, and soil–plant–microbe interactions are very important. The

important microbe–microbe interactions affecting soil microflora are neutralism,

commensalism, protocooperation, symbiosis, competition, amensalism, parasitism,

and predation. While important plant–microbe interactions are mainly at three inter-

phases, i.e., in the soil with plant roots (rhizosphere), on the leaves (phyllosphere), and

on the germinating seeds (spermoshere). Broadly, the interactions may be symbiotic,

associative, endophytic, or pathogenic.

In plant–microbe interactions, plant rhizosphere is the major soil environment

that affects the different types of microorganisms in and around the growing roots.

Influence of plant root is around the root surface on all sides and extends into the

soil. It is populated with a high density of microbes supported by organic com-

pounds, such as sugars, amino acids, organic acids, and polysaccharides. Presence

of these metabolites allows 5–100 times more organisms per unit volume to be

supported in the rhizosphere than in nearby bulk soil. Further, this determines the

structure and metabolic activities of the rhizosphere-associated community.

The most commonly studied beneficial interactions are the arbuscular mycorrhi-

zal (AM) symbiosis between the majority of land plant families and fungi in the

phylum Glomeromycota, and the nodule symbiosis restricted to legumes and bacte-

ria belonging to a- and b-proteobacteria. Several other genera of soil bacteria,

including Pseudomonas and Bacillus species, can stimulate root proliferation or

have antagonistic effects on pathogens in the rhizosphere. Although nitrogen fixa-

tion is widely distributed among bacteria, rhizobia are distinguished from the rest

because they elicit the development of a specialized organ, the nodule, and engage

in a symbiotic relationship with their hosts. These processes can be monitored by

using microscopy; signals and other components can be assessed by HPLC, GS-MS,

or using molecular techniques. Apart from rhizobia, the importance of VA mycor-

rhizae, PGPR organisms such as Bacillus, Pseudomonas, Pantoa, and other organ-

isms, and P solubilizers such as Bacillus, Pseudomonas, and other endophytic

bacteria can also be not ignored for achieving optimum crop productivity.

Numerous rhizobial strains have been identified that show nitrogen-fixing ability

with their target host legume (Dudeja and Narula 2008; Dudeja et al 2009; Dudeja

and Singh 2008; Weir 2010). To date, 78 symbiotic nodulating bacterial species

have been identified in 13 genera: Azorhizobium, Bradyrhizobium, Burkholderia,
Cupriavidus, Ensifer, Herbaspirillum, Devosia, Mesorhizobium, Methylobacter-
ium,Ochrobactrum, Phyllobacterium, Rhizobium, and Shinella.Most of the species

are in the genera Rhizobium, Bradyrhizobium, Mesorhizobium, and Ensifer and are

related to one another in the order Rhizobiales. Commonly, all these nitrogen-fixing

bacterial biofertilizers that form root nodules on legume plants are called rhizobia.

Most of these bacterial species are in the proteobacteria with a- and b-class.
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Chickpea (Cicer arietinum L.) is the most important legume crop of the arid

zones of India, and different cultivars of chickpea including black and white

have been grown under field conditions since centuries and most of the soils

harbor diverse group of rhizobial populations. These rhizobia are capable of

interacting and nodulating all chickpea cultivars to varying extent depending

upon the soil, site, and management practices. There is need to develop an

efficient symbiosis of host specific rhizobial isolates and also to develop isolates

with superior nodulation competitiveness that can overcome the limitations of

low nitrogen fixation, poor crop yield, and lower effectiveness under field

conditions.

The genus Mesorhizobium has been described as in between Rhizobium and

Bradyrhizobium and identified in Africa, Asia, Australia, Europe, South and

North America, and the Arctic (Jarvis et al. 1997; Poinsot et al. 2001). Different

Mesorhizobium species including M. albiziae, M. alhagi, M. amorphae, M.
australicum, M. caraganae, M. chacoense, M. ciceri, M. huakuii, M. loti, M.
gobiense, M. mediterraneum, M. metallidurans, M. opportunistum, M. plurifar-
ium, M. shangrilense, M. septentrionale, M. tarimense, M. temperatum, and M.
tianshanense nodulate various types of legumes in the Mimosoideae and Papi-

lionoideae subfamilies of the Fabaceae. Mesorhizobium has been reported to

infect and form nodules in Acacia spp, Albizia kalkora, Alhagi sparsifolia,
Amorpha fruticosa, Anthyllis vulneraria, Astragalus, Biserrula pelecinus L,

Caragana spp, Carmichaelia, Cicer arietinum, Cytisus scoparius (broom), Gly-
cyrrhiza, Leucaena, Lotus, Montigena, Oxytropis glabra, Prosopis alba, Robinia
pseudoacacia, Sophora, and Ulex europaeus. Mesorhizobium and Phyllobacter-
ium belong to Phyllobacteriaceae family of a-proteobacteria. Different species
of mesorhizobia such as M. ciceri, M. mediterraneum, M. temperadae, and

M. tianshanense have been reported to form nodules in chickpea (Dudeja and

Narula 2008).

As per the mandate of All India Coordinated Research Programme (AICRP) on

pulses, applied aspects of biofertilizer technology were the main component of

research and to enhance pulses production. With the inception of the AICRP

scheme, different centres located in different parts of India conducted various

experiments. The achievements of biofertilizer technology in enhancing chickpea

productivity in India are discussed in this chapter.

3.2 Nodulation Status of Chickpea in India

In order to predict the response of rhizobial inoculation in chickpea, it is imperative

to assess the native rhizobial population in Indian soils. No suitable media for plate

count method of chickpea rhizobia directly from the soil is available yet. However,

MPN (most probable number) method specifically developed for small seed

legumes (Vincent 1970) has also been used for medium or even large seeded

legumes including chickpea. In this, different soil dilutions are used as inoculum for
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germinating seeds of chickpea in agar tubes with specific media or in small cups using

sterilized sand with five replicates. After 30–40 days of nodulation, positive tubes or

cups are scored and the number of rhizobia per gram of soil is calculated. Since this

technique is very laborious and time-consuming, only limited information could be

generated in the project. The numbers of nodule formed by chickpea at farmers’ field

in response to the presence of native rhizobia are less confirmative, but still provide

good information regarding the presence of the number of chickpea rhizobia and that

too under those particular ecological and environmental conditions. Further, it has

been proposed that rhizobial numbers are the primary determinant of the number of

nodules formed.

At different Indian centres and farmer’s field, a number of nodules formed by the

native/indigenous rhizobia were observed (Khurana and Dudeja 1997). Depending

upon the overall nodule formation in chickpea, a rating index was prepared indicat-

ing poor (1–10 nodules/plant), moderate (11–20 nodules/plant), good (21–30

nodules/plant), and very good nodulation (>30 nodules/plant). More than 3,200

locations in different parts of India were surveyed for chickpea nodulation than

55.7% of the locations showed poor nodulation, 29.8% of the locations moderate,

12% showing good, and only 2.5% of the locations showed very good nodulation.

This indicated that native rhizobia infecting chickpea in the country have generally

low population and there is a need to inoculate the seeds with rhizobial inoculants.

Soil moisture plays an important role in rhizobial population dynamics in the soil.

The locations near to a canal showed better nodulation. On the other hand, in the

sand dunes of Loharu/Badra region of Haryana state, where no or sparse nodulation

was observed in chickpea, enhanced nodulation was observed with the provision of

sprinkler irrigation.

3.2.1 Nodulation Variability in Different Host Genotypes
of Chickpea

To assess the variability in nodulation within different host genotypes of chickpea

with native rhizobial population at any given location is also very important to

select high and low nodulating chickpea cultivars or even to select non-nodulating

cultivar, which could be used as a source for crossing cultivars for higher nodula-

tion and nitrogen fixation and hence better productivity. Differences in productivity

can be related to the extent of nodulation. Nitrogen difference method is used to

determine the quantity of N fixed by a legume. Non-nodulating lines in chickpea

were also attempted for determination of N2 fixation by chickpea. At six different

centres in India – Hisar, Badnapur, Durgapura, Sehore, Pantnagar, and Gulbarga –

more than 1,000 lines of chickpea were assessed for nodulation for the past 25 years

and few good nodulating or low nodulating cultivars were identified.

More than 200 lines of chickpea were screened for nodulation up to maturity at

15 days interval for nodulation and N2 fixation in collaboration with International
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Crop Research Institute for Semi-Arid Tropics (ICRISAT) in Hisar. Cultivars

showing high or low nodulation and active nodules till maturity of crop were

identified. Screening at different centres showed that some cultivars that were

good nodulating at all the locations. Other cultivars that showed good nodulation

over the years include HK 88-232, PG5, BG 256, RSG 143-1, and JG 74. Interest-

ingly, broad-leafed chickpea cultivars were usually better nodulating as compared

to others. This also paved the way for identification of nodulation variants. Within a

cultivar of chickpea, nodulation variability was also explored and high and low

nodulating selections of cultivars were selected at different centres, but stable

variants could not be identified in this project (Dudeja et al. 1982).

Screening of chickpea germplasm and isolation and screening of chickpea

rhizobia was a continuous process resulting in the isolation of new rhizobial isolates

from chickpea nodules. Effectiveness was evaluated under controlled conditions in

chillum jars, pots, or under field conditions to select the most efficient chickpea

rhizobial strain. During the last 25 or more years, about 1,000 chickpea mesorhi-

zobia were isolated at different centres and were screened for efficacy in jars, pots,

or field conditions, and efficient strains selected at different locations are shown in

Table 3.1. Efficient isolates in terms of nodulation/nitrogen fixation/dry matter

production/grain yield were identified and 95 efficient rhizobia from 18 centres

were selected.

Table 3.1 Effective chickpea mesorhizobia selection after initial screening of about 1,000 fresh

isolates at different centres for the past 25 years under sterilized/pot or field conditions

Centres involved

in initial screening

Effective mesorhizobia selected

Akola, Badnapur, and

Rahauri (Maharashtra)

BCR72

Coimbatore CoBe 13, CoBe 18

Delhi F75, F6, B1, G-10-80, G-5-81, SG 3-87, SG-8-87, GTB-5-88,

GNA-3-88, SG 3-87, SG-8-87, GTB-5-88, SNG 95-1,

GNA-3-88, G33-97, G20-98

Dholi (Bihar) RG2, RG3, DG48

Durgapura (Rajasthan) GD, DG34, DG34-11, DG34, DG90, DGB-34C, DG34-2

Gulbarga and Bangalore

(Karnataka)

GR2, GR8, GR9, DGW4, UASB 732, UASB 701, UASB 702,

UASB 835, UASB 855

Hisar (Haryana) Ca181, CBH 32, CH777, CV4A, S3, H109, CH1, SP4, CH8115,

Ca181Sm, CH8406, CH8410, CH8545, Ca28, Ca1002,

Ca1003, P23, CH9116, CH1233, CH458, CP2121, CP2381,

CP7006, CP1311, CP1428, CP741

Kanpur KG31, KG46, KG61, KG46, KG61

Jabalpur, Khargone and

Sehore (Madhya

Pradesh)

H45, H58, H60, H65, H68, H72, JGRS108, JGRS88, JGRS105,

JGRS92

Ludhiana (Punjab) LGR1370, LRG151, LGR305

Pantnagar (Uttaranchal) PR15

S.K. Nagar (Gujarat) GRS4, GRS6,

Varanasi (Uttar Pradesh) G534, G567, GHUR15, GHUR16, GHUR22, G567SM,

G567EMR, G567SMR, GHUR25
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3.2.2 Multilocation Testing of Mesorhizobia
with Local Best Cultivar

The purpose of this testing was to select an efficient chickpea rhizobial inoculant

that performs efficiently under different agroecological conditions where chickpea

is being grown. A pool of the most efficient strains selected at different centres is

shown in Table 3.1. Around 10–18 strains were tested every year with local best

cultivar of chickpea. In the initial years, 30 kg N/ha and afterward 20 and 40 kg N/ha

in the form of urea were used along with uninoculated control and reference strains.

Experiment was repeated for 3–5 years and most efficient strains were selected

(Dudeja and Khurana 1999) performing best under all the locations representing

different agroecological conditions on overall basis and were released for the

production of inoculants. These strains were then further tested under interaction

trials. The important outcome of the trials was as follows:

1. The quantum of yield increase by different rhizobial strains varied at any given

location and the extent and trend of increase may be same or different at other

locations. Further testing for the next 3–5 years showed that during different

years there could be variation in the extent and trend of increase in grain yield.

Therefore, overall performance of a strain over the locations and years was

pooled, and on the basis of overall mean the most efficient stains were selected.

2. Range of increase in grain yield over the locations and years varied from 0 to

40% over the uninoculated control.

3. Usually the quantum of response to rhizobial inoculation was higher than that of

20–40 kg N/ha, indicating that application of rhizobial inoculants could save

more than 40 kg of N as urea.

4. Selections of efficient strains based on this study are shown in Table 3.2, which

could be used for rhizobial inoculant production on large scale by the inoculant

producers.

Table 3.2 Selection of efficient chickpea mesorhizobia strains under different agroclimatic zones

under multilocation testing trials at different centres

Centres conducting the

multilocation testing

Total number of isolates

screened

Effective mesorhizobia

Akola, Badnapur, and Rahauri

(Maharashtra); Coimbatore

(Tamil Nadu); Delhi; Dholi

(Bihar); Durgapura

(Rajasthan); Gulbarga and

Bangalore (Karnataka);

Hisar (Haryana); Jabalpur,

Khargone, and Sehore

(Madhya Pradesh); Ludhiana

(Punjab); Pantnagar

(Uttaranchal); S.K. Nagar

(Gujarat); and Varanasi

(Uttar Pradesh)

Every year 10–18 efficient

rhizobia selected at each

centre as mentioned in

the above table were

tested for 3–5 years with

local best cultivars of

that centre

Ca181, CBH32, CH777,

F75, H45, IC76, F-6,

KG31, H109, Ca28,

IC49, G-10-80,

TAL1148, G567, SG-3-

87, H65, GRS4,

GHUR22, GD, GRS6,

G567 SMR, GHUR15,

GTB5-88, H58, H60,

GR8, GHUR25,

CH9116, BCR72,

GHUR15, CH1233,

CP2121, JGRS105
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3.2.3 Interaction of Efficient Mesorhizobia and Response
in Farmer’s Field

All the 34 efficient chickpea rhizobia selected above as detailed in Table 3.2

under different agroclimatic zones belonging to different centres were further

tested at different locations with different chickpea varieties recommended for a

particular zone. Such widely adapted strains should show enhanced chickpea

productivity under all sets of conditions and irrespective of the cultivar being

used by farmer. Another objective was to select rhizobial strains showing speci-

ficity to a particular cultivar and boosting its yield to a higher extent. Most

efficient rhizobia were finally selected after 3 years and were released for use

by biofertilizer producing industry. The most efficient rhizobial strains selected

and released by the AICRP Microbiology Group for Chickpea are presented in

Table 3.2. Inoculants of these strains released from time to time in the past were

used to demonstrate their performance under farmers’ field conditions (Khurana

and Dudeja 1982; Khurana and Dudeja 1997; Chandra and Pareek 1985; Pareek

and Chandra 2003).

The above-selected most efficient mesorhizobial strains responsive to all the

varieties under different agroecological conditions were then used for assessing

their response under farmers’ field conditions. More than 200 demonstration trials

on this were carried out by seven centres – Badnapur, Durgapura, Hisar, Ludhiana,

and Sehore in Maharashtra, Rajasthan, Haryana, Punjab, and Madhya Pradesh

states, respectively, and few trials were carried out by Bharari and Pantnagar in

Uttar Pradesh, and Uttaranchal states (Table 3.3). These demonstration trials were

usually carried out in one acre area, with half an acre being uninoculated and the

remaining half being inoculated by the mesorhizobial inoculants. Compilation of the

results from all the farmers fields located in different parts of India indicated that the

response to mesorhizobial inoculation varied from farmer to farmer, location to

location, and state to state, and the range of this benefit was grain yield of 65–401 kg/

ha, corresponding to 9–33% increase in grain yield over the uninoculated control.

Table 3.3 Response of chickpea to mesorhizobial inoculation at the farmers’ fields during the

past 25 years

Location Number of trials

conducted

Increase over uninoculated control

Range Overall average

kg ha�1 Percent kg ha�1 Percent

Badnapur 60 40–190 3.5–19 120 15

Bharari 3 120–400 24–26 250 25

Durgapura 31 20–597 3.7–30 250 22

Gulbarga 12 90–660 13.1–67 250 23

Hisar 24 0–340 0–47 200 15

Ludhiana 45 30–600 8–39 240 17

Pantnagar 4 100–150 10–12 130 11

Sehore 23 120–300 10–20.7 220 18

Overall 202 65–401 9–33 210 18
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Overall, mean showed that on an average 120–250 kg increase in grain yield could

be obtained under different conditions by applying an efficient inoculant strain

costing less than US$0.40.

Further outcome of the project was reflected in the increase in the number of

biofertilizer producers. In 1995–1996, there were only 42 producers, whereas at

present about 200 units are producing biofertilizers, and recently liquid biofertilizer

technology was licensed to Bac India by Department of Microbiology, CCS

Haryana Agricultural University, Hisar, India, for production of biofertilizers

(Khurana et al. 1997; Khurana and Dudeja 2003; Khurana and Dudeja 1997; Pareek

and Chandra 2003).

3.3 Enhancing Productivity Using Multiple

Microbial Inoculants

Mesorhizobia can be used in combination with other plant growth promoting

organisms such as VA mycorrhizae, Bacillus, Pseudomonas, Pantoa, and phos-

phate solubilizers for achieving enhanced crop productivity. Free nitrogen fixers

such as Azotobacter and Azospirillum are also important biofertilizers. Apart from

these beneficial microbes, biocontrol agents such as Trichoderma viridi and Pseudo-
monas maltophilawere also tested for their compatibility with the above inoculants.

3.3.1 Phosphorus-Solubilizing Bacteria

Higher P application in the legumes enhances nodulation and nitrogen fixation.

Apart from mesorhizobial inoculants, need for using phosphate-solubilizing bacte-

ria (PSB) was realized, since only 16% of P is available to the plant when single

super phosphate (SSP) is used as P source and remaining gets fixed in the soil. Some

microbial species have the capability to solubilize this insoluble fixed P in the soil

to a soluble form, which is then available to the plants. Different fungal phosphate

solubilizers such as Aspergillus awamorii and bacterium Pseudomonas striata and a
mycorrhizal fungus were tested with positive results of enhanced nutrient uptake

and crop yield of chickpea.

Organized trials were conducted with 20 and 40 kg P2O5/ha as SSP with and

without mesorhizobial and PSB inoculation in 1994–1996 in different centres.

The results showed that the use of SSP with biofertilizer inoculation enhanced

the yield by about 20% (Khurana et al. 1999). Beneficial effects of mesorhizo-

bial and PSB inoculation at different levels of SSP encouraged the microbiology

group to conduct experiment in collaboration with Agronomists of the centre

for 4 years (1996–2000) at Hisar and Sehore centres with two levels of two

P sources – rock phosphate (low cost) and diammonium phosphate (DAP, higher
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cost) with two PSB inoculants. Analysis of the overall data provided interesting

results:

l Availability and uptake of P and other nutrients were enhanced by the use of

phosphate solubilizers (Bacillus megaterium or B. polymyxa) inoculation.
l When no P source was used, inoculation with PSB inoculants enhanced the

chickpea grain yield by 9.4%.
l Application of rock phosphate with PSB inoculants enhanced the chickpea grain

yield up to 34.8%, compared to the yield of only 24% with P source alone.
l Application of DAP with PSB inoculants enhanced the chickpea grain yield by

46.1%, compared to a yield of 30.7% with a P source alone.
l Use of PSB inoculants resulted in saving of about 20 kg P2O5/ha.
l Although DAP produced better results than rock phosphate, it is still a better

alternate source of P nutrient for pulses.
l Between two PSB inoculants, one performed better at Hisar centre, while other

performed better at Sehore.

3.3.2 Plant Growth Promoting Rhizobacteria

Rhizosphere microorganisms closely associated with roots with beneficial proper-

ties are called plant growth promoting rhizobacteria (PGPR). PGPR includes a

diverse group of soil bacteria that can improve host plant growth by interacting with

other soil organisms, thereby either by promoting the growth of beneficial microbes

such as rhizobia or phosphate solubilizers or plants directly or by inhibiting the

growth of pathogenic bacteria. PGPR strains of Pseudomonas were tested at

different centres – Bangalore, Coimbatore, Dholi, Gulbarga, Durgapura, Hisar,

Ludhiana, and Sehore. Rhizobial inoculation increased the yield by 12.4%, but

the combined use of PSB and PGPR resulted in an increase by 22.1% in the grain

yield of chickpea.

3.3.3 Biological and Chemical Control Agents

Treatment of chickpea seeds with mesorhizobial, PSB, and PGPR inoculants was

recommended for achieving the higher chickpea productivity. However, at the same

time, pathologist and entomologist also recommended the treatment of seeds with

different fungicides and insecticides to achieve higher productivity. It became

important to assess the compatibility of biocides with various microbial inoculants,

since the use of a biocide might be detrimental to other beneficial inoculant.

Therefore, the compatibility of Mesorhizobium inoculation with different fungicides

such as Agrosan, Benlate, Captan, Thiram, and Calixin-M in the seeds of chickpea

was tested at recommended dose of application and was found compatible with the
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rhizobial inoculants. Similarly the effect of repeated use of BHC and aldrin was also

determined and was found to be compatible at recommended doses of application.

Compatibility of microbial inoculants (Mesorhizobium, PSB, and PGPR) with

Trichoderma viridi and Vitavax in chickpea was also assessed at four centres for

3 years including a biocontrol strain of Pseudomonas maltophila from Hisar. Both

Trichoderma viridi and Pseudomonas were found to be compatible with microbial

inoculants and enhanced the chickpea productivity. On the basis of trials, the use of

Trichoderma viridi and Vitavax along with all the three types of microbial inocu-

lants (Mesorhizobium, PSB, and PGPR) were recommended.

3.3.4 VA Mycorrhizal Fungi and Mesorhizobial Inoculation

VA mycorrhizae have multiple functions of solubilizing, making P and other

nutrients available, and also protecting against moisture stress, pathogens, and

heavy metal toxicity. Major problem with VA mycorrhiza is that it cannot be

cultured and is difficult to multiply. Generally, high volume of the inoculant is

required for conducting field trials making it impractical. However, field trials at

limited number of locations were conducted at Hisar, Ludhiana, and Bangalore for

3 years. Dual inoculation of mesorhizobia and VAM resulted in enhanced seed

production by 16.6% based on the overall mean of the three centres.

3.3.5 Evaluation of Liquid and Carrier-Based Inoculants

Shelf life of rhizobial inoculants is an important aspect for successful marketing of

the biofertilizers. As per the recommendations of Bureau of Indian Standards (BIS)

for biofertilizers, prepared inoculants must show good viable plate counts up to

3 months to cover a period of inoculants’ preparation, marketing, and sowing by the

farmers. If marketing of fertilizers and seeds is to be done through the dealer,

inoculant must be able to survive for the next cropping season. Keeping this in

mind, liquid inoculants were prepared by adding different cell protectants to

increase shelf life. Since the seed exudates are known to inhibit rhizobial growth

at the initial stages, addition of cell protectants is required to avoid inhibition and to

enhance shelf life.

The Microbiology group examined the performance of liquid and carrier-based

chickpea rhizobial inoculants under field conditions for further recommendation

of biofertilizer marketing. Field evaluation of liquid and carrier-based inoculant

of the same strains of chickpea rhizobia was carried out at Bangalore, Ludhiana,

Hisar, Durgapura, and Sehore centres for 3 years. Cumulative data of ten experi-

ments showed that performance of chickpea liquid inoculation was slightly better

than the carrier-based inoculation.
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3.4 Problems and Prospects of Biofertilizer

Technology in India

Addressing the basic problems in enhancing chickpea productivity, further selected

experiments were carried out. Major objectives of these experiments were to

convince the farming and scientific communities as well as administrators and

planners regarding the importance of N2-fixing organisms and nodulation in

legumes, particularly in chickpea. The following queries were posed by the various

participating groups:

(a) How much N2 is being fixed by Mesorhizobium–legume symbiosis

(b) What is the survival and persistence of rhizobia, and whether there is a need to

inoculate every year

(c) What is the success of inoculated rhizobia

(d) What types of rhizobia are present in the soil

To address the above queries, other experiments at different centres were con-

ducted under this coordinated programme.

3.4.1 Quantity of N2 Fixed by Mesorhizobium: Chickpea
Symbiosis

To answer this query in collaboration with agronomists, the benefit of chickpea

crop on succeeding crops of wheat or bajra was determined. Mungbean, urdbean,

cowpea, and chickpea were found to leave about 30–40 kg N/ha for the next crop

and pigeon pea were found to be an exhaustive crop.

Experiments in collaboration with ICRISAT using nodulation variants and non-

nodulating cultivars were conducted at five locations – Akola, Badnapur, Hisar,

New Delhi, and Sehore for 2 years (Table 3.4). High nodulating (HN) and low

nodulating (LN) variants of two cultivars ICC 4948 and ICC 5003 being referred as

parent were used along with two non-nodulating cultivars ICC 4993 and ICC 4918

(Fig. 3.1). All these nodulation variants were evaluated at 0 and 100 kg N/ha.

Compilation of data of all the centres showed that all the nodulation variants of both

cultivars showed stability in the nodulation character at all the five locations and

nodulation was consistent across all the locations. HN selections always formed

more number of nodules than the low nodulating selections and parent bulk formed

nodules in between of both nodulation variants.

The HN selection ICC 5003 HN produced higher grain yield than ICC 5003 LN

in all the seven experiments at five locations, and the increase ranged from 4 to 41%

(Table 3.4). In six of the seven experiments, it also yielded higher than its parent

ICC 5003. The beneficial effect of higher nodulation of ICC 5003HN compared to

its parent cultivar which produced lower number of nodules was also evident in

grain yield. Similarly, ICC 4948HN yielded higher than ICC 4948 LN at all the
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locations except at Hisar. The increase in yield ranged from 4 to 106% at the

different N levels and locations. At Hisar Centre due to Fusarium wilt, a significant

number of plants died, which apparently affected its yielding capacity. The selec-

tion ICC 4948HN yielded 5–42% higher than its parent in four of the five experi-

ments. ICC 5003 yielded 2–29% higher than its parent ICC 5003 in all the seven

experiments. Overall, the extent of nodulation was correlated with chickpea grain

yield (Dudeja et al 1997; Khurana et al. 1998).

To estimate the quantity of nitrogen fixation by these nodulation variants, N

difference method was used in which the quantity of N fixed by a nodulating line

was subtracted by the quantity of N taken up by a non-nodulating line. The grain N

concentration was determined at Akola, Badnapur, and Sehore and the quantity of

N from stover was determined only at Akola. At all the three locations, ICC 4948

HN grains had more fixed N (8.4–43.3 kg N/ha) than ICC 4948 LN grains and its

parent. Similarly, grain of ICC 5003 HN had more fixed N (2.3–12.6 kg N/ ha in all

the experiments than ICC 5003 LN. In most of the cases, the superiority of the two

HN selections was statistically non-significant. However, it was felt that there was a

need to compare the N difference method with a more reliable method such as

radioactivity method of 15N enrichment and natural abundance method.

Another experiment was conducted at Hisar centre for 2 years in fixed plots of

size 8 � 6 m to quantify the amount of N fixed by chickpea using non-nodulating

Fig. 3.1 Nodulation variants of chickpea

Table 3.5 Grain yield of Nod+ and Nod� cultivars of chickpea in a 2-year experiment

N application Grain yield (kg/ha)

Non nodulating (1CC435 M) Nodulating (1CC435)

1st year 2nd year Mean 1st year 2nd year Mean

0 kg N/ha 1,240 2,450 1,850 4,100 3,470 3,790

20 kg N/ha 1,580 2,730 2,160 3,930 3,450 3,690

40 kg N/ha 1,580 2,780 2,180

80 kg N/ha 1,610 2,850 2,230

Mesorhizobium 4,320 3,700 4,010
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line along with its nodulating parents. The availability of N made byMesorhizobium
and particularly by biological N2 fixation by nodulating cultivar ICC 435 and its

non-nodulating mutant 435M was determined (Dudeja and Khurana 2001). The

non-nodulating mutant was supplemented with 0, 20, 40, and 80 kg N/ha, while

nodulating cultivar was either inoculated with Mesorhizobium or supplemented

with 20 kg N/ha. Averaged grain yield results of 2 years showed that chickpea

Mesorhizobium fixed more than 80 kg of N/ha (Table 3.6).

Legumes are known to meet the demand of their N requirement by fixing

biologically nitrogen through the nodules (10–95%) and remaining requirement

is met by the uptake of N from soil through roots. In kharif legmes, particularly

ureide producing legumes, the amount of ureide and amide N determination in

stem sap can provide good indication that how much nitrogen is being fixed

biologically and how much is taken up from the soil. Since chickpea is not a

ureide producing legume, biologically fixed nitrogen was calculated by using non-

nodulating and no nitrogen-fixing line in a trial conducted at Hisar centre. N

contents in soil, roots, shoots, and seed were measured. Up to 76% of the N

demand of chickpea was met through biological fixation and through uptake

from the soil, indicating that there was still lot of scope for the improvement of

N2 fixation up to 95%. Simultaneously chlorophyll a fluorescence measurement

of chickpea nodulation variants using a Handy Plant Efficiency Analyser was

measured (Fig. 3.2) to assess the N fixation ability in chickpea (Dudeja and

Chaudhary 2005).

3.4.2 Survival and Competitiveness in Chickpea Rhizobia

Survival, persistence, and competitiveness of chickpea mesorhizobia were deter-

mined to evaluate whether there is a need to inoculate the mesorhizobial bioferti-

lizer inoculants every year or if once every other year. In collaboration with

ICRISAT, experiments were conducted for 3 years at Hisar centre under dry land

Table 3.6 Nodule occupancy

in chickpea cultivars in loamy

sand field F1 with irrigation

and sandy loam field F2 with

conserved moisture

Cultivars Percent nodule formed by CM-1

F1 F2

Low nodulating (LN)
L550 10.7 2.5

H208 10.9 5.8

Moderate nodulating (MN)
BG209 20.7 18.6

Pant G114 28.0 15.6

C235 15.7 10.7

High nodulating (HN)
K850 6.0 8.7

H75-35 8.7 7.5
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conditions. The results indicated that there was poor nodule occupancy (<18%) and

no buildup in the population of mesorhizobia in the field. Survival and persistence

of chickpea rhizobia under field conditions was very low and rhizobia could not

survive till the next cropping season.

To understand the basis of competiveness and to enhance the nodule occupancy,

seven varieties of chickpea varying in extent of nodulation in the second set of

experiments were tested. To identify the inoculated mesorhizobial strain from soil,

an antibiotic resistance chickpea mesorhizobial strain CM-1 was used. Experiments

were conducted at Hisar centre under two types of field conditions: irrigated (F1)

and dry land conditions (F2) ( Khurana et al. 1991). Under irrigated conditions, the

nodule occupancy ranged from 6 to 28% with higher grain yield, while under dry

land condition it varied from 2.5 to 18.6% (Tables 3.6 and 3.7).

After the development of nodulation variants of chickpea, nodulation variants

(HN, LN and parent) of two chickpea cultivars ICC 4948 and ICC 5003 inoculated

with two most efficient mesorhizobial strains with antibiotic markers were experi-

mented at Hisar centre to determine nodule occupancy. Two regimes of N levels

0 and 100 kg N/ha were also tested. The results showed that in ICC 4948, both

strains showed very poor nodule occupancy of 7.4–7.6%. Parent showed better

nodule occupancy as compared to HN and LN selection, and nodule occupancy was
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Fig. 3.2 Chlorophyll a fluorescence measurement of chickpea nodulation variants using a Handy

Plant Efficiency Analyser for assessment of the nitrogen fixation ability in chickpea
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low at 100 kg N/ha as compared to the no N application. Similar results were

observed in the nodulation variants of another cultivar ICC 5003. Potential for

enhancing nodule occupancy by selecting LN cultivars and using their compatible

mesorhizobial strains exists (Sheoran et al. 1997).

3.4.3 Mesorhizobial Diversity in Soil and Productivity of Chickpea

Mesorhizobial diversity is considered to be of particular interest due to their strong

symbiotic ability with the members of leguminosae. Although host plant is an

important factor in shaping the genetic structure of a natural rhizobial population,

the question is whether the extent of nodulation can be correlated with the diversity

or not? Further, it is quite possible that LN selection remains low nodulating

because of the nonavailability of specific rhizobia. Therefore, if a compatible

Mesorhizobium strain is selected, which could nodulate the LN selection to the

level of high nodulating selections, then it could be a better option for enhancing

competitiveness through host, Mesorhizobium, and their interactions.

The biodiversity of native rhizobia infecting HN and LN nodulation variants of

chickpea and the dynamics of native rhizobial population have been studied

(Chaudhary et al 2001,2002; Dudeja and Singh 2008; Dudeja et al 2009; Nandwani

and Dudeja 2009). On the basis of morphological characteristics, antibiotic resis-

tance pattern, molecular weight, and Rm values of total cellular protein, the

rhizobial isolates infecting HN selections belonged to diverse groups, while LN

selections were nodulated by restricted groups of rhizobia. The host and its extent of

nodulation were responsible for shaping the level of genetic diversity as both LN

variants showed the presence of more number of rhizobial genotypes, i.e. seven as

compared to high nodulating selections, which showed the presence of four to five

genotypes of rhizobia (Table 3.8). Overall, eight chickpea rhizobial genotypes were

present in the Hisar centre farm soil.

Table 3.8 Molecular diversity of native chickpea rhizobia isolated from high and low nodulation

variants of two cultivars based on the profiles of DNA fragments generated by PCR with

enterobacterial repetitive intergeneric consensus (ERIC) sequences

Chickpea cultivars Number of rhizobial genotypes trapped by nodulation variants

LN HN LN and HN

1 ICC 5003 6 4 6

2 ICC 4948 7 5 7

3 ICC 5003 and ICC 4948 7 5 8

Table 3.7 Overall grain

yield of chickpea cultivars

varying in extent

of nodulation

Fields Percent increase in grain yield

LN MN HN Mean

F1 7.3 10.9 1.0 6.4

F2 4.2 17.1 15.0 12.1

Mean 5.8 14.0 8.0
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Potential to develop strategies for enhancing competitiveness is likely to depend

on the structure and diversity of the rhizobial population existing in the soil. It has not

been established that nodule dominant types possess superior competitiveness traits

compared with the minor occupants, but there are reports that the dominant genotypes

of Rhizobium could be competitive and even 50% nodule occupancy by a dominant

strain has been reported. On the basis of nodulation and N uptake by plants, efficient

Mesorhizobium strains out of all the rhizobia belonging to the two predominant

groups I and II were selected, tested under pot culture conditions, and strains showing

highest nodule occupancy were selected for conducting field experiment. In this way,

Mesorhizobium mediterraneum strains LN 707b, LN 1115b for host cultivar ICC

4948 LN, and LN 7007 for cultivar ICC 5003 were selected.

Field experiments were carried out at three different locations – Hisar, Sehore,

and Durgapura for 3 years using two low and high nodulating chickpea cultivars

ICC 4948 LN, ICC 4948 HN, ICC 5003 LN, and ICC 5003 HN along with one non-

nodulating cultivar ICC 4993 NN (Dudeja et al 2007). Nodulation at Hisar location

was comparatively better followed by Durgapura and Sehore locations (Fig. 3.3).

Both low nodulating cultivars when inoculated with the selected Mesorhizobium
strains LN 707b, LN 1115b, and LN 7007 formed more number of nodules and

produced more nodule and plant biomass. Inoculant strains also resulted in the

increased uptake of nitrogen by the plants. Differences in nodulation with rhizobial

inoculation treatments were statistically significant. The inoculation with strain LN

707b showed more increase in nodule biomass and plant dry weight at Sehore and

Durgapura, whereas LN 1115b showed more increase in the nodule biomass at

Hisar. Strain LN 707b showed more N uptake at Sehore and Hisar, whereas strain

LN 1115b showed more N uptake at Durgapura. ICC 5003 comparatively formed

more nodules and produced more nodule and plant biomass and showed compara-

tively more N uptake. Non-nodulating line ICC 4993 NN used in this study did not

Fig. 3.3 Competitiveness of chickpea rhizobia inoculated in compatible LN selections of chick-

pea experiments conducted at Durgapura (a, b), Sehore (c), and Hisar (d) centres
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form any nodule at any of the location and showed less plant growth and lower N

uptake in the plants.

To study nodule occupancy, isolation of rhizobia was done on plates with

antibiotic streptomycin, and nodule occupancy by the inoculant strains was further

confirmed by the amplification of ERIC sequences by PCR. The nodule occupancy

of predominant strain LN 707b, based on antibiotic resistance in its specific host

ICC 4948 LN at Hisar, Sehore, and Durgapura centres, was 23, 19, and 29%,

respectively (Table 3.9). Corresponding nodule occupancy by another strain LN

1115b was 21, 24, and 18% and by the strain LN 7007 in its specific host ICC 5003

LN was 12, 18, and 29%, respectively. The identity of the streptomycin-resistant

inoculant strains LN 707b, LN 1115b, and LN 7007 occupying the nodules was

further confirmed by DNA finger printing, and 90–100% of the isolates retained the

same ERIC-PCR banding pattern.

The cumulative means of different centres for 3 years trial are presented in

Table 3.10. The host-specific Mesorhizobium strains LN 707b and LN 1115b

recorded a seed yield of 1,563.11 and 1,509.53 kg/ha amounting to an increase of

35 and 33%, respectively, over the non-nodulating uninoculated check. The nodule

occupancy was about 24–27% for different locations on overall mean basis of

3 years of the three locations.

Table 3.9 Competitiveness of chickpea rhizobia inoculated in compatible LN selections of

chickpea based on ERIC-PCR pattern

Treatments % Nodule occupied

Hisar Sehore Durgapura Mean

ICC 4948 uninoculated – – – –

Inoculated LN 707b 22 27 18 22.3

Inoculated LN 1115b 20 18 23 20.3

HN uninoculated – – – –

ICC 5003 uninoculated – – – –

Inoculated LN 7007 12 28 18 19.3

HN uninoculated – – – –

ICC 4993 NN 0 0 0 0

Table 3.10 Cumulative data of 3 years of grain yield (kg/ha) of compatible LN selections of

chickpea host inoculated with chickpea rhizobia conducted at three locations

Treatments 2003–2004 2004–2005 2005–2006 Mean % Increase

over control

ICC 4948 LN (Un ino) 1,594.66 1,384.50 812.00 1,263.72 20.07

ICC 4948 LN +LN 707b 1,914.33 1,765.00 1,010.00 1,563.11 35.38

ICC 4948 LN +LN 1115b 1,836.66 1,754.50 937.50 1,509.55 33.08

ICC 4948 HN (Un ino) 1,737.33 1,630.00 950.50 1,439.27 29.82

ICC 5003 LN (Un ino) 1,541.00 1,508.50 769.00 1,272.83 20.64

ICC 5003 LN +LN 7007 1,788.33 1,662.50 827.50 1,426.11 29.17

ICC 5003 HN (Un ino) 1,614.33 1,682.00 795.00 1,363.77 –

ICC 4993 NN (Un ino) 1,355.66 1,207.00 467.50 1,010.05 –
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3.5 Future Thrust Areas and Conclusions

Trials conducted at various AICRP centres on pulses were aimed to evaluate symbi-

otic association for better N2 fixation and productivity in legumes. The extent of

response varied with rhizobial inoculant strain, with cultivar, under different agroeco-

logical zones, interaction with native rhizobial population, with other microbes, soil N

status, cultural practices, and under different environmental conditions.

One of the important information gathered from these experiments was that the

soil moisture plays very important role in rhizobial population dynamics in the soil.

Sand dunes of Loharu/Badra region of Haryana state, where no or sparse nodulation

was observed in chickpea, showed abundant nodulation with the availability of

water in this region with the provision of sprinkler irrigation. Similarly, the loca-

tions near to a canal also showed better nodulation. Therefore, if proper moisture is

provided than even native rhizobial population can multiply and better yields can be

harvested. Under farmers’ field conditions, the nitrogen fixation should be esti-

mated at the harvest of crop and accordingly improvements for enhanced produc-

tivity should be suggested.

In the absence of proper nodule sterilization, contaminants appear and some-

times endophytic organisms having growth similar to rhizobia were picked up

failing the plant infectivity test (Dudeja et al 2011). Further work on this aspect

has been recently initiated at Hisar centre and a large number of organisms

including non-rhizobial bacteria (Micrococcus, Bacillus, and other gram-negative

bacteria) associated with chickpea and pea roots and nodules have been isolated.

Identification and characterization of these organisms is in progress. During isola-

tion few rhizobia-like colonies appear within 3–4 days, while others take 1 week to

a month, indicating the presence of different rhizobial genera in a single nodule.

Studies of such rhizobial strains are of great interest as Mesorhizobium from

chickpea should show growth within 3–4 days that falls between Rhizobium and

Bradyrhizobium growth pattern. Detailed studies of other nodule associated bacteria

other than rhizobia are also important for enhancing crop productivity. Appropriate

storage methods for isolated cultures needs to be investigated further as inactivation/

loss of nodulation characters were frequently observed.

What is actually determining the success of rhizobia in soil is still unanswered?

Attempts have beenmade to find out the various factors involved in the determination

of success of rhizobia in the soil and enhancing crop productivity. Usually, survival

is poor and competitiveness is low. Mesorhizobium ciceri, M. mediterraneum,
M. temperadae, andM. tianshanense have been identified to nodulate chickpea (Dudeja
and Singh 2008). Genetic features involved in the effectiveness and competitiveness

of a strain and environmental effects on their expression need to be further char-

acterized. Large numbers of chickpea biotypes, which do not form nodules but exist

as endophytes (Sarita et al 2005), are reported in soil, performing functions other

than nitrogen fixation. These organisms should be further characterized.

With the advent of advanced molecular techniques, it is possible to extract DNA

directly from the soil and amplify specific rhizobia present in the soil. Density
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gradient gel electrophoresis (DGGE) can be used to identify bacteria even differing

in single base pair. Recently, at Hisar centre the changes in rhizobial population due

to the presence of chickpea host or non-host crop wheat were investigated using

DGGE technique. Due to inoculation of rhizobia changes in the bacterial popula-

tion, three culturable bacteria Peusdomonas lubricans, Arthrobacter sp., and Lim-
nobacter thiooxidans in the adjoining area in soil were observed. Changes in a non-
culturable Rhizobium sp. in chickpea rhizosphere and in a non-culturable Pseudoa-
minobacter salicylatoxidans were observed in wheat rhizosphere. Such studies to

harvest the complete benefit of biofertilizers need to be explored in detail.

Quality aspect of the biofertilizers is of prime importance for better crop yield

response. So far there is no proper full proof quality control for the biofertilizers. One

can count the rhizobia-like colonies on the specified media plates, but that does not

ensure the genetic characteristics of rhizobia suitable to a specific crop. Plant

infection tests are time-consuming and not fool proof. Therefore, there is an emergent

need to develop an appropriate rapid methodology for appropriate quality control.
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Chapter 4

Phosphate-Solubilizing Microorganisms

Ramesh Chander Kuhad, Surender Singh, Lata, and Ajay Singh

4.1 Introduction

Phosphorus (P) is second major nutrient in crop productivity for its involvement in

many essential processes such as cell division, development, photosynthesis, break-

down of sugar, nutrient transport within the plant, transfer of genetic characteristics

from one generation to another and regulation of metabolic pathways (Tandon

1987; Armstrong 1988; Theodorou and Plaxton 1993). The maintenance of high

level of soil phosphorus has been a major challenge to agricultural scientists,

ecologists and farm managers because in most of the soils, phosphate is present in

unavailable form due to complex formation with Ca2+, AI3+, Fe2+ or Mn2+ depending

on soil pH and organic matter. The main problem of phosphorus in soil is its rapid

fixation and the efficiency of P solubilization rarely exceeding 10–20%. The fixed

forms of P in acidic soils are aluminium and iron phosphates while in neutral to

alkaline soils as calcium phosphates. The manufacture of phosphatic fertilizers

requires high-grade rock phosphate (RP) and sulphur which are getting depleted

progressively and becoming costlier. The total world reserves of RP are estimated

to be around 2,700 billion tons of which 80% are located in the USA, Russia, and

Morocco. In India, RP deposits are estimated to be about 145 million tons but bulk

of this is of poor quality and is unsuitable for manufacture of phosphatic fertilizers.

Only 25% of the total P requirement is met through indigenous sources; hence,

about 1.5 million tons of high grade RP is imported annually.

The concentration of total P in soil ranges from 0.01 to 0.2%, with an average

approximately 0.05% (Barker 1984). But out of this only 20% of total P is available
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to plants. It makes about 0.2% of plant dry weight (Sahachtman et al. 1998), which

indicates the importance of P availability in soil. Because of extreme reactivity and

fixation of P in soil, it is unavailable for plant growth. Moreover, the applied

phosphorus also gets fixed chemically with metal ions in the soil (Bagyaraj and

Varma 1995; Holford 1997). Even if the total P is high, there is always a need to

apply phosphatic fertilizers regularly, part of which gets fixed in soil and is

unavailable to plants depending on soil pH and climatic conditions. Although

various chemical transformations help in release of P immobilization, chemical

fixation depletes soil of the available P. Therefore, it is important to develop

technology for P solubilization for plant growth. Level of soluble P in soil can be

increased either by using phosphate-solubilizing microorganisms (PSM) as bio-

inoculants for solubilization of fixed soil P which can improve crop yields or

application of phosphorus (P) rich compost. The use of PSM as bio-inoculants

plays a vital role in maintaining soil nutrient status, structure and sustains the

production base. It also reduces reliance on expensive imported phosphate; thereby

a significant increase in yield was subsequently reported with inoculation of PSM in

different crops.

Uptake of phosphorus by the plants is in the form of soluble orthophosphorus. In

general, the availability of these ions to the plants is in the order of H2PO4
�1 >

H2PO4
�2 > PO4

�3. The availability also depends mainly on soil pH (Nath and

Borah 1983). The soil microorganisms that are of diverse type (fungi, bacteria and

actinomycetes) are responsible for solubilization of inorganic phosphates (Kapoor

et al. 1989; Kucey et al. 1989; Holvorson et al. 1990; Illmer and Schinner 1992;

Kapoor 1995) causing changes in pH of the soil microenvironment and by produc-

ing chelating substances that lead to the solubilization of inorganic phosphates. Iron

(Fe) and aluminium (Al) at low pH and calcium (Ca) at high pH fix the available

form of P into insoluble forms in soil (Dala 1973; Sanyal and De Datta 1991;

Johnson and Loepper 2006; Rengel and Marschner 2005) which are not easily

available.

4.2 Phosphate-Solubilizing Microorganisms

A large number of autotrophic and heterotrophic soil microorganisms have capacity

to solubilize mineral phosphates. PSM are present in almost all the soils, although

their number varies depending upon the soil and climatic conditions (Kucey et al.

1989). First time in 1903, tricalcium phosphate (TCP) solubilization was demon-

strated by soil bacteria in liquid and in solid medium (Stalstrom 1903; Sackett et al.

1908). However, the extent of solubilization varies with the source of inorganic P

and the microorganisms involved (Banik and Dey 1982). Phosphate-solubilizing

fungi (PSF) and bacteria are known as effective organisms for phosphate solubili-

zation (Reyes et al. 1999). Recent report suggests that PSM can be used in union

with RP so that phosphorus in the RP can be made available in the soil for plant

uptake (Jisha and Alagawadi 1996). Thus, PSM cause the release of nutrients into
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soil in naturally balanced proportion and exerts beneficial effects on plant develop-

ment (Glick 1995).

The use of PSM as bio-inoculants plays a vital role in maintaining soil nutrient

status and structure as it reduces reliance on expensive imported phosphatic ferti-

lizers. Application of these bacteria along with RP resulted in increased availability

of inorganic phosphate for plant utilization (Hebbara and Devi 1990; Rachewad

et al. 1992; Jisha and Alagawadi 1996; Chen et al. 2006). Thus, the beneficial effect

of inoculation on the availability of P to crops has led to the development of

inoculum which is popularly known as phosphobacterin. The first evidence to

show that inoculation of seedling with PSM increase uptake of P and crop yield

was by Gerretsen (1948) on oat crop. Sundara Rao and Paul (1959) reported

significant increase in the yield of barseem after inoculation with phosphobacterin.

Since then, beneficial effects of inoculation with different PSM have been reported

with different crops.

4.2.1 Major Groups of PSM

An extensive range of soil bacteria, actinomycetes, cyanobacteria and fungi belong-

ing to the genera Pseudomonas, Enterobacter, Bacillus, Rhizobium, Agrobacter-
ium, Microccocus, Aereobacter, Erwinia, Streptomyces, Nocardia, Aspergillus,
Penicillium, Trichoderma, Anabaena, Nostoc, Calothrix and Scytonema that are

able to solubilize various forms of precipitated P have been reported (Kucey et al.

1989; Roychoudhary and Kaushik 1989; Rodriguez and Fragaa 1999; Whitelaw

2000; Tran Thi Ngoc Son et al. 2006; Gulati et al. 2008; Sulbarán et al. 2009) and

are generally considered to contribute a significant component of the total soil

phosphatase activity (Richardson 1994).

In soil, phosphate-solubilizing bacteria (PSB) constitute 1–50% and fungi

0.5–0.1% of the total respective population (Banik and Dey 1982; Kucey 1983;

Kucey et al. 1989; Chen et al. 2006). In general, fungal isolates exhibit greater

P-solubilizing ability than bacteria in both liquid and solid media (Banik and Dey

1982; Gaur et al. 1973; Kucey 1983; Venkateswarlu et al. 1984). Fungi in soils are

able to penetrate deep into soil more easily than bacteria, and hence may be more

important to P solubilization in soils (Kucey 1983).

In addition, actinomycetes Micromonospora, Nocardia and Streptomyces have
also been reported to solubilize phosphates. Yeast such as Torula sp. which is

usually not present in soils has also been isolated from compost and characterized

for solubilization of TCP and RP (Singh et al. 1980).

4.2.2 Phosphate-Solubilizing Bacteria

An extensive range of soil bacteria including actinomycetes both aerobic and

anaerobic are able to solubilize various forms of insoluble inorganic phosphate

4 Phosphate-Solubilizing Microorganisms 67



compounds, such as TCP, dicalcium phosphate, hydroxyapatite and RP (Goldstein

1986; Rodriguez et al. 2000; Gulati et al. 2008; Sulbarán et al. 2009). The prominent

genera involved in mineral phosphate solubilization are Pseudomonas, Bacillus,
Rhizobium,Burkholderia,Achromobacter,Agrobacterium,Microccocus,Aerobacter,
Flavobacterium, Erwinia, Alcaligenes, Escherichia, Serratia and Xanthomonas sp.
(Li 1981; Datta et al. 1982; Venkateswarlu et al. 1984; Fernandez et al. 1984;

Thomas and Shantaram 1986; Surange and Kumar 1993; Farhat et al. 2009).

The Pseudomonas sp. includes P. striata, P aeruginosa, P. putida, P vermicu-
losam and P. fluroscence (Sen and Paul 1957; Gaind and Gaur 1990a, b; Kumar

et al. 2002; Buch et al. 2008). Population of PSB mainly depends on different soil

properties such as physical, chemical properties, organic matter and P content (Kim

et al. 1998).

Major Bacillus sp. known for their mineral phosphate-solubilizing abilities

are B. polymyxa, B. subtilis, B. brevis, B. circulans, B. megaterium, B. mesentricus,
B. mycoides, B. pulvifaciens, etc. (Sen and Paul 1958; Sundara Rao and Sinha 1963;
Paul and Sundara Rao 1971; Rodriguez and Fragaa 1999; Swain and Ray 2009).

Most PSB were isolated from the rhizosphere of various plants and are known to

be metabolically more active than those isolated from sources other than rhizosphere

(Baya et al. 1981; Katznelson and Bose 1959; Vazquez et al. 2000). The P-solubiliz-

ing ability in bacteria is generally reduced or lost upon repeated subculturing but no

such loss has been observed in the case of PSF (Kucey 1983; Sperber 1958).

P-solubilizing ability of PSB is affected by many physiological factors some of

which are C and N source in medium, mineral source, pH, incubation temperature,

aeration and incubation period (Gaind and Gaur 1990a, b; Vassilev and Vassileva

2003; Taiwo and Ogundiya 2008). Singh (1992) showed that PSB could solubilize

240 mg/ml and 5,300 mg/ml of TCP and mussoorie rock phosphate (MRP), respec-

tively, after 9 weeks of incubation at 30�C under stationary conditions. Dave and

Patel (1999) showed that Pseudomonas sp. release 27–163 mg of P2O5 at 37
�C in

3 weeks under static conditions at cell concentrations of 6.6 � 107/ml in 100 ml of

Pikovskaya’s (PVK) medium containing TCP equivalent to 225 mg P2O5 (Dave and

Patel 1999). Strains of Pseudomonas sp. are capable of releasing 162 mg/ml

inorganic phosphate in the medium containing TCP (Santhi 1998). Strains of

Enterobacter can release inorganic phosphate ranging from 83 to 551 mg/ml in

medium containing hydroxyapatite (Kim et al. 1997). Kumar and his coworker

(1999) observed that strains of Acetobacter released 142–431 mg/ml of inorganic

phosphate from TCP. Illmer and Schinner (1992) reported that temperature

25–30�C is optimum for P solubi1ization for Pseudomonas sp. whereas fungi

solubilize more P at a slightly higher temperature, i.e. 30–35�C (Gaur 1990).

B. polymyxa was found to have a higher temperature range of 35–40�C for optimum

solubilization (Gaur 1990). The maximum decrease in pH was observed on third

and seventh day by B. polymyxa and P. striata, respectively, which increased on

further incubation (Illmer and Schinner 1992). Recent report by Farhat et al. (2009)

showed that the soluble phosphorus (P) concentration in optimized medium reached

967, 500, 595 and 326 mg/l from CaHPO4, Ca3(PO4)2, hydroxyapatite and RP

within 72 h of incubation after inoculion with Serratia marcescens.
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Actinomycetes as PSM are of special interest since these gram-positive filamen-

tous sporulating bacteria can flourish in extreme environments (Jiang et al. 2005;

Pathom-Aree et al. 2006) and also produce various plant growth-promoting sub-

stances (Fabre et al. 1988; Manulis et al. 1994; Ikeda 2003; Jain and Jain 2007).

Many workers have isolated actinomycetes strains with phosphate-solubilizing

ability (Ahmad and Jha 1968; Mahmoud et al. 1973; Ibrahim and Abdel-Aziz

1977; Banik and Dey 1983; Mba 1997; Hamdali et al. 2008). Mba (1994) isolated

four actinomycetes from earthworm cast of Pontoscolex corethrurus which were

able to solubilize up to 7 mg soluble P/g RP within one week of incubation.

Interestingly, the RP-solubilizing power of these isolates was decreased with

acidification of the medium and most of the isolates were able to hydrolyse

carboxymethyl cellulose (CMC). Hamdali et al. (2008) isolated 55 actinomycete

cultures, which were able to solubilize RP in synthetic minimum medium. Most of

these isolates were from genera Streptomyces and Micromonospora and did not

produce any organic acids but found to produce siderophores rendering the P

available for plants.

Many workers have used a composite culture of bacteria and fungi to enhance

the P solubilization but the efficiency of such mixed inoculants depends on the

compatibility among microorganisms. Kundu and Gaur (1981) found that inocula-

tion of P. striata and Aspergillus awamori together solubilized more phosphates

than dual inoculation of B. polymyxa and A. awamori.

4.2.3 Phosphate-Solubilizing Fungi

A large number of fungi have also been reported to solubilize insoluble forms of

phosphorus. These include Aspergillus, Candida, Penicillium, Rhizopus, Clados-
porium and Paecilomyces, etc. (Agnihotri 1970; Gaind and Gaur 1991; Banik and

Dey 1982; Singh et al. 1984; Venkateswarlu et al. 1984; Darmwal et al. 1989;

Sheshadari et al. 2000). These PSF are well known for their ability to solubilize

mineral phosphates owing to their ability to produce organic acids (Mattey 1992;

Reddy et al. 2002; Bojinova et al. 2008; Richa et al. 2007; Xiao et al. 2009; Khan

et al. 2010), and particularly some Aspergillus and Penicillium species have been

tested by inoculating directly into the soil in order to solubilize RP (Kucey 1987;

Vassilev et al. 1997). Inoculation of PSF and mycorrhizal fungi also improves

the physico-chemical, biochemical and biological properties of RP-amended soil

(Caravaca et al. 2004).

In another study, Aspergillus tubingensis and two isolates of Aspergillus niger
have also shown the highest solubilization of RP under in vitro conditions (Reddy

et al. 2002). Richa et al. (2007) tested Aspergillus tubingensis and A. niger for their
efficacy to solubilize RP in RP-amended soils and they observed that available P

along with organic carbon was significantly increased when compared to initial soil.

Also the soil pH was lowered compared to initial pH of the soil. The improvement

of physico-chemical and biochemical properties of RP-amended soil with the
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inoculation of A. niger and mycorrhizal fungi was also reported by Caravaca et al.

(2004).

Similarly, El-Azouni (2008) tested the efficacy of Aspergillus niger and Penicil-
lium italicum to solubilize TCP in vitro and they found the release of inorganic P

was 490 and 275 mg P ml�1, respectively, after one week incubation. Change in

soluble P with time with respect to pH has been observed with Paeciiomyces
fusisporus and other fungi (Goyal et al. 1982; Mishra et al. 1983). A nematofungus

Arthrobotrys oligospora also has shown the ability to solubilize the phosphate rocks
(Duponnois et al. 2006).

Arbuscular Mycorrhizae (AM) fungi are known to enhance P nutrition of plants

especially in P-deficient soils by scavenging the available P due to the large surface

area of their hyphae and by their high-affinity P uptake mechanisms (Hayman 1974;

Moose 1980; Sanders and Tinker 1973). There are also reports of organic acid

production by AM (Paul and Sundara Rao 1971) that could solubilize the insoluble

mineral phosphates. As the soil phosphorus levels available to the plants increase,

the amount of phosphorus also increases in the plant’s tissues and thus the concom-

itant carbon drain from the plant by the AM fungi making symbiosis nonbeneficial

to the plant (Grant et al. 2005).

4.2.4 Interaction of PSB with Other Microorganisms

The PSM when used with other plant growth-promoting rhizobacteria (PGPR)

act synergistically to enhance crop yields (Saxena and Tilak 1994, 1997). Co-

inoculation of P. striata and AM significantly increased the soybean yield and P

uptake by plants over control. Dual inoculation of Rhizobium with PSM (Perveen

et al. 2002) or arbuscular mycorrhizae (AM) fungi (Zaidi et al. 2003) has been

shown to improve plant growth more than with their sole inoculation in P-deficient

soils. Synergistic interactions on plant growth have been observed by co-inocula-

tion of PSB with N2 fixers such as Azotobacter (Kundu and Gaur 1984) and

Azospirillum (Belimov et al. 1995) or with vesicular AM (Kim et al. 1998). Son

et al. (2003, 2006) showed that co-inoculation of Bradyrhizobium japonicum and

Pseudomonas sp. enhanced the number of nodules, dry weight of nodules, yield

components, soil nutrient availability and uptake in soybean crop. Research work-

ers have reported similar results with legume crops when PSBs are coinoculated

with various N2 fixing bacteria (Table 4.1).

4.3 Mechanisms of Phosphate Solubilization

Release of organic acids by PSM has been reported as a primary mechanism of

phosphate solubilization (Hilda and Fraga 2000; Khiari and Parent 2005). Besides

organic acids, the production of chelating substances (2-ketogluconic acid), humic
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substances, mineral acids (sulphuric acids), siderophores and proton extrusion

mechanisms also play an important role (Kapoor et al. 1989; Kucey et al. 1989;

Illmer et al. 1995).

Growth of PSM is generally accompanied by decrease in pH of the medium and

soil (Singh et al. 1980; Mishra and Banger 1985; Darmwal et al. 1989; Stevenson

2005). Reduction in pH is due to the production of organic acids, which include

citric, gluconic, fumaric, malic, oxalic, lactic, 2-ketogluconic, malonic acids, etc.

(Banik and Dey 1981; Venkateswarlu et al. 1984; Illmer and Schinner 1992;

Vassilev et al. 1996; Hwangbo et al. 2003; Patel et al. 2008). However, quantity

Table 4.1 Effect of co-inoculation of legumes with phosphate solubilizers and N2 fixers

Crop Rhizobia Co-inoculating

PS solubilizers

Plant responses to inoculation References

Alfalfa R. meliloti Pseudomonas Plant growth, nitrogenase activity,

nodule number, total nodule

weight and total plant nitrogen

showed significant increase

Knight and

Langston-

Unkefer

(1988)

Chickpea Mesorhizobim Pseudomonas Marked increase in nodule weight

and shoot biomass when

coinoculated with

Mesorhizobium and

Pseudomonas in sterilized

chillum jar conditions. In pot

experiments, co-inoculation

significantly increased root and

shoot biomass

Sindhu et al.

(2002a)

Mesorhizobium Bacillus Dual inoculation significantly

increased plant dry weight,

nodulation, N content, protein

content and seed yield,

compared to single inoculation

Wani et al. (2007)

Rhizobium Pseudomonas,
Bacillus

Significantly increased nodule

weight, root and shoot biomass

and total plant nitrogen

Parmar and

Dadarwal

(1999)

Clover R. leguminosarum
bv.trifolii 24

Pseudomonas sp. Co-inoculation significantly

increased shoot and nodule

weight in comparison to

plants inoculated with

R. leguminosarum bv. Trifolii

Derylo and

Skorupska

(1993)

Common

bean

Rhizobium A. brasilense Co-inoculation promoted root hair

formation and an increase in

secretion of the nod gene

induced flavonoids resulting in

greater number of nodules

Burdman et al.

(1996)

Soybean B. japonicum P. fluorescens Co-inoculation increased

colonization of B. japonicum
on soybean roots, nodule

number and the acetylene

reduction assay

Chebotar et al.

(2001), Son

et al. (2006)

Greengram Bradyrhizobium sp.

(Vigna)
Bacillus Co-inoculation enhanced

nodulation and growth of

greengram

Sindhu et al.

(2002b)

Wheat R. leguminismarum Pseudomonas sp. Dual inoculation along with P

fertilizer increase yield by

30–40%

Afzal and

Asghari

(2008)
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and quality of organic acid produced is fully dependent on type of PSM. The highest

solubilization of TCP and RP was reported by citric and fumaric acid (Gaur 1990).

Calcium and magnesium in RP binds to the solubilized P and carbonate thereby

neutralizing the organic acids, which play a vital role in solubilization.

The release of 2-ketogluconic acid by PSM was correlated with P solubilization

due to its calcium chelating ability (Firsching 1969). Moreover, these compounds

form stable organometallic complexes with Fe and Al and decrease precipitation of

solubilized phosphates. Chelation of calcium, especially oxalic acid helps in solu-

bilization of insoluble phosphates (Illmer and Schinner 1992). Besides acids pro-

duction and chelators, bacterial exo-polysaccharides (EPS) also play an important

role in mineral phosphate solubilization. Recently, Yi et al. (2008) observed the

synergistic effects of EPS and organic acid on TCP solubilization, which varied

with the origin and the concentration of EPS in medium. The increase of P

solubilization brought by EPS is mainly attributed to the precipitation of EPS

consequently resulting in greater phosphorus released from insoluble phosphate.

Humic substances are produced in soil as a result of organic matter decomposi-

tion and contain humic and fulvic acids as their main components. Humic acids are

strong chelating agents which chelate Ca2+ and release H+, and thus help in

dissolution of insoluble phosphates (Gaur 1969; Pareek and Gaur 1973; Mishra

et al. 1983; Banger et al. 1985; Singh and Amberger 1990). The functional group of

these compounds, such as carboxylic, phenolic, hydroxylic and phenolic hydroxyl,

forms stable complex with Ca, Fe and Al (Banger and Mishra 1990). They also

check reprecipitation of the solubilized phosphates (Singh and Amberger 1990).

The sulphate-reducing bacteria and other heterotrophic organisms under anaerobic

conditions release H2S that solubilize ferric phosphate by forming insoluble sulphides

of Fe and render soluble phosphate (Gaur 1990). Rhizospheric microorganisms release

CO2 forming carbonic acid (HCO3), which lowers the pH, and thus help in P solubili-

zation (Hayman 1975). The oxidation of inorganic sulphur and pyrite to sulphuric acid

by sulphur oxidizing bacteria (Thiobacillus) lowers the soil pH and hence improves the

availability of phosphates (Wainwright 1984; Kapoor et al. 1991) due to formation of

CaNO3 and CaSO4. Certain rhizospheric microorganisms (Rhizobium, Azotobacter,
Pseudomonas) synthesize iron-chelating compounds (siderophores), which in acidic

soil remove iron from ferric phosphates and render phosphate for plants (Bossier et al.

1988; Suneja and Lakshminarayana 1999; Hamdali et al. 2008).

Proton extrusion mechanism is a probable mechanism of phosphate solubiliza-

tion in some microorganisms, which can solubilize phosphates without the release

of organic acids in the environment (Illmer et al. 1995). Release of H+ accompany-

ing respiration and assimilation has been observed in Penicillium aurantiogriseum
and Pseudomonas sp. solubilizing hydroxyapatite (Illmer et al. 1995; Lin et al.

2006). The insoluble phosphates are solubilized at the cell surface of the micro-

organisms. The NH4
+/H+ exchange mechanism depends on the presence of NH4

+

ions in the medium as uptake of NH4
+ occurs with the concomitant release of H+ in

the environment (Roos and Luchner 1984). Quality and quantity of root exudates

also alter the concentration of P in the soil solution due to presence of organic

ligands in the root exudates (Hinsinger 2001).
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4.4 Estimation and Enumeration of Phosphate-Solubilizing

Microorganisms

PSMs can be isolated from different sources such as soil (Khanna et al. 1979; Gupta

et al. 1986; Kapoor et al. 1989; Roychoudhary and Kaushik 1989), rhizosphere

(Sardina et al. 1986; Thakkar et al. 1993; Singh and Kapoor 1994), root nodules

(Chhonkar and Subba Rao 1967; Surange and Kumar 1993), compost (Kapoor et al.

1989; Thakkar et al. 1993), RPs (Gaur et al. 1973) and earthworm casts (Mba 1994).

Solubilization of tricalcium phosphate (TCP) in agar medium has been used as

the initial criterion for isolation and enumeration of PSM. Stalstrom (1903) first

demonstrated the solubilization of TCP by soil bacteria in solid and liquid medium.

Organisms growing on such media are able to solubilize P and produce clear zone

around colonies due to dissolution of calcium phosphate. Mineral P solubilizers

have been routinely isolated and screened using PVK medium (Pikovskaya 1948)

or Sperber medium (Sperber 1957) by plate assay method, looking for halo/clear

zone around colonies of potential P solubilizers (Katznelson et al. 1962; Das 1963;

Bardiya and Gaur 1974; Darmwal et al. 1989). The zone of clearance is due to

solubilization of inorganic phosphate mainly due to the production of organic acids

in the surrounding medium (Johnston 1952; Das 1963; Sethi and Subba Rao 1968;

Pareek and Gaur 1973; Kundu and Gaur 1981; Kapoor et al. 1989; Halder et al.

1990; Singal et al. 1991; Yadav and Dadarwal 1997).

Although, microorganism capable of producing zone of clearance around its

colonies in plate assay method is selected as a potential P solubilizer, however,

several workers have reported that many isolates which did not produce any visible

zone of clearance on agar plates but could solubilize various types of insoluble

inorganic phosphate in liquid medium (Louw and Webley 1959; Das 1963). Thus,

the existing plate assay fails where the halo zone is inconspicuous or absent. This

may be because of the varying diffusion rates of different organic acids secreted by

different microorganisms (Johnston 1952). On the other hand microorganisms,

which showed P solubilization in laboratory medium, do not give any solubilization

in soil. For example, Whitelaw et al. (1999) showed that, even though Penicillium
radicum produced GA when grown in laboratory culture, the organic acid was not

the primary mechanism for solubilization of precipitated P. Hence, there is need of

suitable medium for quick and reliable plate assay for screening PSM. However, the

plate assay can be regarded as generally suitable for isolation and preliminary

characterization of PSM.

Gupta et al. (1994) gave a modified PVK medium formulated using different

concentrations of bromophenol blue (BPB) dye for screening PSM. Results

revealed that as the concentration of dye increased, the clarity and visibility of

the yellow coloured halo/zone improved, and most appropriate dye concentration

was found to be 2.4 mg/ml. There is no correlation between halo zone formation

and quantity of inorganic phosphate solubilized (Ostwal and Bhide 1972; Arora and

Gaur 1979). Indicator medium containing bromothymol blue (BTB) has also been

developed to enhance chances of picking up efficient PSB (Krishnaraj 1996).
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Advantage of using modified medium is that the incubation period required prior to

selection of PSB is significantly reduced, i.e. minimum incubation period for PSB

was 24 h than in original PVK medium that exceeds 7 days.

National Botanical Research Institute’s phosphate growth medium (NBRIP),

which is more efficient than PVK medium was developed for screening of PSM

(Nautiyal 1999). NBRIP medium was comparable to PVK agar medium; however,

in broth assay, NBRIP medium consistently resulted in a 3-fold increase in P

solubilization. The rate of phosphate solubilization was increased with increased

concentrations of glucose (Nautiyal 1999). Also, glucose, xylose and sucrose are

reported to be good carbon sources for PSF (Ahmad and Jha 1968), while for

bacteria glucose, galactose and sucrose were found to be effective. However, the

solubilization potential of microorganisms varies with different carbon sources

depending on the type of insoluble phosphate (Ahmad and Jha 1968; Thakkar

et al. 1993). In anaerobic conditions, P release is affected by the physiological

state of cells and carbon sources (acetic, propionic and butyric acid) as observed

under stationary conditions (Rustrain et al. 1997). The utilization of glucose

directly correlates with drop in pH, which was reflected as mineral phosphate

solubilization due to conversion of glucose to GA (Goldstein and Liu 1987; Liu

et al. 1992). It was observed that 60 mM GA produced results in release of 0.1 mM

inorganic phosphate. The amount of acid liberated by PSB roughly is more than

5 per cent of the carbohydrate consumed (Banik and Dey 1982). Phosphate solubi-

lization ability was improved with (NH4)2SO4 at a lower concentration and was

27.1 percent more effective than KNO3 as observed by Nautiyal (1999). P. striata
(PS-9) has been found to utilize urea, asparagine, ammonium sulphate, ammonium

nitrate, potassium nitrate and calcium nitrate for solubilization of RP (Gaur 1990).

Sodium nitrate and peptone were found to be better substrate for P solubilization by

B. megaterium var. phosphaticum. P. striata solubilized the higher amount of

insoluble phosphates among bacteria, and quantities of RP solubilized were much

less than TCP and hydroxyapatite (Arora and Gaur 1979). However, incorporation

of bacteria with RP resulted in increased availability of inorganic phosphate for

plant utilization (Hebbara and Devi 1990; Rachewad et al. 1992; Jisha and Alaga-

wadi 1996). But, in plate assay, for efficient P solubilizers, tricalcium is used

instead of MRP. As TCP gets metabolized faster, it is normally used for screening

studies compared to RPs (Singh and Kapoor 1994). Also, TCP solubilization is

higher as compared to aluminium phosphate and ferric phosphate (Narsian et al.

1993). Microbial solubilization of RP is influenced by the physical and chemical

properties of the RP and the microorganisms involved (Garg et al. 1989; Kapoor

et al. 1989).

Bacteria prefer to grow in neutral to alkaline (pH 7 to 8) reaction for maximum

solubilization (Wani et al. 1979) and fungi do better at slightly acidic to neutral pH

(Gaur 1990). A direct correlation was obtained between decrease in pH and

increase in available P of the culture media in certain cases (Sperber 1958;

Agnihotri 1970; Liu et al. 1992) but others have contradictory reports that solubili-

zation is not always proportional to the decline in pH (Mehta and Bhide 1970;

Krishnaraj 1996; Asea et al. 1988; Parks et al. 1990). The form in which inorganic
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phosphate exists also changes according to the soil pH. Below pH 6.0, most

inorganic phosphate is present as monovalent H2PO4 species. The plant uptake is

also high at the pH range of 5.0–6.0, which indicates that P is primarily taken up as

monovalent form (Furihata et al. 1992). It has been noted that PSB could solubilize

both RP and dicalcium phosphate in unbuffered media but failed to solubilize RP in

buffered media. The organic acid secreted by these bacteria was 20–50 times less

than that required to solubilize P from alkaline soil (Gyaneshwar et al. 1998).

4.5 PSM and Yield of Crops

PSM inoculation can increase crop yields up to 70% (Verma 1993). The increase in

yield is mainly attributed by the increased availability of soluble phosphorus on

inoculation with PSMs, which enhance the plant growth by improving biological

nitrogen fixation (Kucey et al. 1989).

Sundara Rao et al. (1963) reported increase in yields and phosphate uptake in

tomato and wheat with phosphobacterin and a strain of Bacillus megaterium.
Kundu and Gaur (1980) reported increased potato yield with phosphobacteria

in potato. Also, increase in wheat yield with inoculation of PSM-Azotobacter
chroococcum is reported. Similarly, increase in yield was observed in various

crops such as chickpea, rice, etc. (Alagawadi and Gaur 1988; Kavimadan and

Gaur 1971; Monod et al. 1989).

Similarly, several authors have reported increased yield of wheat (Whitelaw

et al. 1997; Omar 1998), onion (Vassilev et al. 1997), alfalfa (Rodrı́guez et al.

1999), rice (Khan et al. 2008), maize (Richa et al. 2007) and soybean (Abd-Alla and

Omar 2001) through simple inoculation of PSF. Recently, El-Azouni (2008)

observed that the dual inoculation of PSF (A. niger and P. italicum) significantly
increased dry matter and yield of soybean plants compared to the control TCP-

amended soil in pot experiment along with significant increase in the percentage of

N and P content of the plant.

4.6 Future Prospects

PSMs are an integral component of soil microbial community and play an important

role in P cycle in soil rendering the unavailable P to plants. These PSM have

enormous potential for making use of fixed P in the soil particularly in soils with

low P availability in tropical and subtropical developing countries. The mechanism

of phosphate solubilization by microorganisms has been studied in detail but the P

solubilization is a complex phenomenon affected by many factors, such as PSM

used, nutritional status of soil and environmental factors. Moreover, the stability of

the PSMs after inoculation in soil is also important in P solubilization to benefit

crop growth. Therefore, it needs further studies to understand the characteristics
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and mechanisms of phosphate solubilization by PSM. To conclude, the efforts

should be made to identify, screen and characterize more PSM for their ultimate

application under field conditions.
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Chapter 5

Bioaugmentation and Biovalourization of

Agro-Food and Beverage Industry Effluents

Alok K. Pandey, Brijesh K. Mishra, Anju Arora, Surender Singh, Lata,

and Ramesh C. Ray

5.1 Introduction

Intensive agriculture has resulted in increased productivity. Every year there is a

record increase in food production and huge surplus of various crops, e.g., cereals and

tuber crops such as potato, cassava, sweet potato, sugar beet and sugarcane, etc., are

produced and processed for value addition.Most of the starchy crops such as cassava,

sweet potato and potato are perishable (Ray and Ward 2006) and enormous infra-

structure is needed to store large quantities of such crops. In developing countries,

due to poor infrastructure, post-harvest losses account for 25–30% of the total

production owing to spoilage by bacteria, fungi and insect attack and hence it is

becoming imperative to process these crops into value-added commodities. The food

and beverage processing industry is growing fast the world over. These industries

generate lots of solid waste and effluents, which are rich in nutrients and able to

support growth of variety of microorganisms (Thassitou and Arvanitoyannis 2001).

These effluents (wastewaters) if disposed untreated, add to the pollution problem. In

view of the extensive contamination of the environment by persistent and toxic

chemical pollutants originating from industrial wastewaters, it is imperative to

develop cost-effective and efficient methods for their remediation. At present, an

Ajmer, Rajasthan-305206 international trend promoting pollution prevention

through cleaner production, which is based on the 5R policy (Fig. 5.1) namely

reduction, replacement, reuse, recovery and recycling, is emerging (Olguı́n et al.

2004). Bioaugmentation is the popular and attractive technology that utilizes the

metabolic potential of microorganisms to clean up the environment (Watanabe 2001;
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Thassitou and Arvanitoyannis 2001). In the past, many types of treatment processes

including physical, chemical and biological treatments have been recommended for

wastewater treatment (Wilbey 2006), but they suffer from inherent shortcomings

such as they are not fit for in situ application and may lead to formation of by-

products, which further pose disposal problems. Furthermore, nearly all physical and

chemical treatments are energy-intensive processes that cannot be afforded due to

ecological fragility and sustainability. For organic wastewater disposal there is still a

lot left to desire. It is because, in the past, treatment processes have ignored these

wastes/effluents as potential feedstocks for useful microbial fermentations and prod-

uct formation with notable exception of methane generation from municipal sludge.

Most of the times, the waste treatment has been thought as a charge on society

without a detailed examination of economical and ecological factors involved.

Whatever primary (physical separation) treatment process is used, microbially

decomposed biomass is a major product in food processing industry wastes. It can

be utilized as organic fertilizer and animal feed (Ward et al. 2008), as feedstock for

anaerobic digestion to methane and production of bioethanol (Ward et al. 2006). An

excellent example of commercial possibilities comes from potato starch processing

industry. For example, the Symba process based on using mixed culture of Candida
utilis and Endomycopsis fibuligera produced a high quality single cell protein (SCP)
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Fig. 5.1 The 5 R policy (Olguı́n et al. 2004)
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and simultaneously reduced biochemical oxygen demand (BOD) and chemical oxy-

gen demand (COD) of potato processing wastes up to 90% (Skogman 1976).

5.2 Fermentation Methods

The main methods for bioaugmentation and biovalourization of food and beverage

industry wastes are solid-state fermentation (SSF) processes, whereas effluents are

mostly treated by submerged fermentation (SmF) processes.

5.2.1 Solid-State Fermentation

Solid-state processes involve growing the organisms on a substrate that is primarily

insoluble such that there is essentially no free liquid. While research on industrial

fermentation has chiefly focused on submerged processes, application of SSF is

particularly relevant and applicable to the fermentative processing of agro-solid

wastes with a view to production of SCP and other bioproducts such as bioethanol,

organic acids, enzymes, etc.

Advantages of SSF include simplicity of the fermentation operation, the high

capacity of the microbes to release concentrated enzymes during growth of sub-

strate hydrolysis, the substrate penetrating capacity of fungal mycelium and the

competitive advantage that fungi hold over bacteria in the low water-activity

environment. SSF processes have been used for protein enrichment and improve-

ment of digestibility of food industry solid wastes using substrates which include

the following: filter-pressed cakes; for example, from vegetable recovery, grape

marc, root crop wastes such as beet, cassava and sweet potato, and pulp of fruits and

coconuts. SSF has likewise been used to upgrade feed quality of cellulosic wastes

from tea manufacture, bagasse fractions from various processes, brewery-spent

grains, corn stover, pollard and bran wastes, wheat and paddy straw, and hemp

and cotton stalks. Basidiomycetes cultures of Polyporus strains cultivated on whole
bagasse substrate in a solid-state system degrade the cellulose, hemicelluloses and

lignin components of unwashed and untreated bagasse, while increasing the digest-

ibility and protein content of the product and rendering it suitable for cattle feed

(Ward et al. 2008).

5.2.2 Submerged Fermentation

Liquid wastes, typically generated in the aqueous washing or wastes liquid streams

from food processing, may be used for SCP production, where the protein-rich
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biomass with or without wastes particulate matter originating from the plant

material is recovered from the waste treatment process or for biomethane genera-

tion, with substantial reduction in BOD and COD. Examples of liquid wastes

suitable for SCP enrichment and biomethane generation include: food processing

effluents, processing filtrates and decantation liquid wastes, fruit and vegetable

waste hydrolyzate, palm and olive oil mill effluents, canary effluents, pulp and peel

extracts, waste coconut milk, fruit and sugarcane (vinasse) stillages, various pre-

treated hydrolyzate bagasse and other hydrolyzed cellulose wastes.

5.3 Types of Wastes Produced During Food and Beverage

Processing

Food and beverage processing wastes include solid wastes in the form of pulp or

effluents generated during processing of different agricultural produce. All pro-

cesses generate waste by-products and effluents to a greater and lesser degree. The

quality and quantity of wastes produced depend on the type of food and beverage

being processed. There are large differences within sectors, and even from site to

site therefore generalization is not only difficult, but could also be misleading.

Fallow and Wheelock (1982) described wastes produced from industrial food

processing into three kinds:

l Waste produced before storage on processing site
l Waste produced during storage on processing site
l Waste produced during processing

All these wastes whether solid or liquid, contain starch or sugars, which serve as

primary carbon source during biological treatment processes. In case of starchy

wastewater, success of the treatments depends on the capacity of the organism to

catabolize starch, which has to be hydrolyzed to easily assimilable sugars, i.e.,

maltose and glucose. Three types of enzymes are involved in complete hydrolysis

of starch to glucose viz., endo-amylase, exo-amylase and glucoamylase. Glucose

produced after the action of amylolytic enzymes is assimilated. Therefore, the

organism used should exhibit all the three enzyme components of amylolytic

system or microbial consortia (mixed cultures) are to be used.

White rot fungi are versatile and robust organisms having enormous potential for

oxidative bioremediation of a variety of toxic chemical pollutants such as phenols

present in olive mill wastewater (OMWW) as well as brown colour toxic material

produced frommolasses-basedwastewater (Thassitou andArvanitoyannis 2001). They

are capable of mineralizing a wide variety of toxic xenobiotics due to non-specific

nature of their extracellular lignin mineralizing enzymes. In recent years, a lot of

work has been done on the development and optimization of bioremediation pro-

cesses using white rot fungi, with emphasis on the study of their enzyme systems

involved in biodegradation of industrial pollutants (Asgher et al. 2008).
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5.4 Bioaugmentation and Biovalourization of Solid Wastes

For economically feasible treatment of solid wastes, it has to be treated in situ. This

can be achieved by SSF of these wastes and success depends on the ease of degrada-

tion of these wastes. A number of procedures using either peel or pulp from fruit,

vegetable or tuber wastes have been used as fermentation substrate for amylolytic

organisms to generate protein-enriched biomass as well as other value-added products

(Ray et al. 2008a, b). The protein-enriched biomass can be used as animal feed. The

earlier processes that used solid starchy wastes were operated in two steps mostly by

using mixed cultures or extracted enzymes for initial hydrolysis of starch and subse-

quently fermentation of hydrolysate to value added products. Moreton (1978)

described a process, which used enzymatically hydrolyzed potato wastes to grow C.
utilis and it was proved to be an excellent medium to produce protein-enriched feed.

Similar processes have been evolved for utilizing solid wastes from other starchy

crops like cassava and sweet potato. Cassava is one among the six main agricultural

products (wheat, rice, corn, potato, oat meal and cassava) generated across the

globe with an estimated production of 160 million tons per year worldwide (FAO

2005). Ofuya and Nwajiuba (1990) described a method by which cassava peel was

readily degraded and utilized by a strain of Rhizopus growing in SSF. Maximal

growth occurred at 45�C and was proportional to the degree of hydrolysis of the

peel. The yield of dry mycelia biomass from the reducing sugars of the peel was

51%. After 72 h of fermentation, the peel contained 76% moisture, 6% cellulose,

7% hemi cellulose and 0.4% ash. The protein content increased from 5.6 to 16%

thus bioconverting cassava into fungal biomass. SSF of cassava peels using a strain

of Rhizopus spp. caused a drastic reduction (c.95%) in the HCN level of the peel

and about 42% reduction in the soluble tannin content (Tweyongyere and Katon-

gole 2002). In vitro digestibility of the fermented peel was 70.5% and the principal

sugars of the fermented peel were xylose, mannose and galactose (Ofuya and Obilor

1994). In another study, mash prepared from cassava peels was fermented with

Saccharomyces cerevisiae or Candida tropicalis. Temperature at 30�C, pH of 5.5

and moisture content at 30% were found to be the optimum for crude protein

formation by these organisms (Anita and Mbongo 1994).

Yeast and yeast-like organisms were chosen for the SCP fermentation of cassava

root, starch, cassava bagasse as well as waste water (Oliveira and Reis 2001).

A mixed culture of C. utilis and E. fibuligera efficiently and rapidly utilized both

starch and free sugars present in cassava starch factory effluents. After 28 h SmF,

the protein content of the biomass was 22% (w/v) (Manilal et al. 1991).

Cassava and potato starch residues were used as substrate to produce the edible

mushroom Volvariella volvacea. The best results were obtained in a medium

containing 4.8% (w/v) declassified potato flour and 1.2% (w/v) cassava bagasse

(Tonial et al. 2000).
Protein enrichment of sweet potato residue with amylolytic yeasts has also been

attempted using SSF (Yang 1988). Sweet potato residues fermented with the yeast

strain, Saccharomyces spp. IFO1426 could produce an animal feed product
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Table 5.1 Microbes and substrates used in single-cell protein production studies

Microbes Specific organisms Substrates

Fungi Aspergillus niger Lemon pulp, banana waste, orange peel,

cassava bagasse, corn cobs, sugar

cane bagasse, rice straw

Aspergillus terreus Sugar cane bagasse, stillage

Chaetomium cellulolyticum Cellulosic wastes

Fusarium graminearum Starch hydrolyzate, vinasse, cereal

fractions, cellulose hydrolyzate

Geotrichum candidum Orange peel, cassava waste water

Sporotrichum pulverulantum Bagasse, stalks, straws

Trichoderma reesei Beet pulp, cellulose, straws, bagasse,

stillage

Trichoderma viride Cane sugar vinasse, orange peel, palm

oil effluent

Trichoderma aureoviride Beet pulp

Penicillium cyclopium Whey

Penicillium roqueforti Citrus fruit peel, lemon pulp

Pleurotus ostreatus Cellulosic waste

Aspergillus niger, Rhizopus stolonifer,
Neurospora sitophila

Sweet potato bagasse

Yeasts Candida krusei Sorghum hydrolyzate, tea concentrate

Candida tropicalis Fruit waste, plant liquid waste, salad oil

manufacturing wastewater

Candida utilis Banana waste, apple waste, pineapple

cannery waste, cellulose and

hemicellulose hydrolyzate, salad oil

manufacturing wastewater, defatted

rice polishing

Saccharomyces cerevisiae Stillage, molasses, sweet orange waste

Saccharomyces fibuliger Apple waste

Saccharomyce lipolytica Distillery waste

Saccharomyces uvarum Banana skin, vegetable plant extract,

beet molasses

Torula utilis Plant origin liquid waste, olive oil

wastewater

Kluyveromyces fragilis Whey

Pichia pinus Mango waste

Rhodocyclus gelatinosus Cassava starch

Candida tropicalis, Schwaaniomyces
occidentalis, Torulopsis wickerham,
Endomycopsis fibuligera, and
Saccharomyces spp.

Cassava waste water

Saccharomyces cerevisiae Sweet potato waste

Bacteria Bacillus subtilis Potato waste

Brevibacterium flavum Cane sugar vinasse

Cellulomonas spp. Agricultural wastes, potato waste,

sugarcane bagasse, cotton debris

Rhodopseudomonas gelatinous Wheat bran

Bacillus subtilis Fruit waste

Corynebacterium acetoacidophilum Cane sugar vinasse
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containing 16–21% protein. Yeasts such as C. utilis, E. fibuligera, Pichia burtonii
and Saccharomyces spp. are used for SCP production (Yang 1988; Yang et al.
1993). Sweet potato distillery wastes are enriched with yeast protein and the feed is

utilized for red carp (Cyprinus carpiol; Mokolensang et al. 2003).
In all these processes, production of SCP or protein-enriched biomass from solid

starchy wastes proceeds in two steps, i.e., liquefaction and saccharification of starch

(polysaccharide) to sugar (monosaccharide) and then utilization of sugar for pro-

duction of biomass (Ward et al. 2008). Mixed cultures and enzymes have been used

to perform these processes. In a further improvement of the process, Sukara and

Doelle (1989) described a one-step process for the production of SCP and amylo-

glucosidase (which is a commercially important enzyme) using a newly isolated

Rhizopus spp. This fungus was found to convert ground cassava tubers into SCP

without pre-treatment due to its high amyloglucosidase production potential. Vari-

ous microorganisms and agro-food wastes utilized in SCP production studies are

given in Table 5.1 (Ward et al. 2008).

Fig. 5.2 (a) Cassava bagasse

and (b) Manipueira
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Besides protein enrichment, the solid wastes of the starchy tubers like potato

pulp and cassava bagasse (Fig. 5.2a) have been subjected to SSF with fungi, yeasts

and bacteria for production of value added products like enzymes, lactic acid (Ray

et al. 2008a) and bioplastics (Ghofar et al. 2005). Jyothi et al. (2005) have optimized

a process for glutamic acid production from cassava bagasse by using Brevibacter-
ium divaricatum. Ray and his co-workers have extensively studied the bioproces-

sing of cassava bagasse in to value-added products such as enzymes (Ray and Kar

2009; Swain et al. 2009), bioethanol, organic acid (Ray et al. 2008b) and microbial

polysaccharide, pullulan (Ray and Moorthy 2007). The list of value-added products

obtained by bioprocessing of cassava bagasse is given in Table 5.2.

5.5 Bioaugmentation and Biovalourization of Food

Industry Effluents

5.5.1 Starch and Flour

Processing of different starchy crops for extraction of starch and processed food

production entails the use of large volumes of water for unit operations like washing

Table 5.2 Bioprocesses involving cassava bagassea

Microorganism Process Application

Aspergillus niger LPB 21 SSF Citric acid

A. niger NRRL 2001 SSF Citric acid

A. niger CFTRI 30 SSF Citric acid

Aureobasidium pullulans SmF Pullulan

Bacillus subtilis SSF a-amylase, pectinase

B. brevis SSF a-amylase

Candida lipolytica SmF Citric acid

Ceratocystis fumbriata SSF Aroma compounds

C. fumbriata SSF Aroma compounds

Kluyveromyces marxianus SSF Aroma compounds

Lactobacillus plantarum SSF Lactic acid

Lentinula edodes SSF Mushroom

Pleurotus sajor-caju SSF Mushroom

Rhizopus spp. SSF Biotransformation

R. arrahizus SmF Fumaric acid

R. ciricians SmF Fumaric acid

R. delemer SmF Fumaric acid

R. Formosa SmF Fumaric acid

R. oligosporus SmF Fumaric acid

R. oryzae SmF Fumaric acid

R.oryzae SSF Aroma compounds

Saccharomyces cerevisiae SSF, SmF Bio-ethanol
aSSF: solid-state fermentation, SmF submerged fermentation.

Source: Pandey et al. (2000), Ray and Moorthy (2007), Ray et al. (2008b), Ray and Kar (2009),

Swain and Ray (2007), Swain et al. (2009)
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and peeling. Food industry effluents generated from such operations are character-

ized by high BOD, COD and high total suspended solids.

Washing of potatoes produces effluent rich in starch, soluble protein and sugars.

This wastewater has a high concentration of suspended solids (on an average of

2.5% of the original potato solids) and a high BOD (Jin et al. 1998). Earlier
procedures for treating these effluents mainly aimed at reducing the BOD values.

The recent procedures utilize nutrients dissolved in these food industry effluents for

production of useful by-products such as SCP and commercial enzymes. Symba

process was one of the earliest procedures described in 1960 for treatment of

effluents and getting useful SCP as by-products. Lemmel et al. (1979) optimized

continuous production of C. utilis and Saccharomycopsis fibuligera on potato

processing food industry effluents. The two cultures were propagated as a source

of SCP in continuous, mixed, aerobic, single-stage cultivation on potato processing

food industry effluents. This process was not as efficient as the C. utilis pre-

dominated the mixed cultures and amylase production by S. fibuligera appeared

to be very less, thus limiting the efficiency of whole process. Other bacterial

cultures were also tried for mixed culture growth on potato processing waste

effluents. A batch process using mixed cultures of Cellulomonas spp. and Bacillus
grown on waste from a factory producing potato crisps was developed. The process

was operated at pH 7.0 and temperature 37�C at a dissolved oxygen saturation of

20%. The maximum percentage of protein (33.3%) in the biomass with 69.3%

decrease in COD in 72-h incubation was reached by this biological treatment. It was

also noticed that increased percentage of protein in dry matter coincides with

reduction of starch in effluents (Rubio and Molina 1989). In a recent study, using

concentrated media (25% solids) made from potato starch pre-hydrolyzed with malt

flour and batch-fermented for 20 h at 26�C under aerobic conditions, C. utilis
ATCC 9256 was the most efficient protein forming strain (Gelinas and Barrette

2007). Scaled-up at the 100 L level, the aerobic batch process was improved under

fed-batch conditions with molasses supplementation. After drying, fermented

starch contained 11–12% protein, including 7–8% yeast protein.

Malladi and Ingham (1993) developed thermophilic aerobic treatment of potato

processing wastewater using indigenous bacteria which were later identified as

different strains of Bacillus like B. stearothermophilus, B. brevis, B. licheniformis,
B. coagulans, B. acidocaldarus and Lactobacillus spp. This thermophilic aerobic

digestion had obvious advantages of being a faster method and effectively

decreased BOD, total soluble solids and starch content of the wastewater in 96 h.

Amylolytic fungal strains have been tried for treating starch processing food

industry effluents. This process holds commercial value by simultaneous produc-

tion of fungal protein and glucoamylases which hold commercial value. In this

simple, low cost, single-step process developed by Jin et al. (1999), the selected

fungus Rhizopus oligosporus DAR2710 converted more than 95% of starch present

in the effluent thereby generating 4.5–5.2 g of dry fungal biomass from 1l of starch

processing waste water within 14 h at 45�C. The fungal biomass had 46% protein

and was safe for human and animal consumption. In addition to fungal protein and

glucoamylase, the batch process led to 95% reduction in COD. Many other

5 Bioaugmentation and Biovalourization of Agro-Food 93



promising strains of Aspergillus spp., i.e., A. oryzae, Aspergillus niger and A.
terreus have been employed for reclamation of starchy effluents (Jin et al. 1998,
1999; Mishra et al. 2003). In a process described by Mishra et al. (2004), mixed

culture of A. niger ITCC 2012 and A. foetidus MTCC 508 reduced about 90% of

initial COD within 60 h of fermentation of effluents from the potato chips industry.

Cassava wastewater, “manipueira”, (Fig. 5.2b) is a carbohydrate rich residue

generated in large amounts during the production of cassava flour and starch. The

production of 1 ton of cassava flour or starch generates 300 L of cassava waste;

consequently, the treatment and disposal of cassava wastewater is a major concern

for the cassava flour and starch industry (Ray et al. 2008b). Biological treatment of

cassava wastewater has been investigated. For example, Aspergillus oryzae was

used for the treatment of the cassava starch processing wastewater in a laboratory-

based bioreactor study (Tung et al. 2004). In the typical pH range (pH 4–5) of the

cassava wastewater, the formation of fungal biomass (up to 0.8 g/g COD) was

achieved with lowering of BOD and COD. Use of cassava wastewater as feedstock

in biotechnological process is a viable alternative which can contribute towards an

increase in economic value of the residues. In different processes described by

different workers, cassava wastewater has been used to produce surfactin by

Bacillus subtilis (Nitschke and Pastore 2006), volatile compounds by Geotrichum
fragrans (Damasceno et al. 2003), microbial polysaccharides such as pullulan

by Aureobasidium pullulans (Ray and Moorthy 2007) and xanthan gum by

Xanthomonas campestris (Selbmann et al. 2002).

5.5.2 Fruits and Vegetables

Market-based solid waste of vegetable origin is considered to be one of the

important wastes which has the potential to generate energy due to its higher

organic composition and easily biodegradable nature. Generation of H2 from

vegetable and fruit processing wastewater could substitute for non-renewable fossil

fuels from energy security point of view (Sung 2004).

Vegetable residues can be processed by fermentation with lactic acid bacteria

leading to a suitable transformation of low molecular materials like sugars into

lactic acid. After lactic acid fermentation of carrot and grape, pomace the end

product is rich in crude fibre, shows an acidic pH and can be used as a bread

improver and for crude fibre enrichment of bakery goods (Mohan et al. 2009).

The wastes from fruit and vegetable processing industries generally contain

large amounts of solid suspensions and a high BOD, COD, dissolved oxygen and

total solids (Stabnikova et al. 2005). Indicative values for BOD, COD and sus-

pended solids for the processing of some food wastes are summarized.

Fruit processing pomace wastes are commonly used as animal feed or as

fertilizer developed through bioaugmented SSF process. Apple pomace is the

main by-product resulted from pressing apples for juice or cider and it accounts
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for 25–35% of the mass of apple (Gullón et al. 2007). Dried apple pomace is

considered as a potential food ingredient having high dietary fibre content (Carson

et al. 1994; Sudha et al. 2007). Korkie et al. (2002) reported hydrolysis of complex

polysaccharides present in grape pomace and its utilization for ethanol production

using a potential yeast strain, Pichia rhodanensis. Cranberry pomace is a primary

by-product of the traditional cranberry juice processing industry. Bioconversion of

cranberry pomace can be achieved through its SSF by industrially beneficial fungi

such as Trichoderma, Penicillium and Rhizopus (Zheng and Shetty 1998). These

authors demonstrated that soil application of cranberry pomace waste augmented

with Trichoderma harzianum inoculant can be used both for pest control as well as

for enhancing pesticide degradation. In the case of polymeric dye pollution, a novel

Penicillium spp. inoculant could be used.

Vegetable processing wastes have been biovalourized for protein enrichment by

yeasts. For example, Chinese cabbage juice (Choi et al. 2002), waste brine gener-

ated from kimchi production (Choi and Park 1999), deproteinized leaf juices

(Chanda and Chakrabatri 1996) and corn silage juice (Hang et al. 2003) can serve

as nutrient source for yeast growth. Stabnikova et al. (2005) studied yeast cultiva-

tion using water extracts of cabbage, watermelon, a mixture of residual biomass of

green salads and tropical fruits. These extracts contained from 1,420 to 8,900 mg/l

of dissolved organic matter, and from 600 to 1,800 mg/l of nitrogen. pH of the

extracts was in the range from 4.1 to 6.4. Biomass concentration of yeast,

S. cerevisiae grown at 30�C for 96 h in the sterilized extracts without any nutrient

supplements was from 6.4 to 8.2 g/l; content of protein was from 40 to 45% of dry

biomass.

5.5.3 Coffee and Tea

Coffee pulp is the agro-industrial residue produced during the pulping of coffee

berries to obtain coffee beans. In coffee-growing regions, coffee pulp is considered

to be one of the most abundant agricultural wastes, as well as one of the hardest to

handle. There have been many reports describing the composition, conservation,

upgrading and utilization of coffee pulp. For example, Penaloza et al. (1985)

studied the nutritive improvement of coffee pulp by using Aspergillus niger under
SSF conditions. Likewise, Orozco et al. (2008) studied caffeine reduction in coffee

pulp by Streptomyces strains. Brand et al. (2000) studied microbial detoxification of

coffee husk by filamentous fungi such as Rhizopus, Phanerochaete and Aspergillus
spp. In SSF, all the strains showed degradation of caffeine and tannins maximum up

to 87 and 65%, respectively, at pH 6.0 and moisture 60% in 6 days. Coffee husk was

also used as solid substrate for growth and flavor production by Ceratocystis
fimbriata (Soares et al. 2000).

Tea wastes were also used as solid substrate for production of enzyme (glucoa-

mylase) (Selvakumar et al. 1998) and gluconic acid (Sharma et al. 2008).
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5.5.4 Olive Oil Mill

Olive mill wastes are produced by olive oil producing industries in Mediterranean

countries. According to Food and Agricultural Organization (FAO 2006) statistics,

2.7 million tons of olive oil is produced annually worldwide, generating approxi-

mately 30 million tons of wastewater (Azbar et al. 2004) and substantial amount of

olive pulp as solid waste. From the environmental point of view, OMWW is

considered the most critical waste emitted by olive mills because of its high organic

load and its chemical composition. The organic fraction contains large amounts of

phenolic compounds which tend to polymerize into high-molecular-weight poly-

mers that are difficult to degrade and have been found to be phytotoxic (Ayed et al.

2005; Crognale et al. 2006). Organic fraction also includes sugars, tannins, poly-

phenols, polyalcohols, pectins and lipids. Some of these substances (mainly sugars

and polyalcohols) can be used as carbon and energy sources for microbial growth.

Conventional biological wastewater treatments are ineffective for oil mill effluents

treatment since phenolics possess antimicrobial activity (Ahmadi et al. 2006). Most

of the studies have been focused on bioremediation as a means of reducing the

polluting effect of OMWW and its biotransformation into valuable products.

In general, aerobic bacteria such as Bacillus pumilis (Ramos-Cormenzana et al.

1996) and Azotobacter vinelandii (Ehaliotis et al. 1999) appeared to be very

effective in reducing the content of low-molecular-weight phenolics as well as

phytotoxicity of OMWW. Many white rot fungi are more effective in degradation

of low- and high-molecular-weight phenolics due to their inherent characteristic to

produce lignolytic enzymes such as lignin peroxidases, manganese peroxidases and

laccases (Giannoutsou et al. 2004; Sampedro et al. 2007). There are reports (Sanjust

et al. 1991; Kalmis and Sargin 2004) on the cultivation of Pleurotus spp., Pleurotus
sajor-caju and P. cornucopiae var. citrinopileatus using wheat straw moistened

with mixtures containing 25 and 50% OMWW. The removal of total phenols from

OMWW relative to the total organic load consumed indicates the highest capability

for free as well as immobilized Phanerochaete chrysosporium (Garcia et al. 2004).

OMWW can be detoxified through removal of organic matter, decreasing COD/

BOD ratio by P. chrysosporium or Trametes versicolor in the presence of complex

microbial consortia in combined aerobic/anaerobic systems for its reuse and

biogas production on industrial scale (Dhouib et al. 2006). Pycnoporus coccineus,
P. sajor-caju, Coriolopsis polyzona and Lentinus tigrinus are also very active in

colour and COD removal of olive mill effluents at 50 and 75 g/l COD (Jaouani et al.
2003). At 100 g/l COD, only P. coccineus and P. sajor-caju are effective. Panus
trigrinus CBS577.79 gives better COD reduction (60.9%), dephenolization (97.2%)

and decolourization (75%) of olive mill effluents in bubbled column bioreactor as

compared to stirred tank reactors due to possible occurrence of shear stress

(D’Annibale et al. 2006). A better de-colourization of OMWW by C. polyzona
has been reported (Jaouani et al. 2006) under lignin peroxidase induction conditions
(5 mM veratryl alcohol addition) than when lignin peroxidase was repressed

(100 mM Mn2+ addition). High levels of laccase have a detrimental effect on
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OMWW decolourization concomitant to the formation of soluble polymeric aro-

matic compounds. However, high laccase activity produced by Pleurotus spp. in the
growth medium reflected a close relationship between the amount of laccase

produced and decrease in phenol content (Tsioulpas et al. 2002).

Different microbial enzymes, e.g., lipases, laccases, peroxidases and pectinases

produced during fungal treatment of OMWW provide an opportunity for biotech-

nological valourization of residues (Crognale et al. 2006; D’Annibale et al. 2006).
Some yeasts, e.g., Geotrichum candidum (Asses et al. 2003), Saccharomyces spp.
(Giannoutsou et al. 2004) are also reported to reduce COD and phenolic content of

OMWs. Some of these aerobic edible fungi, e.g., Pleurotus when employed at large

scale in OMWW bioremediation, can be harvested to obtain fungal biomass after

detoxification of phenolics by lignolytic enzymes (Laconi et al. 2007). Supplemen-

tation of wheat straw with 25% OMWWmay be employed for commercial produc-

tion of oyster mushroom (Pleurotus ostreatus) (Kalmis and Sargin 2004).

The production of microbial biopolymers, e.g., xanthan gum by Xanthomonas
compestris (López et al. 2001) and metal binding microbial polysaccharide by

Paenibacillus jamilae (Morillo et al. 2007, 2009) have also been proposed by

way of microbial valourization process to produce biodegradable plastics. Azoto-
bacter chroococcum strain H23, when grown on diluted OMWW provides a yield

of 6.2 g polyhydroxyalkanoates per litre of culture medium (Pozo et al. 2002).
Additionally, the high content of organic matter makes OMWs an interesting

alternative resource to produce biofuel (Li et al. 2007).

5.5.5 Palm Oil Mill

Palm oil milling process can be categorized into a dry and a wet (standard) process.

The wet process of palm oil milling is the most common and typical way of

extracting palm oil (Wu et al. 2009). It is estimated that for each ton of crude

palm oil that is produced, 5–7.5 ton of water are required, and more than 50% of this

water ends up as palm oil mill effluent (POME) (Ahmad et al. 2003). Raw POME is

a colloidal suspension containing 95–96% water, 0.6–0.7% oil and 4–5% total

solids. Included in the total solids are 2–4% suspended solids, which are mainly

constituted of debris from palm fruit mesocarp generated from three main sources,

i.e. sterilizer condensate, separator sludge and hydrocyclone wastewater (Borja and

Banks 1994; Khalid and Wan Mustafa 1992; Ma 2000). If the untreated effluent is

discharged into water courses, it is certain to cause considerable environmental

problems (Davis and Reilly 1980) due to its high BOD (25,000 mg/l), COD

(53,630 mg/l), oil and grease (8,370 mg/l), total solids (43,635 mg/l) and suspended

solids (19,020 mg/l) (Ma 1995).

The high compositions and concentrations of carbohydrate, protein, nitrogenous

compounds, lipids and minerals in POME (Habib et al. 1997) render it possible to

reuse the effluent for biotechnological means (Table 5.3) (Wu 2009). Preliminary

investigations on enzymatically hydrolyzed substrates from POME have indeed
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demonstrated the possibility of such substrates supporting the growth of Candida
tropicalis (Wang et al. 1981). On the other hand, Barker and Worgan (1981) noted

that unhydrolyzed POME could support good growth of A. oryzae in the presence of
an added inorganic nitrogen source. Their results also revealed that celluloses,

polyphenols and nitrogenous compounds were the least biodegradable of the

substrate constituents. When palm oil effluent was treated using the fungus Tricho-
derma viride, COD of the palm oil effluent was reduced by 95% after 10–14 days of

fermentation and the resulting fungal biomass was highly enriched with protein

(Karim and Kamil 1989).

Table 5.3 Various products or metabolites produced in bioprocesses during the reuse of palm oil

mill effluent (POME) or its derivatives as substrates (Wu 2009; modified)

Product Microorganism Fermentation medium based on POME

Penicillin Penicillium chrysogenum
FR2284

50% (v/v) concentrated POME

+KH2PO4+ (NH4)2SO4

Bioinsecticide Bacillus thuringiensis H-14 Raw POME

Acetone-Butanol-

Ethanol (ABE)

Clostridium acetobutylicum
NCIMB 13357

Particulate fraction of raw POME

ABE Clostridium acetobutylicum
NCIMB 13357

Particulate fraction of raw POME

Polyhydroxyalkanoates

(PHA)

Ralstonia eutropha ATCC

17699

Concentrated organic acids from the

anaerobically digested POME

(100 g/l of total acids with acetic:

propionic¼3:1)

PHA Mixed cultures High concentration of POME with 490

COD/N ratio (g COD/g N) and 160

COD/P ratio (g COD/g P)

Organic acids Mixed cultures POME+palm oil sludge in the ratio of

1:1

Citric acid Aspergillus niger (A103) 2% (w/w) POME+4% (w/w) wheat flour

+4% (w/w) glucose with no added

ammonium nitrate (optimized

medium)

Itaconic acid Aspergillus terreus IMI

282743

Retentate of POME

Cellulase (CMCase) Mixed culture (1:1) of

Aspergillus niger and
Trichoderma harzianum

50% (v/v) raw POME

Cellulase (CMCase) Myceliophthora thermophila 50% (v/v) raw POME

Cellulase (FPase) Penicillium (P1-EFB) 1% (w/w) POME sludge

Lignin peroxidase Penicillium (P1-EFB) 1% (w/w) POME sludge

Lipase Clostridium
aurantibutyricum ATCC

17777

Model medium for raw POME

Xylanase Isolate SO1 10% (v/v) supernatant of POME+

another nine different types of

supporting

Protease Aspergillus terreus IMI

282743

75% (v/v) retentate of POME

Hydrogen Thermophilic microflora Raw POME
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5.5.6 Sugar Refining

Fermentation processes using sugarcane molasses yield large volumes of dark

brown and highly toxic molasses-based effluents (MBE) that contains considerable

amounts of organic compounds. Although most of the organic matter of MBE is

removed by means of conventional biodegradation treatments, the removal of dark

colour due to the presence of melanoidin-type high-molecular-weight compounds is

only marginal (Vahabzadeh et al. 2004). White rot fungi are, however, capable of

catalyzing degradation of numerous recalcitrant organic compounds often present

in MBE (Fu and Viraraghavan 2001). The colour removal ability of P. chrysospor-
ium is correlated to the activity of ligninolytic enzymes lignin peroxidase (LiP) and

manganese peroxidase (MnP). Increased expression of laccase genes in Trametes
spp. I-62 (lcc1 and lcc2) upon exposure to MBE accompanied by enhanced colour

removal, suggested the involvement of laccase in the melanoidins metabolism

(D’Souza et al. 2006). Molasses spent wash (MSW) or digested spent wash

(DSW) or alcohol distillery wastewater (WAD) is another wastewater from molas-

ses-based alcohol distilleries (Chopra et al. 2004). The brown colour of MSW is due

to the presence of melanoidin pigments, which are highly recalcitrant to biodegra-

dation. These pigments, polycyclic aromatic hydrocarbons (PAHs) like benzo(a)
pyrenes and phenols are the causes of its toxicity (Raghukumar et al. 2004). Several

species of white rot fungi have been reported to remove about 70–80% of the colour

present in MSW-based effluents (Raghukumar 2002; D’Souza et al. 2006). Immo-

bilized mycelia of P. coccineus on polyurethane foam removed nearly twofold

higher WAD colour and threefold higher total phenol content than did free mycelia

(Chairattanamanokorn et al. 2005). Decolourization of MSW using free and immo-

bilized mycelia of Flavodon flavus is accompanied by simultaneous detoxification

and decrease in PAH contents of the MSW possibly via the action of glucose

oxidase, accompanied by the production of H2O2 that acts as a bleaching agent in

the process. Decolourization and COD reduction (52%) of DSW by Coriolus
versicolor is dependent on the carbon source and addition of organic/inorganic

nitrogen has no enhancing effect on decolourization and COD reduction (Chopra

et al. 2004).

5.5.7 Fermented Beverage

The fermented beverage industry is divided into three main categories: brewing,

distilling and wine manufacture. Each of these industries produces liquid waste

with many common characteristics, such as high BODs and CODs, but differs in

the concentration of the organic compounds that determine the biological treat-

ment that will be selected. The difficulty in dealing with fermentation wastewaters

is in the flows and loads of the waste. Since the fermentation industry’s wastewater

contains high concentrations of tannins, phenols and organic acid, anaerobic
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treatment results in higher performance (Thassitou and Arvanitoyannis 2001).

Mayer (1991) attempted to compare aerobic with anaerobic treatment of the

wastewaters in a German brewery. Anaerobic treatment achieved 91% COD

reduction at loading rates up to 20 g COD/L/day, whereas the aerobic treatment

resulted in a 76% reduction at a loading rate of 69 g COD/L/day. In order to

optimize the conditions of anaerobic treatment, Suzuki et al. (1997) conducted
several experiments for the optimization of acidity and temperature of highly

concentrated brewery wastewater by applying the upflow anaerobic sludge blan-

ket. These experiments showed that the optimal conditions for the particular

treatment were 40�C and pH 5–6. The amount and load of distillery waste varies

according to the raw materials used. For example, the biological load for molasses

is three times that of raisins (Stroo 1989). Fitzgibbon et al. (1995) studied the

biological treatment of spent wash from molasses distilleries. Analysis of raw

spent wash showed it to be a recalcitrant waste, with a high COD of 85,170 mg/L

and containing inhibitory phenolic compounds such as gallic and vanillic acid. The

fungi G. candidum, C. versicolor, P. chrysosporium and Mycelia sterilia were

screened for their ability to decolourize spent wash and to reduce the COD level.

A 10-day pre-treatment at 300�C resulted in reducing the COD by 53.17%

and total phenols by 47.82%, enabling other remediating organisms to grow.

C. versicolor immobilized in a packed-bed reactor reduced the COD of spent wash

by a further 50.3%, giving an overall reduction in COD of 77% to 15,780 mg/l.

Benito et al. (1997) conducted laboratory batch tests to examine the ability of the

white rot fungus Trametes vercicolor to treat molasses-based distillery wastewater.

Likewise, Geotrichum spp. when applied for dehydration of distillery waste water of

shochu, an alcoholic drink prepared from sweet potato reduced COD and BOD

level up to 90% (Yoshi et al. 2001).

In winery, the treatment methods are based on principles similar to the previous

fermentation industries. Zhang et al. (2008) investigated the production of fungal

biomass protein (FBP) in treatment of winery wastewater using microfungi. Three

fungal strains, T. viride WEBL0702, Aspergillus niger WEBL0901 and A. oryzae
EBL0401, were selected in terms of microbial capability for FBP production and

COD reduction. T. viride appeared to be the best strain for FBP production due to

high productivity and less nitrogen requirement. However, one of the main pro-

blems in winery waste treatment is the presence of vinasse, which needs to be

treated biologically for 4–8 days in order to reduce by 90% the COD.

5.6 Conclusions

For disposal of food and beverage industry effluents, focus has been changed from

mere pollution control to make the remediation processes economically feasible.

Investigation of several sectors of the food industry (starch and flour, fruits and

vegetables, olive and palm oil, fermentation, etc), confirmed the usefulness and

potential of bioaugmentation of food waste. However, these processes have to be
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applied on large scale. With an objective to generate value added by-products such

as enzymes or protein-rich biomass, which will defray the costs of the bioaugmen-

tation processes. Many researchers have employed microorganisms for production

of enzymes from food industry effluents. There are reports of microbial plastics

production by starchy wastes and OMWW fermentation. There is a vast potential

for development of a suitable bioremediation and biovalourization technology for

safe disposal and recycling of food industry effluents.
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Chapter 6

Composting of Lignocellulosic Waste Material

for Soil Amendment

Ramesh Chander Kuhad, Piyush Chandna, Lata, and Ajay Singh

6.1 Introduction

Biomass can be defined as any organic matter that is available on a renewable basis,

including dedicated energy crops, trees, agricultural food, feed crop residues,

aquatic plants, wood residues, animal wastes, and other waste materials (Kamm

et al. 2006). Biomass has been recognized as a major renewable energy source of

the world which supplements declining fossil fuel resources (Malherbe and Cloete

2002; Ozeimen and Karaosmanoglu 2005; Jefferson 2006). Biomass also acts as a

major carbon sink as 60–87 billion tons of carbon can be stored in forests through

plant photosynthesis (IEA/IPCC 2007). This accounts for 50% of photosynthates on

the Earth, out of which 60% of the total plant biomass is produced annually on earth

(Kartha and Larson 2000; Pérez et al. 2002; Nakasaki et al. 1985a; Nakasaki and

Akiyama 1988). It is estimated that annually up to 1.7–2.0 � 1011 tons of biomass

is produced on earth. However, only 6 � 109 tons of biomass is currently utilized

for food and non-food applications (Zoebelin 2001).

As per the FAO (http://www.fao.org), 446 million dry tons of crop residues and

377 million dry tons of perennial crops have been generated every year. Global crop

residues alone were estimated at about 4 billion mg and cereals crop residue alone

contribute 3 billion mg per annum for lignocellulosic residues (Lal 2008). In

addition to this, 87 million dry tons of animal manures, process residues, and

other residues were generated which can be recycled (Table 6.1).

Lignocelluloses are the building blocks of all plants, composed of two linear

polymers, cellulose and hemicellulose and a nonlinear, three-dimensional polymer
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lignin (Perez et al. 2002). Cellulose is a non-branched water-insoluble polysaccharide

consisting of several hundreds to tens of thousands of glucose units linked through

b-1,4-linkages and is usually arranged in microcrystalline structures. Hemicellulose

is a polymeric material, lower in molecular weight than cellulose, and consisting of

C6-sugars (glucose, mannose, and galactose) and C5-sugars (mainly arabinose and

xylose). Lignin is a highly cross-linked polymer made from substituted phenylpro-

pene units. Lignocellulosic materials mainly consist of 38–50% of cellulose,

23–32% hemicellulose, and 15–25% lignin (Deobald and Crawford 1987). Apart

from these primary polymers, plants contain other structural polymers (5–13%)

such as waxes and proteins.

A significant amount of the lignocellulose waste is often disposed of by biomass

burning worldwide (Levine 1996). In China alone, more than 100 million tons of

crop straw is burned every year. Thus all the lignocellulosic biomass is generally

not available for composting/recycling because of their competing use in other

commercial or agricultural practices. The biological conversion of this waste into

value-added product as compost and its use as soil amendment may be the most

sought out options with multiple benefits (Singh et al. 2006; Kausar et al. 2010).

The complexity of degraded plant materials and the quality of the final product may

depend upon the type of lignocellulosic biomass and its treatment.

6.2 Composting Methods

Composting is bio-oxidation of solid heterogeneous organic substrates through a

biological degradation process resulting in a stabilized high nutrient product for soil

amendment. Compost consists of microbial cells, plant and animal residues at various

stages of decomposition, stable humus synthesized from the residues of the micro-

organisms and from their carbonized compounds (Nelson and Sommers 1996).

Table 6.1 Worldwide

production of lignocellulosic

residue

Source Production (million tons)

year 2008/2009

Wheat 658.0

Coarse grain 1088.6

Cereal 2191.9

Rice 445.3

Soybeans 220.8

Cottonseed 44.4

Rapeseed 48.0

Groundnuts (unshelled) 35.5

Sunflower 27.8

Palm kernels 10.8

Copra 5.3

Sugar 168.0

Source: FAO (http://www.fao.org)
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The composts prepared from different organic wastes differ in their quality and

stability, which further depends upon the composition of raw material used for the

compost production (Gaur and Singh 1995; Ranalli et al. 2001; Smith 2009).

Prior to 1970, there were very few composting operations except for those

producing compost for the mushroom industry. Much of the early work was carried

out in the USA where there are now over 3,500 green waste composting facilities.

Similarly, Austria, Canada, Germany, and the Netherlands are well advanced in

terms of green waste and source-separated organics composting. Various methods

of composting are described below:

(a) In-vessel composting: In-vessel composting occurs within a contained vessel,

enabling the operator to maintain closer control over the process in comparison

with other composting methods. There are several types of in-vessel compost-

ing reactors: vertical plug-flow, horizontal plug-flow, and agitated bin.

(b) Windrow composting: In this method, solid waste is arranged in long rows and

covered to allow decomposition. The material is turned over repeatedly

by mechanical means. Old wooden pallets are an excellent size for a com-

post holding unit. This method is more suitable for Lignocellulosic waste

composting.

(c) Aerated pile composting: Waste is arranged in piles and forced aeration is used

to supply extra air through perforated pipes, which are buried inside the

compost pile. The aerated pile process achieves substantially faster composting

rates through improved aeration design.

(d) Continuous-feed composting: It uses a reactor that permits control of the

environmental parameters. Reactor is like an industrial fermenter, where com-

posting is complete within 2–4 days. This method is a very fast one and

expensive and mainly applicable for municipal waste.

(e) Vermicomposting: Vermicomposting is a simple process of composting, in

which certain species of earthworms are used to enhance the process of waste

conversion and produce a better end product. Vermicomposting differs from

general composting in several ways; it is a mesophilic process, utilizing micro-

organisms and earthworms that are active at 10–32�C and can reduce the

volume of lignocellulosic biomass by 40–60%.

The capital costs of aerated static pile or windrow configuration may be lower

than in-vessel composting configurations, but costs increase markedly when odor

control system is required (http://www.epa.gov/owm/mtb/mtbfact.htm). Highly

mechanized in-vessel systems are often more costly to construct and less flexible

in their ability to adapt to changing properties of biosolids and bulking agent

feedstock, but tend to be less labor intensive and have smaller footprint of the

system (Fig. 6.1).

Capital costs of in-vessel systems range from $33,000 to $83,000 per dry metric

ton per day of processing capacity. A typical aerated static pile facility costs

approximately $33,000 per dry metric ton per day of processing capacity

(USEPA 2002). Typical operation and maintenance (O&M) costs for in-vessel

systems range from $150 to $225 per dry ton per day. Aerated static pile O&M
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costs average $150 per dry ton per day. Costs for windrow systems fall between the

costs for in-vessel and aerated static pile. The selling price for compost ranges from

$10 to $20 per ton. Some municipal facilities allow landscapers and homeowners to

pick up compost for little or no charge.

6.3 Composting Process

Composting phases depend on the nature and the amount of the organic matter

being composted. The efficiency and decomposition process is determined by the

degree of aeration and agitation, size of compost pile as well as its ingredients

which determine the activity of decomposer microbes (Biddlestone and Gray 1985).

The composting process proceeds through three phases: the mesophilic phase, the

thermophilic phase, and the cooling and maturation phase (Fig. 6.2).

Mainly three general categories of microorganisms (bacteria, actinomycetes,

and fungi) populate the composting process, which decompose the organic material

into humus-rich compost. Microbes in compost provide several benefits such as

disease suppression, improvement in nutrient retention and mineralization in soil,

improved soil structure, decomposition of toxic chemicals, production of plant

growth-promoting compounds, and improvement in the crop quality (Hargreaves

et al. 2008). The changes in temperature and the availability of substrates to bacteria

Cost 
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Advanced 
Technology    
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Turned / 
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Fig. 6.1 A techno-economic comparison of different composting methods
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seemed to mainly determine the composition of bacterial members at different

stages of composting (Cahyani et al. 2003).

6.3.1 Microbial Community

Extensive studies are available on the population of bacteria, actinomycetes and fungi

during composting, and the quantitative analysis of microorganisms in compost by

using culture-based methods (Dees and Ghiorse 2001; Kuroda et al. 2004; Saludes

et al. 2008). Aspergillus and Penicillium are the predominant mesophilic fungal

genera in composting process (Thambirajah et al. 1995; van Heerden et al. 2002).

Various mesophilic bacterial species have been isolated which belong to diverse

families such as Alcaligenaceae, Alteromonadaceae, Burkholderiaceae, Bradyrhizo-

biaceae, Caryophyanaceae, Caulobacteraceae, Corynebacteriaceae, Clostridiaceae,

Comamonadaceae, Corynebacteriaceae, Enterobacteriacea, Flavobacteriaceae, Flex-

ibacteraceae, Hyphomicrobiaceae, Intrasporangiaceae, Methylobacteriaceae, Micro-

bacteriaceae, Micrococcaceae, Moraxellaceae, Nocardiaceae, Nocardiopsaceae,

Paenibacillaceae, Phyllobacteriaceae, Propionibacteriacea, Pseudomonadaceae, Pseu-

donocardiaceae, Rhodobacteraceae, Sphingobacteriaceae, Staphylococcaceae,

and Xanthomonadaceae. Table 6.2 shows common microorganisms associated with

composting process.
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Fig. 6.2 Flow diagram of a typical composting process
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Various microbes were isolated from the thermophilic phase belonging to the

families of Micromonosporaceae, Streptomycetaceae, Thermoactinomyceteaceae,

Thermonomonosporaceae, Streptosporangiaceae, etc. (Beffa et al. 1996a, b).

Fungal population generally decreases from 106 CFU/g to around 103 CFU per g

of compost as the temperature rises above 60�C with their elimination above 64�C
(Thambirajah et al. 1995). As the temperature in compost fell below 60�C, both
mesophilic and thermophilic fungi begin to re-colonize the substrate. Among

the mesophilic fungi, a few lignin-degrading Basidiomycota including Coprinus
sp., Panaeolus sp., Corticium coronilla, Trametes sp., and Phanerochaete sp.

were isolated from compost at the cooling and maturation phases or from mature

compost (Granit et al. 2007). Wide ranges of bacteria were isolated from different

compost environments, including species of Pseudomonas, Klebsiella, and Bacillus

Table 6.2 Common microbial species associated with composting process

Microorganism Mesophilic (20–45�C) Thermophilic (45–70�C)
Bacteria Aerobacter aerogenes Aneurinibacillus sp.

Alcaligenes denitrificans Barevibacillus sp.
Bacillus licheniformis Bacillus stearothermophilus
Cellulomonas folia Bacillus macerans
Corynebacterium Bacillus schlegelii
Nitrosospira sp. Bacillus thermodenitrificans
Nitrosomonas sp. Bacillus pallidus
Pseudomonas aeruginosa Hydrogenobacter sp.
Proteus vulgaris Rhodothermus marinus
Rhodococcus sp. Saccharococcus thermophilus
Serratia marcescens Thermus thermophilus

Actinomycetes Actinoplanes sp. Streptomyces thermofuscus
Nocardia brasiliensis Saccharomonospora sp.

Micromonospora parva Streptomyces thermovulgaris
Micromonospora vulgaris Thermomonospora glaucus
Pseudonocardia Thermomonospora fusca
Streptomyces violaceoruber Thermomonospora viridis
Streptomyces rectus Thermomonospora curvata

Filamentous fungi Aspergillus niger Absidia corymbifera
Aspergillus terreus Aspergillus fumigatus
Cladosporium cladosporioides Chaetomium thermophile
Fusarium solani Humicola insolens
Fusarium monoliforme Mycelia sterila
Geotrichum candidum Paecilomyces variotii
Mucor racemosus Rhizomucor pusillus
Penicillium digitatum Sporotrichum thermophile
Rhizopus nigricans Taleromyces thermophilus
Trichderma koningii Thermomyces lanuginosus

Yeasts Candida tropicalis
Candida krusei
Candida parapsilosis
Pichia sp.

Rhodotorula rubra
Saccharomyces sp.
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(Nakasaki et al. 1985a, b; Strom 1985a, b; Falcon et al. 1987). Typical bacteria of the

thermophilic phase are species ofBacillus, e.g.,B. subtilis, B. cereus, B. licheniformis,
and B. circulans.

6.3.2 Succession of Microflora During Composting

In composting process, the distribution of specific microbial species and diversity

undergoes changes in response to the temperature and availability of the type of

substrate. The composting is generally characterized by a short mesophilic period at

the beginning where mesophilic microbes predominate and it also decides the onset

of thermophilic phase

The accumulation of heat is the critical limiting factor pertaining to microbial

decomposition during thermophilic phase. Aeration systems can be used to dissi-

pate excess heat so as to optimize stabilization. Heating is essential to enable the

development of a thermophilic population of microorganisms, which are capable of

degrading the more recalcitrant compounds like lignin and xenobiotics, and to kill

pathogens and weed seeds (Boulter et al. 2000). As the temperature increases to

over 40�C, thermophilic microbes take over and become responsible for the degra-

dation process. This phase is characterized by increased temperature ranging from

45 to 70�C, and the growth and activity of thermolabile microbes is inhibited

(Stetter 1998).

The microbial diversity of lignolytic microbes can be expected during the

thermogenic phase because degradation and mineralization of complex organic

matter take place during this phase (Nakasaki et al. 1985b). A temperature of

55�C for at least 3 days has been found adequate for the reduction of pathogen in

aerated static pile systems (USEPA 2002). According to Stentiford (1996), tem-

peratures higher than 55�C favor sanitation, 45–55�C biodegradation, and 35–45�C
microbial diversity. When the temperature exceeds 50�C, microbial activity

decreases dramatically but after the compost has cooled mesophilic bacteria and

actinomycetes again dominate (McKinley and Vestal 1985; Strom 1985a). Actino-

mycetes play an important role in the later stages of composting and particularly in

the degradation of relatively complex and recalcitrant compounds such as cellulose

and lignin (Ryckeboer et al. 2003a, b). Anaerobic bacteria found during composting

are generally highly cellulolytic and thus may play a significant role in the degra-

dation of macromolecules. The majority of the mesophilic anaerobic bacteria in

composting are facultative, while under thermophilic conditions more obligate

anaerobic bacteria are found (Atkinson et al. 1996).

Among the composting techniques reported, the hyperthermal composting

method reported by Kanazawa et al. (2003) is unique. It involves maintaining a

relatively high temperature of 80�C during the process over a long period using a

specific seed compost and aeration device. The compost prepared at thermophilic

temperature is more suitable for mushroom production because it is free from the

pathogen which affects the mushroom quality. After the subsequent decrease in
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temperature, the curing period (cooling and maturation) starts and may last for a

long time. The amount of readily available nutrients becomes a limiting factor that

causes a decline in microbial activity and heat output.

Microbes perform their essential function with the help of the enzymes they

produce. Bioaugmentation with efficient lignocellulolytic microbes may improve

and/or accelerate the composting process. Moreover, inoculation with cellulolytic

fungi may increase the process of decomposition further. Rapid bioconversion of

agroresidues into highly nutrient-enriched compost can be achieved by using effi-

cient lignocellulolytic fungi such as Trichoderma, Aspergillus awamori,Polyporous
versicolor, Penicillium funiculosum, Phanerochaete chrysosporium, etc. (Gaind
et al. 2005; Lata et al. 2009; Kausar et al. 2010; Neklyudov et al. 2006; Gaind and

Nain 2007) by supplementing with lignocellulosic residues with nitrogen-rich

wastes of plant animal origin is necessary for desirable composting. Similarly,

Pandey et al. (2009) has evaluated the effect of a hyperlignocellulolytic fungal

consortium and different nitrogen amendments on paddy straw composting and

observed the changes in terms of physico-chemical and biological parameters

(Vuorinen 2000; Tuomela et al. 2000). Enrichment of composted material with

nutrients, plant growth-promoting regulators such as hormones (indole acetic acid

and giberellic acid), and microorganisms (Azotobacter chroococum, Aspergillus
awamori, Pseudomonas fluorescens, and P-solubilizing microbes) produces further

value-added organic fertilizers with higher contents of N and P for improved crop

yields (Ahmad et al. 2007).

6.3.3 Process Kinetics

To determine waste biodegradability and generate a useful measure for the loss of

organic matter during composting, it is necessary to determine process kinetics

using the data obtained by an experimental study under controlled conditions

(Hamoda and Abu Qdais 1998). Modeling composting processes is a prerequisite

to realize the process control of composting. The growth rates of microorganisms

and the use of Monod equation to simulate the composting process have been

considered (Agamuthu 2000). Haug (1993) emphasized on the thermodynamic

and kinetic changes taking place during composting procedure. Bari and Koenig

(2000) stressed on kinetics analysis of forced aeration and studied composting

processes under different aeration modes.

The degradation of organic matter as a function of time follows first-order

kinetics expressed as:

d(OM)/dt = � kT:OM,

where “OM” is the quantity of biodegradable volatile solids at any time of the

composting process in kilogram, “t” is time in days, and “kT” is the reaction rate

constant.
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A proper design and operation of the composting reactor is necessary to guaran-

tee a good compost quality and reduced emissions, and reduces the bulk density of

the waste. The main function of the composting reactor will be the realization of

optimal environmental conditions for the development of microbial population. The

kinetic model to be developed should be able to predict the process rate in relation

to the (actual) composition of the waste and (actual) conditions to which this waste

is exposed in the reactor.

6.3.4 Pathogen Suppression

Enteric pathogens such as bacteria, viruses, helminthes, and protozoa are of concern

as they can pose significant health hazard to both humans and animals. During

composting, pathogen suppression is accomplished by several processes including

competition between indigenous microbes and pathogens, antagonistic relationship

between organisms, action of antibiotics produced by certain fungi and actinomy-

cetes, natural die-off of the enteric pathogens in the non-ideal compost environ-

ment, toxic byproducts such as gaseous ammonia, nutrient depletion, and thermal

conditions (Wichuk and McCartney 2007).

Time–temperature regulation and guidelines in North America, applicable to

composting operations, are presented in Table 6.3. A minimum temperature of

55�C should be maintained for a period of 3 consecutive days in different compost-

ing methods except for the windrow, where temperature greater than 55�C should

be maintained for at least 15 days with a minimum of five turnings during a high-

temperature period.

In composting, the microbial community follows a predictable succession

pattern resulting in the re-colonization of compost with metabolically active meso-

philic and thermophilic populations that can be suppressive toward plant pathogens

(Nakasaki et al. 1996). The pathogenic organisms and parasites present in the raw

organic material disappear during the composting process at the elevated tempera-

tures. Gram-negative bacteria and actinomycetes are more prevalent in suppressive

compost, and effective bacterial antagonists in compost include B. subtilis and

Enterobacter sp. (Atkinson et al. 1997).

Among the bacteria, Salmonella, Shigella, Escherichia coli, Enterobacter,
Yersinia, Streptococci, and Klebsiella can emerge and cause infections among

compost handlers and agricultural users (Strauch 1996) if temperature is not up to

Table 6.3 Time–temperature criteria for compost pathogen reduction

Composting

technology

Time–temperature requirement as per the US EPA

Windrow Temperature >55�C for 15 days or longer; during the >55�C period,

there should be a minimum of five turnings of the windrow

Aerated static pile Temperature >55�C for a period of 3 consecutive days

Reactor (in-vessel) Temperature >55�C for a period of 3 consecutive days
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60�C during thermophilic phase. Biological characteristics of disease suppression

can involve a combination of mechanisms including competition for nutrients,

antibiosis, production of extracellular hydrolytic enzymes, bioactive compounds,

hyper- and myco-parasitism, predation, and host-mediated induction of resistance

(Whipps 1997; Hoitink et al. 1997; Lucas 1998). Bacillus subtilis has been observed
to act as an agent of biological control against several plant pathogens (Li et al.

1998; Walker et al. 1998). When B. subtilis was inoculated (107–108 cells/g wet

compost) into compost products made from various organic wastes, in vitro sup-

pressive effect was observed against the plant pathogens Fusarium oxysporum,
P. ultimum, Verticillium dahliae, Pyricularia oryzae, and Rhizoctonia solani (Phae
and Shoda 1990).

Strauch (1987) considered fecal streptococci to be more useful indicators of the

disinfection processes in sewage sludge composts as compared to the fecal coli-

forms. Fecal streptococci are more resistant to environmental factors than fecal

coliforms. Monitoring of the pathogenic fungal population in compost is as impor-

tant as pathogenic bacteria to determine its quality and suitability in field applica-

tion (Peters et al. 2000).

6.4 Factors Affecting the Composting Process

Various factors that affect the composting process and the final compost product

quality are described in this section.

6.4.1 Carbon:Nitrogen Ratio

The microorganism involved in composting process requires a source of carbon to

provide energy and multiplication of new cells, as well as nitrogen source for

building the cell proteins. Lignocellulosic crop residues are mainly organic matter

of which carbon is the chief element (48–58%). Based on the assumption that

organic matter contains 58% organic carbon, a conversion of 1.724 has been

proposed for the conversion of organic matter into its carbon content (Nelson and

Sommers 1996). Table 6.4 shows C:N ratio of various plant waste materials. Since,

high initial C:N ratio causes a slower start up of the process and results in

longer than usual composting time, and low initial C:N ratio results in high

emission of NH3 (Tiquia et al. 2000), ideal C:N ratio is desired in composting

process to maintain high protein/nitrogen levels to facilitate optimum and rapid

degradation. In addition, phosphorus and other trace minerals are required by

microorganisms for optimum activity. Chemical analysis of the microorganisms

revealed that on an average they contained 50% C, 5% N, and 0.25–1% P on a dry

weight basis.

116 R.C. Kuhad et al.



Most of the lignocelluloses residues have wide C:N ratio varying from 35 to

325:1 (Hue and Liu 1995). Thus there is a need of supplementing nitrogen during

composting of lignocellulosic biomass to bring the C:N ratio of lignocellulosic

substrates in a desirable range. The crop residues may be amended with nitrogen-

rich chemical fertilizers such as urea to bring the optimum C:N ratio of 25 to 35:1.

Alternative organic waste material rich in nitrogen such as poultry droppings/

manure, farmyard manure, dry blood, fish meal, and oil seed cakes such as soybean

meal, neem, castor and jatropha have also been used effectively (Gaind et al. 2009;

Pandey et al. 2009).

6.4.2 Particle Size

Small particles have much more surface area and can be degraded much faster, and

also result in a decrease in air space with less porosity, thereby reducing the aeration

and affecting the degradation adversely. Haug (1993) suggested that for a particle

larger than 1 mm, oxygen diffusion would limit the decomposition. Decomposition

Table 6.4 C:N ratio of

various waste materials used

in composting

Substrate Material C:N ratio

High carbon Wood 700

Sawdust 500

Paper 170

Straw 80

Corn stalks 60

Leaves 60

Rice hulls 121

Sugarcane residue 50

Newspaper 175

Cardboard 350

High nitrogen Alfalfa 13

Kitchen waste 15

Green clover 16

Mature clover 23

Grass clippings 19

Mustard 26

Soybean meal 5

Fruits and vegetable waste 35

Peanut shells 35

Garden waste 30

Weeds 30

Coffee grounds 20

Seaweed 19

Cow manure 20

Poultry manure 10

Horse manure 25

Municipal wastewater sludge 8
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and microbial activity would be rapid near the surfaces as oxygen diffusion is very

high. Particle size also affects moisture retention as well as free air space and

porosity of the compost mixture (Naylor 1996).

6.4.3 Moisture Content

An adequate amount of moisture is essential for microbial activity and is an

important factor to be controlled during composting. Moisture in compost comes

either from the initial feedstock or the metabolic water produced by microbial

action. The optimal moisture content in composting is in the range between 50 and

60%. Bacterial metabolic activity is severely inhibited when the moisture content

drops below 40%. Fungi have a lower moisture threshold and could grow well at

30–40% moisture. The oxygen uptake during composting reduced drastically at

moisture levels below 30%. At water potentials below �20 kPa (about 60%

moisture), bacteria progressively failed to colonize the compost mass (Miller

et al. 1985). Total liquid content may be used as a guide, rather than the water

content, given by:

% Liquid ¼ 100� ð%moisture�% liquidÞ
ð100�% ashÞ :

Water used to moisten the compost pile should have a neutral pH and that may also

help to reduce the acidity of the compost. The finished compost is usually neutral

(with a pH between 7.1 and 7.5). Moisture content also influences the structural and

thermal properties of the material, as well as the rate of biodegradation and

metabolic process.

6.4.4 Oxygen

Oxygen is required by the microorganisms for oxidizing various organic molecules

present in the composting mass (Richard and Walker 1999; Diaz et al. 2002; Liang

et al. 2003). During aerobic composting 1 g of organic matter releases about 25 kJ

of heat energy, which is enough to vaporize 10.2 g of water coupled with losses due

to aeration resulting in water loss during composting (Finstein et al. 1986).

A minimum oxygen concentration of 5% within the pore space of the composting

pile is necessary to maintain aerobic conditions. Aeration has multiple function of

supplying O2 to support aerobic metabolism, controlling temperature, and remov-

ing CO2 and other gases. While insufficient aeration promotes the formation of

anaerobic zones and the generation of foul odors, excessive aeration limits micro-

bial activity as a result of reduced moisture and associated cooling (Brodie et al.

2000; Hao et al. 2001).
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6.4.5 Temperature

Another critical parameter influencing the rate of composting and the quality of

product is temperature, which is also a fundamental factor affecting the rate and

net outcome of chemical and biochemical reactions of the microorganisms

(Michel et al. 1996). Variations in temperature affect the various phases of

composting and kinetics of growth rate constant, diffusion coefficient, and

hydrolysis rate constant. The metabolic heat trapped in an organic pile of

sufficient size can elevate the temperatures in the pile from the ambient to

70–80�C within few days. Depending upon the phase of composting, turning of

the pile is required to maintain different temperatures during various phases of

composting such as mesophilic (25–45�C), thermophilic (>45�C), and cooling

and maturation (again mesophilic phase) which ultimately affects the final

product quality.

6.5 Compost Product Maturity and Quality

The maturity and quality of compost can be evaluated by using physical, chemical,

or biological methods (Wu et al. 2000; Wu and Ma 2001). The maturity of compost

can be determined by analytical tests, such as the content of inorganic nutrients

such as total nitrogen, phosphorus, magnesium, calcium and nitrogen, salt content,

electrical conductivity, and pH. Nutrient balance is very much dependent on the

type of feed materials being processed. For evaluating compost stability, several

indexes and methods have been proposed (It€avaara et al. 2002). Compost maturity

is associated with plant-growth potential or phytotoxicity, whereas stability is

related to the compost’s microbial activity.

Various parameters that are monitored to evaluate the maturity of comp-

osts include enzymatic and biological activities, germination tests, calorimetry,

thermogravimetry, respiration, and spectroscopic determination of humification

(Provenzano et al. 2001; Domeizel et al. 2004; Castaldi et al. 2005; Chang et al.

2006). Concentration of carbon is reduced due to the evolution of CO2 during

degradation of organic matter while that of nitrogen is increased resulting in the

reduction of carbon to nitrogen ratio (C:N) at the end of composting. Thus the C:N

ratio is frequently used as an index of compost maturity. The C:N ratio below 20 is

indicative of acceptable compost maturity. Chanyasak and Kubota (1981) estab-

lished a water-soluble organic-C/organic-N ratio of 5–6 as an essential indicator of

compost maturity.

Phytotoxicity is one of the most important criteria for evaluating the suitability

of compost for agricultural purposes (Brewer and Sullivan 2003; Cooperband et al.

2003). Phytotoxicity is mainly caused by increased solubility of heavy metals or the

production of phytotoxic substances such as ammonia, ethylene oxide, and organic

acids (Jimenez and Garcia 1989). The decomposition of the organic matter during
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composting involves the disappearance of phytotoxic substances, such as low

molecular weight organic acids (Pascual et al. 1997).

Germination index (GI) of seed is a common technique used to determine

compost’s maturity and toxicity, and the GI of 50% has been used as an indicator

of phytotoxin-free compost (Tiquia et al. 1996). Quantitative detection of organic

materials (e.g., humic acid) using 13C-NMR spectra and ultraviolet spectroscopy

at different steps of composting can also provide a good measure of maturity

(Genevini et al. 2002; Laor and Avnimelech 2002).

Many researchers have proposed indices of maturity based on the monitoring of

humic substances, humic acids, and fulvic acids (Lopez et al. 2002). Humic acid is

generally considered to be more stable than fulvic acid and is associated with

increasing the soil buffering capacity. Humification index is calculated from the

ratio of humic acid and fulvic acid. The threshold value of humification index 0.5 in

well-stabilized compost was reported (Ciavatta et al. 1990). As the compost

matures, the humic material in compost tends to increase and is capable of binding

many metals, thus decreasing their availability (Deportes and Benoit-Guyod 1995).

In general, immature compost contains high levels of fulvic acids and low levels of

humic acids.

Respirometric techniques can also provide accurate information on the microbial

activity of a compost sample (Kalamdhad et al. 2008). Respirometric parameters

that were used for the evaluation of stability are the specific oxygen uptake rate

(SOUR), the oxygen demand (OD20) and the dry-specific oxygen uptake rate

(DSOUR) tests. Typical values of specific oxygen uptake rate vary from 4.0 to

17.5 mg O2 h
�1g�1 compost solids (Moreira et al. 2008).

Measurement of activity of some key enzymes involved in decomposition

process may also indicate the progress of composting process. Important hydrolytic

enzymes that were involved in the composting process include cellulases, hemi-

cellulases, proteases, lipases, phosphatases, and arlylsulphatases. High levels of

protease, lipase, and cellulase activities have been detected throughout the active

phase of composting (Cunha-Queda et al. 2002; Mondini et al. 2004). Oxidoreduc-

tases such as superoxide dismutase, catalase and protease activities reflect the

intensity of microbial activity such as respiration and biodegradation (Garcia-Gil

et al. 2000).

Other methods studied include the fertilizer stability index that can be eval-

uated according to the CO2 evolution rate (Q), in mg CO2-C g�1 organic matter

day�1, as being very stable (Q < 2), stable (Q < 4), or unstable (Q > 4) (USDA).

Researchers have used ATP as a measure of microbial biomass, which can be a

useful analytical method for compost maturity in animal waste compost (Tseng

et al. 1995). Quinone profile method examines the microbial community structure

of various compost products and soils have produced encouraging results (Hir-

aishi 2000). Fatty acid methyl esters (FAMES) can be effectively used over

50 mol% as the maturity index for cattle manure and poultry manure composts

(Kato et al. 2005; Kato and Miura 2008). Color, odor, temperature, inorganic

nitrogen, and cation exchange capacity are other indices of maturity (Zmora-

Nahum et al. 2005).
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6.6 Compost Application in Agriculture and Horticulture

Compost application improves the physical, chemical, and biological properties of

soils. The compost adds airspace to the soil, improves structure, slows down crust

formation, reduces erosion, and enhances hydraulic properties (Aggelides and

Londra 2000). Increased organic matter would also increase soil porosity, aeration

and fertilizer retention, and creates a better environment for healthy plant root

growth. Soil organic matter is essential for maintaining soil quality by improving

the biological, physical, and chemical soil conditions. Soil organic matter consists

of a variety of simple and complex carbon compounds and thus provides food for a

variety of organisms. Soil organisms can affect plant growth directly by binding

atmospheric N2 by free or symbiotically living bacteria, by mobilization of N, P and

water by mycorrhizal fungi, through antagonism and predation of pathogens, by

induction of resistance of plants against pathogens, and aspecific competition with

pathogens.

A major goal of composting is the removal of pathogens. Although much

emphasis is often put on the potential survival of some plant, human or animal

pathogens during compositing, the majority of pathogens are promptly and

completely killed during the heat phase of composting (Wichuk and McCartney

2007). For unrestricted compost use, it is generally accepted that risk is sufficiently

minimized only when pathogens are not detectable in the finished product.

Compost enriches the soil with microbes and slowly released nutrients. Soil

microorganisms govern the numerous nutrient cycling reactions in soils. Phospho-

rus flux through the microbial biomass is faster in organic soils, and more phospho-

rus would bind in the microbial biomass. Phosphorus consumption is directly

proportional to microbial consortium growth rates as microbes use phosphorus to

produce DNA, RNA, and ATP. These effects are clearly identified just after

compost application in a rather compacted and heavy and sandy soil (Aggelides

and Londra 2000; Celik et al. 2004). An active and diverse soil microflora and fauna

is not only considered advantageous for healthy soil but also for the suppression of

plant pathogens. Compost amendment to soil also has positive implication in

suppressing soil-borne diseases (Hoitink and Boehm 1999; Martin 2003) including

not only root pathogens (primarily through competition and parasitism), but also

shoot pathogens (through induced resistance). Compost application has a strong

stimulating effect on the parasitic microbial community including known antago-

nists as fluorescent pseudomonads and Trichoderma species (Termorshuizen et al.

2004).

Addition of compost to soil increases the soil’s phosphorus, potassium, nitrogen,

and organic carbon content. Biosolids compost also plays a role in bioremediation

of hazardous sites and pollution prevention. Compost has proven effective in

degrading or altering many types of contaminants, such as wood-preservatives,

solvents, heavy metals, pesticides, petroleum products, and explosives.

When compost is added to the soil, carbon is sequestered for a long time in

the compost fraction that is resistant to decomposition. Carbon sequestration
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is important to mitigate the greenhouse effect. In addition, more labile organic

compounds from fresh organic matter can be protected by hydrophobic humic

substances originating from compost. It has been estimated that the application of

composted household biowaste leads to a net reduction of 57 g CO2 per kg

biowaste, while biowaste incineration results in a net reduction of only 25 g CO2

per kg (Termorshuizen et al. 2004). On the other hand, landfill disposal of biowaste

results in significant methane emissions, a strong greenhouse gas that contributes to

breakdown of the ozone layer.

There is an increasingly accepted general view that genetically modified organ-

isms (GMO) or their products introduced into the environment should be degrad-

able and should disappear after a limited period of time. Due to the risk of possible

horizontal gene transfer, disposal methods for GMOs need to address destruction of

both the organism and the genetic material. The conditions created in a properly

managed composting process environment may help in destroying GMOs and their

genes, thereby reducing the risk of the spread of genetic material (Singh et al.

2006). When considering composting as a potential method for the disposal of

GMOs, the establishment of controlled conditions providing an essentially homo-

genous environment appears to be an important requirement.

6.7 Potential Risks Associated with Composting

As discussed above, there are many benefits of composting including waste man-

agement through recovery of useful organic matter for use as soil amendment and

reduction of waste that is disposed to landfill and incinerated. On the other hand,

there may be certain occupational and health risks associated with the composting

process and compost application such as odors, bioaerosol (organic dust containing

bacterial and fungal spores) generation, emission of volatile organic compounds

(VOCs), and potential pathway from use on land for contaminants to enter food

chain (Domingo and Nadal 2009). Because of their potential toxicity, metals such

as arsenic, cadmium, chromium, lead, mercury and nickel, pesticides, and organo-

chlorinated compounds such as PCDD/Fs and PCBs, PAHs and halogenated hydro-

carbons are among the potent chemical contaminants of concern.

An important problem in the composting facilities is the odor due to the VOC

emissions, beginning with the arrival of fresh material. Under anaerobic conditions,

reduced sulfur compounds of intense odor are generated, whereas aerobic degrada-

tion process generates emissions of alcohol, ketones, esters, and organic acids. The

systemic toxic effects of VOCs are renal, hematological, neurological and hepatic

alterations, as well as mucosal irritations.

For biological risks, it is necessary to consider two kinds of microorganisms: (1)

the pathogenic agents present in the fresh organic material that are susceptible to

elimination during the composting process, and (2) the microorganisms that are

developed during the active composting process, which also play an important role

in the degradation of the organic matter (mesophilic fungi and thermophilic
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bacteria). Occupational biorisks are those derived from the presence of organisms,

and/or substances generated by them in occupational atmospheres, which can cause

adverse effects (infectious, allergenic, toxic, and carcinogenic) on the workers

(Schlosser and Huyard 2008). Aspergillus fumigatus is a well-known opportunistic

pathogenic fungus in nose and throat, susceptible of causing infections. Other fungi

such as Aspergillus flavus, Stachybotrys atra, and different species of Fusarium and

Penicillium produce mycotoxins. It is known that the endotoxins produced by the

gram-negative bacteria cause fever and respiratory problems, as well as gastroin-

testinal disturbances and diarrheas (Domingo and Nadal 2009).

6.8 Conclusions

Composting is the controlled decomposition of organic matter resulting in a

stabilized product that can be used as soil amendment/conditioner in agriculture.

If organic matter is targeted for agricultural use, the major reason for composting is

the inactivation of pathogens of the material. Stabilized organic matter in compost

improves the physical, chemical, and biological properties of soils, by improving

structure, soil porosity, aeration, and fertilizer retention, which creates a better

environment for healthy plant root growth. The diversion of biodegradable waste

from landfill is of key importance in developing a sustainable waste strategy

(Domingo and Nadal 2009). The selective collection and the recycling of biosolids

and the organic fraction of the municipal waste are essential factors for the success

of a modern policy of global waste management.

However, the compost derived from the organic fraction of municipal solid

waste may contain metals, persistent organic pollutants, as well as microbial toxins,

whose exposure in certain scenarios might mean health risks for the general

population. From a point of view of occupational health, the results of epidemio-

logical studies are the best evidence to establish a correlation between the potential

risks and the current situations. Rigorous periodic analytical quality controls

accompanied by the corresponding evaluations of risk of the chemical and

biological components are highly recommended.
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Chapter 7

Bioaugmentation for In Situ Soil Remediation:

How to Ensure the Success of Such a Process

Thierry Lebeau

7.1 Introduction

This chapter aims at giving an up-to-date insight of in situ soil bioaugmentation, one of

the most considered bioremediation methods. Biological soil remediation is a rather

environmental sustainable solution for the treatment of contaminated soils. However, it

is not sufficiently breaking through since depositing of contaminated soil at landfill

sites is stimulated and/or legally permitted in most countries. Indeed, the destiny of

polluted soil is still badly defined by laws, e.g., in the European Economic Community

(EEC). An EEC soil directive is still in discussion and its acceptance will undoubtedly

open a huge market for soil bioremediation. In his report for the Directorate General

Research of the European commission, Vijgen (2002) concluded: “Looking at the

available numbers, the prospects for any kind of treatment technology look almost non-

existent. Only 10–25% of all excavated contaminated soils are treated. Assuming a

simple equal division according to the three main techniques (thermal, physical/

chemical and biological) it would appear that only a small part of the soil (~3–8%)

excavated from remediation sites has any real chance of going to biological treatment”,

bioaugmentation being near 0%. This same author stated that, “despite economically

and ecologically positive aspects of bioremediation along with the possibility to reuse

the soil after the treatment, this technology suffers form a lack of reliability”.

After giving an accurate definition of soil bioaugmentation, the following chapters

make an inventory of the biotic and abiotic soil parameters (including sediment)

exerting some effects on soil bioaugmentation. Thereafter, some recommendations

are suggested to increase the reliability of this technology in spite of the continuous

changes of the environmental conditions. The selection and implementation of the
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microbial inocula, the relevance of plant–microorganism association in the aim at

better controlling this in situ bioremediation process, and the need in gaining default

values involving the development of new monitoring methods are especially tackled.

The emerging ecological engineering concept which combines process management

and ecology is then presented as it could help us in increasing the reliability of

bioremediation technologies, in particular bioaugmentation. Lastly, bioaugmentation

performances are compared with bioattenuation and biostimulation.

7.2 How to Define and When to Use Bioaugmentation?

In their reviews, Gentry et al. (2004) and Singer et al. (2005) reminded that

bioaugmentation is not new and is already being practiced in agriculture since the

1800s for growing legumes with symbiotic Rhizobium spp. or Bradyrhizobium spp.

and later with free living bacteria such as Azotobacter and plant growth promoting

rhizobacteria (e.g., Azospirillum spp.). Bioaugmentation also served for fighting

plant pathogens and for food preparation (milk fermentation, beer, etc.).

In the last two decades, bioaugmentation focussed on soil remediation (Vogel

1996), but about half of the papers were published in the last five years. The

consultation of the ISI Web of Knowledge database returned about 4,000,450 and

less than 100 articles in response to respectively “soil+bioremediation”, “soil

+bioaugmentation”, and “in situ+soil+bioaugmentation”. The first papers in

response to “in situ+soil+remediation” were published in 1989 (Portier et al. 1989).

Several similar definitions of bioaugmentation applied to soil pollution were

proposed. The following two definitions can be kept in mind: (a) definition given by

El Fantroussi and Agathos (2005), i.e., “the technique for improvement of the

capacity of a contaminated matrix (soil or other biotope) to remove pollution by

the introduction of specific competent strains or consortia of microorganisms” and

(b) a broadened one suggested by Dejonghe et al. (2001): “this approach corre-

sponds to increasing the metabolic capabilities of the microbiota present in the

soil. . .”. In that respect, bioaugmentation corresponds to an increase in the gene

pool and, thus, the genetic diversity of that site.

Bioaugmentation thus encompasses the inoculation of single cells or consortia,

microorganisms harboring degradation genes to be transferred to indigenous micro-

flora, and rhizospheric microorganisms or not. Rhizoremediation, a bioaugmenta-

tion technique, was proposed by Kuiper et al. (2004) when rhizospheric

microorganisms associated with plants are involved in remediation issues. The

authors referred only to microorganisms inoculated in soil, the stimulation of the

indigenous microorganisms of the rhizosphere being an alternative. Therefore, I

suggest using either the terms rhizobioaugmentation or rhizobiostimulation.

Several authors considered that bioaugmentation should be applied when the

bioattenuation and biostimulation have failed (Forsyth et al. 1995; Vogel 1996;

Iwamoto and Nasu 2001; El Fantroussi and Agathos 2005; Mrozik and Piotrowska-

Seget 2010). The main reasons are put forward: (a) low or nondetectable number of
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degrading microbes regarding the pollutant to be degraded, (b) compounds or

mixtures of compounds requiring several metabolic pathways operating simulta-

neously with sometimes metabolic intermediates whose toxicity toward indigenous

microbes may be high, and (c) some polluted areas requiring long microbial

adaptation period of time justifying soil bioaugmentation.

The low cost of biologicalmethods also argues for bioaugmentation. Costs (€t�1 of

soil) vary between (Khan et al. 2004): 10–20 (phytoremediation), 30–60 (landfarm-

ing), and 15–70 (bioventing) for biological methods against 25–250 (soil flushing),

80–330 (solidification/stabilization), and 200–700 (incineration) for physiochemical

solutions. The cost for in situ soil bioaugmentation is higher on average than other

bioremediation methods without being however accurately estimated at present.

7.3 Which Parameters Control Inoculated Microorganisms?

Main parameters to be considered in bioremediation technologies were rewieved by

Boopathy (2000) and Hazen and Stahl (2006), among others. Table 7.1 gathers the

major abiotic and biotic parameters with an emphasis on bioaugmentation.

7.3.1 Abiotic Parameters

7.3.1.1 Temperature, pH, and Redox Potential

Bioremediation is influenced by temperature in the range 5–30�C (Diels and Lookman

2007) meaning that in temperate countries, in situ bioremediation is less effective,

indeed ineffective during winter.

pH also acts strongly upon bioremediation performances and on the length of the

bioremediation efficiency in the range 5–8, which are usual values encountered in soil

(Diels and Lookman 2007; Grundmann et al. 2007). The most critical factor affecting

atrazine degradation by two different microbial consortia was the soil pH and its

organic matter content (Goux et al. 2003). Atrazine degradation was immediately

effective at pH >7. While only one consortium could degrade atrazine at pH 6.1,

bioaugmentation was ineffective at pH 5.7 (possible interaction with organic matter).

The structure of the bacterial community showed that the poor degradation rate was

not due to the lack of degrader survival but rather to an inhibition of atrazine

catabolism. pH for phenol and TCE degradation was shown to vary depending on

whether microbial cells were free or immobilized (Chen et al. 2007). The degradation

was observed at pH>8 for immobilized cells, whereas pH between 6.7 and 10 did not

affect the degradation with the free cells, most probably at the result of the mass

transfer limitation that prevents physicochemical changes in the matrix immobilizing

cells in spite of continuous modification in the surrounding environment.

Aerobic conditions are important for the soil cleaning-up. The use of O2 as

final electron acceptor is indeed the most energetically favorable reaction and is
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Table 7.1 Major factors affecting bioaugmentation (adapted from Boopathy 2000 and Hazen and

Stahl 2006)

Main factors Some comments

Microbial factors:
Survival and growth (amount of biomass)
l Enzyme induction and activity
l Metabolic activity
l Production of toxic metabolites from

degradation compounds
l Microbial diversity
l Microbial interaction (competition,

mutualism, symbiosis, etc.) with indigenous

populations
l Mutation and horizontal gene transfer

regarding GMO and wild type strains

l Monoxygenases and dioxygenases: two of the

primary enzymes employed by aerobic

organisms during organic contaminants

degradation
l Siderophores: molecules employed for the

complexation of metals

Environmental factors:
l pH
l Temperature
l Moisture content
l Eh
l Availability of electron acceptors
l Availability of nutrients (carbon and energy

source, mineral nutrients)
l Toxic molecules

l Differentiation of surface soils and

groundwater sediments by the organic matter

level
l Close relationship between soil humidity and

microbial transport

Growth substrates:
l Amount and bioavailability of substrates and

contaminants (when they serve as substrates)
l Limiting factors (C, N, etc.)
l Preference for other substrates than

contaminants

l Importance of organic matter as a source of

substrates, a sorbant for pollutants and a

microniche for inoculated microorganisms
l Versatile effect of organic matter and minerals

on pollutant degradation depending on the

microbial metabolic traits (active metabolism

vs. cometabolism). Some substrates possibly

more easily metabolizable than contaminants

depending on the bioavailability of

rhizospheric exudates, Phophorous, etc.

Physicochemical bioavailability of pollutants:
l Equilibrium and irreversible sorption
l Solubility/miscibility in/with water
l Complexation (ex: siderophores)
l Mass transfer limitations
l Toxicity of contaminants

l Decrease of organic contaminants

bioavailability in the course of the time

resulting from (a) chemical oxidation

reaction incorporating contaminant into

natural organic matter, (b) slow diffusion in

very small pores and absorption into organic

matter, (c) formation of semi-rigid films

around non aqueous phase liquids (NAPL)

with a high resistance toward NAPL-water

mass transfer
l Rate at which microbial cells can convert

contaminants during bioremediation as a

result of: (a) contaminant transfer rate to the

cell and (b) contaminant uptake and

metabolism

Biological aerobic vs. anaerobic process:
l Oxidation/reduction potential
l Availability of electron donor/acceptor

l Role of macrophytes in supplying O2 in anoxic

environments thanks to aerenchyma
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likely to stimulate a number of biodegradation reactions. Empirically under aerobic

conditions, a yield of 0.05–0.6 mol biomass mol carbon�1 can be obtained. Under

anaerobic conditions, the yield falls to 0.04–0.083 mol carbon�1 (Diels and Lookman

2007).However, different bioremediationmechanisms requiring different final electron

acceptors depend on contaminant characteristics. As a result of the highly reduced state

of petroleum hydrocarbons, the preferred and most thermodynamically relevant termi-

nal electron acceptor for microbial process is O2. On the contrary, degradation of

chlorinated solvents, depending on the degree of halogenation, is different from that

of petroleum hydrocarbons and other oxidized chemicals, and the preferred redox

condition is anaerobiosis (negative correlation between number of H2 and Eh) (Diels

and Lookman 2007). In hydromorphic soils or sediments where Eh is very low

(<200 mV), the only one solution in maintaining aerobic conditions in the vicinity of

inoculated microorganisms consists in using macrophytes as extensively reviewed by

Stottmeister et al. (2003). Due to their specific tissue, aerenchym, a film of 1–4 mm

thickness maintains redox gradients ranging from about �250 mV as frequently

measured in reduced rhizospheres to about þ500 mV directly on the root surface.

Oxygen release rates are highest at�250mV < Eh < �150mV.Oxygen supply both

protects the roots from toxic components in the anoxic, usually extremely reduced

rhizosphere, and allows aerobic heterotrophic microorganisms to both grow and

quickly degrade organic compounds.

7.3.1.2 Nutrients Origin, Availability, and Effect on Microbial Transport

Nutrients at inoculated microorganism’s disposal are those accessible in soil for a

more or less long period, i.e., organic matter as well as minerals in more or less

available forms. Additional nutrients can be supplied to soil at the time of bioaug-

mentation in the aim at avoiding nutritional limiting factors. Ratios such as C/N in

soil as well as C/S and C/P must be similar to those of microorganisms, i.e., 20, 200,

and 300, respectively.

Organic matter is a source of substrate, a sorbant for pollutants and a microniche

material for inoculated microorganisms. In their review, Mrozik and Piotrowska-

Seget (2010) emphasized that organic matter is one of the most important soil

parameters influencing the effectiveness of bioaugmentation as it plays a crucial

role in bioavailability of pollutants and impairs the survival of inoculated strains.

Nonetheless, nutrients in soil or sediment (from supply or not) may bring about

opposite effects on microorganisms used in bioaugmentation depending on their

metabolic traits and ecological considerations. Accordingly the pollutant degrada-

tion will be partial or total (mineralization). In case of cometabolism, the additional

source of nutrients will be used for the microbial growth and nonspecific enzymes,

mainly synthesized for cellular detoxification, and will be able to partly and

fortuitously degrade pollutants. Metabolites from the compound degradation are

most of the time observed in the culture medium and can be more toxic than the

parental molecules as shown for 3,4-dichloroaniline, the main metabolite of diuron

herbicide as a final degradation product whose toxicity is slightly below 100 times
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that of diuron (Tixier et al. 2002). On the contrary, active metabolism is character-

ized by a total degradation (mineralization) of pollutants by specific enzymes.

However, mineralization can be impaired by a more easily metabolizable source

of nutrients. Regarding the biodegradation of the glyphosate herbicide, some

microorganisms were shown to be unable to mineralize glyphosate in the presence

of phosphate in the culture media (Balthazor and Hallas 1986).

Another factor limiting bioaugmentation is the transport of selected microorgan-

isms to the contaminated zones (Borges et al. 2008; Priestley et al. 2006). In

particular, the characterization of the physiological responses of the inoculated

microorganisms to starvation is fundamental to anticipate the success or failure of

such a technique. It was shown by Borges et al. (2008) that the efficiency of bacterial

transport through soils might be potentially increased by nitrogen starvation as a

consequence of a significant reduction of the adhesion of inoculated bacteria to soil

particles due to an alteration of the cell-surface hydrophobicity and cell adhesion to

soil particles by bacterial strains previously characterized as able to use benzene,

toluene, or xilenes as carbon and energy sources. Starvation also reduces the cell size

potentially increasing the microbial transport (Caccavo et al. 1996; Lappin-Scott

and Costerton 1992). However, the cell transport in soil was shown to be also

governed by the dilution rate and other nutrients than nitrogen, e.g., succinate

(Priestley et al. 2006). At a specific dilution rate, cells from nitrate-limited cultures

were retained more strongly than cells from RDX-limited or succinate-limited

cultures. In their review, Gentry et al. (2004) reported other techniques such as the

use of adhesion-deficient strains with the experiment of Streger et al. (2002). A

culture was passed several times through sterile sediment. While quite all strains

were initially retained in the sediment, only 39% were retained after 27 passes as a

result of higher hydrophobicity of the microbial cell surface. While these techniques

are potentially able to enhance the transport of inoculants, the degrading capabilities

must be evaluated. Conversely, the microbial transport can be reduced when means

of growing inoculated biomass are used. Indeed, slimes and extracellular polymers

may form, as a result of biofilm formation (Diels and Lookman 2007).

7.3.1.3 Soil Humidity and Hydraulic Regime

Soil humidity indirectly impacts on the soil aeration. Indeed, one liter of water

(saturated in O2) contains about 8 mg O2 as compared to 300 mg for one liter of air

suggesting sustaining accurate soil drainage (Diels and Lookman 2007).

In addition to the soil humidity, hydraulic properties of the soil on the microbial

transport must be considered. While bioremedial feasibility studies often focus on

soil chemical properties, more consideration should be given to the physical and

hydraulic properties of the soil as well (Kinsall et al. 2000). Heterogeneity in

hydraulic properties of porous media can limit microbial dispersion and resultant

microbial activities. The soil texture, rather than porosity, was the most significant

factor controlling the hydraulic properties and consequently the microbial transport.

These findings demonstrate how apparent homogeneity in media properties does not
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equate with homogeneity in flow or transport of solutes and colloids. Microbial

transport is directly related to the frequency of irrigation and length of the intervals

between irrigation periods, making these variables important factors to consider

when applying bioaugmentation through downward percolating water (Mehmannavaz

et al. 2001). Accordingly other parameters measured after bacterial bioaugmenta-

tion are water infiltration, moisture loss, and surface hardness of inoculated soils.

7.3.1.4 Pollutant Accessibility and Availability for Microorganisms: A Key

Issue

Although abundant literature focuses on the degradative performances of micro-

organisms, pollutant bioaccessibility and pollutant bioavilability are insufficiently

taken into consideration, not to mention that the definition of these two words most

often vary from one author to another. An explicit definition was given by Semple

et al. (2004): “a bioavailable compound [was defined] as that is freely available to

cross an organism’s cellular membrane from the medium the organism inhabits at a

given time” whereas a bioaccessible compound corresponds to “what is available to

cross an organism’s cellular membrane from the environment, if the organism has

access to the chemical”. These same authors estimate that until now most routine

chemical techniques most often estimate the bioaccessible fraction, which must be

taken in consideration as a matter of priority in bioremediation purposes. The

concept of bioaccessibility was illustrated by Johnsen et al. (2005) in their review

on polyaromatic hydrocarbons (PAH) bioremediation. They point out the fact that a

large fraction of the PAH-degrading bacteria in soil is expected to be physically

separated from the PAH sources. In soil, as opposed to well-mixed aqueous

systems, the substrate consumption leads much faster to mass transfer-limited

conditions as the number of cells increases. Therefore, PAH-degrading populations

in soil are probably mostly not growing, but they are in a pseudostationary phase.

Regarding organic carbon (OC) compounds, Kd, Koc, and Kow are commonly

used to determine the compound partition between particulate and dissolve phases

indirectly giving some information about bioavailability and bioaccessibility. Kd is

defined as the ratio between the particulate and the dissolved phases and represents

a global value of several types of sorption processes. For nonpolar chemicals only

sorption to natural organic matter is assumed to be relevant and will contribute to

the concentration in pore water. Koc parameter is then defined as a function of the

fraction of organic carbon (foc):

Koc ¼ Kd

foc
;

where

foc ¼ mass of OC

total mass of sorbent
:
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Accordingly Koc allows comparing soils with different OC contents. In the aim at

being more accurate, OC composition should be taken into account (Pignatello

1998). In the example of pesticides (OC and metals), Table 7.2 shows the para-

meters governing their sorption in soils. OC of a soil or sediment plays the same

role as an immiscible solvent with water, leading to use Kow, i.e., octanol–water

partition since it replicates fairly well the partitioning between soil and the soil

solution. The value of Koc can indeed be fitted using Kow as follows:

logKoc ¼ a log Kowþ b

In soil the relation suggested by Bohn et al. (2001) was the following:

logKoc ¼ �0:99 logKow� 0:34

These partition ratios were used to calculate some global indicators taken into

account the bioavailability and bioaccessibility of organic pollutants in sediments.

With the aim at determining whether it is possible to set environmental quality

standards (EQS) for sediments from EQS defined for surface waters in the

Directive of the European parliament, Dueri et al. (2008) studied, from several

experimental data, the relationships between the concentration in water, pore water,

and sediments for different families of organic contaminants. They showed that

even though in some specific cases there is a coupling between water column – used

to define EQS – and sediments, this coupling was rather the exception. Conversely,

the dissolved pore water concentration (interstitial water) is related to the

sediment toxicity. The EQS developed for water could be then applied to pore

water and these authors suggested to calculate sediment EQS from water EQS.

Unfortunately, the partitioning coefficient strongly depends on sediment charac-

teristics such as the physical (texture, material, and temperature), chemical (organic

matter content, black carbon, pH, redox, etc.), and biological (e.g., bioturbation)

properties introducing an important uncertainty in the definition of sediment

EQS. Therefore, the direct measurement of pore water concentration is regarded

as a better option. Since bioavailability and toxicity seem to be related to the

dissolved contaminant fraction, the most suitable method would be to measure

directly in pore water. Different pore water sampling techniques are available,

Table 7.2 Parameters acting on soil pesticides

Organic compounds Mineral compounds

Apolar Polar

Clay Soil humidity pH

Organic matter Cation exchange capacity Eh

Particle size pH Fine soil particles

Specific surface Solubility Organic matter

Solvant nature Organic matter Oxydes and hydroxydes (Fe, Mn, Al)

Microorganisms

Adapted from Kabata-Pendias (2000) and Delle Site (2000)
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mostly relying of passive sampling, but are not yet a standard practice for all

environmental laboratories. In case that pore water sampling is not feasible, the

partitioning approach can be used to calculate the EQS of sediment, as total

sediment concentrations, but an additional partitioning term should be considered

for the contaminants binding to soot carbon. Nevertheless, for other contaminants

such as pesticides, the level of uncertainty introduced by the method is still between

2 and 3 orders of magnitude, which are not adequate for setting EQS.

Regarding metals, different approaches are able to determine their bioavailabil-

ity and their bioaccessibility. The bioavailability of metals from soils is considered

with respect to a series of single-extraction methods, including the use of ethyle-

nediaminetetraacetic acid (EDTA), acetic acid, diethylenetriaminepentaacetic acid

(DTPA), ammonium nitrate, calcium chloride, and sodium nitrate (Dean 2010).

These authors also underlined in their review two alternate approaches for assessing

the environmental health risk to humans by undertaking in vitro gastrointestinal

extraction also known as the physiologically based extraction test. The free ionic

metal concentration in the soil solution is a suited indicator of what is extracted by

plants corresponding to biodisponibility (Checkai et al. 1987; Csillag et al. 1999).

The soil solution recovery by centrifugation is an alternate means of estimating this

availability (Csillag et al. 1999; Zhang et al. 2001). Bioavailability is driven by soil

pH, CEC, and OM (Kayser et al. 2000).

7.3.2 Biotic Parameters

7.3.2.1 Protozoan Grazing, Microbial Competition and Earthworm Effect

After their inoculation, microorganisms must face protozoan grazing and harsh

competition with indigenous microorganisms (Gentry et al. 2004 and van veen et al.

1997). Most of the time microbial population declines after a few weeks as shown

with Pseudomonas sp. ADP that scarcely survived (Moran et al. 2006). As a result,

residual simazine removals were the same in bioaugmented and not bioaugmented

microcosms after 28 days. It was calculated from data reported in the literature that

the decline in cell numbers of Pseudomonas fluorescens could vary between 0.2 and
1.0 log unit in 10 days (Van veen 1997). The pollutant level can also impair the

microbial colonization as shown with Sphingomonas chlorophenolica strain RA2 in
a soil contaminated by pentachlorophenol (Colores and Schmidt 1999). Regarding

plant growth promoting rhizobacteria (PGPR), competition for limiting resources

between introduced and indigenous microorganisms is the most important factor

determining PGPR survival (Strigul and Kravchenko 2006). These authors also

stated that the most effective PGPR inoculation was expected in organic and

mineral-poor soils or stressed soils, when the development of indigenous microflora

was inhibited. Another important factor for PGPR survival was compatibility

between the composition of the host plant root exudates and the ability of the

PGPR to utilize these compounds.
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Earthworm bioturbation also acts upon inoculated microorganisms as shown by

Monard et al. (2008) in their original study on atrazine-degrading bacteria and

atrazine mineralization. Digestion by earthworms significantly impacted atrazine

mineralization in bioaugmented soils. Regarding the two atrazine degraders tested,

Pseudomonas sp. (strain ADP) survived better than Chelatobacter heintzii within
the 10 days of experiment, although the latter was still metabolically active and able

to mineralize atrazine. A positive “burrow-lining” effect on the atrazine gene (atzA)

sequence copy number was observed in soil whether bioaugmented with Chelato-
bacter heintzii or not, indicating that burrow-linings form a specific ‘hot spot’ for

atrazine degraders, including indigenous bacteria.

7.3.2.2 Characteristics of Microorganisms Selected for Bioaugmentation

In addition to abiotic and biotic characteristics of environment acting on bioaug-

mentation functioning, autecological properties of introduced microorgnanisms

that play a crucial role in the success or failure of such a technique are thought to

be important for in contaminated soils. Regarding PAH degradation by bacteria,

Johnsen et al. (2005) identified efficient biofilm formation, cell-surface hydropho-

bicity, surfactant production, motility, and chemotaxis. The application of bacteria

that exhibit chemotaxis toward pollutants has received less attention. Cells display-

ing chemotaxis can sense chemicals such as those adsorbed to soil particles in a

particular niche and swim toward them (Singh et al. 2006). Minor differences in the

physical properties of bacteria (shape and cell-wall type) can also lead to major

differences in transport behavior at the field scale (Becker et al. 2003).

7.4 How to Make Sure of Bioaugmentation Success

in Uncontrolled Soil Environments?

7.4.1 Microbial Inoculum Choice: A Crucial Step

7.4.1.1 Microbial Origin and Selection

Microbial selection (Table 7.3) must be undertaken basing at the same time on

performances toward pollutants (i.e., tolerance of high concentrations of contami-

nants and high degradation rate or change in chemical forms for metals), fast

growing, survival, and activity of selected microorganisms in a wide range of

environmental conditions (Mrozik and Piotrowska-Seget 2010). The selected

microorganisms must be well characterized and stored in a culture collection

where their catabolic ability must be preserved (Thompson et al. 2005).

Unfortunately, the point regarding the cell survival, and more generally the

microbial ecology issues, is often neglected (Thompson et al. 2005; Vogel and
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Table 7.3 Some recommendations for the selection of microbial inocula for soil bioaugmentation

Item Recommendations

Microbial strategy and

performance towards

pollutants

l Microorganisms exhibiting chemotaxis towards pollutants

and secreting polymers: biofilm formation on the surface of

hydrocarbons are especially well suited for the treatment of

recalcitrant or slow-degrading compounds
l Tolerance to wide range of pollutants and high degradation

rate for organic compounds or change in chemical forms for

metals

Microbial metabolism l Aerobic vs. anaerobic microorganisms: aerobic

microorganisms are more efficient but the choice depends

also on the pollutant characteristics (e.g., degradation of

low- and high-chlorinated compounds require aerobic and

anaerobic conditions respectively)
l Active metabolism vs. cometabolism. Microorganisms with

active metabolism do not generate undesirable metabolites
l Order in which soil nutrients, including pollutants, are used

by inoculated microorganisms. Microorganisms that first

used other nutrients than pollutants should be avoided
l Superbugs: resilient to environment stresses, harboring

catabolically superior pollutant-degrading enzymes.

Unfortunately, they are most of the time human pathogens

precluding field implementation

Microbial growth strategy and

growth medium

l Fast (r-) or slow (K-) growing microorganisms: K-

strategists are more suitable to survive long term in a

habitat, slowly and continuously degrading a contaminant
l Selected microorganisms should be able to grow on poor

media

Microbial origin of inocula l Origin: hot springs, pristine places, deep sea, deep

underground, deep intestine, sites with industrial activity,

river bank soils, sludges
l Microorganisms should be ubiquitous and abundant
l Selection of microorganisms from the soil to be cleaned up

is sometimes more relevant than selection of exogenous

microorganisms

Microorganisms-plants

association

l Positive effects of plants on microorganisms: survival,

higher growth rate and stability of the microbial activity

irrespective of the environmental conditions, higher

pollutant degradation
l Macrophytes are able to support the aerobic microbial

growth and pollutant degradation in anaerobic

environments such as sediment

Pure microbial strains vs.

consortia

l Consortia are more efficient than pure strains in terms of

global survival and whole degradation of complex

molecules and mixture of pollutants (mutalism and

syntrophic effects)
l “Natural” are better than “artificial” consortia in supporting

harsh conditions but remediation performances are lower

than superbug assemblages and are less engineered inocula
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Walter 2001) leading to numerous failures that could impair the credibility of such a

technique. As underlined by Thompson et al. (2005), there is still a lack of know-

ledge regarding conditions that suit the best to microorganisms in their natural

conditions or habitat. The development of tools to determine in situ these conditions

is in progress and must be spread outside research laboratory once their use in

routine will be effective. It was also observed that bioremediation efficacy is more

likely to rely on the selectivity and specialization of added microorganisms rather

than on nutrient load (Hamdi et al. 2007).

First in the selection procedure, it should be kept in mind that bacteria become

dominant with depth as the number of actinomycetes and fungi decreases (Boopathy

2000). This fact should be taken into consideration in the microbial selection

scheme according to the depth of the area to be cleaned. In their review, Mrozik

and Piotrowska-Seget (2010) reported that most experiments dealing with bioaug-

mentation were carried out using gram-negative bacteria belonging to the genus

Achromobacter, Alcaligenes, Flavobacterium, Pseudomonas, and Sphingobium,.
A focus should be also directed to gram-positive bacteria: Bacillus,Mycobacterium,
and Rhodococcus. Regarding fungi, Absidia, Aspergillus, Mucor, Penicillium, and
Verticillium should be considered. Among them, ‘superbugs’, i.e., “microorganisms

highly resilient to environmental stresses, harboring catabolically superior pollut-

ant-degrading enzymes”, should be selected as a matter of priority (Singer et al.

2005). Unfortunately, these authors also reported that a ‘superbug’ is often closely

related to a human pathogen (Singer et al. 2005) precluding its field implementation

(e.g., Pseudomonas aeruginosa). Thompson et al. (2005) suggested that preselected

bacteria must be identified before being used in bioaugmentation purposes. A

subset of the superbug population, denoted as heirloom microorganisms, are

‘superbugs’ that are maintained and handed down from generation to generation

within a research group. These heirloom superbugs are usually easily cultured, fast

growing, thoroughly characterized, and accessible worldwide through bioresource

centers such as ATCC, BCCM, CBM, and DSMZ.

Up to now, attention has been focused, regarding strain selection, on various

unique sites as hot springs and pristine places. Deep sea, deep underground, and

deep intestine should also be explored as suggested by Verstraete et al. (2007). In

addition to these “natural habitat”, a number of sites altered by industrial actions,

often unwanted, are now to be earmarked as resources of microbial diversity. For

example, soil or sludge from river banks is relevant because of unspecified group of

bacteria as the result of the presence of different and time varying pollutants

(Dejonghe et al. 2001). In this way, not only the maintenance of microbial culture

collections can be justified, but just as well the preservation of special sites. These

authors began to suggest a strategy in microbial resource management: (a) who is

there by using the genomic methods, (b) who is doing that with 16S rRNA probing

in combination with microautoradiography, stable isotope probing, and microar-

rays, (c) who is doing what with whom by learning about exchanges between

different groups of organisms, particularly about types of “trading” of electron

donors and/or acceptors. But several information are still missing: (a) minimum

differential in delta G – a measure for the change of a system’s free energy – to
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switch to another partner or to another metabolism, (b) importance of the cross-

feeding between species and the prevalent transport mechanism between the part-

ners (e.g., mutualism and syntrophy) (review by Orphan 2009), and the need for

physical cell-to-cell contact, and (c) architectural configuration of cells in flocs,

granules, and biofilms as a response to both substrate supply and sharing between

microbial population with some consequences on the transport of microorganisms

and hence specific genetic exchange, biodiversity, and coordinate functioning.

When a microbial screening is undertaken from environmental samples, missing

some relevant strains is the main fear of microbiologists. Regarding this point, some

basic information on microbial ecology was reported by Verstraete et al. (2007).

First, Beijerinck axioma was reminded by these authors, i.e., “every microorganism

is everywhere”. Accordingly specific inoculations would be useless as shown in

many examples. But there are as many examples where inoculation is shown to be

essential. Verstraete and his colleagues attempted to explain these contradictory

examples by taking into consideration the Darwin-based niche assembly theory

supplemented by the neutral theory of Hubbell leading them to conclude that

microbial ecologists “should give particular attention to a continuous influx of

new species into their systems. Microbial communities must be continuously

challenged by new arrivals”. In addition, according to the Hubbell theory, high

number of species is bound to be of little abundance with only some 10% species

that has abundance of more than 1%. Accordingly plenty of rare but useful species

are not taken into account by the current microbial ecological methods and screen-

ing techniques. According to these authors, another principle must be kept in mind:

Pareto principle stating that 20% of microorganisms cover for about 80% of the

energy flux involved. The last principle concerns the Cooperative Community

Continuum (CCC) considering the continuous evolvement of microbial commu-

nities and metacommunity basing on the relative proportions of species making

them rather than on the absolute abundance of each species. In this principle,

general parameters such as overall growth yield and rate, maintenance metabolism

rate, etc. should be considered. Verstraete et al. (2007) derived some conclusions

from these principles: (a) stable microbial communities indicate small biodiversity

reservoir that limits the influx of new microbial species. It can be seen positively in

terms of maintenance of the remediation performances and negatively because of

the low adaptability potential facing the possible changes of the environmental

conditions, (b) making bioaugmentation processes flexible by maintaining both

predominant species and other species that are at standby and await their chance

to become more active in the CCC suggesting to perform the microbial selection on

microbial communities more than on a list of species, and (c) considering the

microbial growth strategy. Some microbial species are fast-growing microorgan-

isms (r-strategy also called zymogenous microbes) and act to a minor extent

“offensive”, while most of them are slow-growing (K-strategy also called auto-

chtonous microbes) microorganisms and act as “defensive”. If a strain for bioaug-

mentation was required that could survive long term in a habitat, slowly and

continuously degrading a contaminant, a K strategist would be most suitable.

Thompson et al. (2005) suggested that strains selected from populations that have
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low abundance, or are transient within the source or target habitat, are less likely to

persist as inocula, when compared with those that are spatially and temporally

ubiquitous. In addition, they must tolerate co-contaminants (metals and organic

compounds) and be active, i.e., be able to degrade components and/or to modify the

metal speciation. Other approaches of strains selection that have received less

attention are the following: (a) microorganisms exhibiting chemotaxis toward

pollutants and (b) microorganisms that secrete polymers and form biofilms on the

surface of hydrocarbons are especially well suited for the treatment of recalcitrant

or slow-degrading compounds.

In a majority of cases, the selected strains (“superbugs”) are isolated through

enrichment culture that relies on their ability to grow rapidly on synthetic culture

media in defined laboratory conditions (Singer et al. 2005). Unfortunately, the

composition of these media is most of the time far from the reality and some strains

are wrongly selected. For example, in a study devoted to Cd biosorption (Lebeau

et al. 2002) the best performing microorganism in a rich synthetic medium showed

relatively low performance when it was cultivated in a soil extract medium (“poor”

medium), supposed to be closer to the soil composition than the synthetic medium.

According to Thompson et al. (2005), strains selected by selective enrichment are

not typical or representative of indigenous communities in the target habitat and

could equally be derived from transient populations.

Following their isolation from environmental sites, the selected microorganisms

(pure cultures, natural, or artificial consortia) are cultivated under laboratory con-

ditions and returned or not to the same soil. Bento et al. (2003) concluded that the

best approach was the bioaugmentation performed by inoculating microorganisms

preselected from their own environment. Belotte et al. (2003) estimated that isolates

were 50% fitter when reintroduced into their home sites and that fitness diminished

exponentially with distance from their origin. Since Heinaru et al. (2005) found

that contaminants present in studied microcosm determined the presence and

activity of specific microorganisms, a second possibility is the selection of appro-

priate microorganisms from sites with similar contaminants that are present in soils

to be cleaned up.

The basic role of plants in the soil microbial functioning should be systemati-

cally taken into consideration in the microbial selection schemes. Plant-assisted

bioaugmentation is indeed a way to stabilize the mitigation process regarding both

microbial survival and activity even in environments subject to variable conditions.

The related selection procedure is called rhizo-directed strain selection (Kuiper

et al. 2004). In contrast to the bulk soil characterized by its oligotrophy, the

rhizospheric soil is supplied with nutrients exudated by plants (Gentry et al.

2004) ensuring a continuous flux of substrates to microorganisms. Microorganisms

are able to grow on one or more root exudates within the rhizosphere stimulating

and maintaining the pollutant-degrading enzymes induction (Singer et al. 2005).

Kuiper et al. (2001) suggested a dual selection: population dominance in the

rhizosphere (target habitat) and the ability to degrade target contaminant. The

importance of nutrients in determining inocula performance in the rhizosphere at

least is not surprising regarding organic acids, as they are significant constituents of
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root exudates (Goddard et al. 2001). Only organic acids’ utilization characteristics,

not the presence of flagella and lipopolysaccharides, were found to be able to

distinguish transient to stable rhizospheric populations.

7.4.1.2 Considering the Type of Pollutants in the Microbial Selection Scheme

Mechanisms where microorganisms benefit and derive energy for growth from

contaminant transformation (i.e., active metabolism) are generally preferable over

fortuitous cometabolic process (Rittmann et al. 2006) as they may generate unde-

sirable metabolites as already mentioned above (Sect. 3.1.2). One concern regard-

ing bioremediation purposes should be to guarantee the complete mineralization of

the targeted pollutants, not their partial degradation, i.e., dissipation in metabolites

of possibly higher toxicity. Yet official regulation most of the time only demands

that the pollutant(s) concentration is below a threshold, not that the pollutant is

completely mineralized. In this prospect, isotopic approaches are being explored for

field validation of contaminant degradation (L€offler and Edwards 2006) and will

most probably be used at establishing the future regulation regarding soil.

As already underlined (Sect. 3.1.1), overall aerobically degradated contaminants

should be preferred as a result of higher performance, but it depends also on the

molecule characteristics. In case of polychlorobiphenyls (PCBs), halogenation

degree must be taken into account. Molecules with less than six atoms of chlorine

can be aerobically degraded, whereas anaerobic dechlorination is necessary for

more than six atoms and goes on with aerobic degradation (Smith et al. 2007).

For pollutants of low accessibility such as PAH and PCBs – not very water-soluble

pollutants – it is necessary to use strains able to produce surfactants to make these

pollutants more accessible (Dua et al. 2002; Johnsen et al. 2005; Mrozik and

Piotrowska-Seget 2010), but the result varies with the soil aging. The facility

with which hydrocarbons can be removed from soils varies inversely with aging

of soil samples as a result of weathering (Trindade et al. 2005). Contradictory

results were shown however for PCB degradation when surfactants are used as they

may alter the bacterial community implicated in PCB degradation resulting in a

decrease of the performance (Chavez et al. 2006). Regarding PCBs, only anionic

surfactants play a role in their degradation, although nonionic surfactants washed

more of the PCBs from contaminated soil (up to 89%) (Singh et al. 2007). In fact

PCBs have lower affinity for the interior of anionic rather than nonionic micelles

and this may have promoted release of the PCBs from the micelles, bringing them

in contact with the degrading bacteria. Some interesting results were reported with

synthetic surfactants such as Tween 80, sodium dodecyl sulfonate, and sodium

dodecylbenzene sulfonate. Tween 80 enhanced PCB degradation in aerobic (Liz

et al. 2009) and anaerobic conditions (Field and Sierra-Alvarez 2008). Nonetheless,

their ecotoxicity was already reported as well as their sometimes chemical instabil-

ity, their tendency in trapping PCB in the micelles impeding the PCB degradation,

and finally their high costs (Xia et al. 2009). Surfactant-producing strains as an

alternative were shown to be ubiquitous (Ohtsubo et al. 2004). Biosurfactants are
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highly specific with a low toxicity and they are easily degradable (Xia et al. 2009).

Soil can be thus bioaugmented by either cocultures – one being for the production

of surfactants and the other for the PCB degradation – or single cell inoculum with,

e.g., Rhodococcus erythropolis Z6, which both produces surfactants and degrades

PCB up to penta-PCBs (Petric et al. 2007).

Compared to organic pollutants, the in situ remediation of toxic metals in porous

matrices (soil and sediment) requires a specific approach since only the chemical

form of metals varies. Microbial immobilization of metals or on the contrary their

mobilization (e.g., by solubilization or complexation) combined with their extrac-

tion by plants can be undertaken.

Nonpoint source contaminations, i.e., moderate metal concentrations, but wide

contaminated surfaces typically concern many agricultural soils as a result of

repeated applications of both fertilizers and pesticides containing trace metals at

various concentrations, along with atmospheric deposits. For example, about 1% of

11,400 French agricultural soil samples analyzed exceed the French limit values in

case of sludge recycling for Pb, i.e., 100 mg kg�1 dw soil (Mench and Baize 2004).

Metal extraction by plants is thus a relevant remediation technology named phy-

toextraction. Unfortunately, metal phytoextraction suffers from several limitations,

the major limit steming from the slowness of the treatment (Baker et al. 2000) as a

consequence of the low availability of metals at a given time. Reasonable period for

remediation is indeed considered to be less than 5 years (Khan et al. 2000), while

much more time is usually required to clean the soils (Baker et al. 2000; Dickinson

and Pulford 2005). A promising alternative consists in optimizing the synergistic

effect of plants and microorganisms (Glick 2003; Lebeau et al. 2008) by coupling

phytoextraction with soil bioaugmentation, called also rhizoremediation (Kuiper

et al. 2004). Overall, the uptake of metals by plants can be enhanced by two

complementary means: (a) enhancement of the mobility of metals in porous

matrices (soil and sediment), resulting in higher metal concentrations in plants,

thanks to bioaugmentation with microorganisms producing surfactants (Herman

et al. 1995; Mulligan et al. 1999, 2001), siderophores (Diels et al. 1999; Dubbin and

Ander 2003), and organic acids (Di Simine et al. 1998; Majewska et al. 2007), and/

or (b) enhancement of the plant biomass by associating plants with PGPR (Zhuang

et al. 2007) and/or arbuscular mycorrhizal fungi (AMF) (Khan 2006).

An alternative consists in metal immobilization when the requisite time for the

metal extraction is too long during which any agricultural activity must be sus-

pended. Therefore, in order to maintain the agricultural activity, in situ metal

immobilization is the only one alternative able to avoid any damage for living

beings (Gadd and White 1993), even though metals remain in the soil. Soils can be

bioaugmented by microorganisms exhibiting high affinity for metals (Volesky and

Holan 1995) and can biosorb/precipitate both heavy and toxic metals by various

mechanisms. Several experiments have proved that bioaugmentation with symbi-

otic microorganisms or not may reduce the accumulation of metals in plants

(Jézéquel et al. 2005; Jézéquel and Lebeau 2008; Joner et al. 2000; Karagiannidis

and Nikolaou 2000; Lovley and Lloyd 2000; Tonin et al. 2001).
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Most matrices to be cleaned up are polycontaminated by several organic com-

pounds or metals and often by both. Several microbial strains must be used either

for the whole degradation of one or several molecules (mutualist and syntrophic

effect) or because some strains are able to reduce the toxicity of some pollutants

avoiding other microbial strains involved in the soil cleaning-up to be efficient. The

need for several microorganisms was shown for the 2,4-D degradation (Mrozik and

Piotrowska-Seget 2009). Bioaugmentation with Pseudomonas strain H1 and Ral-
stonia eutropha JMP134 increased 2-4-D degradation in the presence of Cd as

compared with microcosm not inoculated or inoculated only with one strain.

Intracellular sequestration of Cd by Pseudomonas reduced its toxicity for Ralstonia,
thus improving 2,4-D degradation. Similarly, the dual bioaugmentation strategy for

MTBE (methyl-tert-butyl ether) and TCE (trichloroethylene) remediation in the

presence of heavy metals was studied by Fernandes et al. (2009). Cocultivating

bacterial strains capable of resisting high concentrations of heavy metals (Cd2+ or

Hg2+ or Pb2+) and other able to degrade the common soil and groundwater pollu-

tants MTBE or TCE showed degradation efficiencies well higher (49–182% higher)

than those expected under the conditions employed. Regarding the whole degrada-

tion of molecules, it is shown for PCB that a mixture of aerobic and anaerobic

microorganisms is necessary, suggesting either to sequentially make soil anaerobic

for the dechlorination of molecules with more than six atoms of chlorine and then to

shift them to aerobic conditions (e.g., H2O2 supply and soil turning over) or to

create biphasic conditions in soils by using macrophytes releasing oxygen through

aeremchyma (Stottmeister et al. 2003).

7.4.1.3 Single Cells vs. Consortia

Microorganisms tend to act synergistically with others (Verstraete et al. 2007). This

is all the more true in the environment since very harsh conditions are encountered

with most of the time polycontaminations as mentioned above. Thus, most effort

should be devoted to the preservation and collection of novel consortia. In many

cases, consortia were shown to be more effective than single strains by the fact that

intermediates of a catabolic pathway of one strain may be further degraded by other

strains possessing suitable catabolic pathway (Kuiper et al. 2004). A defined

consortium (five bacteria and one fungus) was used for PAH degradation (anthra-

cene, phenanthrene, and pyrene). Bacterial and fungal isolates from the consortium,

when inoculated separately to the soil, were less effective in anthracene minerali-

zation compared to the consortium (Jacques et al. 2008). Sometimes, one microor-

ganism making consortium is used to modify the physical and chemical properties

of the pollutant; the other one is chosen for its ability to degrade it as shown by

Kumar et al. (2006) for the enhancement of oil degradation by coculture of

hydrocarbon-degrading and biosurfactant-producing bacteria.

“Natural” and “artificial” microbial consortia can be used. In the former case, the

global performance may be not the highest, but assemblages can generally sustain
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very harsh conditions as the result of a selection over a long time. Conversely, it

could be attractive to create assemblage only comprising superbugs in this aim at

obtaining the highest degradative performances. Unfortunately, as mentioned

above (Sect. 4.1.1), ecological factors are also to be considered. In their review,

Mrozik and Piotrowska-Seget (2010) reported successful experiences with consor-

tia among which consortia made by mixing pure bacterial cultures were shown to be

able to degrade, e.g., hydrocarbons such as diesel, crude oil, and engine oil (Ghazali

et al. 2004). A consortium of four isolates was generated that proved to be 85%

more effective at processing waste working metal fluids than undefined inocula

from sewage (Van der Gast et al. 2003, 2004). Some microbial species that have

exceptional survival ability improved the persistence of the poorly surviving

transient isolates when they are coinoculated together (Goddard et al. 2001). Han

et al. (2008) experimented with success the synergy between fungi and bacteria in

the bioaugmented remediation of petroleum-contaminated soil. Van der Gast et al.

(2004) demonstrated that the strategy of using tailor-made consortia, which links

functionally the in situ microbial community structure with the contaminants

revealed by chemical analysis, seems to be a promising avenue toward rational

selection of effective inocula for bioremediation applications. In addition to their

ability to accomplish bioremediation, it was shown that the use of a microbial

formula tailored with selected native strains selected for multiple resistance to

heavy metals among the native microbial community could take advantage with

respect to sensitive strains when heavy metals are present by avoiding inhibition by

heavy metals of the respiratory process (Alisi et al. 2009).

7.4.2 Inoculation Techniques: How to Inoculate Soils?

Different methods for soil bioaugmentation as well as some key factors involved

are reported in Table 7.4.

7.4.2.1 Soil Priming or Activated Soil

“Priming effect” was first reported by Bingemann et al. (1953). Basically, priming is

predisposing an isolate or population of microorganisms to future conditions in

which they are designed to perform a function (Singer et al. 2005). Practically,

priming consists in the addition to a soil to be clean up a same soil or not whose

microflora is already adapted to the pollution in a certain proportion, e.g., primed

soils represented 2% of the soil to be bioremediated (Lamberts et al. 2008). In this

prospect, soil priming and activated soil are closely related. Activated soil is indeed

a concept based on the cultivation of microbial biomass from a fraction of the

contaminated soil for subsequent use as an inoculum for bioaugmentation of the

same soil (Otte et al. 1994) or other matrices such as water (Bester and Sch€afer
2009). The only one difference between these two techniques is the following: soil
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priming aims at directly selecting microbial degraders in the soil to be cleaned up by

using, e.g., waste substrates, whereas “activated soil” lies on firstly the priming of a

fraction of soil by the addition of the pollutant(s) in the aim at selecting relevant

microorganisms and secondly at bioaugmenting the soil to be cleaned up by the

activated soil. Priming and activated soil are expandable to solving the issue of co-

contaminated soil. Activated soil contains degrader population able to eliminate the

target pollutant as a result of the soil previously exposed to pollutants. Not surpris-

ingly, it was shown that during activation, the biodiversity dropped dramatically

(Beaulieu et al. 2000). Activated soil serves at the same time of the inoculant,

carrier, and source of nutrients without extracting the degraders from the soil

(Gentry et al. 2004).

2-, 3-, or 4-chlorobenzoate was degraded by activated soils (Gentry et al. 2004).

A significant reduction in the time required for the degradation of pentachlorophe-

nol (PCP) and PAHs in contaminated soil was achieved using activated soil as an

inoculum (Otte et al. 1994). Once produced, the activated soil biomass use for PCP

degradation was shown to remain active for 5 weeks at 20�C and for up to 3 months

when kept at 4�C (Barbeau et al. 1997). Otte et al. (1994) showed that PCP

mineralization rate increased from 70 mg L�1 per day when no PCP was added to

the soil to 700 mg L�1 per day when PCP was added. The study of Johnsen et al.

(2007) was, however, less conclusive where strong impact was observed on the

PAH-degrading community of a PAH-polluted soil but resulted only in a marginal

effect on PAH degradation as compared to nonprimed soil. Interesting is the lag

phase which was shown to be shorter for PAH biodegradation (Lamberts et al.

2008). The difference between a long-term contaminated soil and an unpolluted soil

used as inoculum also results in a range of molecules that are degraded as shown by

Wang et al. (2009). Complete biodegradation of benzo(a)anthracene and benzo(b)
fluoranthene only occurred with the HAP-contaminated soil.

Although “priming” and “activated soils” can be criticized as a “black box”

method as does biostimulation, this approach is attractive from a practical perspec-

tive. It remains to be seen how effective different matrices respond to primin, e.g.,

clay-primed soil augmented into sandy target soil or high pH primed soil augmented

into neutral or low pH target soil and to validate at field scale (Singer et al. 2005).

7.4.2.2 Gene Bioaugmentation

Recently, special attention has been focused on enhancing the biodegradative

potential of microorganisms by transfer of packaged catabolic genes from one or

more donor strains to indigenous microflora existing in contaminated areas (Mrozik

and Piotrowska-Seget 2010). The aim of such a method not only aims at gaining of

new degradative pathways but also at making possible the extent catabolic potential

of microbial communities.

Some advantages can be put forward, by comparing this method with cell

bioaugmentation where introduced microorganisms often do no survive following
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soil inoculation (Gentry et al. 2004). The main potential advantage of this method is

the introduction of remediation genes into indigenous microorganisms already

colonizing soil. The transfer of plasmids via conjugaison is the technology most

studied in bioaugmentation studies where the long-term survival of the introduced

host strain is not required.

7.4.2.3 Inoculum Formulation

Numerous studies use bacteria introduced in liquid culture stage, which does not

guarantee proper distribution of bacteria in soil profile, their shelf life, and activity

(Mrozik and Piotrowska-Seget 2010).

The most promising option in cleaning-up of contaminated sites seems to be

using carrier materials that maintain sufficient activity of inoculants over a pro-

longed period after release (Cassidy et al. 1996; van veen et al. 1997) as they provide

protective niche and possibly temporary nutrition. Using carrier for the storage of

inocula avoids also any decrease in microbial survival. Many of the microbial

inoculants all over the world are based on solid peat formulations, but other carriers

among which cork compost was shown to be the best alternative carrier to peat for

inoculant technology (Albareda et al. 2008). This substrate could maintain densities

of rhizobia and PGPR similar or higher than those obtained with peat. Artificial

immobilization in polysaccharidic matrices is a suited alternative. They imitate

biofilms as natural immobilization of microorganisms in their own exoplysacchar-

ides to endure environmental stresses (reviewed by Singh et al. 2006). Organisms

within a biofilm can indeed withstand shear forces, nutrient deprivation, pH

changes, and toxic molecules in a more pronounced manner. Biofilms also facilitate

gene transfer of mobile elements (plasmids) between biofilm organisms.

While contaminants dissolved in aqueous medium can undergo biodegradation,

hydrophobic pollutants that remain adsorbed in the nonaqueous phase liquid pose

problems (see Sect. 3.1.4). Bacteria access these compounds by either dissolution in

the aqueous medium or by direct adhesion thanks to biofilm formation. Microorgan-

isms that form biofilms on the surface of hydrocarbons are especially well suited for

the treatment of recalcitrant or slow-degrading compounds because of their high

microbial biomass and ability to immobilize compounds by biosorption, bioaccu-

mulation, and biomineralization. Once the cells are brought into contact with a

surface, the mechanism of biofilm formation and surfactant production commences,

which leads to enhanced bioavailability and biodegradation by either dissolution or

direct adhesion of the compound–water interface, a process that is facilitated by

biofilm formation. Microbial cell immobilization enhances the microbial survival

and then the remediation capability by different means: (a) the slow release of cells

from the immobilizing matrice can prolong the degrading activity (Mertens et al.

2006), and (b) immobilization avoids protozoan grazing (Bouchez et al. 2000; Matz

and Kjelleberg 2005). For example, immobilized Burkholderia cepacia on corncob
for the degradation of carbofuran survived through 30 days, while the free cells

decreased continuously after 10 days (Plangklang and Reungsang 2009). The
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stability of the introduced Arthrobacter protophormiae cells used for p-nitrophenol
degradation was enhanced upon immobilization (Labana et al. 2005).

Several carriers were tested for soil bioremediation, e.g., polyvinyl alcohol

(Cunningham et al. 2004), chitin and chitosan (Gentili et al. 2006), vermiculite

(Straube et al. 1999), sugarcane bagasse, corncob and corncob powder (Labana

et al. 2005; Plangklang and Reungsang 2009), gellan gum (Moslemy et al. 2002),

wheat straw (Zhang et al. 2008), organomineral carriers consisting of zeolite-

clinoptilolite and humic acids (Dercova et al. 2006), and even earthworm egg

capsules (Daane and H€aggblom 1999).

As mentioned above (see Sect. 3.1.4), the close contact between microorganisms

and pollutants is essential. Some experiments tested the addition of surfactants such

as cyclodextrins and rhamnolipids (Berselli et al. 2004; Garon et al. 2002; Straube

et al. 1999).

The microbial survival is strongly driven by the availability of nutrients in soil,

sometimes requiring formulating inocula with nutrients. Indeed, soil oligotrophy

most of the time prevents to greet additional microorganisms or to sustain their

growth. Mass balance – available nutrients compared to the additional amount of

nutrients necessary to get the desired biomass – should be always calculated to

determine the capability of the inoculum to growth (Vogel and Walter 2001). Major

difficulty lies in the choice of suited nutrients by taking into account both the

microbial nutritional needs and the nutrients availability in soil (including pollu-

tants). The microbial substrate preference was determined for bioremediation of

diesel oil contamination by using the method of isotope-labeled CO2 assimilation to

measure the substrate preferences at a single cell level of phylogenetically defined

microbial subgroups in bioaugmentation mixtures, based on combined analyses of

microautoradiography and fluorescence in situ hybridization (Hesselsoe et al.

2008). Other methods are described in Sect. 7.4.4.

Inocula formulated with nutrients were already tested in bioaugmentation stud-

ies. Unfortunetaly, pollutants are sometimes used once nutrients are exhausted,

particularly when inoculated microorganisms are metabolically active and when

nutrients are metabolically easier to degrade than pollutants. As a result, pollutant

degradation is delayed as shown by Kao et al. (2005) using acetate and glucose for

PCP degradation (Wolicka et al. 2009) with the use of citrate and yeast extract. The

bioremediation performances may even decrease as shown by Alvey and Crowley

(1995): 100 mg kg�1 of atrazine were totaly degraded in 11 days whithout any

nutrient supply, whereas less than 10% were degraded in case of glucose or citrate

supply. Another explanation is the nonspecific use of nutrient by microbial popula-

tion, which is not involved in the pollutant degradation as reported by Carmichael

and Pfaender (1997) for PAH. Survival of inoculated microorganisms as well as

their bioremediation performances can be most likely enhanced by the supply of

carbon substrates colocalized with the inoculum in the immobilization matrix

(Duquenne et al. 1999), which could at the same time selectively promote immo-

bilized cell growth and not indigenous microbial population in soil.

When bioaugmentation is associated with the culture of plants, seed adhesion

and inoculum incorportation into soil are the two possibilities. Ciccillo et al. (2002)
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compared these two methods by using Burkholderia ambifaria MCI 7 inoculated

in the rhizosphere of maize plants. When applied as a maize seed treatment,

B. ambifaria MCI 7 promoted plant growth significantly, while opposite effect

was observed when incorporated into soil. B. ambifaria MCI 7 affected the indige-

nous microflora of plant bioaugmentation treatment according to the application

method: seed treatment reduced the bacterial diversity, whereas incorporation into

soil showed the contrary.

7.4.2.4 Inoculum Size and Reinoculation

There is a high controversy about the benefit of inoculation size and reinoculation

on the microbial survival and colonization of the soil. Some authors showed

positive effects, while others observe marginal positive effects to the best.

Regarding the inoculum size Habe et al. (2001) showed that soil inoculation with

1012 CFU kg�1 of a 2,3-dichlorodibenzo-p-dioxine degrading strain allows reach-

ing a 80% degradation rate against 46% with 1010 CFU kg�1. Similarly, 100% of

50 mg kg�1 of fenithrotion was degraded in 4 days by 2 � 1012 CFU kg�1 inculum

against 15 days with 2 � 108 CFU kg�1 inoculum (Hong et al. 2007). Comeau et al.

(1993) estimated that the time for the complete degradation of 2,4-dichlorophenox-

yacetic acid by Pseudomonas cepacia decreased by 0.5 day by additional log of

inoculum. Regarding atrazine, Rousseau et al. (2003) considered that inoculum size

greater than 1010 CFU kg�1 was required to observe an increase of atrazine

degradation. Opposite results were shown however (Cassidy et al. 1997; Dechesne

et al. 2005); i.e., the increase of the inoculum size did not modify the colonization

rate of Pseudomonas.
Reinoculation aims at throwing off balance the ecosystem for the benefit of the

inoculum. Three successive inoculations compared to only one increased atrazine

biodegradation by 13% (Lima et al. 2009) and from 35% up to 90% by reinoculat-

ing each 3 days at 1011 CFU kg�1 during 35 days instead of a sole inoculation

(Newcombe and Crowley 1999). These authors used a 500-liter batch fermenter

for its ability to deliver inoculum repeatedly to atrazine-contaminated soils via

irrigation lines. Similarly, 100% of 2,3-dichlorodibenzo-p-dioxine was degraded in

14 days due to soil reinoculation (1012 CFU kg�1 each 2 days) against 25% for only

one inoculation (Widada et al. 2002). No effect of repeated inoculation was,

however, observed by Cassidy et al. (1997) with Pseudomonas sp. UG30 for

pentachlorophenol degradation

Repeated inoculation, pre-adaptation of cultures, and addition of surfactants

showed removal enhancement of polychlorodibenzo-p-dioxines (PCDD) by up to

10.3% upon repeated inoculation, but was not much affected by the addition of

surfactant (Nam et al. 2005). Higher degradation rate of phenanthrene by Arthro-
bacter sp. was also observed after three inoculations, the degradation being

stopped, however, below an induction threshold concentration for metabolic activ-

ity of phenanthrene-degrading bacteria as a consequence of sorbed phenanthrene on

soil particles (Schwartz and Scow 2001). Another experiment conducted by Singer
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et al. (2000) showed on the contrary partial bioremediation of PCB-contaminated

soil achieved by repeated applications of PCB-degrading bacteria and a surfactant

applied 34 times. Not conclusive results were also reported by Bouchez et al.

(2000), although it was sludge, not soil: first bioaugmentation induced a decrease

in the pollution level, but inocula were rapidly eaten by protozoa and the second

massive inoculation unbalanced the ecosystem with an overgrowth of protozoa.

7.4.2.5 Commercial Inocula

Some commercial inocula were tested in bioaugmentation studies but not for in

situ soil bioaugmentation. Bio-Dechlor INOCULUMTM and KB-1TM consortia

consisting of multiple Dehalococcoides strains together with other bacterial

groups, e.g., acetogens, fermentors, and other PCE-to-cis-DCE dechlorinators

were stably maintained for groundwater remediation purposes (L€offler and

Edwards 2006). Biodegradation of six PCB congeners (nos 28, 52, 101, 138,

153, and 168) in transformer oil was evaluated under anoxic, oxic, or anoxic/oxic

treatments using commercial consortia among which Synbron was able to

degrade 76.0 and 91.3%, respectively, in oxic and anoxic conditions (Sobiecka

et al. 2009). Reactor study regarding biodegradation of two commercial diesel

fuels, i.e., Diesel and HiQ Diesel spiked to an agricultural soil, by a characterized

commercial source of microorganisms and nutrients (Enzyveba) was studied

(Di Toro et al. 2008). Enzyveba is a complex and stable consortium of prokary-

otic and eukaryotic microorganisms patented and commercialized by Marcopolo

Engineering SpA (Cuneo, Italy) as bioactivator for landfills, composting facil-

ities, and wastewater treatment plants. Degradation of crude oil was experimen-

ted by comparing eight commercial inocula with natural inocula (activated

sludge and tropical aquarium water) (Thouand et al. 1999). Only one commercial

inoculum was able to degrade 18% of the crude oil vs. 16–25% for natural

inocula. A commercial inoculum was tested for the degradation of diesel oil

(Mariano et al. 2008). Some few commercial inocula were reported in the book

by Roberts (1998) on remediation of petroleum contaminates soils.

7.4.2.6 Microorganism-assisted Plants and the Vice Versa

Overall, bioaugmentation-assisted plants can enhance directly the remediation

performances as plants attract water with their root system, accumulating water-

soluble pollutant in the rhizosphere and concluding directly or indirectly with the

degradation or translocation of the pollutant. In particular, plants are essential in

metal soil cleaning-up as they directly extract and accumulate metals.

Plants play also an indirect part in remediation processes as they sustain a high

microbial activity in the rhizosphere due to the continuous flux of substrates released

by plants. This important contribution to the degradation of pollutants was ascribed

to the increase in the number and metabolic activity of microbes present in the

rhizosphere of plants especially used during phytoremediation or of plants which are
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emerging as natural vegetation on a contaminated site (Kuiper et al. 2004;

Romantschuk et al. 2000). For the remediation of organic compounds, plants are

almost used as helper for the settlement of inoculated microorganisms since they

marginally extract and degrade organic compounds. Some experiments indeed

proved that pollutant degradation was almost due to microorganisms more than

plants as shown for TNT where axenic plants were able to remove 32–38% of the

TNT reaching 80–88% when plants were inoculated with Pseudomonas putida
JLR11 (Van Dillewijn et al. 2007). Similarly, atrazine removal by Phragmites
australis required 40 or 7 days when microorganisms were removed or not from

rhizosphere (McKinlay and Kasperek 1999). The increase in the number and

metabolic activity of microbes is most of the time the result of root exudates that

serve as growth substrates. Benizri et al. (2007) showed that the addition of maize

root mucilage moderately increased microbial C (+23%) due to high turnover rate of

microorganisms consuming this substrate. However, the number of cultivable bac-

teria was enhanced by 450%. Exudates modified also the metabolic and the genetic

structure of the rhizobacteria compared to bulk soil with an overall decrease of the

microbial diversity. Counterexample was given however with maize mucilage

amendment, which contributed only minor change in the atrazine-degrading com-

munity and even reduced themaximal percentage of atrazinemineralization (López-

Gutiérrez et al. 2005). Since plant roots are initially small and do not produce large

amounts of exudates, when first seeded, the addition of exogenous substrates may be

needed to increase initial microbial concentrations at the start of phytoremediation

projects (Sung et al. 2006). Plant roots were also suggested to be a substitute for the

tilling of soil to improve aeration, thus increasing activity of aerobic populations

(Romantschuk et al. 2000). In anoxic environments such as natural and constructed

wetlands, macrophytes are able to transport oxygen through the plant right down to

the deepest roots thanks to their aerenchyma (see Sect. 3.1.1) and to maintain oxic

conditions. Except during winter, oxygen is continuously released in the vicinity of

roots at a rate around 100 up to 200 mmol O2 h
�1 g�1 of root dry mass according to

pH, Eh, temperature, and plant (biomass, species, and stage of plant development),

thus supporting a continuous microbial activity (Stottmeister et al. 2003). The root

system of plants can help to spread bacteria through soil as well and help to penetrate

otherwise impermeable soil layers (Kuiper et al. 2004). Hyphae of mycorrhiza-

forming fungi that increase the volume of the root-soil colonization are also more or

less densely colonized by bacteria (Sarand et al. 1998), helping bacteria in coloniz-

ing deeper horizon.

A key question, however, lies in the fact that bacteria could preferentially

metabolize exudates more than the less easily degradable pollutants. The low

availability of carbon and energy source remains the growth-limiting factor for the

bacteria in soils, thus ensuring efficient contaminant-degradation (Romantschuk

et al. 2000). Overall, rhizosphere functioning is not easy to predict as the result of

both numerous parameters involved in its functioning and some still lacking infor-

mations, e.g., full composition of most plant exudates is unknown. Additionally

degradation heterogeneity may be observed (Juhanson et al. 2009), the highest

degradation rate being observed in the upper soil layer that has the highest root
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density. Nonetheless, modeling approach to quantify the microbial biomass in the

rhizosphere was already undertaken (Sung et al. 2006) as a necessity in engineering

process.

This contribution of the rhizomicrobial population is referred to as rhizoreme-

diation with some substantial development in rhizo-directed strain selection. Rhi-

zoremediation has been widely developed for the remediation of soils contaminated

by organic pollutants (Barac et al. 2004; van Aken et al. 2004), less for metals

(Lebeau et al. 2008). These authors showed that on average bioaugmentation

increased metals accumulated by shoots by a factor of about 2 (metal concentration)

and 5 (amount) without any obvious differences between bacteria and fungi.

A future prospect would be to determinate the exact role of inoculated micro-

organisms on bioremediation, i.e., direct or indirect role via indigenous microflora.

Most of the time, one cannot conclude. In a soil bioaugmented with indigenous

microfungi and plant, nonylphenol contamination was reduced and resident micro-

fungal communities were stimulated (Girlanda et al. 2009). Nonylphenol depletion

following fungal inoculation correlated also with biostimulation of indigenous

fungi, suggesting positive interactions between introduced and resident fungi and

then an indirect effect of bioaugmentation.

7.4.2.7 Increasing Bacterial Transport

In order to increase bacterial transport over distances >1 m, low ionic strength

solutions and the nonionic surfactant Tween 20 were shown to reduce bacterial

adhesion to ultraclean surfaces such as glass and quartz porous media and then

increase the covering distance (Li and Logan 1999). Foam and strains resistant to

adhesion may also be applied (Franzetti et al. 2009; Wang and Mulligan 2004).

Soil humidity also affects the microbial transport (Fang and Logan 1999).

Indeed in unsaturated conditions, bacteria preferentially accumulate at the air–

water interface, whereas under water-saturated conditions, bacteria readily adhere

to soil particle. These authors suggest using air sparging solution under a saturated

porous medium to produce a mobile water interface that was hypothesized to

facilitate bacterial transport.

Any substrate percolated in the soil and metabolizable by microorganisms also

modifies the distribution of the inoculated microorganisms as shown by Dechesne

et al. (2005) with Pseudomonas putida. The microscale distribution of introduced

bacteria was modified toward a more widely dispersed distribution with conse-

quently a higher probability of the introduced cells to be in contact with other

components of the soil ecosystems (contaminant, other microorganisms in the aim

at transferring conjugal genes).

7.4.2.8 Soil Survival and Colonization

To increase the probability of the initial establishment and the long-term efficacy

of an inoculum in soil, some prerequisites should be carried out: (a) the microbial
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genome introduced should be competent to participate in the main energy flux

processes, (b) the new population should not fill a metabolic niche that is already

being utilized by the indigenous microbiota, (c) enough nutrients should be avail-

able to support the growth of an additional population, and (d) the pollutant level

should be compatible with the microbial tolerance. Additionally, according to the

concept of the carrying capacity of microbial communities, the added populations

stabilize at 103 CFU g�1 soil and this concentration appears to be independent of the

ecosystem used (Dejonghe et al. 2001).

The survival and effectiveness of a bioaugmentation strain in its target environ-

ment depend also on the physiological state of the inoculated organism (Cunliffe

and Kertesz 2006). The way in producing the microbial inoculum is thus crucial

along with its conditioning (Sect. 4.2). In particular, the culture medium used to

produce the inoculum must be rich enough to get a high amount of biomass without

being however highly different in composition than that of soil characterized by its

oligotrophy.

Plants may then play a major part in the soil colonization: (a) thanks to the

movement of roots through the soil, new niches are created enhancing the chance

that certain bacteria can establish in the soil (Dejonghe et al. 2001) and the (b)

ability to efficiently use major exudate components during root colonization was

underlined, in particular organic acids more than sugar or amino acids (Kuiper et al.

2004).

These results suggest a systematic association of a suitable rhizosphere strain

with a compatible plant allowing the settlement of the inoculum on the root together

with the indigenous population, thereby enhancing the bioremediation process. It

can even be appropriate to use mixed instead of monoplant cultures to promote

microbial diversity (mixture of exudates) along with cleanup of multicontaminated

sites. Kuiper et al. (2001) were the first to methodically select a strain indigenous to

a host’s plant rhizosphere. Narasimhan et al. (2003) used an engineered bacterium

to utilize the predominant root exudates of Arabidopsis for remediation of PCB,

providing a selective advantage for the strain when in the Arabidopsis rhizosphere.
De Weert et al. (2004) suggested a novel method of enhancing competitive root-tip

colonization with a Pseudomonas fluorescens strain through repetitive cycling of

the strain and mutant derivatives on the plant roots in situ. The microorganisms able

to rapidly adapt to the plant rhizosphere were selected.

7.4.3 A Lack of Data and Experimental Methodology for Better
Understanding of Bioaugmentation Functioning

We must recognize that the understanding of the whole mechanisms driven by soil

remediation still remains partial as a result of the numerous biotic and abiotic

parameters that control the soil functioning along with the high heterogeneity of

this matrix. Overall, soil to be cleaned-up can be shown as a “black box” or at best

as a “gray box” where only some few basic data are available, e.g., pollutant
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concentration in soil and in plants, allowing to estimate the mitigation perfor-

mances of the system (yield and rate) without being possible most of the time to

explain why it works or not.

This partial understanding reveals analytical methods and protocols at the

researcher’s disposal that are not always specifically designed for soil (e.g.,

TTGE was elaborated for the detection of human genetic mutations and soil DNA

extraction was inspired by protocols regarding simple matrices) and that give

information sometimes not specific enough (e.g. microbial cell counts and metal

bioavailability estimated by chemical extractions). Moreover, there is not yet a

consensus in the scientific community on a basic set of analytical protocols to be

applied in the aim at comparing the results of different studies on the same basis and

that could be used by soil remediation practitioners. Eventually, most analytical

methods are based on heavy protocols. Hence, we are still far away from the fully

and mechanistic understanding of the functioning of such a matrix and conse-

quently to be able to optimize bioaugmentation.

Fortunately, the recent development of new analytical methods and protocols

will help us in the next decade in a better understanding of the soil functioning. In

their review Desai et al. (2010) reported the recent innovation in genotypic

profiling, ultrafast genome pyrosequencing, metagenomics, metatranscriptomics,

metaproteomics, and metabolomics along with bioinformatics tools that have

provided crucial insights of microbial communities and their mechanisms into

bioremediation of environmental pollutants.

Diplock et al. (2009) compared different analytical techniques/parameters to

assess which best predicted hydrocarbon bioremediation of field collected soils

under laboratory conditions. At elevated concentrations, the rate of degradation was

best described by respiration and the total hydrocarbon in soil. The number of

bacterial degraders and heterotrophs as well as quantification of the bioavailable

fraction allowed an estimation of how bioremediation would progress. In absence

of other microbial data, biosensors proved a useful predictor of bioremediation.

Similarly, Imfeld et al. (2009) reported the different methods and techniques for

assessing and monitoring processes of organic chemicals removal in constructed

wetlands.

Some specific data regarding more especially bioaugmentation are reported

below, in particular taking into account inoculum survival as well as its activity

and the effect of bioaugmentation on soil ecosystem.

7.4.4 Monitoring of Inoculated Microorganisms in Soil

Several informations are needed: structure, function, and activity of the soil micro-

flora and more specific data relating to the microbial population inoculated in the

soil. We are now in a better position to obtain a more comprehensive assessment of

the composition and structure of microbial communities in the environment. None-

theless, available methods (e.g., T-RFLP, and TTGE) face three major drawbacks
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preventing the comparison of the results between different studies in terms of the

data available (Marzorati et al. 2008):

1. Several experimental settings (e.g., DNA extraction protocol, denaturing gradi-

ent, and voltage) are used most of the time preventing any comparison between

studies and even laboratories

2. Limits in the data interpretation. Dejonghe et al. (2001) pointed out that finger-

printing analysis does not necessarily reveal the organisms largely involved in

the mainstream energy flux of the ecosystem. It should be completed with

metabolic mass balance studies. For these authors, the methods suited to quan-

tify temporal variation of genomes controlling 80% of the energy flux are

mRNA-based techniques and proteomics that both rely on the expression of

catabolic genes in active organisms

3. The lack of a common way of interpretation of the fingerprinting patterns.

Marzorati et al. (2008) suggest that the interpretation can be performed through

range-weighed richness reflecting the carrying capacity of the system, dynamics

reflecting the specific rate of species coming to significance, or functional

organization (Fo) defined through a relation between the structure of a microbial

community and its functionality. Fo was defined as the ability of the community

to organize in an adequate distribution of dominant microorganisms and resilient

ones a condition that should ensure the potentiality of counteracting the effect of

sudden stress exposure. These three parameters plotted together are supposed to

represent a visual ecological interpretation of the initial raw fingerprinting

pattern. Stability of the functionality does not necessarily imply stability of

community structures. Minority community members can become dominant in

a short period following a significant perturbation

In bioaugmentation studies, fingerprinting analysis giving an overall view of the

soil microflora must be associated with analysis specifically dedicated to the

microbial population inoculated in the soil. Fluorescent and luminescent marker

(gfp, lux, etc.) and reporter genes provide easily detectable phenotypes to microbial

cells and are valuable tools for the study of microorganisms in the nature (Jansson

et al. 2000; Jansson 2003). Although these tools are becoming widely adopted, they

are still issues that remain to be solved, such as the dependence of the reporter

output on the physiological status of the cell. Moreover, autofluorescence of soil

may impair the signal of the markers. Fluorescent in situ hybridization (FISH)

allows more direct assessments of microbial community composition and the

identification of specific populations in situ along with direct measures of their

relative abundance (Jansson 2003). FISH was used to detect simazine-degrading

bacteria in soil samples (Martin et al. 2008). FISH with rRNA-targeted oligonuclo-

tide probes gives access to the microbial activity, but the problem in utilizing FISH

in studies of natural bacterial communities is its sensitivity. Standard FISH with

mono-fluorescein isothiocyanate (FITC)-labeled probes indeed gives a strong sig-

nal only if cells are metabolically active and, hence, contain large number of

rRNAs. HNPP-FISH using 3-hydroxy-N-20-biphenyl-2-naphthalenecarboxamide

phosphate ester (HNPP) and Fast Red TR enhances the fluorescence signal
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eightfold compared to FITC-FISH (Iwamoto and Nasu 2001). In situ PCR was

another method reported by the same authors. Amplification and detection of target

genes are carried out inside individual bacterial cells. This technique enables to

detect individual functional genes present in single copy or low copy numbers in

intact bacterial cells that cannot be detected by FISH. Although establishment of the

microbial population in a soil is related to the presence of specific niches, few

studies have focused on indigenous bacteria and their spatial relationship within

various microhabitats. Combining fluorescence staining techniques with soil thin

section technology allows one to obtain images of microorganisms in situ (Li et al.

2004). Soil texture and the procedures used for resin embedding are important

factors affecting the quality of stained soil thin sections. Limitations are about the

nonspecific binding of dyes to the soil matrix and the autofluorescence of some soil

components. These authors added that FISH and confocal laser scanning micros-

copy techniques provide a new potential for microbial distribution studies.

In the aim at monitoring the amount and activity of inoculated cells, qPCR and

RT-qPCR are useful methods, of which the common target for qualitative and

quantitative assessment of a target bacterial population is the 16S rRNA gene.

Application of these methods was recently applied to various bioaugmentation

studies: activity and abundance of the crude-oil-degrading bacterium Nocardia sp.

H17-1 during bioremediation of oil-contaminated soil (Baek et al. 2009), quantifi-

cation of a green fluorescent protein-labeled, genetically engineered Pseudomonas
putida strain during 2-chlorobenzoate degradation in soil (Wang et al. 2004),

concentration of total bacteria and oxygenase genes involved in the biodegradation

of aromatic compounds (i.e., toluene dioxygenase, ring hydroxylating monooxy-

genase, naphthalene dioxygenase, phenol hydroxylase, and biphenyl dioxygenase)

(Dominguez et al. 2008), molecular characterization of microbial populations at

two sites with differing reductive dechlorination abilities. qPCR quantification of

specific dechlorinating species provided the most effective and direct prediction of

community dechlorinating potential, compared to T-RFLP and RFLP analysis with

clone sequencing (Rahm et al. 2006).

Microarray technology that recently emerged as a new innovative tool in micro-

bial ecology has the potential to simultaneously determine the dynamics and/or

activities of most, if not all, of the microbial populations in complex environments

such as soils and sediments Gentry et al. (2006). In their review, these authors

identified five categories of microarrays, based on the genes targeted by the array,

that have been successfully applied to microbial ecology research:

1. Phylogenetic oligonucleotide arrays (POAs) mainly based on 16S rRNA gene to

compare the relatedness of communities in different environments

2. Functional gene arrays (FGAs) designed for key functional genes that code for

proteins catalyzing various biogeochemical processes and also providing infor-

mation on the microbial populations controlling these processes

3. Community genome arrays (CGAs) containing the whole genomic DNA of

cultured organisms, and they able to describe a community based on its relation-

ship to these cultivated organisms
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4. Metagenomic arrays (MGA) that are a potentially powerful technique because,

unlike the other arrays, they contain probes produced directly from environmen-

tal DNA itself and can be applied with no prior sequence knowledge of the

community

5. Whole-genome open reading frame (ORF) arrays (WGA) containing probes for

all of the ORFs in one or multiple genomes. These arrays have traditionally been

used for functional genomic analyses of individual organisms, but they can also

be used for comparative genomic analyses or to investigate the interactions of

multiple organisms at the transcriptional level

Microarray technology is, however, limited by its specificity as the result of the

highly conserved nature of many genes and the vast amount of unknown sequence

data in environmental samples making difficult to design and validate microarray

probes that are specific to a given target sequence. Although oligonucleotide probes

have many advantages for probe design, they are typically less sensitive than longer

PCR-based or CGA. Probe quantitation is also limited given the potential variability

in steps including DNA extraction, labeling, hybridization, and analysis. FGAs and

CGAs can be quantitative within a range of concentrations. Nonetheless, it can be

difficult to compare data between, and even within, microarray experiments due to

the use of different analysis methods and variability in printing, labeling, and

hybridization. Even scrupulously well conducted, differences in hybridization sig-

nals cannot be always correlated with changes in specific populations due to the

large amount of unknown nucleic acid sequences in environmental samples.

7.4.5 Monitoring of Pollutant Degradation in Soil

In the aim at rigorously quantifying pollutant degradation, not only dissipation, a

stoechiometric balance would ideally be achieved – disappearance of the metabo-

lite and appearance of CO2 – which is in fact impossible in open environment. In

this prospect, stable isotope probing (SIP) recently allowed to determine exactly

which organisms assimilate specific contaminants. Historically, Radajewski et al.

(2000) described the feeding of aerobic soil bacteria with [13C]-CH4, followed by

separation of [13C]-DNA and [12C]-DNA by density-gradient centrifugation.

Unlike radioisotopes, the use of stable isotopes allows implementing experiments

in open environments. Recent studies in this area have focused on, e.g., the

reductive dechlorination of chlorinated solvents, the degradation of the fuel addi-

tive methyl tert-butyl ether, and the removal of long-term hydrocarbon contamina-

tion (Scow and Hicks 2005).

Microbial ecologists seized SIP methods in the aim at identifying microorgan-

isms responsible for some environmental processes. They are thus able to directly

observe organisms of interest in multispecies consortia performing a chemical

transformation by associating SIP with other well-known techniques used in ecol-

ogy such as phospholipid fatty acid (PLFA) and DNA analysis. According to
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Manefield et al. (2004) who reviewed applications in the field of biodegradation,

DNA and RNA-SIP and PLFA-SIP allow answering the question “Which organ-

isms among the active members of the community assimilates this substrate?” To

the question “Does this organism assimilate this substrate?” then FISH-SIMS

(secondary ion mass spectrometry) and SSU (small-subunit rRNA)-IRMS (isotope

ratio mass spectrometry) can be applied and are well suited to bioaugmentation

studies. SSU-IRMS can detect tiny isotopic enrichments in lipids, which means that

very little substrate needs to be added to the environmental sample or incorporated

by the active organisms. This diminishes or virtually eliminates the potential for an

enrichment bias, which is a major concern, particularly for DNA-SIP studies. These

authors stress the choice of the substrate too, basing on natural concentrations and

stable isotope abundances as well as the presence of structurally related molecules,

which may complicate the analyses. When elemental flows are complex, as they

will be for general substrates in mixed communities (e.g., CO2), stable isotope

signatures will become diluted. In such cases, these authors believe that PLFA-SIP,

FISH-SIMS, and SSU-IRMS will find the greatest utility. When elemental flows are

more restricted, as they are likely to be with the recalcitrant or xenobiotic com-

pounds of interest in bioremediation studies, they suggest using DNA- or RNA-SIP.

More recent methods, of which some of them being at the researcher’s disposal,

were Neufeld et al. (2007) (a) isotope array offers a level of throughput not readily

afforded by FISH-SIP techniques in case of environment that yields sufficient RNA

for direct hybridization. The main advantages of the isotope array are the direct

detection of labeled RNA from active organisms, without the potential to detect

unlabeled background as can occur with DNA- and RNA-SIP, (b) Raman micros-

copy and its combination with FISH. Raman microscopy employs an excitation

laser incident on samples to measure the vibrational energy of chemical bonds. The

scattered laser light is captured by a charge-coupled device camera, and a spectrum

is obtained that is able to discern different biological molecules in the cell. When

tested on single microbial cells, the magnitude of peaks in the Raman spectra is

independent of bacterial species tested and corresponds to the proportion of label

molecules. As the optical resolution of Raman microscopy (ca. 1 mm) is similar to

that of FISH, the two methods are conceivably complementary. Raman also

provides information into which cellular compounds the labeled substrate was

incorporated, and (c) multi-isotope imaging mass spectrometry (or nano SIMS) is

conceptually similar to the approach of Raman confocal microscopy. It improves

upon the earlier secondary ion mass spectrometry (SIMS) technology, which was

originally coupled with FISH but at only low resolution (ca. 10–15 mm). The nano-

SIMS technology analyzes the stable isotope content of single cells at a high

resolution (50 nm) that exceeds a Raman microscope, exhibiting a stable isotope

measurement precision of �1%.

Potential of SIP to study plant–microbe interactions was suggested and experi-

mented by Prosser et al. (2006). Plants were pulse-labeled with 13CO2, and
13C-

enriched rRNA was recovered from rhizosphere bacteria after 13CO2 is converted

into plant sugars by photosynthesis and root exudates are metabolized by the

rhizosphere microorganisms. SIP methods might begin to elucidate the fine details
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of plant–microbe interactions and could be a means of identifying relevant plants to

be associated with rhizospheric microorganisms – chosen for their efficiency in

bioremediation – as large part of molecules making exudates are metabolized by

these microorganisms.

Although many pieces of information regarding bioaugmentation are known at

the laboratory scale, it is only within an environmental context, in which micro-

organisms are constantly exposed to multiple changing environmental stresses that

there will be a full understanding of microbial adaptative resiliency (Hazen and

Stahl 2006). Knowledge of the stress response in the environment will facilitate the

control of bioremediation. For example, immediate changes in protein and mRNA

structure are part of the first line of defense. The techniques reported above have

been used in situ and will contribute to provide more direct evidence of metabolic

state, kinetics, and stress status.

7.4.6 Experimental Design and Modeling of Bioaugmentation
Processes

Most of the time, only a few parameters are studied at a time leading to the lack of

some default values precluding to fully understand the ecosystem functioning such as

soil. One can explain this by the heaviness of experiments to be implemented inciting

researchers to simplify their experimental devices. Indeed, the traditional method of

process optimization involves the study of one variable at a time, which requires a

number of combinations of experiments that are time, cost, and labor intensive (Rao

et al. 2008). Unfortunately, it sometimes prevents bioremediation to succeed.

Conventional experimental procedures involve altering of one factor at a time

keeping all other factors constant, resulting in assessing the impact of those particular

factors. These procedures are time-consuming, require more experimental sets, and

are unable to provide mutual interacting information of the factors (Mohan et al.

2007).The Taguchi method of design of experiments is a simple statistical tool

involving a system of tabulated designs (arrays) that allows a maximum number of

main effects to be estimated in an unbiased (orthogonal) fashion with a minimum

number of experimental runs (Mohan et al. 2007; Rao et al. 2008). Design of

experiments helps gaining information about the optimized levels, by taking large

number of variables: set of independent variables (factors), both controllable and

uncontrollable (dynamic/noise), over a specific region of interest. While traditional

experimental design focuses on the average process performance characteristics, this

approach concentrates on the effect of variation on the process characteristics and

makes the product/process performance insensitive to variation by proper design of

parameters (Mohan et al. 2007).The proposed method facilitated systematic mathe-

matical approach to understand the complex bioremediation process and the optimi-

zation of near optimum design parameters. This methodology has been widely

applied in many industrial sectors; however, its application in biological sciences,
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in particular in wastewater treatment and bioremediation, has been limited. This

methodology was applied to bioslurry phase remediation of chlorpyrifos contami-

nated soil (Mohan et al. 2007). Eight biotic and abiotic factors were evaluated

(substrate loading rate, pH, dissolved O2, soil/water ratio, temperature, soil micro-

flora load, application of bioaugmentation, and humic substances concentration).

Substrate loading rate showed significant influence on the bioremediation process.

Although lots of data are available at the laboratory scale, it is only within an

environmental context, whereas in open ecosystems, microrganisms are constantly

exposed to multiple changing environmental stresses. Indeed, the tremendous

variety of pollutants types impose site-specific requirements, thus often preventing

the informations developed at one site to from being used to design treatment

strategies for other systems and pollution types. Therefore, predictions regarding

microbial adaptative resiliency must be supplied by developing stress response

systems as tools for effective and general process control (Hazen and Stahl 2006).

Knowledge of the stress response in the environment will facilitate the control of

bioremediation. Motility and chemotaxis are important traits underlying the ability

of microorganisms to adapt to rapid physical and chemical environmental changes.

Stresses encompass starvation, heat shock, cold shock, oxidative stress, O2 depri-

vation, osmotic challenges, acid stress, sodium stress, SOS response to DNA

damage, etc. Stress is also relative; e.g., temperature and pH are stressful for one

species and optimal for the other.

Modeling is a mean at predicting bioremediation efficiency and then to avoid too

many experiments, but they are, however, unable to fully describe the huge

complexity of ecosystems. In particular, the future prospects should consider the

role of plants in bioremediation as a microbial regulating factor. The microbial

biomass in the rhizosphere was modeled by Sung et al. (2006). From the simulation,

results showed that the influence of root exudates may be smaller than the influence

of microbial degradation on contaminant dissipation due to indigenous substrate

conversion or the application of exogenous substrates. Since plant roots are initially

small and do no produce large quantities of exudates when first seeded, the addition

of exogenous substrates may be needed to increase initial microbial concentrations

at the start of phytoremediation projects.

7.4.7 Ecological Engineering Applied to Microbial Resource
Management: Emergent Concept Combining Process
Approach and Ecology

According to Vogel and Walter (2001) microbial ecology issues are among the

most important in bioaugmentation approaches, although unfortunately, they are

rarely addressed, e.g., taking into account indigenous populations, environmental

parameters together with phenotypic characteristics of the strains, and procedures

for introduction to determine activity, persistence, and performance of bioaugmen-

ted strains.
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Ecological engineering was first defined in the 1960s (Odum 1962), considering

energy flows, to describe “those cases in which the energy supplied by man is small

relative to the natural sources, but sufficient to produce large effects in the resulting

patterns and processes”. By extension, ecological engineering corresponds to the

design of sustainable ecosystems that integrate human society with its natural

environment for the benefit of both (Mitsch and Jørgensen 2004). It includes both

the restoration of ecosystems that have been substantially disturbed by human

activities and the development of new sustainable ecosystems that have both

human and ecological value. This implies the design, the development, and the

maintenance of ecosystems by using engineering technologies based on ecological

principles. Natural ecosystems or ideas based upon them can be used to reduce or

eliminate pollution problems (Jorgensen and Mitsch 1989).

Microbial communities are a part of these open ecosystems. These assemblages

are most of the time an asset in terms of genes and functionalities Verstraete (2007).

Although microbial communities are constantly changing, the subtle equilibrium

between the different populations making up the consortium is generally not broken

resulting in a high resilient capacity of these systems. Only the proportions of the

populations making consortia may change. A minority population can become the

most active population during nutrient limitation (LaPara et al. 2002). Hence,

microbial communities are most probably the basis of microbial resource manage-

ment in the domain of environmental biotechnology.

According to Verstraete (2007), the challenge for microbial ecologists is to

develop the soil metabolome by introducing relevant microorganisms to benefit

from their actions within the system. Unfortunately, “it would be naive to believe

that by simply picking the ‘right’ organisms or manipulating the right field param-

eter, bioaugmentation will suddenly become as reliable and predictable as engi-

neered systems. Inevitably, as with most biological systems, there will always be an

element of unpredictability” (Thompson et al. 2005). Because of the unpredictabil-

ity of this technology as well as politic choices still giving permission for putting

polluted soils in dump, practitioners are unfortunately not prone to widely use

bioremediation among which bioaugmentation. (Vijgen 2002).

The question that arises is the following: can we imagine to fully controlling in

situ bioaugmentation, which is the main goal in process engineering, in spite of the

spatial and temporal variability of open ecosystems? As described in the previous

sections, some prerequisites must be put together to make bioaugmentation a

success (Table 7.4), i.e., keep in mind some microbial ecology concepts leading

to concrete techniques. In particular, the use of microbial consortia instead of

monoculture is more relevant as they can perform more complicated tasks and

endure more changeable environments (Brenner et al. 2008). According to these

authors, natural and artificial consortia can be used. The former can maintain

homeostasis since members generally do not outcompete one another and do not

exhaust the resources in their environments. When constructing synthetic microbial

consortia, cell–cell communication must be considered first (Brenner et al. 2008),

by exploiting intraspecific signals, e.g., bacterial quorum sensing (QS), interspecific

cues involving multispecies QS, and cross-feeding by exchanging chemicals
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involved in metabolism and growth. Opposite to natural microbial communities, the

long-term behavior and destiny of artificial consortia are unpredictable. Artificial

immobilization is thus a relevant mean to stabilize growth and activity of these

inocula (Labana et al; 2005; Plangklang and Reungsang 2009; Siripattanakul et al.

2009) as biofilms do for natural consortia. The artificial assemblages of engineering

organisms are less likely to display the robustness associated with natural assem-

blages because the role of keystone species, the greater complementary of resources

use, and the greater facilitation are not fully addressed (Goldman and Brown 2009).

Similarly, Dejonghe et al. (2001) consider that increasing the degradative potential

of a microbial community do not require a high gene diversity but the right

competence under the given conditions.

Competence refers to the capability of important genes to be activated by the

microbial community and thus related metabolic traits to participate in the energy

flux of the system. Vogel and Walter (2001) claimed, however, that it is not

practical to tailor consortia specifically to each habitat. Another constraint for the

future of bioaugmentation is the cost-to-benefit ratio. Ecological engineering

indeed considers the sustainability of treatments such as bioaugmentation in

terms of environmental cost and long-term effect of the treatment. In other

words, is it better to bioaugment the soil with exogenous microorganins or to

stimulate indigenous ones? Finally, one can wonder how to do better than nature

in designing ecosystems. Other important question to be solved lies in the scale to

which ecosystem studies should be undertaken for anticipating the ecological

engineering consequences. According to Odum and Odum (2003), microcosm is

the relevant scale, whereas van der Gast et al. (2006) considered that microbial

diversity is related to volume possibly preventing any full-scale prediction. An

example of the implementation of the Hubbell Law reported by Verstraete et al.

(2007) is that the number of different species increases with the size of the reactors

(ten dominant species in 1 m3 reactor; 50 in 1,000 m3). Much more attention should

be given to the rate of change of microbial communities with time. Factors such as

cell residence time and occurrence of temporal or continuous stress factors should

strongly influence this rate of change. Similarly, atrazine biodegradation was shown

to be greatly influenced by the amount of soil and the microcosm implementation

(closed microcosms with 5 g of soil vs. open microcosm with 160 g of soil) (Lima

et al. 2009). Although both experiments were performed at a similar scale, this low

scaling-up significantly modified the degradation performances, probably as a

result of different mass transport limitations and spatial heterogeneity, among

other variables. One can thus wonder whether the degradation performances change

continuously with the scaling or whether some key experimental scales allow

predicting degradation performances at much more higher scales. Future prospects

should examine thoroughly on this questions.

To conclude, the future prospects for in situ bioaugmentation technologies

should be to reconcile process engineering, based on the fully control of any

system, with variable environment conditions. One solution, as above evocated,

would consist in combining plants with microorganisms. Indeed, physicochemical

conditions in the rhizosphere are less susceptible to change in the course of the time
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than in the bulk soil. Plants are thus relevant means of controlling the environmen-

tal conditions surrounding microorganisms used in pollutant degradation.

7.5 State of Practice

Overall, bioaugmentation technology still remains more explorable as a result of

several constraints regarding contaminated land management policies in the differ-

ent countries and being driven by technical and economical feasibility principles

(Iwamoto and Nasu 2001, Ruberto et al. 2009, Sorvari et al. 2009). Some reasons

are often evoked:

1. Risk-based land management with the adoption of the “fitness for use” principle

2. Tight time schedule of remedial actions tending to be the driver of decisions on

contaminated sites regarding the remediation choice. Time-consuming in situ

methods are most of the time a constraint

3. Sustainability of the remediation method in the absence of comprehensive data

available on the overall life-cycle impacts of different remediation methods

Overall, environmental impacts of remedial options have rarely been taken into

account in decision making. Prevailing soil excavation combined with disposal off-

site was seen mainly as non-ecoefficient. Nonetheless being a quick method, soil

excavation is also the most efficient way to remove risks from the site all the more

since contamination problems are often identified only at a very late stage. One can

notice that basically decisions are mainly controlled by legislation and administra-

tive practices and strongly driven by time and money. Bioaugmentation confronts

us as well with the problem of the microorganisms’ dissemination.

In Japan, first field experiment with bioaugmentation was undertaken in 2000

under strict control of the Ministry of International Trade and Industry. Nonethe-

less, the complexity involved in the transport of soils and the restrictive legislation

in some area makes on-site bioremediation the strategy of choice, and (d) accep-

tance of biological and in situ remediation methods is considered as a prerequisite

for the realization of ecoefficiency. First field experiments were conducted about

ten years ago.

Although some experiments were performed at the field scale, the definition of

this term varies from one author to another. Overall, it means time outdoor experi-

ments with field soil (disturbed or not) and concerns most of the time very

small surfaces (a few square meters). One square meter field plots were used in

p-nitrophenol experiments (Labana et al. 2005). First field-scale atrazine remedia-

tion study in the United States was performed in 2.5 m2 treatment plots (Strong

et al. 2000). Soil bioaugmentation with 2,4,6-trinitrotoluene (TNT) was studied in

300 m2 plots containing disturbed soil (Van Dillewijn et al. 2007). Field experi-

ments were carried out in order to test the effect of phytoremediation and bioaug-

mentation for remediation of semicoke in 50 m2 plots (Truu et al. 2003) and

oil shale chemical industry solid waste in 10 m2 plots (Juhanson et al. 2009).
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The largest soil surface treated by bioaugmentation – 7,000 m2 – was reported by

Zhang et al. (2008) with a method tested for petroleum and salt contaminated soil in

which wheat straw was used to enhance salt leaching and subsequent petroleum

degradation by a bacteria–fungi consortium of Enterobacter cloacae and Cunning-
hamella echinulata. On average, field-scale trials were shown to take three times as

long to reach the same endpoint as the laboratory trial (Diplock et al. 2009),

underlying the necessity to validate laboratory experiements at the field scale.

One can also observe that a few long-term experiments were implemented and

that the length of the treatment varies from a few weeks (Hesselsoe et al. 2008) up

to 3 years (Juhanson et al. 2009). According to Weston and Balba (2003), commer-

cial companies argue that, as soon as tailor-made consortia become more and more

commercially available, bioaugmentation will become the standard for rapid and

precise cleanup of a variety of contaminated soil situations.

7.6 Environmental Impact of Bioaugmentation

The basic question to answer is: “Comparing pollutants and bioaugmentation,

which shows the strongest effect on environment?” One can also note that biore-

mediation, among which bioaugmentation, focuses mainly on the pollutant dissipa-

tion without most of the time taking into account (a) its destiny while metabolites

can be more toxic than the parental molecule as shown for, e.g., PCP (Zuzana et al.

2009) and diuron herbicide metabolites (Tixier et al. 2002), and (b) ecological

impact of introduced microorganisms on indigenous microorganisms. In their

review, Dejonghe et al. (2001) pointed out that the species diversity can be main-

tained if a site is capable of supporting similar number of individuals for each of the

different species present in the community. If no, the microbial type that is best

adapted to the most productive niche (task) will then become dominant in the

community and diversity will be low. In that case, adverse effect of bioaugmenta-

tion may be observed. Until now, environmental impacts of remedial options have

unfortunately rarely been taken into account in decision making and only recently

in laboratory experiments.

Overall, it is not easy to conclude whether bioaugmentation reduces or not the

negative environmental impact of pollutants as the result of a variety of situations

and tests used for environmental assessment. Some of them are reported here.

Ecotoxicological tests such as the germination and vigor index of maize plants

seeded in lindane-contaminated soils were used (Benimeli et al. 2008). Lindane at

different concentrations in soil did not affect the germination and vigor index of

maize plants seeded, while the index value decreased when Streptomyces sp. M7

was inoculated, showing a better vigor index at the same time as lindane removal.

Similarly, D’Annibale et al. (2005) observed a significant decrease in soil toxicity

contaminated by aromatic hydrocarbons when bioaugmented by fungi using two

different soil contact assays, including the Lepidium sativum L. germination test

and the Collembola mortality test. Recently, application of DNA microarrays to
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ecotoxicogenomics links ecotoxicological effects of exposure with expression

profiles of several thousand genes (Steinberg et al. 2008). Biofilms as they occupy

a strategic phase between water and sediments in aquatic systems could be regarded

as early warning systems for the detection of the effects of toxicants (Geiszinger

et al. 2009). Unfortunately, such approach seems not feasible in soil.

The structure of the microbial populations is another relevant indicator. The

response of a single-species test might indeed differ from the response of the same

species in a whole community. Baxter et al. (2006) observed that bacterial com-

munities from contaminated soils with low biodiversity are much more readily

perturbed through interventions such as contamination events or bioaugmentation

treatments. Soil inoculation with Sphingobium yanoikuyae B1 able to degrade a

range of PAHs was not shown to cause extensive changes in the native bacterial

community of either soil, as assessed by DGGE (Cunliffe and Kertesz 2006), but its

presence led to an increase in the population level of two other species in the aged

contaminated soil community and appeared to have an antagonistic affect on

several members of the HAP-contaminated compost community, indicating niche

competition. Same technique was used for assessing the environmental innocuous-

ness of an inoculum production (activated soil) to be used in the bioaugmentation of

creosote-contaminated soils (D’Amours et al. 2008). The results suggest that soil

activation may have the potential to ensure the environmental safety. Similarly,

Goux et al. (2003) observed low effect of bioaugmentation for atrazine remediation

on the pattern of the indigenous soil microflora by using DGGE. Using TTGE

analysis Stallwood et al. (2005) showed that 12 weeks after microcosms’ biosti-

mulation or bioaugmention with Pseudomonas strain ST41, Pseudomonas species
were the dominant soil bacteria in both bioaugmented and biostimulated systems.

For more accurate results, some studies combined several methods, e.g., composi-

tion of the community by T-RFLP, physiological profile in Biolog ECOplates, and

ecotoxicity tests (Vibrio fischeri, Daphnia magma, and Selenastrum capricornu-
tum) (Alisi et al. 2009). Concurrently, with the increase of metabolic activity at

community level and the microbial load, the gradual decrease of the ecotoxicity was

observed. Although the structural analysis of microbial populations provides plenty

of informations, some precautions must be taken. Indeed, although some effects of

bioaugmentation can be observed by studying the genetic structure of microbial

populations, some effects occurring in the biological communities do not directly

affect biomass or composition, but their metabolism and success in nature, and

further, pollutants may not affect just a single biological compartment, but several

of them (Geiszinger et al. 2009). Consequently, one challenge to be faced is then

combining chemical and biological assessment strategies into a single one.

But above all there is a need in (a) available certified reference materials

resembling natural soils to validate all these analytical methods and other in ecolog-

ical risk assessment in the aim at scaling up the responses to thewhole ecosystem, (b)

analysis at the whole community since the response of a single-species test might

differ from the response of the same species at a higher organization degree, and (c)

standardizing the tests for community responses. Unfortunately, standardized labo-

ratory tests are carried out under optimized conditions, whereas the real environment
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conditions are often harsher and more varied compared to conditions in the labora-

tory – several factors co-occur, produce complex responses, tolerance of organisms

toward toxicants is not linear in natural environments, natural environments most

often contain mixture of compounds, etc.

Regarding microorganism-assisted plant for enhanced metal extraction, one

could be afraid that the increase of the metal availability allowed by inoculated

microorganisms is higher than the plant accumulation ability (Barona et al. 2001)

with a risk of contamination of the subsoil and groundwater. In their study,

Di Gregorio et al. (2006) have observed a severe modification of the bacterial

community structure of the soil, using DGGE, due to the vegetation with B. juncea.
Conversely, EDTA slightly affects the bacterial community structure, with the

exception of the simultaneous presence of B. juncea and PGPR Sinorhizobium sp.

In contrast, pseudomonads inoculated in soils, contaminated or not with Cd,

induced a shift in the microbial communities, as suggested by analyzing in situ

catabolic potential (Duponnois et al. 2006). But these studies did not report the

relationships between EDTA supply and bioaugmentation with metal lixiviation.

7.7 Bioattenuation, Biostimulation, and Bioaugmentation:

Added Value of Bioaugmentation Compared to Other

Techniques

Although bioaugmentation shows most of the time measurable positive effects on

pollutant, i.e., dissipation of organic compounds and changes in the chemical form

of metals, the questions that raise, comparing this method with bioattenuation and

biostimulation, are the following: “which additional dissipation rate?”, “which

additional time-saving?”, and at the same time “which additional costs?” and

“which difference in environmental effect?”

Additionaly to these questions, Boopathy (2000) suggested: “Is the contaminant

biodegradable?” “Is biodegradation occurring in the site naturally?”, “Are environ-

mental conditions appropriate for biodegradation?” Overall, one can suggest that

bioaugmentation should be set up if only substantial enhancement of remediation

performance is expected, though some studies suggested that bioaugmentation may

be of great interest in starting up the perequisite metabolic process.

Some data showing additional performance of bioaugmentation compared to

biostimulation and bioattenuation are reported in Table 7.5.

7.8 Concluding Remarks and Future Prospects

Although exhibiting most of the time higher performances than in situ soil bioatte-

nuation and biostimulation, controlling bioaugmentation in environments subject to

variable conditions still remains the limiting factor preventing the broadcasting of
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such a technique. Until now the microbial selection still remains based on the

ability of microorganisms to act on pollutants to be removed from soil without

taking into account their ecological traits and their ability to reach pollutants in soil.

Consequently low survival and colonization rates are sometimes observed, when

microorganisms are inoculated in soil, along with low microbial activity towards

pollutants.

Some future prospects for in situ soil bioaugmentation are sum up below.

A more mechanistic approach shoud be adopted to determinate the exact role

of inoculated microorganisms in the pollutant removal and further to be able to

control with accuracy this remediation process even in environments subject to

variable conditions. In this respect, the use of plants in association with bioaug-

mentation could be helpful in regulating the microbial activity. It would be also

relevant to reconcile process engineering, based on the full control of any system,

with variable environment conditions through the emerging ecological engineering

approach. “In situ” soil bioaugmentation are most often performed in laboratory or

outdoor conditions at smale scales and often means naturally contaminated soils

or nonreconstructed soils. Long-term studies at field scale should be more widely

experimented. One can indeed wonder whether the degradation performances

change continuously with the scaling or whether some key experimental scales

allow predicting degradation performances at much more higher scales. A set of

basic indicators (physicochemical and biological) should be suggested as a result

of a scientific consensus in the aim at laying down accurate diagnostics to further

implement bioaugmentation with accuracy as well at being able to estimate the

environmental impact of such a technique. Finally, putting at the user’s disposal

commercially formulated inocula for different kinds of contaminants and soils

is a prerequisite for the further bioaugmentation dissemination, not to mention

social acceptance to be checked.
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Chapter 8

Bioremediation of Contaminated Soils: Effects

of Bioaugmentation and Biostimulation

on Enhancing Biodegradation of Oil

Hydrocarbons

Iwona Zawierucha and Grzegorz Malina

8.1 Introduction

Modern societies still continue to rely primarily on the use of petroleum hydro-

carbons to cover their energy demands. Despite recent technological advances,

accidental spills of crude oil and its refined products occur on a frequent basis

during routine operations such as extraction, transportation, storage, refining and

distribution (Nikolopoulou et al. 2007). The release of oil hydrocarbons into the

environment may pose severe environmental problems due to sustained contamina-

tion of air, water and soil (Scherr et al. 2007). Various physical and chemical

processes have been employed for effective remediation of oil hydrocarbon con-

taminated soil (Khan et al. 2004; Malina 2007). However, most of these techniques

are expensive, and the byproducts may cause secondary contamination of soil and

water, resulting in the need for additional post-treatments (Liang et al. 2009).

Moreover, they require continuous monitoring and control for optimum perfor-

mance. In addition, they do not usually result in a complete destruction of the

contaminants (Gouda et al. 2008). Biological methods, such as bioremediation, are

considered to be relatively cost-effective and environmentally friendly (Hosokawa

et al. 2009). Bioremediation is a treatment method that uses microbiological

restoration potentials for decontamination of polluted sites (Scherr et al. 2007). It

is a relatively simple practical approach for the complete mineralization of hydro-

carbons to carbon dioxide and water under aerobic conditions (Vidali 2001; Sarkar

et al. 2005). However, the rate of hydrocarbon biodegradation in soil is affected by

several physicochemical properties of the soil and contaminants, as well as

biological characteristics of indigenous microorganisms. These include the number
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and species of microorganisms present, concentrations of hydrocarbons and envi-

ronmental conditions (pH, temperature, nutrients, oxygen and moisture content)

suitable for microbial degradation (Betancur-Galvis et al. 2006; Gouda et al. 2008;

Leahy and Colwell 1990; Perfumo et al. 2007; Horel and Schiewer 2009). Two

methods are usually considered to increase the activity of microorganisms, thus

enhancing the biodegradation rates during bioremediation of soil contaminated

with oil hydrocarbons: (a) bioaugmentation through the direct application of

selected oil-degraders to the site, and (b) biostimulation involving the application

of a proper agent to soil to enhance the activity of indigenous microorganisms

(Odokuma and Dickson 2003; Perfumo et al. 2007; Malina and Zawierucha 2007).

Bioaugmentation is a promising and low-cost bioremediation method, in which

effective bacterial isolates or microbial consortia capable of degrading oil hydro-

carbons are introduced to the contaminated soil. Multiplied indigenous microflora

are generally applied in this technique; however, inoculation of soil with exogenous

or laboratory-modified bacterial cultures still arouses many reservations (Gentry

et al. 2004; Fantroussi and Agathos 2005; Zawierucha and Malina 2006). Some-

times, the application of oil-degrading microorganisms may lead to a failure of

bioaugmentation (Vogel 1996; Gentry et al. 2004). This is because the survival and

degrading ability of microorganisms introduced to a contaminated site are highly

dependent on environmental conditions (Vogel 1996). Thus, in many cases, poten-

tially degrading strains isolated from one site are not necessarily applicable to the

other site. Moreover, isolates, including genetically engineered microorganisms,

that are efficient oil-degraders under laboratory conditions, are not necessarily

effective in situ (Sayler and Ripp 2000). In addition, introducing alien species to

soil is not easily acceptable by the public (Hosokawa et al. 2009).

Biostimulation relies on increasing the activity of indigenous bacteria by

providing nutrients, oxygen, surfactants or water to the contaminated soil (Coulon

and Delille 2003) or modifying the environmental conditions (e.g., temperature,

pH, redox potential). It is considered that indigenous bacteria are best adapted to the

environment of the treated site (Rahman et al. 2003). Biostimulation, however, does

not always work well due to the scarcity of indigenous oil-degraders or very high

contaminant concentrations (Ueno et al. 2007).

The major objective of this chapter is to provide various bioremediation strate-

gies based on bioaugmentation and biostimulation for enhancing biodegradation

rates of oil hydrocarbon contaminated land.

8.2 Bioaugmentation

Bioaugmentation can be realized in three ways: (a) the enrichment or isolation of

indigenous microorganisms from the target site, their subsequent culturing and re-

inoculation; (b) isolates or enrichments are not inoculated to the source of the

original culture; and (c) with the use of constructed or force-mutated microorganisms

(Vogel and Walter 2001).

188 I. Zawierucha and G. Malina



Bioaugmentation that uses indigenous microorganisms to the sites (soil and

water) to be remediated is defined as autochthonous bioaugmentation (Ueno et al.

2007). Isolated single strains or enriched cultures, which can be obtained “before”

or “after” the contamination of the target sites, are inoculated into the sites to be

remediated (Hosokawa et al. 2009). The use of indigenous microorganisms with

adapted biochemical potentials was proved to be one of the most powerful tools

for bioaugmentation (Devinny and Chang 2000). Bento et al. (2005) noted that the

addition of a bacterial consortium previously isolated from the Long Beach soil

degraded 73–75% of the light (C12–C23) and heavy (C23–C40) fractions of total

petroleum hydrocarbons (TPH) present in the soil, while only 46–49% removal

was obtained as a result of intrinsic biodegradation. Next, in field-scale micro-

cosms, Gouda et al. (2008) observed that about 86% of kerosene was degraded

upon bioaugmentation of clay with indigenous Pseudomonas sp. CK for 20 days,

but only 80% in the case of intrinsic biodegradation of the natural microflora.

Introducing naturally developed microbial consortia may be more effective in

comparison with single strains isolated and applied as pure cultures (Mrozik and

Piotrowska-Seget 2009). This is in agreement with the results of Mancera-Lopez

et al. (2008), who noted that in the bioaugmented systems three indigenous fungi

strains (Rhizopus sp., Penicillium funiculosum and Aspergillus sydowii) removed

47, 45 and 40% of TPH, respectively, and these were even higher by 29–36% with

respect to the pure fungi strains. Thus, the most effective bioaugmentation

performance may be approached by the use of multiplied indigenous microorgan-

isms to increase their abundance in soil (Malina and Zawierucha 2007). In the

study of Wu et al. (2008) microcosms were set up with a PAHs contaminated soil

using bioaugmentation with indigenous filamentous fungus, Monilinia sp. W5-2.

After 30 days of treatment, bioaugmented microcosms resulted in a 35% decrease

in the total PAHs, while the control microcosms showed only a 3% decrease.

Bioaugmented microcosms also revealed about 70 and 72% decreases in benzo[a]
pyrene and anthracene, respectively, while the values for the control microcosms

were much lower.

Our respirometry studies conducted to determine the effect of bioaugmentation

for enhancing biodegradation in soils contaminated with oil hydrocarbons at a

former military airport showed the highest biodegradation rates (estimated from

the O2 uptake and CO2 production rates) for samples to which the bacterial

inoculum containing 4.8 � 1015 CFU/ml was added (Zawierucha and Malina

2006). Enhanced biodegradation rates were in this case four times higher than

intrinsic biodegradation rates. Moreover, when the indigenous bacterial consortium

was applied, the increase of biodegradation rate was about 22–46% higher

compared to the exogenous bacterial consortium. This could be explained by the

autochthonous adaptation that allows microorganisms to be physiologically

compatible with their habitat, as compared to transient autochthonous organisms

that do not occupy a functional niche (Atlas and Bartha 1998). Ueno et al. (2007)

also noticed that bioaugmentation capacity of isolated bacterial species in soil

microcosms contaminated with diesel oil was much higher than that of exo-

genous P. aeruginosa strain WatG. Therefore, it will be more practical to apply
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bioaugmentation with bacteria isolated from the soil that is to be cleaned-up

(Hosokawa et al. 2009).

Native populations present in contaminated sites are certainly adapted to the

climatic, physicochemical and nutrient conditions. However, these communities

frequently do not include species with the enzymatic abilities needed to allow

bioremediation to start and/or to proceed at increased rates, thus resulting in

long-time processes. Application to contaminated soils of exogenous microor-

ganism with proven hydrocarbon-degrading abilities may solve this problem.

Possible sources to obtain exogenous microorganisms are remediated or con-

taminated sites, commercial suppliers and genetic engineering (Diaz-Ramirez

et al. 2008).

Biodegradation studies of 4CA in two soil types (loam soil-NN and sandy

clay loam soil-CM) using exogenous 4CA-degrading Klebsiella sp. CA17 for

bioaugmentation were carried out by Tongarun et al. (2008). Biodegradation of

4CA in soil-NN microcosms was substantially enhanced by bioaugmentation

with 4CA-degrading Klebseilla sp. CA17. Compared to that of intrinsic biodeg-

radation (40% of 4CA degradation), the total 4CA biodegradation at the end of

bioaugmentation treatment period finally reached 70 � 4%. In the case of soil-

CM microcosms, total 4CA degradation was 44%, as compared to rather poor

(10%) intrinsic biodegradation at the end of the treatment period. Moreover,

bioaugmentation of a 4CA-degrading culture was successful in soil-NN, where

the bioaugmented culture survived and maintained its population size, with a

gradual increase, throughout the entire treatment, while it was eventually out-

numbered by indigenous microorganisms in soil-CM. These results may indicate

that the degree of 4CA biodegradation in soil microcosms depends not only on

the site characteristics, for example, soil properties, but also on the character-

istics of the indigenous microbial population, and the stability of population

density of the bioaugmented culture, which definitely affected the efficiency of

biodegradation.

The choice of chronically contaminated areas or the sites where land farming

was applied for remediation for the screening of exogenous bacterial strains

potentially useful in bioaugmentation seems to be an appropriate approach. Ruberto

et al. (2003) observed that in soil with B-2-2, a psychrotolerant hydrocarbon-

degrading Acinetobacter strain previously isolated from a chronically polluted

river degraded 75% of hydrocarbons, whereas autochthonous bacterial commu-

nities were able to degrade important fractions of the gas oil only by 35%. Next,

Jacques et al. (2008) evaluated the capacity of an exogenous microbial consortium

(five bacteria: Mycobacterium fortuitum, Bacillus cereus, Microbacterium sp.,

Gordonia polyisoprenivorans, Microbacteriaceae bacterium – naphthalene-utilizing

bacterium; and a fungus identified as Fusarium oxysporum) obtained from a

petrochemical site treated by means of land farming, to degrade and mineralize

anthracene, phenanthrene and pyrene present in soil at different concentrations.

They noted that the microbial consortium mineralized on average 98% of the three

PAHs present at different concentrations in the soil after 70 days. On the contrary,

the autochthonous soil microbial population showed no substantial mineralization
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of the PAHs. Moreover, bacterial and fungal isolates from the consortium, when

inoculated separately to the soil, were less effective in anthracene mineralization

compared to that of the consortium. These results may indicate synergistic pro-

motion of PAHsmineralization bymixtures of themonoculture isolates (themicrobial

consortium). Individual microorganisms can mineralize only a limited range of

substrates; so assemblages of mixed populations with overall broad enzymatic

capacities are required to increase the rate and extent of petroleum biodegradation

(Farinazleen et al. 2004; Heinaru et al. 2005). Enhanced biodegradation of spiked

anthracene (ANT), pyrene (PYR) and benzo[a]pyrene (B[a]P) in soil was also

studied by Hamdi et al. (2007). In this case, bioaugmentation was carried out by

mixing the previously treated aged PAH-contaminated soil containing PYR- and

B[a]P-degraders with the experimental PAH-spiked soil. In the control samples, the

PAH removal was the lowest revealing ANT, PYR and B[a]P dissipation rates of

63, 33 and 35%, respectively, after 120 days. In turn, in bioaugmented samples, the

final degradation rates were higher than those observed in nonamended PAH-spiked

soils, and they were above 96% for ANT and PYR and 60% for B[a]P. Therefore,
the bioaugmentation with exogenous bacteria can be recommended in the case of

more recalcitrant chemicals, or when the local microbial population is insufficient

or inadequate (Mariano et al. 2007).

Another bioaugmentation approach involves the use of genetically engineered

microorganisms (GEMs) with increased capacity to degrade and tolerate toxic

compounds. Mutations and horizontal gene transfer using molecular biology are

employed to improve the microbial degradation activity (Rodrigues et al. 2006).

The aim of the application of genetically modified bacterial strains is to enhance

the ability of newly generated strains to degrade a broader range of xenobiotics,

and to increase the degradation effectiveness in comparison with “wild” (natural)

strains (Mrozik and Piotrowska-Seget 2009). Filonov et al. (2005) studied the

effectiveness of a genetically tagged, plasmid-containing, naphthalene-degrading

strain Pseudomonas putida KT2442 (pNF142: TnMod-OTc) in the experimental

soil contaminated with naphthalene. They noted that the concentration of naph-

thalene in the experimental soil block, into which laboratory naphthalene-degrading

strain KT2442 was introduced, decreased from 2.0 to 0.2 mg/g, whereas in the

control soil block, which contained only indigenous naphthalene degraders, the

concentration decreased only to 0.6 mg/g over the same time period (20 days).

Moreover, 20 days after introducing the strain KT2442, the number of bacterial

cells increased from 105 to 6 � 106 CFU/g of soil, amounting to 90% of the total

population of naphthalene degraders. Mishra et al. (2004) also noted that the TPH

level in the microcosm soil bioaugmented with a recombinant Acinetobacter
baumannii pJES strain was reduced by 39.6% at the end of a 90 days treatment,

while in the untreated soil this reduction was only by 6.9%. Next, Massa et al.

(2009) compared two bacterial strains, the natural isolate Arthrobacter sp. FG1

and the engineered strain Pseudomonas putida PaW340/pDH5, for their effi-

ciency in degrading 4-chlorobenzoic acid (4-CBA) in a slurry phase system.

The recombinant strain was obtained by cloning the Arthrobacter sp. FG1 deha-

logenase encoding genes in P. putida PaW340. The 4-CBA-grown engineered
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strain appeared to be significantly more efficient in the 4-CBA degradation than

the “wild” Arthrobacter in soil slurries regardless of the presence or absence of

indigenous bacteria, which did not affect biodegradation. On the other hand, Lima

et al. (2009) examined the efficacy of bioaugmentation with rifampicin-resistant

mutant of Pseudomonas sp. ADP for bioremediation of an atrazine-contaminated

land. They observed that, for a more moderate level of soil contamination (ca. 7 g

of atrazine per g of soil), bioaugmentation using one single inoculation with

P. ADP could be sufficient for successful treatment. The atrazine removal was

of 99% after 8 days of the treatment. Therefore, the use of GEMs has been

suggested to improve or accelerate the remediation of sites polluted with xeno-

biotics (Filonov et al. 2005; Lima et al. 2009).

The novel approach, the so-called immobilized bioaugmentation based on

delivering microbial cultures in an immobilized form, is applied to achieve

more complete and/or more rapid degradation of hydrocarbons in soil. Such

treatment offers the protection of inoculated microorganisms from sub-optimal

environmental conditions (improper pH, presence of toxic substances, etc.), and it

reduces their competition with indigenous microflora. Moreover, immobilization

increases the biological stability of cells, including plasmids (Cunningham et al.

2004). For immobilization, both natural and synthetic materials are used. The first

group includes dextran, agar, agarose, alginate, chitosan polyacrylamides, and

k-carrageenan, while the second includes poly(carbamoyl)sulphonate, polyacryl-

amide and polyvinyl alcohol (Mrozik and Piotrowska-Seget 2009). Immobilized

matrix may also act as a bulking agent in contaminated soil, facilitating the

transfer of oxygen crucial for rapid hydrocarbon mineralization (Cunningham

et al. 2004; Liang et al. 2009). Results obtained by Oh et al. (2003) indicate that

the inoculum immobilized on diatomaceous earth could be very effective for

retaining microbial cells in association with the sand contaminated with

crude oil. Cunningham et al. (2004) examined the potential of immobilized

hydrocarbon-degrading microorganisms for the cleanup of diesel-contaminated

soil, and compared it with the liquid-culture bioaugmentation. Using polyvinyl

alcohol (PVA) cryogelation as an entrapment technique, they noted that bioaug-

mentation with a liquid enrichment culture reduced by 36.7% of oil and grease

contents after 32 days of treatment, while the immobilized system resulted in the

48.1% reduction. Moreover, the reductions of diesel in these bioaugmentation

systems were about 25.3–36.7% higher as compared to the non-amended (control)

treatment pile. Next, Liang et al. (2009) explored the role of bio-carriers, such as

activated carbon and zeolites, in immobilizing indigenous hydrocarbon-degrad-

ing bacteria and enhancing biodegradation in crude oil contaminated soils. They

observed high microbial colonization of both zeolites and activated carbon.

Microbial biomass reached concentrations of 1010 cells/g of activated carbon

and 106 cells/g of zeolites, indicating that the first carrier was better for the

enrichment of bacteria. Total microbial and dehydrogenase activity were 12 and

3 times higher, respectively, in activated carbon than in zeolite. Moreover, the

activated carbon bio-carrier enhanced the biodegradation of crude oil resulting in

the removal of 48.9%, in comparison to the intrinsic biodegradation (13.0%), and
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liquid-culture bioaugmentation (free-living bacteria) – 37.4%. According to the

authors, the bio-carrier improved the mass transfer of oxygen and nutrients, as

well as the water-holding capacity of the soil, which were the limiting factors for

biodegradation of crude oil.

The successful soil bioaugmentation requires the knowledge of not only types

and contents of contaminants but also microbial strains or their consortia that are

suitable for biodegradation. The selection of a culture appropriate for bioaugmenta-

tion should take into consideration the following features of microorganisms: fast

growth rate, ease of cultivation, resistance to high contaminant concentrations

and ability to survive in a wide range of environmental conditions (Mrozik and

Piotrowska-Seget 2009). Moreover, for designing an optimum bioaugmentation

method, it is necessary to evaluate the fractions of bioavailable contaminants

to determine the required concentrations of a degrading inoculum to be added

(Zawierucha and Malina 2006).

8.3 Biostimulation

Biostimulation is a technique that relies on increasing the activity of the indigenous

bacteria by adjusting the factors that may limit their activity, mainly oxygen and

nutrients. The main aim of biostimulation is to provide bacterial communities with

a favorable environment, in which they can effectively degrade contaminants

(Mohan et al. 2006; Ueno et al. 2007).

8.3.1 Biostimulation by Oxygen Supply

Bioremediation of hydrocarbon contaminated soils under aerobic conditions is

preferable to improve degradation yields, given that the most common microbial

degraders are aerobic (Menendez-Vega et al. 2007). Oxygen is supplied to soil to

stimulate microbial activity and enhance aerobic biodegradation rates in the case

whenO2 is considered as a limiting factor. Commonly used oxygen supply techniques

may include tilling, forced aeration and chemical methods (Atlas 1991; Brown

and Crosbie 1994; Riser-Roberts 1998). Tilling is recommended as a physical method

to accelerate biodegradation during land farming, but it is effective only for top

soils. Forced aeration techniques, including injection of aerated water, air or pure

oxygen, are commonly used for enhancing biodegradation in soils and ground-

water contaminated with petroleum hydrocarbons (Brown and Crosbie 1994;

Riser-Roberts 1998). Chemical methods involve addition of alternative oxygen

sources, such as oxygen-releasing compounds ORC®, or agents such as potas-

sium permanganate (KMnO4), hydrogen peroxide (H2O2) and ozone (O3) (Riser-

Roberts 1998).

In our study, we tested the effectiveness of diverse sources of oxygen (aerated

water, aqueous solutions of H2O2 and KMnO4) to enhance biodegradation of oil
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hydrocarbons in soil at a former military airport (Malina and Zawierucha 2007).

Based on respirometric tests the highest CO2 production rates (71–97% higher

compared to a control) were achieved when the aqueous solution of KMnO4 in

concentration of 20 g/L was applied. On the other hand, on average, only 15%

increase of CO2 production rates was observed when the aqueous solutions of H2O2

were used, whereas aerated water did not cause any improvement of the biodegra-

dation rates (addition of aerated water resulted in a decrease of CO2 production

rates as compared to a control). Most probably, the amount of added water led to

excessive soil moisture that could reduce, in fact, the air-filled porosity and,

consequently the oxygen contents in soil (Malina 1999).

Potassium permanganate is known to readily oxidize alkene carbon–carbon

double bonds (Wolfe and Ingold 1981; Walton et al. 1992). Brown et al. (2003)

observed the concentration reduction of benzo[a]pyrene (72.1%), pyrene (64.2%),

phenanthrene (56.2%) and anthracene (53.8%) in soil, after 30 min of oxidation

using 160 mM KMnO4. They suggested that permanganate oxidation could be

applied in remediation technology for soils contaminated with oil hydrocarbons.

While hydrocarbons are not completely mineralized by permanganate oxidation

reactions, their structure is altered by polar functional groups providing vast

improvements in aqueous solubility, increased bioavailability for microorganisms,

thus biodegradation enhancement.

Hydrogen peroxide is known in environmental applications as a chemical

oxidizing agent, disinfectant and source of oxygen (Hamby 1996; Olexsey and

Parker 2006; Goi et al. 2006). Aerobic biodegradation of hydrocarbons in soil can

benefit from the presence of oxygen released during the H2O2 decomposition

(Sturman et al 1995). On the other hand, it can be toxic to microorganisms

(Riser-Roberts 1998) as high contents of H2O2 (100–200 mg/l) can inhibit bacterial

metabolism (Huling et al. 1990). However, Tsai and Kao (2009) noted that 43 and

47% of TPH were removed from soil using 15 and 30% aqueous solution of H2O2,

which corresponded to the H2O2 concentrations of 150 and 300 mg/L, respectively,

after 40 h of treatment, while the TPH removal using 1% aqueous solutions of H2O2

was only of 1.1%. These results indicate that the TPH oxidation can be enhanced by

higher H2O2 concentration. Moreover, Goi et al. (2006) noted that the efficiency of

H2O2 application was strongly dependent on the soil matrix. Treatment of shale and

transformer oils adsorbed on peat (a model of organic-rich soil) resulted in lower

degree of oil removal, and required more H2O2 than the treatment of oil in sand

matrix representing the mineral part of soil.

Aerated water can be an effective O2 carrier for aerobic biodegradation of oil

hydrocarbons in soil, and it may facilitate the transport of substrates to bacterial

cells (Malina 2007). For example, Liu et al. (2001) found a 50% increase of

phenanthrene biodegradation when increasing the soil water content to 200% of

the soil field capacity. But on the other hand, at higher water contents, near or over

saturation, all the pores are filled with water, which limits the oxygen transfer that

determines the activity of aerobic microorganisms, thus biodegradation of con-

taminants may be hampered (Ramirez et al. 2009), and which could actually be the

case in our experiment (Malina and Zawierucha 2007).
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8.3.2 Biostimulation by Nutrients Supply

Additional nutrients (mainly nitrogen and phosphorus) introduced into contami-

nated soil in the form of organic and/or inorganic fertilizers may enhance intrinsic

biodegradation of petroleum hydrocarbons by improving the C:N:P ratio (Sarkar

et al. 2005). In theory, approximately 150 mg of nitrogen and 30 mg of phosphorus

are utilized in the conversion of 1 g of hydrocarbon to cell materials (Rosenberg and

Ron 1996). Based on this, the optimal C:N:P mole-ratio recommended for enhanc-

ing hydrocarbon removal is 100:10:1 (Malina 1999). However, as the soil environ-

ment is very complex and heterogeneous, the effectiveness of nutrient sources tends

to be affected by the soil physicochemical properties (Malina 2007). We compared

various sources of nutrients (N, P) with different C:N:P ratios for enhancing

biodegradation of oil hydrocarbons in soil (Zawierucha et al 2008). The highest

enhanced biodegradation rates (2–26 times higher than intrinsic biodegradation

rates) were observed at the C:N:P ratio of 100:10:5. Moreover, the best results were

achieved when the combination of (NH4)2SO4 and Na2HPO4 was used, as the

enhanced biodegradation rates were 120–1,556% higher compared to the intrinsic

biodegradation rates. Ubochi et al. (2006) examined the potential of biostimulation

treatment options in oil contaminated soil with different contents of the NPK

fertilizer in soil. They noted that the application of 60 g NPK fertilizer was the

best treatment option with the removal of 50.5% of crude oil while in the control

(no nutrient addition) the removal was only of 29.5%. However, the effectiveness of

biostimulation depends not only on the proper C:N:P ratio but also on the type of

soil. Aspray et al. (2008) observed that for the sandy gravel and silty clay soils

contaminated with petroleum hydrocarbons, both O2 consumption and CO2 pro-

duction showed enhanced microbial activity when amended with NH4NO3,

whereas, these results differed for the sandy loam soil. In this soil amended with

nitrogen, inhibition of respiration was observed. Moreover, the form of nutrients

(especially nitrogen) supply plays a role in effective fertilization (Chaillan et al.

2006). The amendment with nitrogen (particularly using inorganic fertilizers) can

have no effect or, when applied at high concentrations, even deleterious effects

(Bento et al. 2005; Walworth et al. 2007). Inorganic nitrogen fertilizers composed

of nitrate and ammonium salts increase the salt concentration of soil pore water,

lowering the soil osmotic potential and, thus inhibiting the microbial activity

(Walworth et al. 2007). In addition, Sarkar et al. (2005) found that the microbial

population in the fertilizer-amended soils dropped appreciably, suggesting a toxic

effect due to fertilizer-induced acidity and/or NH3 overdosing. Therefore, the

fertilizers must be precisely dosed taking the local environmental conditions into

consideration. The effectiveness of hydrocarbon biodegradation is not proportional

to the nutrient concentrations and over-fertilization may inhibit decomposition of

less biodegradable compounds (Chaillan et al. 2006). It is also recommended that

the C:N:P ratio should be calculated on the basis of the concentration of saturated

hydrocarbons, degradation of which is most sensitive to the level of nutrients in soil

(Chaineau et al. 2005).
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8.3.3 Biostimulation by Surfactants Supply

A critical aspect of bioremediation of oil-contaminated soils is the availability of

contaminants for microorganisms limited by their water solubility (Menendez-Vega

et al. 2007). This problem can be solved using natural and synthetic surfactants

(Lai et al. 2009). Hydrocarbon-degrading microorganisms produce a variety of sur-

face-active natural agents (the so-called biosurfactants) that improve bioavailability.

However, synthetic surfactantsmay still be requiredwhen the contaminants are highly

hydrophobic, and/or firmly sorbed in clay particles or soil organic matter (Menendez-

Vega et al. 2007). Surfactants contain both hydrophobic and hydrophilic fractions and

are useful in reducing the interfacial tension between hydrocarbons and soil water,

thereby improving the water solubility of hydrophobic substances (Urum et al. 2006;

Zawierucha et al. 2007). Consequently, surfactants increase bioavailability of hydro-

carbons to microorganisms and in turn their biodegradation (Lee et al. 2005). In our

study on the effect of surfactant (Tween 80) on biodegradation of oil hydrocarbon and

microbial activity in soil, the highest O2 consumption and CO2 production rates, as

well as dehydrogenase activities were observed at the surfactant dose of 1% (v/v)

(Zawierucha et al. 2007). In this case, the O2 consumption and CO2 production rates

were 115 and 49% higher, respectively, while the dehydrogenase activity increased

98%, as compared to a control (no addition of the surfactant). These results indicate

that surfactants can improve biodegradation effectiveness in the soil contaminated

with oil hydrocarbons, which was also postulated by Bento et al. (2005), Rous et al.

(1994) and Xie (2003). The potential application of biosurfactants, surfactin (SF) and

rhamnolipid (RL), for enhanced diesel biodegradation was investigated by

Whang et al. (2009). They observed that, compared to the control treatment (no bio-

surfactants added), application of RL or SF resulted in diesel emulsification, and

therefore enhanced biodegradation. Lai et al. (2009) compared the effectiveness of

biosurfactants with that of synthetic surfactants in heavily oil-polluted soil. They

found that biosurfactants exhibited much higher TPH removal efficiency than the

synthetic ones. By using rhamnolipids, surfactin, Tween 80, and Triton X-100 in the

concentration of 0.2% (w/w), the TPH removal for the soil contaminated with

3,000 mg TPH/kg dry soil was of 23, 14, 6, and 4%, respectively, and it increased to

63, 62, 40, and 35%, respectively, for the soil contaminatedwith 9,000mgTPH/kg dry

soil. Moreover, the biosurfactants-enhanced TPH removal efficiency did not vary

significantly with the contact time. These results indicate the superior performance of

biosurfactants over synthetic surfactants in terms ofmobilization of oil pollutants from

the contaminated soil, and thus confirm their use as biostimulation agents for biore-

mediation. Biosurfactants are preferred to chemical surfactants, as they have lower

toxicity and shorter persistence in the environment (Nievas et al. 2008). The potential

advantages of biosurfactants for enhancing bioremediation of hydrocarbon contami-

nated soils also include their unusual structural diversity that may lead to unique

properties, as well as their biodegradability. Moreover, biosurfactants could easily

be produced from renewable resources via microbial fermentation, making it an

additional advantage over chemically synthetic surfactants (Mulligan 2005).

196 I. Zawierucha and G. Malina



8.4 Conclusions

Technologies employing biological treatments are developing worldwide over the

last decade, and are viewed as ready-made approaches for bioremediation of

petroleum contaminated sites. This chapter presented the potential of oil hydro-

carbons biodegradation enhancement in contaminated soils by applying various

bioaugmentation and biostimulation methods. Based on our extensive review of

literature and practical experience, bioremediation is not a panacea for all problems

associated with oil hydrocarbon contaminated soil. The successful bioremediation

requires the strategies tailored for the site-specific environmental parameters of

both contaminated soils and contaminants. The key parameters to select the appro-

priate bioremediation strategy includes number and activity of microorganisms;

types, concentrations and bioavailability of contaminants; oxygen and nutrients

supply, and characteristics of soil. In the case of bioaugmentation, an additional

database needs to be established, containing abilities of microorganisms to degrade

oil hydrocarbons, together with their proliferation in the respective ecosystems, as

well as their cellular resistance to xenobiotics and adaptation potentials to environ-

mental conditions.

Although both bioaugmentation and biostimulation alone appeared to be effec-

tive in enhancing intrinsic biodegradation of oil hydrocarbons in soil, the simulta-

neous action of these techniques seems to improve the biodegradation rates more

efficiently.
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Chapter 9

Biosurfactants for Soil Biology

Poonam Mudgil

9.1 Introduction

Biosurfactants are amphiphilic molecules that are produced by microorganisms

(bio¼biological origin) and are surface active agents (surfactant). They reduce the

surface and interfacial tensions and act as solubility enhancer and emulsifying

agents at low concentrations. Interest in biosurfactants emanates from their poten-

tial for wide applicability and advantages over chemical surfactants (Banat et al.

2000; Desai and Banat 1997; Rodrigues et al. 2006; Singh et al. 2007). Unlike

chemical surfactants, biosurfactants are non-toxic, biodegradable, and biocompati-

ble. Additionally, they have high specificity and selectivity, and can be synthesised

using renewable sources. Functional groups of biosurfactants render them with

additional properties such as antibacterial, antiviral, and antifungal. Rhamnolipids

and surfactin are the most studied biosurfactants. They were first reported in

literature in 1949 (Jarvis and Johnson 1949) and 1968 (Arima et al. 1968), respec-

tively. Earlier interest in these molecules was due to their antibiotic and surfactant

activities. Later it was found that microbial cells grown in the presence of hydro-

carbon substrates produce biosurfactants suggesting their role in the treatment of

oil-spillage and enhanced oil recovery. Furthermore, it has been reported that

biosurfactants have applications in soil remediation and can be used for removing

heavy metals from soil. They have also been shown to have applications in the

fields of food, pharmaceuticals and medicine.

The molecular weights of biosurfactants range between 500 and 1,500 Da (Lang

and Wagner 1987). They have a range of physicochemical properties, but essen-

tially all of them are amphiphilic having a hydrophilic and a hydrophobic part in the

molecule. Most of the biosurfactants are neutral or anionic (negatively charged), only

few are cationic (positively charged); the reason might be that cationic surfactants are

generally toxic in nature. The hydrophobic or non-polar part of the biosurfactant
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molecule is generally made up of fatty acid or hydroxyl fatty acid with a size ranging

fromC8 toC18. The hydrophilic or polar part can bemade up of carbohydrate, peptide,

cyclic peptide, carboxylic acid, alcohol or phosphate group. Biosurfactants are classi-

fied into various groups based on their chemical composition andmicrobial origin. The

main groups of biosurfactants include glycolipids, lipopeptide, phospholipids, fatty

acids, polymeric surfactants and particulate surfactants (Desai and Banat 1997).

Amphiphilic nature of the biosurfactant molecules allows them to partition at the

interfaces and reduces surface (air–liquid) and interfacial (liquid–liquid) tension.

Biosurfactants can reduce the surface tension of water from 72 to 30 mN/m or less

(Guerra-Santos et al. 1984; Lang and Wullbrandt 1999; Robert et al. 1989). In case

of liquid–liquid interfaces such as oil–water interface, the presence of a biosurfac-

tant reduces interfacial tension and repulsive forces between the two interfaces

allowing them to mix well. They have been found to reduce the interfacial tension

to as low as 1 mN/m (Parra et al. 1989). The ability of a biosurfactant to reduce the

surface or interfacial tension increases with its increasing concentration until it

reaches a critical concentration, also known as critical micelle concentration

(CMC). There is no further reduction in surface or interfacial tension above

CMC. At CMC, the biosurfactant molecules self-assemble to form structures such

as vesicles, bilayers or micelles. CMC formation is dependent on pH, ionic strength

and temperature. Biosurfactants exhibit low CMC and the values range from 0.15 to

30 mg/L (Desai and Banat 1997). Low values of CMC for biosurfactants make them

better and efficient surfactants than their synthetic counterparts.

9.2 Applications of Biosurfactants in Soil Biology

Biosurfactants have great potential in soil biology because they are biodegradable,

have low toxicity, are effective in solubilising and degrading insoluble compounds

in soil and can be economically produced using cheap and renewable resources.

Use of biosurfactants to accelerate removal of soil contaminants has gained

increasing attention recently (Christofi and Ivshina 2002; Mulligan 2005, 2009;

Singh et al. 2007). Biosurfactants can be effectively used for removing hydrocarbon

contaminants (Table 9.1) and heavy metals from the contaminated soils (Table 9.2).

9.3 Use of Biosurfactants in Removal of Hydrocarbons

from Soil

Hydrocarbon pollutants in soil are of major concern to environment and human

health. Oil spillage, discharge of oily waste and oil leakage are the main contributors

to the problem.Many physical, chemical and biological methods have been proposed

for treating the soil having hydrocarbon contaminants. Bioremediation, i.e., use of

biological organisms or their products to remove or degrade toxic contaminants into
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a less toxic form, is one of the eco-friendly solutions. Because of their highly

hydrophobic nature, hydrocarbon contaminants in soil have very low water solubil-

ity. They aremostly adsorbed on soil particles and therefore have poor bioavailability

for bioremediation. Use of surfactants can increase their bioavailability and transfer

them from soil particles to the aqueous phase of soil where they can be biodegraded

Table 9.1 Removal of hydrocarbons from soil using biosurfactants

Type of hydrocarbon Type of

biosurfactant

Type of soil Removal efficiency Reference

Phenanthrene Rhamnolipid Sand, artificially

contaminated

85% Gu and Chang

(2001)

Unsaturated soil

(sand 14%, silt

38%, clay 48%)

spiked with

phenanthrene

20–30% Chang et al. (2009)

Sandy loam soil

(sand 55%, clay

15%, silt 30%)

spiked with

phenanthrene

17% Shin et al. (2006)

PAHs (phenanthrene,

anthracene, pyrene)

Rhamnolipid Artificially

contaminated

soil

74% for

phenanthrene,

45% for

anthracene,

69% for pyrene

Franzetti et al.

(2009)

Bioemulsan Artificially

contaminated

soil

32% for

phenanthrene,

19% for

anthracene,

26% for pyrene

Franzetti et al.

(2009)

Hexadecane Monorhamnolipid Sand, artificially

contaminated

80% Bai et al. (1997)

Sand, artificially

contaminated

58% Bai et al. (1998)

Total petroleum

hydrocarbons

Rhamnolipid Sandy loam soil,

heavily

contaminated

63% Lai et al. (2009)

Surfactin Sandy loam soil,

heavily

contaminated

62% Lai et al. (2009)

Crude oil Rhamnolipid Crude oil

contaminated

soil

80% Urum et al. (2003);

Urum and

Pekdemir

(2004)

Artificially

contaminated

soil

51% Franzetti et al.

(2009)

Glycolipid

biosurfactant

Model soil (50%

sand, 30% clay,

20% peat)

contaminated

with crude oil

65–82% Kuyukina et al.

(2005)

Bioemulsan Artificially

contaminated

soil

33% Franzetti et al.

(2009)
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by microorganisms or removed by soil washing. Synthetic surfactants used for this

purpose are toxic and resist biodegradationwhile biosurfactants have clear advantage

over them due to their low toxicity, higher surface activity, biocompatibility and

biodegradability. Soil-washing method to remove hydrocarbon contaminants with-

out damaging soil structure is a fast and effective method (Table 9.1). Mobilisation

and solubilisation are two mechanisms by which hydrocarbons are removed by

biosurfactants in soil washing. Mobilisation occurs below the CMC where lowering

of interfacial tension causes displacement and dispersion of hydrocarbons. Solubili-

sation occurs above the CMCwhere hydrocarbon gets associatedwith micelles of the

surfactants and gets removed in the washing step.

Table 9.2 Removal of heavy metals from soil using biosurfactants

Type of

heavy metal

Type of

biosurfactant

Type of soil Removal

efficiency

Reference

Cadmium Rhamnolipid Feldspar 96% Asci et al. (2008a)

Artificially contaminated soil 92% Juwarkar et al. (2007)

Kaolin 71.9% Asci et al. (2007)

Artificially contaminated soil 61.7% Mulligan and Wang (2006)

Artificially contaminated soil 35% Franzetti et al. (2009)

Bioemulsan Artificially contaminated soil 19% Franzetti et al. (2009)

Lead Rhamnolipid Artificially contaminated soil 88% Juwarkar et al. (2007)

Artificially contaminated soil 52% Franzetti et al. (2009)

Sandy loam 43% Herman et al. (1995)

Bioemulsan Artificially contaminated soil 47% Franzetti et al. (2009)

Arsenic Rhamnolipid Mine tailings (sandy soil) 7% Wang and Mulligan (2009a)

Zinc Rhamnolipid Na-feldspar 98.9 Asci et al. (2008b)

Artificially contaminated soil 87% Franzetti et al. (2009)

10% sand, 70% silt, 20% clay 18% Mulligan et al. (2001)

Soil sediment 13% Dahrazma and Mulligan

(2007)

Sophorolipid Sandy soil 100% Mulligan et al. (1999a)

10% sand, 70% silt, 20% clay 60% Mulligan et al. (2001)

Surfactin 10% sand, 70% silt, 20% clay 6% Mulligan et al. (2001)

10% silt, 90% sand 6% Mulligan et al. (1999b)

Bioemulsan Artificially contaminated soil 31% Franzetti et al. (2009)

Copper Rhamnolipid 10% sand, 70% silt, 20% clay 65% Mulligan et al. (2001)

Artificially contaminated soil 48% Franzetti et al. (2009)

Construction site soil 46% Mulligan et al. (2007)

Soil sediment 37% Dahrazma and Mulligan

(2007)

Sophorolipid 10% sand, 70% silt, 20% clay 25% Mulligan et al. (2001)

Surfactin Sandy soil 70% Mulligan et al. (1999a)

10% silt, 90% sand 25% Mulligan et al. (1999b)

10% sand, 70% silt, 20% clay 15% Mulligan et al. (2001)

Bioemulsan Artificially contaminated soil 17% Franzetti et al. (2009)

Nickel Rhamnolipid Artificially contaminated soil 64% Franzetti et al. (2009)

Artificially contaminated soil 51% Mulligan and Wang (2006)

Soil sediment 27% Dahrazma and Mulligan

(2007)

Bioemulsan Artificially contaminated soil 25% Franzetti et al. (2009)
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9.3.1 Removal of Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are considered as priority pollutants due

to their high toxicity and carcinogenic properties. They get into the soil from

disposal of coal, petroleum and chemical wastes. Biodegradation and removal are

important processes in bioremediation of PAHs, but sorption of PAH to soil inhibits

its mobilisation and limits its bioremediation. Biosurfactants have been used effec-

tively to enhance mobilisation, desorption and biodegradation of PAHs. Biosurfac-

tants facilitate desorption of PAHs by lowering surface tension and solubilising them

in aqueous phase of soil where they can be biodegraded or removed. Rhamnolipids are

efficient in removing PAHs from contaminated soils (Table 9.1). In soil-washing

experiments, Franzetti et al. (2009) showed that rhamnolipids removed 74% of

phenanthrene, 45%of anthracene and 69%of pyrene from an artificially contaminated

soil. Another type of biosurfactants, BS29 bioemulsans, produced by Gordonia sp.

was also effective as soil-washing agents removing 32% of phenanthrene, 19% of

anthracene and 26% of pyrene (Franzetti et al. 2009).

Phenanthrene is quite widespread in the environment and used as a model to

study remediation of PAHs. Many biosurfactants are effective in enhancing solu-

bility, bioavailability and biodegradation of phenanthrene. The biosurfactant, rham-

nolipid, enhances phenanthrene solubility and removal efficiency from unsaturated

soil. It may also promote microbial growth in the soil-water system that helps in

biodegradation of phenanthrene (Chang et al. 2009). The biosurfactant, alasan,

produced by Acinetobacter radioresistens enhances the solubilisation and biodeg-

radation of phenanthrene and other PAHs (Barkay et al. 1999). The biosurfactants,

sophorolipids, produced by Candida bombicola augment bioavailability of phen-

anthrene enhancing its degradation by biodegrading bacteria in a sandy silt soil

contaminated with phenanthrene (Schippers et al. 2000).

Rhamnolipids have been extensively used for studying the effect of biosurfac-

tants on the removal of phenanthrene from the contaminated soils (Table 9.1).

Using phenanthrene spiked sand, Gu and Chang (2001) found that rhamnolipid

increased the rate of mass transfer of phenanthrene from sorbed soil to the aqueous

phase of the contaminated soil. They showed that use of biosurfactant coupled with

a bioluminescent bacterium could be developed as a biosensor for detecting toxicity

of phenanthrene in contaminated soils. The effect of pH on solubilisation of

phenanthrene by rhamnolipid was studied by Shin et al. (2006) in a sandy loam

soil spiked with phenanthrene. In soil-packed columns, the percentage removal of

phenanthrene was 17.3 and 9.5% at pH 5 and 7, respectively. The observed highest

solubility at pH 5 suggested that adjusting pH could enhance the solubility of

phenanthrene. Pei et al. (2009) showed that rhamnolipid inhibited sorption of

phenanthrene to soil. They suggested that the biosurfactant used for bioremediation

should be added frequently in soil because it can itself get sorbed and biodegraded

in soil reducing the overall efficiency of bioremediation. Ochoa-Loza et al. (2007)

suggested that soil type governs the sorption of rhamnolipids determining its amount

in aqueous phase available for bioremediation. Soils with low aluminosilicates and
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iron oxides exhibit low sorption of rhamnolipid while soils with high iron content

may not be suitable for bioremediation by rhamnolipids. This information is helpful

in predicting the feasibility of use of biosurfactant as remediation option for a

particular soil type.

9.3.2 Removal of Aliphatic Hydrocarbons

There are many reports indicating the use of biosurfactants to facilitate and enhance

bioremediation of soil contaminated with various aliphatic hydrocarbons such as

tetradecane, pentadecane, hexadecane, octadecane and pristane. Oberbremer et al.

(1990) showed that sophorolipids doubled the rate of hydrocarbon degradation in a

model system containing 10% soil and 1.35% hydrocarbon mixture of tetradecane,

pentadecane, hexadecane, pristane and an aromatic hydrocarbon, naphthalene. In

the presence of the biosurfactants such as trehalose lipids, sophorolipids, cellubiose

lipids and rhamnose, 93–99% of the hydrocarbon mixture was degraded within

71–79 h, whereas in their absence 81% was degraded in 114 h. Jain et al. (1992)

showed that biosurfactants produced by Pseudomonas aeruginosa UG2 enhanced

the biodegradation of a hydrocarbon mixture in a silt loam soil. The biosurfactants,

having a CMC value of 18–19 mg/L, at the concentration of 100 mg/kg soil,

significantly enhanced the degradation of tetradecane, hexadecane and pristane at

20�C over a 2-month incubation period. Pristane is a highly branched recalcitrant

molecule in soil and in bioremediation experiments; Franzetti et al. (2009) showed

that bioemulsans, produced by Gordonia sp., were effective in increasing biodeg-

radation and decreasing the residual concentration of pristane in an artificially

contaminated soil. Bai et al. (1997) used rhamnolipids to remove up to 80% of

residual hydrocarbon (hexadecane) from sand columns (Table 9.1). They found that

mobilisation was the primary mechanism of removal while solubilisation was

insignificant. In further studies (Bai et al. 1998) they reported that the presence of

cations such as Na+ and Mg2+ improved the solubilisation of hexadecane. Increas-

ing concentration of the cations and lowering pH were associated with a reduction

in the interfacial tension that helped in solubilisation. Perfumo et al. (2007) reported

that the removal of hexadecane with the help of biosurfactants was enhanced by

increasing the temperature to 60�C as compared with the room temperature of

18�C. They suggested that thermally enhanced bioremediation can be used to

complement the biosolubilisation with biosurfactants. Zhang and Miller (1992)

showed the use of rhamnolipid to enhance the dispersion and biodegradation of

octadecane. Rhamnolipid (300 mg/L) increased the mineralisation of octadecane by

20% but the dispersion of octadecane was affected by pH. This might be due to the

influence of pH on the structure of rhamnolipids, which changes from lamellar

sheet to vesicles and micelles due to changes in pH (Champion et al. 1995; Ishigami

et al. 1987). When the pH increases from 5.5 to 8.0, there is repulsion between the

negatively charged head groups. This makes a bigger head diameter changing the

structure from lamellar to vesicles and to micelles.
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Some biosurfactants have been shown to remove both aliphatic as well as

aromatic hydrocarbons from the contaminated soil. For example, rhamnolipid

from P. aeruginosa UG2 removed both aliphatic and aromatic hydrocarbons

effectively from a sandy loam soil, which was artificially contaminated with these

hydrocarbons (Scheibenbogen et al. 1994). The extent of removal was dependent on

the type of hydrocarbon removed and concentration of surfactant used.

9.3.3 Removal of Petrochemical Mixtures

Most of the studies on the effect of biosurfactants on the removal of petroleum

hydrocarbons have been carried out using pure compounds. The information on

the effect of biosurfactants on removal and biodegradation of complex petrochem-

ical mixtures is rather limited (Mulligan 2005).There are few reports on the use of

biosurfactants in treating soil contaminated with petrochemical mixtures such as

crude oil, gasoline and diesel fuel. Biosurfactants help by either removing these

from soil or solubilising these prior to biodegradation. Application of different

biosurfactants to remove oil from a sandy loam soil collected from an oil-

contaminated site in an oil-refinery plant was studied by Lai et al. (2009). Using

a screening protocol to assess the efficiency of different surfactants to remove

total petroleum hydrocarbons from the contaminated soils, they showed that

biosurfactants had better removing efficiency than synthetic surfactants. At a

concentration of 0.2%, rhamnolipids and surfactin showed removal efficiencies

of 23 and 14% for slightly contaminated soil, and 63 and 62% for highly

contaminated soils, respectively. On the other hand, synthetic surfactants, Tween

80 and TitonX-100, showed only 6 and 4% of removal efficiencies for slightly

contaminated soil, and 40 and 35% for highly contaminated soils, respectively.

Removal efficiency increased with increasing concentration of biosurfactants but

was independent of time of contact.

9.3.3.1 Crude Oil

Crude oil, which is a complex mixture of many aliphatic and aromatic hydrocar-

bons, can be removed from contaminated soils by soil washing with biosurfactants

(Table 9.1). Using laboratory-contaminated soil, Urum et al. (2003) suggested that

temperature and concentration of biosurfactant are the most important parameters

governing removal of crude oil from contaminated soils. They showed almost 80%

of removal of oil from crude oil contaminated soil using rhamnolipids. In further

studies, they evaluated the ability of different biosurfactant solutions (aescin,

lecithin, rhamnolipid, saponin and tannin) to remove crude oil from contaminated

soil making measurements of surface tension, foaming and emulsification ability,

sorption to soil and solubilisation (Urum and Pekdemir 2004). Removal of oil by

biosurfactants was due to mobilisation caused by the reduction in surface tension,
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while solubilisation and emulsification had negligible effects. In general, the

biosurfactants with low CMC and high soil sorption value had stronger ability to

remove oil. The non-ionic biosurfactants produced by Rhodococcus ruber has been
shown to remove 65–82% of crude oil by mobilisation in soil washing from model

soil-packed columns heavily contaminated with crude oil (Kuyukina et al. 2005).

The biosurfactants were found to be more effective than the chemical surfactant,

Tween 60. The biosurfactants, BS29 bioemulsans, produced by Gordonia sp. has

been shown to remove 33% of crude oil from an artificially contaminated soil in

soil-washing experiments, although rhamnolipids were found to be more effective

in its removal efficiency (51%) (Franzetti et al. 2009).

Biodegradation of crude oil products in soil is often limited by their low water

solubility. Exogenous addition of biosurfactants enhances the bioavailability of

hydrocarbons and facilitates biodegradation by indigenous microbial population.

Abalos et al. (2004) showed that rhamnolipids from P. aeruginosa AT 10 enhanced

the bioavailability and biodegradation of crude oil by a microbial consortium.

Addition of rhamnolipid enhanced the biodegradation of total petroleum hydrocar-

bon from 32 to 61%. Biodegradation of isoprenoids from the aliphatic fraction, and

alkylated PAHs from the aromatic fraction, was particularly enhanced due to the

presence of biosurfactants. Cubitto et al. (2004) showed that surfactin from Bacillus
subtilis O9 stimulated the growth of microbial population which biodegraded crude

oil mixture in soil. The presence of surfactin accelerated the biodegradation of

aliphatic hydrocarbons, but the degradation of aromatic hydrocarbons was not

stimulated.

9.3.3.2 Gasoline

Small but continuous leakage of oil from gasoline stations has potential to contam-

inate soil and groundwater; therefore, effective strategies need to be developed to

treat gasoline-contaminated soils. Falatko and Novak (1992) showed that biosur-

factants increase the solubility of gasoline hydrocarbons. Using gasoline in a sand-

filled column, they monitored the effect of biosurfactants on the solubility

and biodegradation of the selected gasoline compounds (toluene, xylene, 1,2,4-

trimethyl benzene and naphthalene) and found that an increase in solubility was

greatest for the least soluble compound and least for the most soluble compound.

Rahman et al. (2002) treated gasoline-spilled soil with a mixture of bacterial

consortium, organic nutrients amendments and biosurfactants. Nutrients helped in

the growth of microorganisms which biodegraded hydrocarbons, and the presence

of biosurfactants solubilised hydrocarbons prior to microbial degradation.

9.3.3.3 Oil Sludge

Biodegradation of oil sludge by microbial consortium is enhanced by biosurfactants

and nutrient supplementation. Rahman et al. (2003) showed that treatment of an oil
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sludge contaminated soil with a bacterial consortium supplemented with rhamno-

lipid and a nutrient solution containing nitrogen, phosphorus and potassium resulted

in about 70–100% biodegradation of various hydrocarbons. Rhamnolipid enhanced

the bioavailability of hydrocarbons to the microbial consortium leading to enhanced

biodegradation. Similarly, Cameotra and Singh (2008) showed that a microbial

consortium made up of two isolates of P. aeruginosa and one of Rhodococcus
erythropolis could remove more than 98% of hydrocarbon from the soil contami-

nated with oily sludge when the consortium was supplemented with a nutrient

mixture and a crude biosurfactant preparation (rhamnolipids) from one of the

members of the consortium.

9.3.3.4 Diesel

Application of biosurfactants to enhance biodegradation of diesel in contaminated

soils has been studied using rhamnolipid and surfactin (Whang et al. 2008). Both

biosurfactants reduced surface tension and increased solubility of diesel. In a diesel-

contaminated sandy loam soil, addition of rhamnolipid and surfactin resulted in

total petroleum hydrocarbon–diesel biodegradation efficiency of 97 and 76%,

respectively. The biosurfactants also stimulated growth of indigenous microorgan-

isms which enhanced bioremediation of diesel-contaminated soil.

9.3.4 Biodegrading Bacteria as Biosurfactant Producers

Biosurfactants are generally added exogenously to enhance the bioremediation of

hydrocarbon-polluted soils by indigenous microbes (Abalos et al. 2004; Cubitto

et al. 2004). In some cases, the biodegrading bacteria themselves may be producing

biosurfactants. This offers the advantage of continuous supply of biosurfactants

making the process more economical. Das and Mukherjee (2007) showed that

P. aeruginosa and B. subtilis enhanced the solubility and biodegradation of petro-

leum hydrocarbons in the soil contaminated with crude petroleum oil hydrocarbons.

These bacteria produced biosurfactants which solubilised the hydrophobic oil

hydrocarbons prior to biodegradation. A Pseudomonas sp. which is capable of

degrading naphthalene has also been shown to produce a biosurfactant that

enhances the solubility of naphthalene by more than 30 times than its aqueous

solubility (Vipulanandan and Ren 2000). Another bacterium, Pseudomonas fluor-
escens, utilises various petroleum hydrocarbons including both aliphatics and

aromatics by its ability to produce biosurfactants (Barathi and Vasudevan 2001).

These substrates have low water solubility and may not be available for biodegra-

dation but emulsification by biosurfactants help in their utilisation by the bacteria.

Similarly, Lu et al. (2006) reported that Pseudomonas sp., Flavobacterium sp. and

Rhodococcus sp. isolated from the contaminated soil near a gas station produced

biosurfactants and were also capable of degrading gasoline and diesel oil. They also
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found that the consortium of biosurfactant-producing bacteria was more effective

than individual isolates and could be used for the remediation of soils contaminated

by gas station leakage.

9.3.5 Importance of the Structure of Biosurfactants

Structure of a biosurfactant may act as a determinant factor for the bioremediation

of hydrocarbons in soil. The lactonic form of sophorolipids has been found to

inhibit hexadecane biodegradation while the acidic form stimulates it (Ito and Inoue

1982; Ito et al. 1980). The methyl ester form of rhamnolipids has been found to be

more effective bio-degrader of hexadecane and octadecane than the acid form

(Zhang and Miller 1995). Structural differences may impart different physicochem-

ical properties to biosurfactants that may guide the efficiency of biodegradation and

bioremediation. The methyl ester form of rhamnolipid lowers interfacial tension to

<0.1 dyne/cm while the acid form lowers it only up to 5 dyne/cm (Zhang and Miller

1995). The carboxyl group of the acid form of rhamnolipid confers it a negative

charge which interacts better with water than with alkanes, thus it is less effective in

reducing the interfacial tension. On the other hand, the methyl ester form of

rhamnolipid lowers the interfacial tension more and acts as a better dispersant

of alkanes. However, because of its low water solubility, the methyl ester form of

rhamnolipids may not be suitable for environmental applications. Therefore, it was

proposed that a mixture of methyl ester and acid forms of rhamnolipids in 1:1 ratio

would be more effective for alkane biodegradation (Zhang and Miller 1995).

Another study on the biodegradation of phenanthrene using monorhamnolipid

and dirhamnolipid produced by Pseudomonas sp. also emphasised on the impor-

tance of structure of the biosurfactants in determining the solubility and bioavail-

ability of hydrocarbons for biodegradation (Zhang et al. 1997). Although the

stimulation of biodegradation was similar for both types of rhamnolipids, mono-

rhamnolipid was found to be more effective for the solubilisation of phenanthrene

while the bioavailability of phenanthrene was more within the micelles of

dirhamnolipid.

9.4 Use of Biosurfactants in Removal of Heavy Metals from Soil

The most hazardous heavy metals in the EPA list of priority pollutants include

cadmium, copper, lead, mercury, nickel and zinc. These metals, unlike hazardous

organic contaminants, cannot be degraded or detoxified. They not only impact

microbial flora in soil but also contaminate groundwater resulting in potential

toxicological impact on human health with mutagenic and carcinogenic effects.

Due to their anionic nature biosurfactants can be used for bioremediation of heavy
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metals from soil (Table 9.2). The mechanism of removal essentially involves the

formation of ionic bonds between anionic biosurfactants and cationic toxic metals.

If these bonds are stronger than that of metal with soil, the biosurfactant–metal

complex can be easily flushed out by pumping water through soil to remove metal

contaminants. Being smaller in size, biosurfactants are more effective than micro-

bial whole cells or exopolymers used for bioremediation (Herman et al. 1995;

Tan et al. 1994). Molecular weight of biosurfactants is generally <2,000 while

that of exopolymers is about 106. The vesicles and micelles of the most commonly

used biosurfactant, rhamnolipids, are <50 nm and <5 nm in diameter, respectively

(Champion et al. 1995). The size of these aggregates is dependent on pH but in both

acidic and basic conditions it is small enough for easy flow and not to get filtered by

soil pores of size ~200 nm (Dahrazma et al. 2008). Small-sized metal–biosurfactant

complex is easily removed during soil washing, whereas the bigger cells or exopo-

lymers complexing with metals get filtered by small pores of soil. The efficiency

of removal of metal contaminants from soil is dependent on various factors

such as type of biosurfactant, type of soil, pH of soil, particle size and type of

metal contaminant.

9.4.1 Removal of Cadmium

Cadmium is an acutely toxic heavy metal. Cadmium along with lead and mercury

are the three most hazardous heavy metals for the environment and human beings.

Cadmium is used in electroplating, paint pigments, and nickel–cadmium bat-

teries. It gets accumulated in soil due to fertilisers, industrial waste disposal and

sewage disposal. Biosurfactants, particularly rhamnolipids, have been shown to

remove cadmium from soil (Herman et al. 1995; Tan et al. 1994; Torrens et al.

1998) (Table 9.2). Asci et al. (2008a) demonstrated that rhamnolipid from

Pseudomonas removed 96% of cadmium from the soil components, K-feldspar

and sepiolite. They suggested that their technique could be modified to remove

cadmium from waste waters. In another study, they reported that rhamnolipids at

pH 6.8 removed 71.9% of cadmium from another soil component, kaolin (Asci

et al. 2007).

Removal of cadmium from soil is also important for effective biodegradation of

organic contaminants in soil because the presence of heavy metals such as cadmium

often hampers the biodegradation of organic material (Said and Lewis 1991).

Sandrin et al. (2000) showed that metal-complexation by rhamnolipid reduced the

cadmium toxicity and allowed enhanced biodegradation of an organic contaminant

of soil, naphthalene. They demonstrated that rhamnolipid not only complexed with

cadmium but it also induced the release of lipopolysaccharide that altered the

surface of the cell. They proposed that metal complexation together with cell

surface alteration reduced the uptake and toxicity of cadmium to biodegrading

bacteria, resulting in enhanced bioremediation.
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9.4.2 Removal of Lead

Lead contamination of soil is an important environmental problem. It is used in

smelters, solder, paint and batteries. It gets into soil from fossil fuel combustion,

landfills and battery disposal. Lead can be effectively removed from soil using

biosurfactants (Herman et al. 1995; Juwarkar et al. 2007) (Table 9.2). Juwarkar

et al. (2007) showed that rhamnolipid can be used to remove lead along with

cadmium from soil. In their experiments, rhamnolipids removed 88% of lead and

92% of cadmium from soil within 36 h. Low concentrations of biosurfactant (0.1%)

used for this purpose had no toxic effect on the microbial population of soil

suggesting that biosurfactants can be used effectively for heavy metal bioremedia-

tion without destroying the soil structure. Kim and Vipulanandan (2006) showed

removal of lead from water and contaminated soil (kaolinite clay) using a biosur-

factant isolated from Flavobacterium. Their FTIR study showed that carboxyl

group of the biosurfactant was effective in lead removal.

9.4.3 Removal of Arsenic

Arsenic is a toxic heavy metal which gets added to soil because of various human

activities such as mining, fossil fuel combustion, pesticides and industrial waste

(Wang and Mulligan 2006). Wang and Mulligan (2009a, b) explored the use of

rhamnolipids in bioremediation of arsenic from mine tailings (Table 9.2). They

found that rhamnolipid could be used to enhance mobilisation of arsenic in alkaline

conditions. Rhamnolipid mobilised not only arsenic but also other heavy metals

such as copper, lead and zinc. Arsenic mobilisation was found to be positively

correlated with the mobilisation of iron and other heavy metals suggesting that

mobilisation of co-existing metals may enhance arsenic mobilisation in the pres-

ence of rhamnolipids by incorporating it into aqueous organic complexes or

micelles through metal-bridging mechanisms. Biosurfactant foam technology can

also be used for bioremediation of arsenic contaminated soil (Wang and Mulligan

2004a, b). Nutrients or microbial cells can be delivered to the subsurface increasing

availability of iron and arsenic to microorganisms.

9.4.4 Removal of Zinc and Copper

Zinc and copper are not as toxic heavy metals as cadmium or lead, but high levels of

these metals may get accumulated in soil causing toxicity. Zinc enters soil from

galvanizing plant effluent, burning of coal and waste and municipal waste.

Increased levels of copper in soil occur due to fertilisers, pesticides, agricultural

and municipal waste. Rhamnolipid has been found to remove zinc from soil at near
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neutral pH (Table 9.2). Asci et al. (2008b) showed removal of about 98.9% of zinc

from a soil component, Na-feldspar, at pH 6.8 using rhamnolipids. They suggested

that it was due to formation of small vesicles and micelles at pH > 6.0. The low

interfacial tension generally prevalent in this range helped in complexation of zinc

with the biosurfactant. Rhamnolipid has also been shown to remove copper from

soil (Table 9.2). Mulligan et al. (2007) showed that using 2% rhamnolipids at pH

6.5, 46% of copper could be removed from a construction site soil in Canada, and

84% of copper could be removed from lake sediment from Japan.

9.4.5 Removal of Multiple Heavy Metals Using Rhamnolipids

Rhamnolipids are the most commonly used biosurfactants for washing soils pol-

luted with heavy metals (Table 9.2). While rhamnolipids have been shown to

remove individual heavy metals from soil, there are also many reports indicating

its application to remove a combination of many heavy metals together from soil.

For example, Herman et al. (1995) showed that cadmium, lead and zinc were

removed from a sandy loam soil using rhamnolipid. Juwarkar et al. (2007) showed

that 92% of cadmium and 88% of lead were removed from an artificially contami-

nated soil using 0.1% rhamnolipid. Dahrazma and Mulligan (2007) showed that

about 37% of copper, 13% of zinc and 27% of nickel were removed from soil

sediments using 0.5% of rhamnolipid. The metal removal increased with increasing

concentration of the biosurfactant, and alkaline conditions (addition of 1% NaOH)

also enhanced the bioremediation process up to four times.

Even higher metal removal efficiencies can be achieved if foam technology is

applied to aqueous rhamnolipid solution. Formation of foam increases the flooding

efficiency of surfactant flushing resulting in enhanced removal efficiency (Jeong

et al. 2000). Mulligan andWang (2006) found that transfer from aqueous solution to

foam increased the efficiency of removal of heavy metals, although the concentra-

tion of the biosurfactant rhamnolipid was same (0.5%) in both aqueous solution and

foam. They showed that the aqueous solution of rhamnolipid removed 61.7% of

cadmium and 51% for nickel, while the rhamnolipid foam removed 73.2% of

cadmium and 68.1% of nickel from an artificially contaminated soil.

9.4.6 Removal of Heavy Metals Using Other Biosurfactants

Although rhamnolipids are the mostly reported biosurfactants for removing heavy

metals from soil, there are some reports available that show the capability of other

biosurfactants for heavymetal remediation of soil (Table 9.2).Mulligan et al. (1999a)

showed that surfactin and sophorolipid could be used to remove copper and zinc from

hydrocarbon-contaminated sandy soil. Surfactin removed about 70%of copper and 50%

of hydrocarbon, while sophorolipid removed 100% of zinc from the contaminated soil.
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Mulligan et al. (1999b) further showed that 0.25% of surfactin with 1%NaOH removed

25% of copper and 6% of zinc from a soil highly contaminated with metals and

hydrocarbons. Sequential extraction of soil with surfactin was able to remove 70% of

copper and 22% of zinc. It was postulated that metal removal occurred by sorption of

surfactin to soil interface, metal complexation, desorption of the complex through

lowering surface tension and micellar complexation. Mulligan et al. (2001) also eval-

uated the capacity of three biosurfactants (surfactin, rhamnolipid and sophorolipid) to

remove copper and zinc from soil sediments. In a single washing step, 0.5% of

rhamnolipid removed 65% of copper and 18% of zinc, and 4% sophorolipid removed

25% of copper and 60% of zinc. Surfactin was found to be less effective and removed

15% of copper and 6% of zinc. They suggested that biosurfactant form complexes with

metals, resulting in detachment of metal from soil in to the soil solution in which metal

gets associated with micelles of biosurfactant. In sequential extraction, they found that

rhamnolipid and sophorolipid removed organically bound copper while sophorolipid

removed carbonate and oxide-bound zinc. Franzetti et al. (2009) evaluated capability of

biosurfactants, BS29 bioemulsan produced by Gordonia sp., to remove heavy metals

from an artificially contaminated soil. Using soil-washing experiments they showed that

although rhamnolipids weremore effective, bioemulsans were also able to remove 17%

of copper, 19% of cadmium, 47% of lead, 31% of zinc and 25% of nickel from soil.

9.4.7 Removal of Transition Metals

The biosurfactant rhamnolipid has been implied to remove transition metal, chro-

mium, from contaminated soil. Chromium is a hazardous contaminant of soil. Its

hexavalent form, Cr(VI), is highly soluble and mobile, and is considered to be very

toxic having carcinogenic and mutagenic effects. However, its trivalent form,

Cr(III) is considered to be stable and immobile due to its low solubility. Cr(VI) is

treated by reducing it to Cr(III) but re-oxidisation of Cr(III) to Cr(VI) can cause soil

pollution. Massara et al. (2007) used rhamnolipids to remove chromium from

chromium-contaminated kaolinite. They showed that rhamnolipids had the capa-

bility to remove 25% of Cr(III) and enhance removal of Cr(VI) from soil. Rham-

nolipids reduced almost 100% of extracted Cr(VI) to Cr(III) in a period of 24 days

indicating that biosurfactants can be used for removal and conversion of Cr(VI) to

Cr(III).

9.5 Conclusion

Hydrocarbons and metal contaminants in soil are of great concern. A range of

aliphatic and aromatic hydrocarbons, including highly toxic PAHs, find their way

into soil by industrial disposal, and coal and crude oil processing. Heavy metals get

accumulated into soil by burning of fossil fuel and disposal of sewage, domestic and
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industrial waste. These pollutants get sorbed to the soil particles which decreases

their solubility and bioavailability. Soil remediation is dependent on increasing

their solubility and bioavailability into the aqueous phase of soil to facilitate their

removal or biodegradation. The synthetic surfactants used for enhancing solubility

may be toxic or resist biodegradation. Research indicates that biosurfactants are

eco-friendly alternative to the synthetic surfactants due to their low toxicity and

high biodegradability. Soil bioremediation is carried out by the addition of biosur-

factants, biosurfactant-producing microorganisms or nutrients which encourage the

growth of biosurfactant-producing microorganisms. Many lab scale studies per-

formed on the artificially contaminated soil add to the knowledge of capabilities

of different types of biosurfactants to remove various types of contaminants.

More lab and field investigations on the soil collected from the contaminated

sites will be beneficial for application of biosurfactants in large-scale environmental

applications.

High production cost of biosurfactants is a limiting factor for their wide appli-

cability. There are many considerations that can help. Crude biosurfactant prepara-

tions can be used because of the lesser requirement for the purity of compounds,

thereby reducing the cost of purification. Indigenous microorganisms can be sti-

mulated to produce biosurfactants by nutrient supplementation which is also a clear

advantage over synthetic surfactants. Recovery and reuse of biosurfactants in soil-

washing method can also reduce the economic cost considerably. Advances in

research on the cost-effective production of biosurfactants using cheap and renew-

able substrates will make the process economical.
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Chapter 10

Biological Control of Pests

Anu Kalia* and Rajinder K. Mudhar

10.1 Introduction

Plants are multicellular autotrophic eukaryotes that exhibit the characteristics such

as getting sick, exhibiting symptoms of disease and senescence, and finally death

occurs as it happens to animals and humans. The feature of getting sick reflects

onset and progression of a plant disease for which there are a series of causes both

biotic and abiotic factors such as environmental stresses, genetic or physiological

disorders, and infectious agents including bacteria, fungi, viruses, and viroids

(Montesinos 2000). However, among these varied factors microbes offer a dual

role; i.e., these could be the causative agents of a disease or could also act as

biocontrol agents by virtue of several unique mechanisms, pathways, secretions, or

products that emerge during plant–microbe interactions.

There are four types of biological control strategies, namely, conservation

(application of natural enemies occurring at a particular site), classical (introduction

of exotic natural enemies to a new locale where they did not originate or do not occur

naturally), augmentative (supplemental release of natural enemies at critical time in

season, i.e., inoculative release or simply huge release at one time, i.e., inundative

release), and importation biological control (cost-effective alternative to chemical

control for basic food crops of resource-poor farmers) (Bentely and O’Neil 1997).

The research and development activities on production, formulation, and use of

microbes as biocontrol agents have gained impetus in recent years for the sake of

sustainable agriculture. In modern agriculture, the increasing use of chemical pesti-

cide inputs has several drastic negative aftermaths, i.e., development of pest/pathogen

resistance to applied agents, their growing cost, and nontarget environmental impacts
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(Gerhardson 2002) besides consumer demand of pesticide-free food. That is why

biocontrol agents have emerged as an alternative or as supplemental forms for the

reduction of pesticide input or in certain instances biological substitutes to these

chemical poisons (Postma et al. 2003). The biocontrol measures, more appropriately

microbial control agents, include bacterial, actinomycetal, viral, and fungal forms

functioning in diverse ways to combat several pests, pathogens, weeds, and plant

parasitic nematodes that affect the productivity of crop, horticultural, and many other

plants. In simple terms, biological control could be defined as using biota to reduce

biota in cost-effective and environmentally safe manner. Natural biological control is

the reduction of pest organisms that occurs ‘for free’ since the evolution of the first

ecosystem some 500 million years ago, can be found in all ecosystems, and takes

place without human interventions (van Lenteren 2006).

10.2 Biological Control Agents

Biological control is defined as the reduction or protection of pest populations by

natural enemies such as use of predators (such as lady beetles and lacewings),

parasitoids (wasps species and some flies), and pathogens (bacteria, fungi, and

viruses) to curb insect pests, use of antagonists to control plant disease pathogens,

and application of herbivores and plant pathogens for curbing weeds (Van Driesche

et al. 2008). The buildup of the natural enemy populations could be done by

following management techniques such as plantation of cover crops, providing

nectar-producing plants and sources of alternate hosts in and around fields, and

interplanting different crops to provide habitat diversity, which results in enhanced

biological control of pests. Biological control thus involves the active manipulation

of natural phenomena making it most harmless, nonpolluting, and self-perpetuating

control method to control pests, pathogens, and weeds. In this chapter, more

emphasis would be on the types and application of microbial biocontrol agents.

Plant growth promoting rhizomicrobes (PGPR) and endophytes are natural

biocontrol agents. Based on the mode of action, Bashan and Holguin (1998) divided

PGPRs to ones that promote plant growth and the others with bioprotectant action.

Though the PGPRs are naturally present in the bulk soil, the number and activity is

meager in comparison to the rhizosphere, which is relatively rich in nutrients as

40% of plant photosynthates are lost from roots in this region only (Bloemberg and

Lugtenberg 2001).

Endophytes are bacterial and fungal forms which are present entirely within

living host plant tissues asymptomatically and do possess potential as probable

biocontrol agents (Wilson 1995). The common bacterial forms include the broader

range of the PGPRs that enter root interior by crack entry or entry at the site of

injury and establish intercellular endophytic populations and may involve the

interplay of chemical signals between the endophyte and host as in the case of

root nodulating bacteria/mycorrhiza (Gray and Smith 2005). The entry of the

endophytic fungi and bacteria could also occur through other open gateways such
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as stomata, lenticels, wounded aerial parts, and floral parts, while the extent of

infection to the internal most tissues reflects the fine-tuned selective adaptations

of the endophyte(s) to inhabit these specific niches. These endophytes may be

seed-borne or rhizosphere-derived and could exhibit plant or host specificity or

could also exhibit nonhost specificity particularly for the opportunistic endophytes.

The common root tissues inhabited by the endophytic bacteria after entry are the

interspaces between the epidermal cells, below collapsed epidermal cells, within

epidermal cells, and inside intercellular spaces in the root cortex.

Sessitsch et al. (2004) isolated seven endophytes from potato that were antago-

nistic to the fungal and the bacterial pathogens and were considered as promising

biocontrol agents. Endophytic fungi have been identified in woody plants, trees,

shrubs, ferns, and grasses (Saikkonen et al. 1998), which range from ecto- to

endomycoorhizal as well as other fungal forms that inhabit the host tissues to either

enhance the systemic resistance or block the receptor sites for attachment or

adsorption during entry of the pathogen. The best-studied plant–fungal association

is the mycorrhizal forms, particularly arbuscular mycorrhizal (AM) association to

be the most common (Harrier 2001).

10.3 Mechanism of Biocontrol

Biological control using microbial agents can occur through various modes; how-

ever, the chief one includes competition for an ecological niche or a substrate,

production of inhibitory allelochemicals, and development of induced systemic

resistance, i.e., ISR (Compant et al. 2005).

10.3.1 Competition for an Ecological Niche or a Substrate

Competition for nutrients supplied by root exudates occurs between beneficial

rhizobacteria and pathogens on the root. Similarly, the introduced microbial bio-

control agents establish large populations on the surface of the planting material

and roots, thereby acting as partial sink for nutrients in the rhizosphere. This may

result in reduction in the amount of carbon and nitrogen available to stimulate

germination of spores of fungal pathogens or for subsequent colonization of the

roots. Fluorescent pseudomonads are especially suited for rapid uptake or scaveng-

ing of nutrients, since they are nutritionally versatile and grow rapidly in the rhizo-

sphere. The rapid colonization of the biocontrol agent results in niche hijacking,

which not only helps in adsorption of the inoculated biocontrol agent onto clay

particles, root surface, and internal tissues but also helps in evading the soil-borne

pathogens by clogging of the surface binding ligands/receptors on the root surface

and restricts the attachment and entry of the pathogen. The colonization of the

inoculated biocontrol agent could be selective or preferential due to production of

intricate host–microbe interaction signals.
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10.3.2 lron Competition and Role of Siderophores

Among various mechanisms of biocontrol, the pathogen could be suppressed by

depriving it of nutrients and iron competition is one such mechanism. Iron, though

abundant in earth’s crust, exists in highly insoluble form (ferric hydroxide) and is

sparingly available (<10�8 M in soil solutions at neutral pH) to organisms. This

helped in the evolution of high-affinity iron uptake system in bacteria, i.e., side-

rophores (low-molecular weight Fe-binding ligand) to shuttle iron into the cell, e.g.,

production of pseudobactin siderophore by fluorescent pseudomonads. Siderophore

synthesis is affected by a myriad of environmental factors such as pH, level, and

form of iron/iron ions, the presence of other trace elements, and an adequate supply

of essential nutrients such as C, N, and P (Timms-Wilson et al. 2000). Bacterial
siderophores contribute to the suppression of certain fungal and oomycete diseases

(Buysens et al. 1996) by depriving the pathogenic fungus of the essential iron

element as fungal siderophores have lower affinity to sequester iron (Loper and

Henkels 1999). The siderophores could provide iron not only to the microbial cell

producing it but also to the other neighboring microbes in the ecological niche and

even plants, i.e., the phenomenon of heterologous siderophores.

10.3.3 Production of Allelochemicals for Suppression
of Pathogen

The biocontrol action of majority of microbes is widely due to the phenomena of

antibiosis or production of secondary metabolites or other compounds/products that

either kill the pathogen or suppress one/more stages of life cycle/growth. Usually,

colonization or even the initial population size of the biocontrol agent suppresses/

modulates the pathogen from farther distances by production of quenchers or

allelochemicals.

Antibiosis by production of antibiotics and bacteriocins is the most common

mechanism of biocontrol, which may be because it is effective for suppressing

pathogens in the rhizosphere and is often attributed to the production of antibiotics

or other secondary metabolites. The fluorescent pseudomonads represent a unique

example of antibiosis against root pathogens as these rhizobacteria produce a

variety of antibiotics on roots grown in soil (natural niches), particularly the

phenazine derivatives active against the take-all disease in wheat. The most

frequently detected classes of antibiotics or antifungal metabolites (AFMs) pro-

duced by Pseudomonas biocontrol strains include phenazines, pyrrolnitrin,

2,4-diacetylphloroglucinol, and pyoluteorin, while new AFMs belonging to the

class of cyclic lipopeptides, such as viscosinamide (Nielsen et al. 1999) and tensin
(Nielsen et al. 2000), have also been discovered. The Pseudomonas fluorescens
strain CHAO produces 2,4-diacetylphloroglucinol and pyoluteorin, which directly
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interfere with growth of various pathogens and contribute to disease suppression

(Maurhofer et al. 1994) and also there exists a quantitative relationship between

antibiotic production and disease suppression. Bacilli, the endospore forming

bacteria, are the other common bacterial forms that have great potential as biocon-

trol agents. Bacillus cereus suppresses diseases caused by the oomycetes fungi by

production of two antibiotics: zwittermicin A (aminopolyol) and kanosamine

(aminoglycoside) as reported by Milner et al. (1996). The antimicrobial com-

pounds produced by the inoculated biocontrol agent may induce fungistasis by

inhibiting the spore germination or may exert fungicidal effects by causing lysis of

fungal mycelia.

Another mechanism of antibiosis is by production of bacteriocins, which are

proteinaceous antagnostic substances belonging to important class of antibiotics

produced by bacteria that are lethal to other bacteria. These are usually peptides or

proteins that selectively kill related bacteria (of the same species or genus) but do

not affect other organisms. Bacteriocin-mediated antagonism is believed to occur in

virtually any niche colonized by bacteria. Bacteriocin production is detectable in

most strains of the human opportunistic pathogen Pseudomonas aeruginosa and has
been used to differentiate clinical isolates. Bacteriocins producing strains have been

identified among natural isolates of Rhizobium trifolii, R. leguminosarum,
R. japonicum, and cowpea rhizobia.

A number of alternate mechanisms have also been shown for the increased plant

growth and resistance to disease in plants inoculated with biocontrol bacteria. The

production of potent extracellular lytic enzymes such as chitinases and laminar-

inase, capable of destroying fungal cell walls of Fusarium and other fungal patho-

gens, by some isolates of rhizospheric bacteria such as Pseudomonas stutzeri and
Serratia marscens, (cultures or cell-free extracts) is one of the several possible

mechanisms of disease control. Some of the specialized compounds and enzymes

are produced by biocontrol agents that are discussed here.

Biosurfactants are organic compounds produced by a variety of microorganisms,

including bacteria, fungi, and yeasts that alter the conditions prevailing at a surface

or interface and are also synonymously used with adjuvants or bioemulsifiers.

Biosurfactants include both the low-molecular mass compounds such as glycolipids

and lipopeptides (rhamnolipids, surfactin) and the high-molecular mass compounds

such as proteins and lipoproteins (de Souza et al. 2003). Nielsen et al. (2002) have
reported the role of rhamnolipids in the control of plant pathogenic fungi Pythium
aphanidermatum, Plasmopara lactucae-radicis, and Phytophthora capsici. The
actual mode of action of rhamnolipids is via cessation of motility and the lysis of

entire zoospore populations within <1 min as well as inhibitory activity against the

spore germination and hyphal growth of several fungal pathogens (Kim et al. 2000).
Common lytic enzymes excreted by certain soil bacteria (Streptomyces, Serra-

tia, Pseudomonas, Bacillus, and Paenibacillus) include hydrolases, chitinases,

laminarinase, b-1,3-glucanase, and proteases that help in suppression of the intrud-

ing fungal pathogen by lysis of cell wall and inhibition of spore germination/germ

tube elongation and hyphal growth. The inoculation of these bacteria may help in

the effective control of some of the notorious pathogens such as Botrytis cinerea,
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Sclerotium, Fusarium oxysporum, F. solani, Rhizoctonia solani, and Pythium
ultimum (Compant et al. 2005).

Virulence factors are the variety of compounds secreted by the intruding patho-

gen in the surroundings for hydrolysis of the host tissues, further encroachment to

deeper tissues, and easier absorption of the nutrients from the site of attack. The

biocontrol agents may help in curbing disease progression to deeper tissues as well

as pathogens by detoxification of virulence factors due to production of virulence

factor degrading/detoxifying compounds such as toxin-binding proteins (esterase)

and autoinducer signal degraders that quench pathogen quorum-sensing capacity,

thereby blocking the expression of numerous virulence genes (Compant et al.
2005).

Biopriming by PGPRs or preinoculation of plant roots or seeds with avirulent or

weakly aggressive strains of the disease-causing fungi can induce systemic resis-

tance (ISR) against pathogens/causative agents of disease(s). Van Peer et al. (1991)
have first observed the PGPR-elicited ISR in carnation (Dianthus caryophillus) to
Fusarium sp. induced wilt. Manifestation of ISR is dependent on the combination

of host plant and bacterial strain (Kilic-Ekici and Yuen 2004). This induced

resistance occurs in whole plant body via a salicylic acid-independent pathway

involving jasmonate and ethylene signals. The ISR is induced in response to diverse

compounds/macromolecules such as proteins (flagella, pilli, extrinsic or outer

membrane proteins, and low-molecular weight siderophores), lipopolysaccharides,

and volatile organic compounds of the bacterial cell (Van Loon et al. 1998).
The biopriming by PGPR that triggers ISR also alters host physiology and

metabolic responses in terms of increased accumulation of peroxidase, phenylala-

nine ammonia lyase, polyphenol oxidase, and/or chalcone synthase. Simulta-

neously, it increases the strength of plant cell wall by outer tangential thickening

of the exodermis, layer(s) of cortical cells, and deposition of callose, further leading

to an enhanced synthesis of plant defense chemicals (array of phenolics) upon

challenge by pathogens and/or abiotic stress factors (Nowak and Shulaev 2003).

The plant defense compounds include the phytoalexins, which are low-molecular

weight antimicrobial compounds produced in the infected tissue by the plant itself

under stress conditions or in response to pathogenic invasion. The phytoalexin

production is considered as an additional mechanism of disease suppression in

plant–pathogen relationships.

10.4 Biopesticides

A large number of microbial species as well as large organisms belonging to

various groups have potential as biological control agents for array of pathogens

such as insects, fungi, and bacteria. Thus, these could act as bioinsecticides (due to

entomopathogenic action), biofungicides (for evading fungal pathogens), and bio-

herbicides (for destruction of weed plants).
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10.4.1 Bioinsecticides

These refer to a range of genera of entomopathogenic organisms including bacteria,

viruses, protozoans, and nematodes that could be used as a tool of integrated pest

management (IPM) (Gnanasambandan et al. 2000). Like other natural enemies,

these pathogens can exert considerable control on the target pest population and

help decrease it to safe levels (Verma and Dubey 1999).

10.4.1.1 Entomopathogenic Bacteria

Bacteria which are used for the control of insect pests are Bacillus thuringiensis,
Bacillus papilliae, Bacillus sphaericus, Pseudomonas fluorescens, and Serratia
entomophila. Of all these, that have been evaluated, the most attractive by far has

been the bacterial insect pathogen, Bacillus thuringiensis. It is gram-positive,

aerobic, sporulating rod-shaped bacterium that produces proteinaceous parasporal

inclusions during sporulation including delta endotoxin, beta, alpha, and gamma

exotoxins, which are highly insecticidal at very low concentrations. The specific

toxicity of these crystalline inclusions against insect pests makes this organism a

potential agent for biological control. There exists 34 recognized species of

B. thuringiensis including most commonly used subspecies kurstaki, israelensis,
and tenebrionis active against lepidoptera, diptera (mosquitoes and blackflies), and

Leptinotarsa decemlineata (Whalon and McGaughey 1998). The crystal proteins

are biodegradable and are specific to each subspecies/strain and are coded by a

single plasmid-borne gene. These crystalline proteins have the basic target being

the insect midgut columnar epithelial cells and result in decreased absorption of

minerals and nutrition from midgut and finally death of the columnar cells. To date,

Bt-based formulations (67 registered products with more than 450 formulations)

occupy key position accounting for nearly 90% of total biopesticide sales (Neale

1997). Though it is observed to date, except for a few reports that B. thuringenisis-
based products are cost-effective, very specific to target pest species, and safe to

people and the environment, but the survival of the Bt products or formulations in

the market is purely governed by the cost-effectiveness and field efficacy criteria

followed by safety issues as development of resistance toward one or other type of

the Bt subspecies.

10.4.1.2 Entomopathogenic Viruses

The entomopathogenic viruses, particularly baculoviruses, offer a promising option

of biocontrol second only to bacteria in terms of population, adoption, and success.

These are naturally occurring pathogens that are specific for a single or a few

related insect species making them environmentally safe (produce no toxic resi-

dues, are harmless to nontarget organisms such as beneficial insects and vertebrates,
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and pests do not exhibit major resistance). Insect viruses are attractive as biological

control agents and could be a feasible alternative to chemical insecticides in the

management of insect infestations (Sun and Peng 2007).

Baculoviruses belong to virus family baculoviridae (large enveloped viruses)

having two prominent members, namely, Nuclear Polyhedrosis virus (NPV) and

Granulovirus (GV), which display the greatest microbial biocontrol potential

(Moscardi 1999) due to their exclusive pathogenicity to arthropod insects spanning

over 400 insect species of Lepidoptera (butterflies and moths) and Hymnoptera

(sawflies) classes besides members of Coleoptera (beetles), Diptera, and decapoda

crustaceans (Gupta et al. 2007). These viruses consist of a large, double-stranded

covalently closed circular DNA (varying from 80 to 180 kbs) as genetic material

(DNA viruses), which is enclosed within an occlusion body composed of polyhe-

dron (Vail et al. 1999). The virus action initiates by afflicting the insect larvae

causing their paralysis and subsequent liquefaction, which allows the release of

progeny virus, produced from the insect biomass. The specificity and production of

secondary inoculum make baculoviruses an attractive alternative to broad-spectrum

traditional insecticides and ideal components of the IPM system (Sankarama 1999).

The problem related to long duration (more than a week) for causing infection

and further killing of the insect larvae by the inoculated baculoviruses has to be

amended by manipulation of the baculovirus genomes that would enhance the

speed of kill by combined action of baculoviral pathogenicity with the insecticidal

action of toxin, hormone, or enzyme, which is active on insects. Recombinant

baculovirus technology has been used to improve the insecticidal qualities of

baculoviruses and employed for the expression of foreign proteins. In general, the

foreign genes are inserted into the baculoviral genome into the polyhedron gene

(polh) locus that encodes the occlusion body protein; however, other gene insertion
loci (p10) or the nonessential regions of the baculoviral genome have been identi-

fied as field stability of the recombinant virus requires intact polh loci. Genetic

engineering could be performed using genes of various origins such as Bt gene,

scorpion toxin (BelT/AaIT) gene, straw itch mite toxin (TxP1) gene, and insect

hormone genes such as diuretic hormone from Manduca sexta that alters the larval

fluid metabolism, eclosion hormone associated with ecdysis from M. sexta that

causes initiation of the eclosion behavior in the inoculated larvae, and ecdysteroid

UDP-glucosyltransferase (egt) juvenile hormone esterase (JHE) expression in

baculovirus (Lasa et al. 2009) that results in stopping of larval feeding and com-

mencing of molting stage (Bonning and Hammock 1996).

Baculoviruses primarily infect the larval stage of the insect with infection

occurring accidentally during feeding of the larvae on the plant foliage. The viral

polyhedra taken up during the feeding process are solubilized in the alkaline

environment of the midgut to release the infective virions. The virions now repli-

cate within nuclei of the epithelial cells lining the midgut to release more infecting

virion units in budded form within 10–12 h of infection or the virions get occluded

within the polyhedra late in the infection process. The death of the larvae com-

mences as the larvae no longer feed on the plant tissues. Tissue liquefaction and

then rupture of these cells upon death of the infected larvae liberate masses of these
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polyhedra in the soil environment where they lie highly stable persisting for many

years (Cory and Bishop 1995).

Commercially, the baculovirus products are mostly produced in the form of

concentrated wettable powders apart from liquid or granular forms. As the ultravi-

olet (UV) radiations (l ¼ 290–320 nm) completely inactivate the virus, UV pro-

tectants such as metallic oxides are used besides the addition of anti-evaporants and

spreaders/wetting agents to the virus formulations. On field application, these

viruses generally fail if not applied at right place and right time; thus, information

regarding the insect behavior on the crop after hatching, its distribution within the

crop in each instar, and the area of foliage ingested per instar all determine effective

use of the virus (Simon et al. 2008). Moreover, the baculoviruses also exhibit

temperature and contaminant sensitivity (Lasa et al. 2008). Since the baculoviral

mass production depends on the availability of the host insect larvae, new methods

of rearing and multiplication are being sort for like culturing of viruses in insect-

derived cell lines (Hardin 2002; Rodas et al. 2005).

10.4.1.3 Entomopathogenic Fungi

In spite of the recent advances in insect pathology, the study of mycoses caused by

entomogenous fungi has held a relatively modest position. Association of fungi

with insects is well known and over 750 species of nearly 100 genera are found in

the division Eumycota and in the following subdivisions: Mastigomycotina, Deu-

teromycotina, Zygomycotina, Ascomycotina, and Basidiomycotina (Tanada and

Kaya 1993). Among these fungal classes, many entomopathogenic fungi, especially

those in the order Entomophthorales, are responsible for epizootics that often

successfully regulate pest insect populations and the most common method of

employing fungi for insect control is through inundative means (Marrone 2002).

Some of the genera that have been most intensively investigated for mycoinsecti-

cides are Beauveria, Metarhizium, Verticillium, Poecoelomyces, Nomuraea,
Erynia, Entomophthora, Zoophthora, etc. The first two genera, i.e., Beauveria and

Metarhizium have been identified from 700 and 300 species of insects respectively

and have been used on a large scale over a number of years in different countries

(Narayanan 2002).

Differing from bacteria and viruses, fungi can infect insects not only through the

gut but also through spiracles and particularly through the surface of the integument

(Shah and Pell 2003). Omission/failure of these fungi at attachment site followed by

spore germination and penetration of the insect cuticle will produce low virulent

fungi, though they might have high toxin biosynthetic capability (Arora and

Dhaliwal 2001). Beauveria bassiana is a common soil-borne fungus that occurs

worldwide and attacks a wide range of both immature and adult insects (Khacha-

tourians et al. 2002). It causes white muscardine disease and is useful in the control

of Japanese corn borer, white flies, aphids, grasshoppers, Colarado potato beetle,

Japanese beetle, boll weevil, and codling moth. Sheeba et al. (2001) have reported

the efficacy of Beauveria bassiana for the control of rice weevil. Similarly, another
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epizootic fungi used as bioinsecticide is Metarhizium anisopliae, which is a soil-

borne fungus that causes green muscardine disease and could be used to control

locusts, grasshoppers, termites, curculionids, and scarbeids. Fungal activity is

positively associated with high humidity and rainfall with infection levels that

remain higher under well watered conditions for the introduced resting spores

(Kaaya and Hassan 2000). Lacey et al. (2001) have reported the inoculation effects

of mycoinsecticide Entomophaga maimaiga on all larval instars of gypsy moth that

were susceptible to infection by E. maimaiga.
Technical efficacy, and to a lesser extent practical efficacy, is essential for

success, and major advances have been made in the production, formulation, and

application of hyphomycete fungi as mycoinsecticides. In this respect, the develop-

ment of entomophthoralean fungi as mycoinsecticides has been beset by technical

difficulties. Obstacles mainly relate to mass production and the size and stability of

propagules for storage and formulation (Pell et al. 2001; Shah and Pell 2003).

10.4.1.4 Other Entomopathogenic Organisms

Apart from the most popular Bt, baculoviral, and fungal bioinsecticides, other types

of bioinsecticides, called biochemical insecticides, are also used for certain special

types of insect pests. The general classes included are the protozoans, nematodes,

and even insects parasitizing on the pest insects as well as some insect chemicals

against the biochemical processes involved in insect signaling/communication and

reproductivity.

Insects get infested and get killed by many protozoan diseases caused by

chronic infection of host-specific protozoan genera and thus these eukaryotic

microbes comprise an important regulatory role in insect population. The general

mode of action of these entomopathogenic protozoans is through debilitation of

the overall fitness and reproduction, thereby decreasing host vigor and longevity

by acting as chronic debilitating agents. Nosemia fumiferarae is one such typical

protozoan being exploited for the management of spruce budworm. “Noloc” is the

formulation based on N. locustae produced by a private company M/s Sandoz

Inc., which is used against grasshoppers. Varimorpha necatrix is another proto-

zoan that infects 36 lepidopteran pests and has peculiar abilities of high virulence

and wide host range, making it an attractive candidate for functioning as better

microbial control agent.

Entomopathogenic nematodes parasitizing on insects either alone or sometimes

in combination with bacteria may be used as bioinsecticides (Smart 1995).

A plethora of nematodes belonging to more than 30 families are observed to be

associated with insects and other vertebrates among which members belonging to

seven nematodal families have been most studied and are observed to have active

bioinsecticidal activities. The nematodes share a symbiotic relationship with

the prokaryotic bacterial genera, which equip these bacteria harboring nematodes

to be highly virulent in behavior so that it can kill its host within 48 h through the

action of the mutualistic bacteria. Bacteria involved in this interaction belong
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generally to genus Xenorhabdus, with X. luminescens and X. nematophilus. Bacteria
alone cannot do any damage to the insect host, while nematodes in the absence of

bacteria reproduce very poorly, and therefore, fail to cause any pathogenicity. It is the

mutualistic nematode bacteria complex that enhances nematode reproduction and

ultimately kills the insects (Kaya and Gaugler 1993). Neoplectana carpocapsae
vectors a bacterium that builds up in the body cavity of the insect and can cause

septicemia followed by insect death. The general insect pests that are targeted by

nematodal biopesticides include the soil insects and those that live under cryptic

habitat conditions such as citrus root weevil and black cutworm. Ishibashi and Choi

(1991) have reported the efficacy Aphelenchus avenae to suppress infection of the

turnip moth Agrotis segetum.
These entomopathogenic nematodes could be reared and mass produced on

artificial chemically known solid/liquid monoxenic media or by in vivo cultivation

using suitable host insect. However, the generally field applied/commercial for-

mulations that demand longer shelf life of the product at room temperature (at least

6 months) and ease of application over several acres of land exist in the form of

wettable dispersible granules containing infective juveniles. The five species of

nematodes that are being sold commercially as bioinsecticides are Steinernema
carpocapsae, S. riobravis, S. feltiae, Heterorhabditis bacteriophora, and H. megidis.
The nematodes being sensitive to several biotic and abiotic factors could be

genetically manipulated for enhanced killing by virtue of better resistance to altered

environmental conditions particularly high temperature stress, increased virulence,

and search capacity.

More than 150 species of natural enemies (parasitoids, predators, and pathogens)

are currently commercially available for augmentative forms of biological control

(van Lenteren 2005). The natural insect parasites include the organisms such as

lacewings, mites, and lady beetles, which feed on a number of their natural prey

insects. They often attack different life stages of the pest and even different pest

species. Trichogramma wasps are known to act as parasitoids for many caterpillar

pests and are highly effective in curbing caterpillar infestation. It parasitizes the

eggs of the pest species, killing the pest before any feeding injury (Fouche et al.

2000). The advantage of using parasites is that they are usually extremely well

adapted to their natural host and are very good at finding their host pests even when

numbers of the pest are relatively low. Moreover, it becomes unlikely that resis-

tance will develop to a control agent, and in many cases, the control can be self-

perpetuating over long periods of time (Bale et al. 2008).

Spiders are voracious predators of insects. They are well adapted to certain

habitats because of their ability to withstand periods of low food availability and

also to take advantage of periods of prey abundance. Spiders are important pre-

dators of pests of cotton, rice, apple, banana, and various other crops and planta-

tions. In India and other tropical countries, the giant crab spider, Heteropoda
venatoria, is a commonly found predator of cockroaches in crevices and cracks

(http://tcdc.undp.org/Sie/experiences/vol4/Rearing%20spiders.pdf). Suppression of

insect pests such as plant hoppers and leafhoppers in the rice fields can also be

performed by spiders. Moreover, the pest resurgence after insecticide spraying could
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be linked to the negative impact of insecticides on spiders and other natural enemies

(Sigsgaard 2000).

These are naturally occurring substances that control pests by nontoxic mechan-

isms and in contrast to conventional pesticides that directly kill or inactivate the

pest. Biochemical pesticides include substances, such as insect sex pheromones,

that interfere with mating (mating disruption), as well as various scented plant

extracts that attract insect pests to traps. If an area is saturated with the pheromone

of the pest insect, the message given out by individual insects is swamped, which

vigorously affects the mating process that now entirely depends on chance juxta-

position of a male and a female type of the target insect. Thus, either no progeny,

i.e., eggs are laid by the unmated insects, or even if the eggs are laid, they are

infertile.

10.4.2 Bioherbicides

Bioherbicides are the biocontrol agents applied for the control and eradication of

weed plants. Thus, the biological weed control involves inoculating/using living

organisms, such as insects, nematodes, bacteria, or fungi, to reduce weed popula-

tions. The basic purpose as well as mechanism of this control is similar to the

conventional chemical herbicides (Bishop 2000).

Since a variety of biocontrol agents could be used for curbing the growth of

weeds, there is a substantial variation in the mechanism of action followed by a

particular type of organism. Few biological control agents attach to roots and

thereby stunt plant growth particularly the root surface inhabiting bacteria (delete-

rious rhizobacteria) that release toxins, which causes stunting of the root. However,

the fungal bioherbicides exhibit first the infection of the roots followed by disrup-

tion of the water transport system of the root, which reduces leaf growth. Biocontrol

of herbicides also involves the use of macroorganisms such as beneficial insects and

nematodes that feed directly on the weed roots, thereby causing injury which allows

bacteria and fungi to penetrate or may voraciously devour on the aerial stem and

leaves of the inoculated plant, thus reducing the leaf surface available for energy

capture.

Two types of bioherbicides that have been proposed and utilized commercially

for control of weeds include natural plant products, i.e., allelochemicals and

mycoherbicides (active fungal cultures for target-specific control). Mycoherbicides

have gained impetus regarding their application and production due to the target

host specificity of the plant pathogenic fungus as well as the convenient cultur-

ability of these microbes under standard lab conditions because most of them are

not fastidious in nutritional requirements for their growth and mass production.

Green (2003) reviewed the possible use of fungal herbicides for biocontrol of

forest weeds that compete with the young tree saplings in woodlands and decrease

the growth in commercial tree plantations in the UK. He reported the greatest

potential for the application of a wood-rotting fungus as a bioherbicide stump
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treatment for Rhododendron. The basic mechanism of mycoherbicidal control is

invasion of vascular tissue once host tissues are encountered resulting in stunting or

killing of the invaded plant; however, the mortality is less (around 25%) under field

conditions. Thus, to increase the mortality rate of the weed plants, it is prerequisite

to increase the virulence of the fungus. Tiourebaev et al. (2000) have reported

improvement in virulence of mycoherbicides by method of amino acid excretion

and suggested incremental increase in virulence by selection for additional excre-

tion of the same or different amino acid. Ortiz Ribbing and Williams (2006) have

reported the use of two fungal pathogens for biological weed management of

several Amaranthus species, some of the biotypes of which have developed resis-

tance to multiple herbicide families. They observed 80–100% seedling mortality for

A. albus and A. blitoides, 14–15 days after transplantation for the mixture or

Microsphaeropsis amaranthi alone, in greenhouse and field trials.

10.4.3 Biofungicides

Biofungicides are the type of biopesticides used to curb and control fungal plant

pathogens by introduction/inoculation of microbial live cells in or onto the plant. It

also includes engineering of the genes into the plant genome, resulting in the

production of compounds that lead to fungal pathogen control or the generation

of a hypersensitive response through resistance genes/manipulation of genes

involved in systemic acquired resistance. The general inoculant used and supplied

commercially as biofungicide is Trichoderma sp.; however, newer candidates for

being better biofungicides are now searched, reviewed, and analyzed to check

efficacy upon field release. Lahdenpera (2003) reported the use of Streptomyces
griseovirdis K61, a powdered formulation of dried spores and mycelia of the soil

actinomycete (trade name Mycostop), as a potent biofungicide having the ability to

curb damping off of cauliflower caused by Alternaria.
The agroecological management strategies would not only help in optimal

recycling of nutrients and organic matter turnover, closed energy flows, and water

and soil conservation but also would help in balancing the pest-natural enemy

populations (Vandermeer 1995). Agricultural advantages of mixed cropping

could be obtained by the biological effects such as light competition, by offering

weed-suppressing capacities, or by diversification of plant covers to break develop-

ment cycles of pests.

10.5 Future Perspectives

The future perspectives in biopesticides are leaning toward development and

release of transgenic crop plants that have the acquired ability to annihilate the

pest attack. Several molecular tools/techniques and protocols are helping in
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pinpointing a relationship between the introduced foreign gene (of biopesticidal

action) and the candidate host line/variety that exhibits maximum expression of the

introduced gene and thus enhanced mortality of the target pest. The correlation

studies between the native resistance genes in plant and the introduced transgene

say Bt gene have showed that resistant variety with transgenic insertion exhibits

higher mortality than susceptible line having trangene (Walker et al. 2004).

Thus, the strategy of gene pyramiding using multiple Bt genes, Bt and unrelated

transgenes, or Bt and native plant genes could help rescue the development of

resistance to known arsenal of biopesticides. Walker et al (2004) have used a

multiple resistance gene pyramiding strategy to obtain the soybean variety posses-

sing two quantitative trait loci (QTLs) exhibiting positive correlation with the Bt

transgene.

Being transgenic, these new generation plants carry genes and produce com-

pounds foreign to their environment that holds concern about their environmental

use and potential ecological effects. The issue of direct and indirect effects on

nontarget organisms and ecosystems is particularly important because many trans-

genic plants are being developed that have new or enhanced antimicrobial proper-

ties for protection from phytopathogens. Microcosm and field studies showed that

exposure to transgenic plants produced changes in the population levels and

composition of some soil and plant microorganisms (Dunfield and Germida

2004). GM potatoes consistently altered the physiological profile of the rhizosphere

microbial community at harvest, but the effect did not persist from one season to the

next (O’Callaghan and Glare 2001). The transgenic crops alter both the population

levels and species composition of bacteria and fungi. Moreover, transgenic plants

cause transient but significant increase in levels of culturable, aerobic bacteria and

fungi (Donegan et al. 1995).

10.6 Conclusions

Biocontrol agents and biopesticides are the integral components of IPM strategies

and are efficient agencies to get rid of notorious crop pests resulting in decreasing the

net profits due to damage at the pre- as well postharvest stages of the crop production.

Crop pests include a wide range of insect, fungal, bacterial, viral agents, rodents,

birds, and other animals that tremendously damage the crop at various stages of

maturation and storage among which insect pests are most noteworthy. In the

currently still pesticide-dominated agriculture, biological control has found its

place in the form of augmentative releases. Augmentative releases can be used for

management of pests that are hard to control with pesticides. The use of biopesticides

will not only help in preventing the dumping of thousands of tons of agrochemical on

the earth but also will provide the residue free food and a safe environment to live.

Research and development of protocols and processes in the formulation of an

effective biocontrol agent specifically a biopesticide will pave toward sharpening

the action as well as host spectrum of the biocontrol agent probably by using the
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process and protocols of genetic engineering that help combine two or more effective

lethal processes to finally tailor them into one agent/organism. This would decrease

the probability of development of resistant strains due to effective mortality and thus

little morbidity. Several government and public agencies are manufacturing biopes-

ticides at the commercial scale and are providing farmers these weapons for fighting

against crop pathogens and pests. Genetically modified microbes and transgenic

crops are the recent episodes in the chapter of IPM strategies and are gaining

popularity regarding their efficacy in eradicating pests, but stern concerns are evident

regarding the potential environmental hazards (vertical/horizontal transfer of pro-

karyotic genes) of their long-term use.

Undoubtedly, all the efforts directed toward the biocontrol agents, may be search

or research, introduction or production, development or improvement, on-farm

failure or success, low or high cost, and finally adoption or rejection by the end

user, fall into the domain of modern agriculture biotechnology. Unless, it does not

meet the needs of the poor farmer, the objective remains half met. Thus, it is

imperative for a biocontrol scientist as well as its production technologist to follow

a midway approach so that if biological control agents help to preserve the

environment safety on the one hand, it must also fulfill the aspirations of the

farming community in terms of production and profitability from agriculture.
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Chapter 11

Induced Systemic Resistance in Biocontrol

of Plant Diseases

Sudhamoy Mandal and Ramesh C. Ray

11.1 Introduction

Induced resistance (IR) is the general term for all types of elicited responses that

lead to enhanced protection against disease including both locally and systemically

induced resistance (Hammerschmidt et al. 2001). One of the classic forms of

induced resistance is systemic acquired resistance (SAR) controlled by a signaling

pathway that depends on endogenous accumulation of salicylic acid (SA) (Durrant

and Dong 2004). SAR is defined as an induced system of resistance triggered by

pathogens or elicitors, which give long-lasting protection against a broad spectrum

of pathogens (Chester 1933; Durrant and Dong 2004). It has been demonstrated that

SAR can be induced by the plant hormone SA in Arabidopsis, tobacco, cucumber,

rice, beans, and tomato (Malamy et al. 1990; Sticher et al. 1997; Edgar et al. 2006;

Mandal et al. 2009). SAR is characterized by the activation of SAR genes, including

genes that encode pathogenesis-related (PR) proteins (Linthorst 1991), which are

often used as markers for the state of induced resistance. Plant resistance can be

induced by the application of synthetic compounds such as 2,6-dichloroisonicotinic

acid (INA) (Métraux et al. 1991) and benzothiadiazole-7-carbothioic acid (BTH)

(Lawton et al. 1996). Induction of systemic resistance to pathogens is a promising

approach for controlling plant diseases. In addition to SAR, an alternative approach

to inducing systemic resistance was reported for the first time in common bean

against Pseudomonas syringae pv. phaseolicola (Alstr€om 1991), in carnation

against Fusarium oxysporum f. sp. dianthi (Van Peer et al. 1991), and in cucumber

against Colletotrichum orbiculare (Wei et al. 1991). These reports unequivocally

established that some strains of plant growth-promoting rhizobacteria (PGPR) can

induce plant resistance against different pathogens. This phenomenon is termed
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induced systemic resistance (ISR). The bacteria that are derived from and exert

stimulatory effect on the plant root are generally designated as PGPR. Mechanisms

of biological control by which rhizobacteria can promote plant growth indirectly by

reducing the level of disease include antibiosis, ISR, and competition for nutrients and

niches (Lugtenberg and Kamilova 2009). In contrast to SAR, ISR develops as a result

of the colonization of plant roots by PGPR and is mediated by a jasmonate- or ethylene-

sensitive pathway (Pieterse et al. 1998). SAR and ISR are two forms of induced

resistance where plant defenses are preconditioned by prior infection or treatment

that results in resistance against subsequent challenge by a pathogen. ISR-expressing

plants are primed for enhanced expression of predominantly JA- and ET-regulated

genes upon pathogen infection (Verhagen et al. 2004; Cartieaux et al. 2008).

Before discovery of the ISR phenomenon, the PGPR (mainly fluorescent

Pseudomonas spp.) had been used for their ability to control soil-borne pathogens

through such mechanisms as competition for nutrients, siderophore-mediated com-

petition for iron, or antibiosis (Bakker et al. 1991; Schippers 1992; Thomashaw and

Weller 1995). So far PGPR-mediated ISR has been demonstrated to occur in several

plant species and it has been shown to be effective against different types of

pathogens including fungi, bacteria, and viruses. ISR confers on the plant an

enhanced defensive capacity against pathogens (Van Loon and Bakker 2005).

This elevated defensive capacity of the plant is manifested as a reduction in the

rate of disease development upon infection with a pathogen, resulting in fewer

diseased plants or in lesser disease severity. Unlike SAR which is dependent on SA,

ISR is dependent on jasmonic acid (JA) and ethylene (ET) signaling in the plant

(Van Loon 2007). In inducing ISR, contrary to biocontrol mechanisms, extensive

colonization of the root system by the organism is not required (Dekkers et al. 2000;

Kamilova et al. 2005). In contrast to R-gene-mediated resistance, it is not specific

but active against all types of pathogens, as well as against several nematodes and

insects. Once induced, plants may remain protected for a considerable part of their

lifetime, indicating that when the state of ISR has been triggered in the plant, it is

rather stable (Van Loon et al. 1998).

11.2 Induction of Systemic Resistance by Pseudomonas spp.

Several root-colonizing microorganisms are known to suppress diseases by ISR in

plants. Among these microorganisms, particularly important is systemic resistance

induced by nonpathogenic PGPR belonging to the genusPseudomonas.Pseudomonas
fluorescens strain WCS417 was applied to the roots of carnation, and plants were

challenged 1 week later by stem inoculation with F. oxysporum f. sp. dianthi. As a
result, both the number of diseased plants and disease severity were significantly

reduced compared to plants not treatedwith the bacteria (VanPeer et al. 1991). Similar

observations have beenmade in cucumber (Wei et al. 1991), tobacco (Maurhofer et al.

1994), radish (Leeman et al. 1995), Arabidopsis (Pieterse et al. 1996; VanWees et al.

1997), tomato (Duijff et al. 1997), and bean (Bigirimana and H€ofte 2002) against
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various plant pathogens. Like WCS417, P. fluorescens FPT9601-T5 was found to

trigger ISR in Arabidopsis against P. syringae pv. tomato. Using an Affymetrix

GeneChip probe array containing approximately 22,800 genes, Wang et al. (2005)

detected 95 and 105 genes that were up- and downregulated, respectively, in leaves of

soil-grown plants that had been root-dipped in a suspension of the bacteria.

Another PGPR with the ability to induce systemic resistance is Pseudomonas
aeruginosa 7NSK2. This strain produces pyoverdin, pyochelin, and SA under iron-

limiting conditions (Buysens et al. 1996). The production of SA by 7NSK2 seems to

be required for the induction of systemic resistance in tobacco against tobacco

mosaic virus (TMV) (De Meyer et al. 1999) and has also been implicated in the

systemic resistance induced by this strain against Botrytis cinerea in bean (De

Meyer and H€ofte 1997). However, Audenaert et al. (2002) described that produc-

tion of the phenazine compound pyocyanin, together with the SA-containing side-

rophore pyochelin, is required for ISR by 7NSK2 against B. cinerea in tomato.

P. aeruginosa strain 7NSK2 is a producer of SA, and its induction of resistance

against B. cinerea in bean was reported to be reduced when it had lost the ability

to produce SA (De Meyer and H€ofte 1997). Recently, it has been reported that

P. aeruginosa 7NSK2 induces ISR in rice against Pyricularia grisea through

production of pyocyanin (De Vleesschauwer et al. 2006).

P. fluorescens WCS374 induces ISR against Ralstonia solanacearum in Euca-
lyptus, and the ISR by WCS374 in Eucalyptus urophylla is triggered by its

pseudobactin siderophore (Ran et al. 2005a). This strain was earlier reported to

trigger ISR against Fusarium wilt in radish (Leeman et al. 1995). Pseudomonas
putida WCS358 was originally isolated from potato tuber surface. The strain

WCS358 induces ISR against R. solanacearum in Eucalyptus, and the ISR by

WCS374 in E. urophylla is triggered by its pseudobactin siderophore (Ran et al.

2005a). This strain was found to induce ISR in Arabidopsis against P. syringae pv.
tomato (Bakker et al. 2003; Meziane et al. 2005), tomato against B. cinerea, and
bean against B. cinerea and Colletotrichum lindemuthianum (Meziane et al. 2005).

The biocontrol bacterium, P. fluorescens WCS365, induces ISR in tomato

(Kamilova et al. 2005). DeWeert et al. (2002) reported that this biocontrol bacterium

shows strong chemotaxis toward the major tomato root exudate component, citric

acid. In roots of the legume speciesMedicago trunculata, Sanchez et al. (2005) found
58 genes to be upregulated in response to colonization by the growth-promoting

strain P. fluorescens C7R12, a number in line with that found by Verhagen et al.

(2004) in Arabidopsis roots colonized by strain P. fluorescensWCS417. Using cDNA

microarrays representing approximately 14,300 genes, Cartieaux et al. (2003) moni-

tored gene expression in both leaves and roots of axenic Arabidopsis plants infected
by resistance-inducing Pseudomonas thivervalensis strain MLG45. Plants colonized

by this rhizobacterium showed decreased photosynthetic rates and reduced growth,

indicating that P. thivervalensis acted as a minor pathogen rather than a PGPR. This

conclusion was supported by the changes in gene expression observed. Kim et al.

(2004), using subtractive hybridization, did not detect any changes in leaves of

cucumber plants grown in sterilized soilless growing medium from seeds coated

with Pseudomonas chlororaphis O6, a strain that was effective in inducing systemic

resistance against target leaf spot caused by Corynespora cassiicola.

11 Induced Systemic Resistance in Biocontrol of Plant Diseases 243



Induction of resistance byP. fluorescens strain CHA0 in tobacco against Tobacco
Necrosis Virus (TNV) was reported to be associated with PR protein accumulation,

suggesting that nonpathogen-induced ISR and pathogen-induced SAR share similar

mechanisms (Maurhofer et al. 1994). However, the induced plants were slightly

stunted. Strain CHA0 is a producer of the antibiotics diacetylphloroglucinol and

pyrrolnitrin, as well as of HCN, substances with toxicity to plants. However, PR

proteins did not accumulate in radish plants expressing ISR elicited byP. fluorescens
strain WCS417r (Hoffland et al. 1995; 1996). Moreover, Pieterse et al. (1996)

demonstrated that in Arabidopsis, ISR induced by WCS417r was not associated

with PR gene activation and was elicited in transgenic Arabidopsis plants unable
to accumulate SA. This indicates that in contrast to pathogen-induced SAR,

WCS417r-mediated ISR is controlled by an SA-independent signaling pathway. In

Arabidopsis-Peronospora parasitica, this strain induces ISR through the antifungal

determinant 2,4-diacetyl phloroglucinol (Iavicoli et al. 2003).

P. fluorescens strains WCS374 and WCS417 are likewise able to produce SA

under iron-limiting conditions. Mutants that have lost the O-antigenic side chain of

the lipopolysaccharide (LPS) no longer induced resistance in radish under iron-

sufficient conditions, but did so in the presence of an iron-chelating compound,

indicating an additional bacterial determinant to be active under low-iron condi-

tions (Leeman et al. 1996). ISR elicited by almost all strains was found to be SA-

independent, also by strains such as P. fluorescens CHA0 and Serratia marcescens
90-166, which can themselves produce SA as an additional siderophore (Van Loon

and Bakker 2005). Only the systemic resistance induced by P. aeruginosa strain

7NSK2 was SA-dependent, since 7NSK2 no longer induced resistance in NahG
tobacco (De Meyer et al. 1999) and NahG tomato plants (Audenaert et al. 2002).

However, it is not associated with pathogenesis-related protein expression (De

Meyer et al. 1999). Whereas generally rhizobacteria are not dainty in colonizing

roots of different plant species, the perception by the plant of bacterial determinants

that trigger ISR appears to be quite specific (Bakker et al. 2003; Meziane et al.

2005; Van Loon and Bakker 2005). Apparently, one or more bacterial components

need to be recognized by specific plant receptors. Of the three strains, P. putida
WCS358, P. fluorescens WCS374, and P. fluorescens WCS417, none is active in

eliciting ISR in all out of six plant species, even though levels of root colonization

are similar. Remarkably, in Arabidopsis strain WCS374 was differentially active in

eliciting ISR against different pathogens depending on bioassay conditions, sug-

gesting that the type and effectiveness of the systemic resistance that is induced by

this rhizobacterium is variable.

11.3 Induction of Systemic Resistance by Bacillus spp.

Another important nonpathogenic PGPR-eliciting ISR in plants belongs to the

genus Bacillus. Although commercialization of PGPR is mainly proceeding with

Bacillus spp. rather than Pseudomonas spp., the preponderance of research on
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PGPR as elicitors of growth promotion or ISR employs PGPR strains that are

fluorescent pseudomonads (Kloepper et al. 2004). Several strains of the species

Bacillus amyloliquefaciens, B. subtilis, B. pasteurii, B. cereus, B. pumilus,
B. mycoides, and B. sphaericus elicit ISR against various diseases on a variety of

hosts. Protection of plants from diseases by Bacillus spp. has been reported against

fungal, bacterial, and viral pathogens, as well as against root-knot nematodes

(Choudhary and Johri 2009). Here, few examples of work on ISR elicited by

Bacillus spp. in different crops against pathogens are cited.

Systemic resistance was reported to be induced by B. subtilis AF1 against

Aspergillus niger on peanut (Arachis hypogaea). Inoculation of peanut seeds with

B. subtilis AF1 in soil containing A. niger resulted in a significant reduction in the

incidence of crown rot of seedlings. This biological control was associated with the

induction of lipoxygenase activity in seedlings, suggesting that AF1 elicited ISR in

peanut (Sailaja et al. 1997). B. subtilis has been reported to induce ISR against some

vectors of plant viruses, which may augur well for management of vector-borne virus

diseases. Inoculation of tomato roots with a B. subtilis strain BEB-DN isolated from

the rhizosphere of potato plants was found to generate an ISR response against virus-

free Bemisia tabaci. However, the observed resistance appeared to represent a combi-

nation of JA-dependent and JA-independent responses, since the retardation effect

by this strain on B. tabaci development was still effective in the highly susceptible

spr2 tomato mutants with an impaired capacity for JA biosynthesis (Valenzuela-Soto

et al. 2010).

Two strains of B. pumilus (strains 203-6 and 203-7) and one of B. mycoides
(strain Bac J) reduced the severity of Cercospora leaf spot of sugar beet through the
induction of systemic resistance (Bargabus et al. 2002; 2004). B. pumilus strain

SE34 could, when incorporated into the potting medium, provide tomato plants

systemic protection against late blight caused by Phytophthora infestans (Yan et al.
2003). Selected Bacillus PGPR strains emit volatile compounds that can trigger ISR

in plants. In Arabidopsis seedlings exposed to bacterial volatile blends from

B. subtilis GB03 and B. amyloliquefaciens IN937a, disease severity by the bacterial
pathogen Erwinia carotovora subsp. carotovora was significantly reduced com-

pared with seedlings not exposed to bacterial volatiles before pathogen inoculation

(Ryu et al. 2004).

Bacillus spp. could reduce the severity of blue mold of tobacco caused by

Peronospora tabacina. ISR was elicited by B. pasteurii C-9 and B. pumilus SE34
and T4 strains when the time interval between the last application of bacteria and

challenge inoculation with P. tabacina was 6 weeks. The results indicated an

association between the capacity of the tested strains of Bacillus spp. to promote

growth and elicit ISR (Zhang et al. 2004). Another Bacillus sp., B. vallismortis
strain EXTN-1, has been proved in eliciting ISR in several crops against many

pathogens, including viruses. B. vallismortis strain EXTN-1 induced systemic

resistance in potato plants against Potato Virus Y and X, resulting in significant

disease suppression in the field (Park et al. 2006).

Recently, it has been reported that B. cereus strain BS 03 was able to induce

systemic resistance in pigeon pea against fusarial wilt. However, induction of ISR

by BS 03 was better in combination with a rhizobial strain RH 2 (Dutta et al. 2008).
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11.4 Induction of Systemic Resistance by Other

Microorganisms

Besides Pseudomonas and Bacillus, there have been an increasing number of

microorganisms (fungi and bacteria) inducing resistance in plants against a number

of pathogens.

11.4.1 Trichoderma spp.

Species of Trichoderma have the ability to control numerous foliar, root, and fruit

pathogens and even invertebrates such as nematodes. They also have many other

capabilities such as ameliorating abiotic stresses, alleviating physiological stresses,

enhancing nutrient uptake in plants, increasing nitrogen-use efficiency in crops, and

improving photosynthetic efficiency. All of these capabilities are a consequence of

their abilities to reprogram plant gene expression, probably through activation of a

limited number of general plant pathways (Shoresh et al. 2010). Some rhizosphere-

competent Trichoderma strains colonize entire root surfaces of plants with mor-

phological features reminiscent of those seen during mycoparasitism. Trichoderma
strains capable of establishing such interaction induce metabolic changes in plants

that increase resistance to a wide range of plant-pathogenic microorganisms and

viruses (Harman et al. 2004). What was probably the first clear demonstration of

induced resistance by Trichoderma was published in 1997 by Bigirimana et al.

(1997). They showed that treating soil with Trichoderma harzianum strain T-39

made leaves of bean plants resistant to diseases that are caused by the fungal

pathogens B. cinerea and C. lindemuthianum, even though T-39 was present only

on the roots and not on the foliage. The same group extended their findings from

B. cinerea to other dicotyledonous plants (De Meyer et al. 1998). Similar studies

have now been carried out with a wide range of plants, including both monocoty-

ledons and dicotyledons, and with different Trichoderma species and strains. In

cucumber, root colonization by Trichoderma asperellum strain T-203 causes an

increase in phenolic glucoside levels in leaves, which are strongly inhibitory to a

range of bacteria and fungi spp. (Yedidia et al. 2003). The systemic response in

plants occurs through the JA/ET signaling pathway in a manner similar to the

rhizobacteria-induced systemic resistance (Shoresh et al. 2005). The protection

afforded by the biocontrol agent is associated with the accumulation of mRNA of

two defense genes: the phenylpropanoid pathway gene phenylalanine ammonia

lyase (PAL) and the lipoxygenase pathway gene hydroxyperoxide lyase (HPL)

(Yedidia et al. 2003). In Trichoderma-treated cucumber seedlings upon pathogen

challenge, increased levels of other defense-related plant enzymes, such as perox-

idases, chitinases, and b-1,3-glucanases, have been recorded (Shoresh et al. 2005).

This potentiation in the gene expression enables Trichoderma-treated plants to be

more resistant to subsequent pathogen infection. The MAPK signal transduction
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pathways, of both the plant and Trichoderma, are important for the induction of

systemic resistance (Viterbo et al. 2005).

11.4.2 Serratia spp.

S. marcescens 90-166 is another microorganism that can induce resistance to fungal,

viral, and bacterial pathogens in cucumber such as C. orbiculare, F. oxysporum f. sp.

cucumerinum, Cucumber Mosaic Virus, P. syringae pv. lachrymans, and Erwinia
tracheiphila (H€ofte and Bakker 2007). High levels of disease control were achieved

in cucumber with S. marcescens 90-166 providing 89% control of E. tracheiphila
(Zehnder et al. 2001). S. marcescens 90-166 is known to produce SA, but mutants

deficient in SA production retained ISR activity in cucumber against C. orbiculare
(Press et al. 1997). Analysis of the reaction of tomato to the ISR-eliciting strain

Serratia liquefaciens MG1, using a macroarray containing cDNA probes of 70

defense-related and signaling genes, revealed enhanced expression of 12 genes.

Seven of those coded for PRs, whereas the others were involved in oxidative stress,

ethylene signaling, or metabolism (Shuhegger et al. 2006).

11.4.3 Nonpathogenic Strains of F. oxysporum

Several reports have documented the induction of resistance toFusariumwilt by using

either nonpathogenic strains of F. oxysporum (npFo), as in the case of cucumber

(Mandeel and Baker 1991; Benhamou et al. 2002), chickpea (Hervás et al. 1995; Kaur

and Singh 2007), tomato (Fuchs et al. 1999), and banana (Nel et al. 2006), or formae

speciales of F. oxysporum, such as f. sp.melonis in cucumber (Gessler and Kuć 1982;

Freeman et al. 2002) and f. sp. dianthi in tomato (Kroon et al. 1991). However,

in contrast to published results, a nonpathogenic mutant of a pathogenic strain of

F. oxysporum f. sp. melonis (rev127) did not protect muskmelon when coinoculated

with the parental strain. Even another nonpathogenic mutant of the same pathogen

(Rev127) was also unable to protect the host plant (L’Haridon et al. 2007). The npFo

strain Fo47 was shown to induce systemic resistance to Fusarium wilt in tomato

(Fuchs et al. 1997). In another study, npFo isolateswere shown to be effective inducers

of systemic acquired resistance and pathogen defense responses in Asparagus
officinalis. This induced resistance by npFo was associated with the activation of

defense-related enzymes such as peroxidase and phenylalanine ammonia lyase

and accumulation of lignin (He et al. 2002). Like Trichoderma, npFo has several

differentmechanisms for the direct antagonism of plant pathogens and the induction of

plant resistance, and all of these mechanisms are probably important in biocontrol

(Fravel et al. 2003). Soil-borne protective strains ofF. oxysporum are usually effective

through an association of modes of action including competition for nutrients in the

rhizosphere, competition for root colonization, and induced resistance (Alabouvette

et al. 2007).
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11.4.4 Pythium oligandrum

Another mycoparasite receiving considerable attention as a potential biocontrol agent

of a number of soil-borne plant pathogens is Pythium oligandrum. Tomato plants

previously inoculated with P. oligandrum afford increased resistance toF. oxysporum
f. sp. radicis-lycopersici attack. This resistance is mainly associated with a strong

antagonistic activity in the rhizosphere and in planta as well as with the induction of

structural and biochemical barriers that adversely affect pathogen growth and devel-

opment. These observations provide the first convincing evidence that P. oligandrum
has the potential to induce plant defense reactions in addition to acting as a mycopar-

asite (Benhamou et al. 1997). Pretreatment of tomato plants with oligandrin, the

elicitin-like protein produced by the mycoparasite P. oligandrum, reduces disease

incidence caused byF. oxysporum f. sp. radicis-lycopersici by sensitizing the plants to
elaborate an efficient defense strategy (Benhamou et al. 2001). Evidence suggests that

the cell wall protein fractions isolated fromP. oligandrum display the ability to induce

resistance in sugar beet against Rhizoctonia solani, which is one of the pathogens of

root rot and damping-off, and in wheat against Fusarium graminearum, which is one
of the pathogens of head blight (Takenaka et al. 2003).

11.4.5 Penicillium oxalicum

It was reported that treatment of tomato plants with conidia of Penicillium oxalicum
induced resistance against tomato wilt. P. oxalicum and F. oxysporum f. sp. lycopersici
were placed at separate sites on tomato plants or in soil, avoiding a direct interaction

between the fungi (De Cal et al. 1997). An aqueous extract of the mycelium of

Penicillium chrysogenum induced early defense-related responses such as an extra-

cellular alkalinization in cell cultures and ethylene production in leaf slices of

numerous mono- and dicotyledon plant species, including Arabidopsis thaliana,
tomato, tobacco, and rice. The authors concluded that P. chrysogenum contains at

least one unidentified elicitor, most likely a protein or a glycoprotein, inducing

resistance via signal transduction pathways different from classical SA/NPR1- or

JA/ET-dependent pathways (Thuerig et al. 2006).

11.4.6 Rhizoctonia sp.

Similarly, the fungal genus Rhizoctonia contains both plant-pathogenic and non-

pathogenic species and strains, with those that are nonpathogenic frequently acting

as biocontrol agents; again, these organisms induce plant resistance (Hwang and

Benson 2003). Induction of systemic resistance was demonstrated by binucleate

Rhizoctonia to a foliar pathogen B. cinerea of geranium in an integrated
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management program (Olson and Benson 2007). The obligate plant-symbiotic

mycorrhizal fungi might initially suppress plant resistance during the infection

process (Guenoune et al. 2001), but enhanced systemic resistance sometimes occurs

once mycorrhizal fungi are established in plant roots (Pozo et al. 2002).

11.4.7 Colletotrichum magna

A nonpathogenic mutant of Colletotrichum magna (path-1) was shown to protect

watermelon and cucumber seedlings from anthracnose disease elicited by wild-type

C. magna (Freeman and Rodriguez 1993). The mechanism(s) that allows path-1 to

protect plants against disease appears to involve an interaction between the mutant

and the plant defense system. The path-1 mutant may result in the development of a

novel, long-term biocontrol strategy for plant protection (Redman et al. 1999).

11.4.8 Others

Induced resistance was found to be a mechanism for biological control of leaf spot,

caused by Bipolaris sorokiniana, in tall fescue (Festuca arundinacea) using the

bacterium Lysobacter enzymogenes strain C3 (Kilic-Ekici and Yuen 2003). Appli-

cation of live or heat-killed cells to tall fescue leaves resulted only in localized

resistance confined to the treated leaf, whereas treatment of roots resulted in

systemic resistance expressed in the foliage. Induced resistance by C3 was not

host or pathogen specific; foliar application of heat-killed C3 cells controlled

B. sorokiniana on wheat and also was effective in reducing the severity of brown

patch, caused by R. solani, on tall fescue. Piriformospora indica, a model organism

for species of the recently described order Sebacinales, increases biomass and grain

yield of crop plants. In barley, the endophyte induces root resistance against

Fusarium culmorum, one of the fungal species causing head blight, and systemic

resistance to barley powdery mildew Blumeria graminis f. sp. hordei via an

unknown mechanism probably independent of salicylate or jasmonate accumula-

tion. (Waller et al. 2005). In contrast to AM fungi, P. indica colonizes Arabidopsis,
and recent results provide evidence that the fungus induces systemic resistance in

this model plant similar to the resistance provided to the powdery mildew fungus in

barley (Deshmukh et al. 2006; Stein et al. 2008; Molitor and Kogel 2009).

11.5 Mechanisms of Induced Systemic Resistance

PGPR may activate inducible defense mechanisms in the plant in a way similar

to pathogenic microorganisms. Such mechanisms can include reinforcement

of plant cell walls, production of antimicrobial phytoalexins, synthesis of PRs
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(Hammond-Kosack and Jones 1996), as well as an enhanced capacity to express

these defense responses upon challenge inoculation with a pathogen, a mechanism

known as “sensitization,” “priming,” or “potentiation” (Conrath et al. 2006).

Activation of defense reactions suggests that even a beneficial rhizobacterium

may be perceived by the plant as a potential threat and that such perception involves

production of resistance-eliciting compounds that act mechanistically similar to

elicitors produced by plant pathogenic fungi and bacteria. Plants possess sensitive

mechanisms to perceive both fungi and bacteria through conserved components that

are specific to their kingdoms and act as general elicitors. These are commonly

referred to as pathogen-associated molecular patterns (PAMPs) (N€urnberger and
Lipka 2005).

Van Peer and Schippers (1992) and Leeman et al. (1995) showed that the

O-antigenic side chain of the outer membrane LPS of strain WCS417r is the main

determinant for the induction of ISR against Fusariumwilt disease in both carnation

and radish. A bacterial mutant lacking the O-antigenic side chain did not induce

resistance, whereas LPS-containing cell walls and purified LPS of WCS417r

induced ISR to the same extent as living bacteria. Other bacterial determinants

suggested to contribute to ISR are siderophores and SA (Leeman et al. 1996;

Maurhofer et al. 1994). It has been demonstrated that ISR-inducing fluorescent

Pseudomonas spp. are differentially active in eliciting ISR in Arabidopsis. Further-
more, it was found that in contrast to what was observed in carnation and radish, the

LPS of WCS417r played only a minor role in the elicitation of ISR in Arabidopsis,
indicating that WCS417r possessed more than a single ISR-inducing determinant

(VanWees et al. 1997). Low inoculum densities ofWCS417r or inoculum cultivated

at elevated temperatures induced resistance against a broad spectrum of pathogens

with different parasitic habits (Ran et al. 2005b). This wide range of effectiveness of

WCS374r-elicited ISR strongly suggests that multiple resistance responses are

involved. Recent studies by De Vleesschauwer et al. (2008) demonstrated conclu-

sively that P. fluorescensWCS374r-elicited ISR in rice againstMagnaporthe oryzae
is based on Pseudobactin-mediated priming for a salicylic acid-repressible multi-

faceted defense response (see Table 11.1 for bacterial determinants).

The modes of action that play a role in disease suppression by PGPR include

siderophore-mediated competition for iron, antibiosis, production of lytic enzymes,

and ISR (Bakker et al. 2007). The ability to act as bioprotectants via ISR has been

demonstrated for both rhizobacteria and bacterial endophytes, and considerable prog-

ress has been made in elucidating the mechanisms of plant–PGPR–pathogen interac-

tion (Compant et al. 2005). Several bacterial components have been reported to induce

ISR, such as flagella, lipopolysaccharides (LPS), salicylic acid, and siderophores (Van

Loon 2007). Besides these, cyclic lipopeptides (Ongena et al. 2007), the antifungal

factor 2,4-diacetyl phloroglucinol (Phl) (Iavicoli et al. 2003), the signal molecule

N-acyl homoserine lactone (AHL) (Shuhegger et al. 2006), pyochelin and pyocyanin

(Audenaert et al. 2002), volatile blends produced by B. subtilis GB03, and also the

individual volatiles acetoin and 2,3-butanediol (Ryu et al. 2003) have been found

to elicit ISR in plants against various pathogens. Now it has been demonstrated

that P. fluorescens CHA0 and P. aeruginosa 7NSK2 induce ISR in grapevine

against B. cinerea and trigger an oxidative burst and phytoalexin (i.e., resveratrol
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and viniferin) accumulation in grape cells and prime leaves for accelerated phytoalexin

production upon challenge with B. cinerea. This report also highlights the importance

of SA, pyochelin, and/or pyoverdin in priming phytoalexin responses and induced

grapevine resistance by P. aeruginosa 7NSK2 against B. cinerea (Verhagen et al.

2010).

Table 11.1 Examples of bacterial determinants involved in induced systemic resistance by plant

growth-promoting rhizobacteria (PGPR) in different host–pathogen combinations

PGPR strain Determinant(s) Host–pathogen References

Pseudomonas
fluorescens CHA0

P. fluorescens
WCS374

P. putida WCS358

P. putida WCS358

P. putida WCS358

P. putida WCS358

P. fluorescens
WCS374r

Pseudobactin

siderophore

Tobacco–Tobacco

mosaic virus

Radish–Fusarium

Arabidopsis–P. syringae
pv. tomato

Bean–Botrytis cinerea
Eucalyptus–Ralstonia

solanacearum
Tomato–Botrytis cinerea
Rice–Magnaporthe oryzae

Maurhofer et al.

(1994)

Leeman et al.

(1996)

Meziane et al. (2005)

Meziane et al. (2005)

Ran et al. (2005a)

Meziane et al. (2005)

De Vleesschauwer

et al. (2008)

P. putida WCS358

P. fluorescens
WCS374

P. fluorescens
WCS417

P. putida WCS358

Flagella

Lipopolysaccharides

Arabidopsis–P. syringae
pv. tomato

Radish–Fusarium

Arabidosis–P. syringae pv. tomato
Carnation–Fusarium wilt

Radish–Fusarium

Arabidopsis–P. syringae
pv. tomato

Bean–Botrytis cinerea

Meziane et al. (2005)

Leeman et al. (1996)

Van Wees et al.

(1997)

Van Peer and

Schippers (1992)

Leeman et al. (1996)

Meziane et al. (2005)

Meziane et al. (2005)

P. aeruginosa 7NSK2

P. aeruginosa 7NSK2

P. fluorescens P3
pchBA

Salicylic acid Bean–Colletotrichum
lindemuthianum

Tobacco

Tobacco

Bigirimana and H€ofte
(2002)

De Meyer et al.

(1999)

Maurhofer et al.

(1998)

P. aeruginosa 7NSK2 Pyochelin, pyocyanin

Pyocyanin

Tomato–Botrytis cinerea
Rice–Pyricularia grisea

Audenaert et al.

(2002)

De Vleesschauwer

et al. (2006)

P. putida BTP1 N-alkylated benzylamine

derivative

Bean–Botrytis cinerea Ongena et al. (2005b)

P. fluorescens CHA0 2,4-Diacetylphloro-

glucinol

Arabidopsis–Peronospora
parasitica

Iavicoli et al. (2003)

Bacillus subtilis M4 Cyclic lipopeptides

(e.g., fengycin)

Bean–Pythium ultimum Ongena et al. (2007)

B. subtilis GB03 2,3-Butanediol Arabidopsis–Erwinia carotovora
ssp. carotovora

Ryu et al. (2004)

B. amyloquefaciens
IN937a

2,3-Butanediol Arabidopsis–Erwinia carotovora
ssp. carotovora

Ryu et al. (2004)

B. subtilis FB17 L-Malic acid Arabidopsis–P. syringae
pv. tomato

Rudrappa et al. (2008)

P. putida IsoF N-Acyl homoserine

lactone

Tomato–Alternaria alternata Shuhegger et al.

(2006)

Serratia marcescens
MG1

N-Acyl homoserine

lactone

Tomato–Alternaria alternata Shuhegger et al.

(2006)

Serratia marcescens
90-166

Catechol-type

siderophore

Cucumber–Colletotrichum
orbiculare

Press et al. (2001)

Adapted from H€ofte and Bakker (2007) and Bakker et al. (2007)
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It has been suggested that effective competition for ferric iron could be the main

mode of action of P. putida WCS358 (Bakker et al. 1993). P. putida WCS358

cannot trigger ISR in carnation (Duijff et al. 1993) or radish (Leeman et al. 1995),

but it induces ISR in A. thaliana (Van Wees et al. 1997), E. urophylla (Ran et al.

2005a), bean, and tomato (Meziane et al. 2005). Recently, it has been revealed

through microarray analysis that the R2R3-MYB-like transcription factor gene

MYB72 is specifically activated in the roots upon colonization by P. fluorescens
strains WCS417r, and MYB72 is essential to establish broad-spectrum ISR against

the pathogens P. syringae pv. tomato, Hyaloperonospora parasitica, Alternaria
brassicicola, and B. cinerea (Van der Ent et al. 2008).

Strains ofBacillus produce several cyclic peptides, aminopolyols, and aminogyco-

sides, which are having an influence on the ISR development (Yu et al. 2002). It has

been reported that volatile organic compounds emanated from PGPR may play a key

role in ISR process (Ping and Boland. 2004; Ryu et al. 2004). For example, volatiles

secreted by B. subtilis GB03 and B. amyloquefaciens IN937a were able to activate

an ISR pathway in Arabidopsis seedlings challenged with the soft-rot pathogen

E. carotovora ssp. carotovora (Ryu et al. 2004). In the study, it was found that

infection of leaves of A. thaliana seedlings with the foliar pathogen P. syringae pv.
tomato Pst DC3000 results in enhanced secretion of L-malic acid by the roots and that

the enhanced level of L-malic acid selectively signals and recruits the beneficial

rhizobacterium B. subtilis FB17, which is a biocontrol bacterium that protects the

plant through ISR (Rudrappa et al. 2008). In another study, involvement of fengycin

(a cyclic polypeptide) was implicated in the ISR-eliciting effect of strain M4, as these

molecules may induce the synthesis of plant phenolics involved in or derived from the

defense-related phenylpropanoid metabolism (Ongena et al. 2005a). In a recent study,

it has been concluded that surfactin (another cyclic lipopeptide) could activate a

biochemical cascade of molecular events leading to defensive responses in tobacco

cell suspensions. According to the authors, this study sheds new light not only on

defense-related events induced following recognition of amphiphilic lipopeptides

from Bacillus spp. but also more globally on the way elicitors from beneficial bacteria

can be perceived by host plant cells (Jourdan et al. 2009).

11.6 Conclusion

Plant disease poses threat to global food security. This stems from the fact that at

least 10% of global food production is lost due to plant diseases. Catastrophic plant

diseases exacerbate the current deficit of food supply in which at least 800 million

people are inadequately fed (Strange and Scott 2005). According to the FAO

estimates, plant diseases could cost the US alone $33 billion per year (Maor and

Sirashu 2005). These facts explain why diseases affecting plants have been feared

as much as human diseases and war throughout history.

During the last few decades, control of plant diseases has become increasingly

difficult. In spite of the great advantages they have brought to agricultural development,
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the excessive use of pesticides including fungicides has taken its toll environ-

mentally and on human health. In addition, the emergence of fungicide-resistant

strains of pathogens and the rigorous regulation of fungicide use and disposal has

reduced the possibility to conceive control strategies based on chemicals. Climate

change is expected to impact positively on plant disease spread. Hence, there is

concerted effort worldwide to explore new alternatives that control pre- and

postharvest pathogenic diseases, giving priority to methods that reduce disease

incidence and avoid negative and side effects on human health. In this highly

charged scenario, the concept of ISR offers a broad-spectrum disease manage-

ment strategy, which needs to be realized with full scientific backing in counter-

ing the threat posed by plant disease. In the recent past, the complete sequence of

the 7.1-Mb size Pf-5 genome was determined. P. fluorescens Pf-5 is a plant

commensal bacterium that inhabits the rhizosphere and produces secondary

metabolites that suppress soil-borne plant pathogens (Paulsen et al. 2005). Liter-

ally, ISR research is only 20 years old and impressive progress has been made in

its different dimensions. However, there remain many scientific challenges for

research in the field of ISR by PGPR and other plant-beneficial microorganisms.

Haas and Défago (2005) suggested that it would be important to exploit molecu-

lar techniques to study the genome expression of plant-beneficial and plant-

pathogenic microorganisms in situ and to obtain a fuller picture of rhizosphere

biodiversity. It is now generally felt that despite the best research efforts devoted

to the identification and characterization of bacteria-derived elicitors of ISR,

much remains to be discovered about how these determinants are perceived and

ultimately give rise to ISR. In addition to unraveling the molecular regulation of

induced resistance, we need to endeavor to decipher microbial signals that are

most effective in eliciting pathogen resistance in plants through ISR.
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Hammerschmidt R, Métraux JP, van Loon LC (2001) Inducing resistance: a summary of papers

presented at the first international symposium on induced resistance to plant diseases, Corfu,

May 2000. Eur J Plant Pathol 107:1–6

Hammond-Kosack KE, Jones JDG (1996) Resistance gene-dependent plant defense responses.

Plant Cell 8:1773–1791

Harman GE, Howell CR, Viterbo A, Chet I, Lorito M (2004) Trichoderma spp.: opportunistic

avirulent plant symbionts. Nat Rev Microbiol 2:43–56

He CY, Hsiang T, Wolyn DJ (2002) Induction of systemic disease resistance and pathogen defense

responses in Asparagus officinalis by nonpathogenic strains of Fusarium oxysporum. Plant
Pathol 51:225–230
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Rudrappa T, Czymmek KJ, Paŕe PW, Bais HP (2008) Root-secreted malic acid recruits beneficial

soil bacteria. Plant Physiol 148:1547–1556

Ryu C-M, Farag MA, Hu C-H, Reddy MS, Wie H-X, Paré PW, Kloepper JW (2003) Bacterial
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systemic resistance in Arabidopsis. Plant Physiol 134:1017–1026
Sailaja PR, Podile AR, Reddanna P (1997) Biocontrol strain Bacillus subtilis AF1 rapidly induces

lipoxygenase in groundnut (Arachis hypogaea L.) compared to crown rot pathogen Aspergillus
niger. Eur J Plant Pathol 104:125–132

Sanchez L, Weidmann S, Arnould C, Bernard AR, Gianinazzi S, Gianinazzi-Pearson V (2005)

Pseudomonas fluorescens and Glomus mosseae trigger DMI3-dependent activation of genes

related to a signal transduction pathway in roots of Medicago trunculata. Plant Physiol

139:1065–1077

Schippers B (1992) Prospects for management of natural suppressiveness to control soilborne

pathogens. In: Tjamos EC, Papavizas GC, Cook RJ (eds) Biological control of plant diseases,

progress and challenges for the future. Plenum, New York, USA, pp 21–34

Shoresh M, Yedidia I, Chet I (2005) Involvement of jasmonic acid/ethylene signaling pathway in

the systemic resistance induced in cucumber by Trichoderma asperellum T203. Phytopathol-

ogy 95:76–84

Shoresh M, Harman GE, Mastouri F (2010) Induced systemic resistance and plant responses to

fungal biocontrol agents. Annu Rev Phytopathol 48 http://www.annualreviews.org/catalog/

pubdates.aspx

258 S. Mandal and R.C. Ray



Shuhegger R, Ihring A, Gantner S, Bahnweg G, Knappe C, Vogg G, Hutzler P, Schmid M, Van

Breusegem F, Eberl L, Hartmann A, Langebartels C (2006) Induction of systemic resistance in

tomato by N-acyl-L-homoserine lactone-producing rhizosphere bacteria. Plant Cell Environ

29:909–918

Stein E, Molitor A, Kogel K-H, Waller F (2008) Systemic resistance in Arabidopsis conferred by

the mycorrhizal fungus Piriformospora indica requires jasmonic acid signaling and the cyto-

plasmic function of NPR1. Plant Cell Physiol 49:1747–1751
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Chapter 12

Biological Control of Termites by Antagonistic

Soil Microorganisms

Satyavir S. Sindhu, Y.S. Rakshiya, and M.K. Verma

12.1 Introduction

Termites belong to the insect order Isoptera and are characterized by their colonial

behavior. The word Isoptera originated from the Greek, in which “isos” means

equal and “pteron” means wing, and refers to the two pairs of identical wings in the

adult (Thorne and Carpenter 1992). Termites are medium-sized, soft-bodied, light-

colored, polymorphic, cellulose-eating social insects living in large communities of

several hundred to several million individuals. The fossil record indicates that

termites evolved about 220 million years ago (Collins 1988; Thorne and Carpenter

1992). They are said to be derived from a primitive group of wood-dwelling

cockroaches, clearly seen in the obligate dependence on mutualistic intestinal

protists and, in some higher forms, externally cultivated basidiomycete fungi

(Bignell and Eggleton 1998). They are widely dispersed throughout the tropics as

well as some temperate regions and achieve their highest diversities and abundance

in the rain forests of Africa, South America, and South-east Asia (Collins 1988;

Bignell and Eggleton 1998). There are about 2,650 species of termites in 280 genera

and seven families worldwide (Kambhampati and Eggleton 2000). Of these, about

323 species from 52 genera have been recorded in the Indo-Malayan (oriental)

region (Tho 1992) and about 104 species (33 genera) have been recorded from

Sabah (Thapa 1981).

Termites live in highly organized colonies. The number of individuals and ratios

of each caste in a colony is very difficult to determine, varies between species, and

also depends on the age as well as size of the colony (Bignell and Eggleton 1998).

The individuals are differentiated morphologically into distinct forms, i.e., repro-

ductives (king and queen), workers, and soldiers. The parent termites, the king and

queen are the functional reproductives. The queen is also involved in pheromonal

regulation of control for the production of each caste in a colony (Noirot and

Noirot-Timothee 1970). Soldiers and workers are wingless and can be either sterile
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male or female. Soldiers usually represent one tenth of the population whose major

role is only to defend the colony (Bignell and Eggleton 1998). The soldier has large,

dark, elongated, highly sclerotized head adapted in various ways for defense. The

workers are most numerous individuals in a colony and perform the work of nest

building and repair, foraging, and feeding (Harris 1957). Winged reproductives or

alates of both sexes are produced in large numbers in a mature colony. These alates

swarm out from mature nests at particular times of the year (often during or just

before rains) (Bignell and Eggleton 1998). They make short, often rather feeble,

dispersal flights and then pair up on the ground after the wings have been shed

(dealation). The paired termites will then select a new nesting site and once they are

established, mating takes place. The first batch of eggs is produced by the female

within a few days.

Termites play an important role in the tropical ecosystems by decomposing dead

wood and other plant material rich in cellulose (the most abundant organic matter

on the earth) (Wood and Sands 1978; Abe 1995). With their ability of utilizing dead

plant, they become important in processes such as decomposition of organic matter

(Peakins and Josens 1978; Wood and Johnson 1986), supplying material for many

food chains, and soil engineering (translocating and altering soils physically and

chemically, and maintaining soil fertility) (Lee and Wood 1971; Wood 1988).

Termites also provide a possible input of nitrogen through symbiont fixation

(Wood and Sands 1978; Collins 1984) and also contribute to carbon flux (Jones

1990). They also release a high amount of methane in the atmosphere worldwide.

Due to the feeding function, the worker caste causes the widespread destruction

resulting into major economic losses in tropical and subtropical areas by destroying

agricultural crops, live trees, and wooden structures in the houses. About 300

species have been reported to cause significant damage to agricultural crops and

have been recorded as pests (Edwards and Mill 1986; Su and Scheffrahn 1998).

Species of Microtermes and Odontotermes have been found to damage different

crops such as sugarcane, wheat, barley, maize, vegetables, garden crops, valuable

ornamental crops, and even forest trees (Lai et al. 1983; Tamashiro et al. 1987).

Termites also feed on and often destroy various other structures or materials that

people use, i.e., wooden portions of buildings, furniture, books, utility poles, fence

posts, many fabrics, and other useful materials. The termites also attack telephone

poles, boats, and other finished goods (e.g., paper and fabric), valuable manuscripts,

and paintings. Sometimes, even inorganic materials such as buried electrical and

telephone cables have been reportedly damaged by termites (Henderson and Dun-

away 1999). In Hargobindpur (Punjab, India), people deserted an entire street as

buildings started collapsing due to heavy termite attack (Roonwal 1955). The

poorer areas of the tropics and subtropics probably suffer more termite damage

and therefore, economic impact of termites has received the most attention (Su and

Scheffrahn 1998). It has been reported that 95% of damage to wood and wood

products in the USA is caused by subterranean termites (family Rhinotermitidae)

and its estimated cost annually exceeds $750 million to $1 billion (Mauldin 1986;

Su and Scheffrahn 1990). Moreover, subterranean termites account for 80% of the

approximately $1.5 billion spent annually for termite control in the USA (Su 1993).
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Termite control by chemicals involves their application to the wood or to the

soil. The best method of eliminating dry wood termites is by chemical fumigation

using the fumigant, usually sulfuryl fluoride, methyl bromide, or a combination of

methyl bromide and carbon dioxide is pumped into the building. Insecticides such

as chlorpyrifos, bifenthrin, imidacloprid, endosulfan, and lindane are currently

being used for control of termites in stored wood as well as for crops (Su et al.

1999). For example, seed treatment with chlorpyrifos, lindane, or thiomethoxam

resulted in lesser termite damage in cotton, maize, rice, sorghum, and sugarcane

crop and was found effective against three species of termites: Trinernitermes
trinervius, Odontotermes smeathmani, and Amitermea evuncifer, which are the

principal pests of these tropical food crops (Bhanot and Singal 2007). The effective

dose of thiomethoxam for these termites was 0.03 ppm, which resulted in 100%

mortality within 2–8 days depending upon the species studied. Seed treatment with

insecticides such as chlorpyrifos, endosulfan, formothion, and monocrotophos has

been standardized in wheat (Bhanot et al. 1991a), barley (Bhanot et al. 1991b), and

gram (Bhanot et al. 1995). However, the control of pest insects with chemical

insecticides has generated several problems including insecticide resistance, out-

breaks of secondary pests normally held in check by natural enemies, safety risks

for humans and domestic animals because of their long persistence in soil and due

to the entry of residual toxic chemicals in food chain, contamination of groundwa-

ter, decrease in biodiversity, and other environmental concerns. These problems

and sustainability of programs based predominantly on conventional insecticides

have stimulated increased interest in integrated pest management. Sustainable

agriculture in the twenty-first century will rely increasingly on alternative interven-

tions for pest management that are environment friendly and reduce the amount of

human contact with chemical pesticides.

Biological control agents are effective, environment friendly, economically

viable, and socially acceptable method of pest management. The moist and

warm microenvironment preferred by subterranean termites supports epizootics,

enhancing the potential for biological control (Verma et al. 2009). Biological

control agents from areas of the termite’s origin are being searched to control

exotic species. Several fungi, namely, species of Termitaria, Neotermus, Metiro-
lella, Laboulbenia, Antennopsis, Metarhizium, Baeuveria, Leboulbeniopsis, and
Coreomyceptosis are known to be parasitic to termites (Staples and Milner 1996).

Delate et al. (1995) achieved complete mortality of Coptotermes formosanus ter-
mites within 15 days with isolates of Baeuveria bassiana and Metarhizium aniso-
pliae fungi. Wright et al. (2005) reported that a fungal isolate, C4-B, taxonomically

identified as M. anisopliae (Metschnikoff) caused rapid mortality in Formosan

subterranean termite alates. A nuclear polyhedrosis virus (NPV) isolated from the

cotton leaf worm (Spodoptera litoralis) has also been reported to infect termites

(Al Fazairy and Hassan 1988). Termites died 2–10 days post-infection and the

authors suggested that control ofKalotermes flavicolliswith NPVmight be feasible.

Termites are also susceptible to infection by the bacterium Serratia marcescens
(Khan et al. 1977a) and Bacillus thuringiensis (Khan et al. 1985). Khan et al. (1992)
reported that the mortality of Microcerotermes championi, Heterotermes indicola,
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and Coptotermes heimi (Rhinotermitidae) by the pathogenic Pseudomonas aerugi-
nosa (Schroeter) ranged from 25–52% at 7 days post-inoculation to 84–100% at

25 days post-inoculation in the laboratory. Connick et al. (2001) reported that

S. marcescens isolate T8 was highly virulent to the C. formosanus and termite

mortality was 24% by 2 days, and 99% after 19 days of the experiment. Other

bacterial isolates involved in the mortality of termites included Acinetobacter
calcoacet, Aeromonas caviae, Alcaligenes latus, Arthrobacter sp., Bacillus sp.,

Chromobacterium sp., Corynebacterium urealyticum, Enterobacter gergoviae,
Micrococcus, Neisseria, and Rhizobium radiobacter (Osbrink et al. 2001; Kanchana

Devi et al. 2007; Yuvraj Singh 2007). Nematodes belonging to the two families,

Steinernematidae and Heterorhabditidae, have shown promise for use in termite

control programs (Kaya and Gaugler 1993; Yu et al. 2006). These studies demon-

strated the potential of microorganisms in reducing termite populations success-

fully in the laboratory.

Recent emphasis on biological processes able to improve agricultural productiv-

ity, while minimizing soil pollution, is essential for sustainability in agriculture

system. A better understanding of ecology of termites’ pathogens, optimization of

conditions leading to better management or killing of termites, and appropriate

formulations of microbial preparations is crucial for sustaining agricultural ecosys-

tems. This chapter reviews the various physical, chemical, and biological methods

for termite control. Recent developments and past research done on termite control

emphasizing biological control agents are reviewed. The relationship between

production of various metabolites by termite pathogens and their possible contribu-

tion toward termiticidal activity is also discussed. The possibilities of ensuring the

survival of introduced termite’s pathogens in the soil or to prepare efficacious and

potent biocidal formulations are explored in this review.

12.2 Biology and Diversity of Termites

A basic understanding of termite diversity and biology is a prerequisite for adequate

pest management (Krishna and Weesner 1970; Lee and Wood 1971; Grasse 1986;

Donavan et al. 2007). The diversity of termites could be explained on the basis of

their morphological differentiation, capacity to form different kinds of nest/mound,

and their consumption of a wide range of freshly dead or decaying plant material.

12.2.1 Morphological Differentiation

The individuals in the organized colonies are differentiated morphologically into

distinct forms or castes that perform different biological functions. Colonies of

Macrotermes michaefsoni species of Australia may reach three million individuals.

Most termites originally have a single king and queen, which carry out colony
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reproduction for 10–20 years or more. However, if one or both of this royal pair die

or if the colony size becomes large and dispersed, reproductive replacements may

come from developing immatures or adults, particularly in tropical species. Most

swarming reproductives produce only four or five dozen offsprings in the first year.

However, the egg production by the queen increases in subsequent years from three

to six eggs per day to about 30,000 or more eggs per day in physogastric (swollen

with eggs) Macrotermes queen. Such an enlarged queen becomes more than 300

times larger than the workers. The workers are pale and soft-bodied, with mouth

parts adapted for chewing. They perform most of the work of the colony: nest

building and repair, foraging, and grooming other members of the colony. Because

of the feeding function, the worker caste causes the widespread destruction for

which termites are notorious. The soldiers are adapted in various ways for defense.

Morphologically, the soldiers are bigger in size and have defensive adaptations

such as enlarged mandibles or stopper-like heads. Besides having mandibles, and a

sclerotized head, soldiers of some genera such as Coptotermes have a frontal gland
that discharges a defensive secretion through a frontal pore (Richards and Davies

1978). This secretion can be toxic or repellent to intruders, such as ants and entangle

their legs and antennae.

12.2.2 Nest/Mound Formation

All termites live in highly organized and integrated societies or colonies within the

confines of excavations within wood above-ground or in subterranean and epigeal

nest systems. Some subterranean termite species often build the spectacular mounds

for which these insects are renowned (Fig. 12.1). A variety of nests or mounds are

constructed, varying from random shapes to subterranean forms, to oval nests on

trees in tropical areas, and to elaborate ground nests in semiarid regions. Some of

Fig. 12.1 A termite nest in the University campus
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the nests in Africa may extend upward more than 20 ft and measure 12 ft in

diameter. These are produced by cementing soil and faecal material with secretions

either from specialized frontal glands in the termite’s head or from the proctodeum.

Several subterranean termite species such as C. formosanus infest and nest within

living trees. It has been estimated that as many as 30% of living trees in New

Orleans, Los Angeles, are infested with termites. The termites frequently construct

a basal carton nest within the trunk of the tree causing substantial structural

weakening of the tree. Termites nest systems can be classified as mentioned below.

12.2.2.1 Wood Nesters

Termites in this group live in or around standing trees or dead logs. Sometimes, the

dead wood is gradually replaced with wood carton, a woody substance with low

nutrient concentrations, high levels of lignin, and other undigested components

(Collins 1989). This includes the Kalotermids (Kalotermes and Glyptotermes),
some Rhinotermids (Schedorhinotermes, Parrhinotermes, Heterotermes, and also

Coptotermes), and some Termitidae members such as Microcerotermes and

Termes.

12.2.2.2 Hypogeal or Subterranean Nesters

Termites whose colony centers are below the ground without any indication of their

presence (Wood and Johnson 1986). They use their faeces or a mixture of faeces

and mineral soil in nest construction. In some Macrotermitinae, Apicotermes and
Homallotermes, a little internal structure or surface holes are present together with
their complex underground nests. This enables the foragers to forage on above-

ground vegetation. This group also includes many species that are facultative

secondary inhabitants of epigeal mounds: Microcerotermes, Pericapritermes, and
soldierless Apicotermitinae (Eggleton et al. 1996).

12.2.2.3 Epigeal Mound Builders

Termites whose colony centers associated with living or dead vegetation above

ground are commonly known as mound builders (Jones 1990; Eggleton et al. 1996).

The mounds are usually well characterized, often with very complex structures.

Materials used for construction are of three main types: subsoil with relatively low

organic content added with salivary secretion (Macrotermes and Cornitermes),
wood carton (a mixture of faeces and macerated wood with a high lignin content),

or a mixture of faeces and organic-rich topsoil (many soil feeders). Epigeal mound

structure can differ widely within genera and also between regions within widely

distributed species. Macrotermitinae and Dontotermes are known to build huge

mounds of selected clay-rich subsoil (Wood and Johnson 1986).
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12.2.2.4 Arboreal Nesters

Nests are attached outwardly to trees at different heights. These nests are normally

made of wood carton. In most cases, the nests are connected to the ground by

covered runways. This may assist in distinguishing some arboreal termite nests

from those of ants. Nonetheless, some arboreally nesting Nasutitermitinae (e.g.,

Hospitalitermes) form open foraging columns without any connecting runways

between the nest and foraging sites.

12.2.3 Trophic Groups

Termites consume wide range of freshly dead or decaying plant material including

dry grass, leaf litter, decaying wood, dung, and humus. Living plant tissues,

including lichen and mosses, are taken by a few species. Another feeding group

that may be common and important in many tropical forests is the soil-feeding

termites. Termite species can be categorized into five broad trophic categories

according to their food, foraging galleries or columns, color of the abdomen, and

known biology (de Souza and Brown 1994; Eggleton et al. 1995, 1997; Bignell

et al. 1997).

12.2.3.1 Wood Feeders

These primitive wood eating termites feed on wood and woody litter, including

dead branches still attached to trees, and they may live in their feeding galleries,

which in some cases become colony centers (Eggleton et al. 1996, 1997). The wood

taken may include living trees (Coptotermes, Schedorhinotermes, and Microcer-
otermes dubius), sound dead wood (Kalotermitidae), and/or fungus-attacked wood

(Nasutitermitinae, some Termitinae, and Macrotermitinae) (Wood 1976; Collins

1984). Most of these termites are arboreal (attached to trees), subterranean, or

epigeal nesters (Bignell et al. 1997; Eggleton et al. 1997).

12.2.3.2 Soil Feeders

These termites feed on the upper mineral soil rich in organic matter, with some

degree of selection of silt and clay fractions (Sleaford et al. 1996). They are

normally distributed in the soil profile, in the organic litter layer (leaves and

twigs), and/or in epigeal mounds (Bignell et al. 1997; Eggleton et al. 1995,

1997). Soil feeders are very common and abundant in many tropical rain forests

(Wood 1976). In South-east Asian regions, soil feeders are dominated by the

Termitinae with a small number of Nasutitermitinae and Apicotermitinae (Abe

1987).
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12.2.3.3 Soil–Wood Interface Feeders

Termites in this group feed on highly decayed wood, the soil under logs or soil

plastered to logs, or soil mixed with leaf litter in stilt-root complexes (Eggleton

et al. 1996, 1997). Soil/wood interface feeders are only found in the Termitinae,

Apicotermitinae, and Nasutitermitinae. Most of them nest within dead logs, build

epigeal nest, or form colony centers in the soil (Eggleton et al. 1997).

12.2.3.4 Litter-Foragers

Termites in this trophic group forage for leaf litter and small woody items litter in

various stages of decay. Food sources are often taken back and stored temporarily in the

nest. This group includes some subterranean and other mound-building Macrotermi-

tinae (with fungal association), as well as certain Nasutitermitinae that forage on the

surface of the ground or litter layers (Bignell et al. 1997; Eggleton et al. 1997). Genera

such as Laccessititermes and Longipeditermes are also known as arboreal forages.

12.2.3.5 Micro-Epiphyte Feeders

Termites of this group forage for moss, algae, lichens, and fungi on tree barks. In

South-east Asia, Hospitalitermes hospitalis is known to feed on lichen (Jones and

Gathrone-Hardy 1995; Eggleton et al. 1997). Grass feeders also take dung and may

sometimes scavenge vertebrate corpses. Grass feeders are mainly of the family

Hodotermitidae, found only in savanna and deserts (Krishna 1970).

The gut microbiota of termites represents all aspects of microbial relationships

from pathogenic to obligate mutualism (Dillon and Dillon 2004). Breznak (1982)

reported that a dense and morphologically diverse bacterial flora colonizes the

hindgut of lower and higher termites. Most bacterial isolates were found to belong

to the species of strict or facultative anaerobes including Streptococcus, Bacteroides,
various Enterobacteriaceae members, Staphylococcus, and Bacillus. For example,

spirochetes provide the carbon, nitrogen, and energy requirements of termite nutrition

via acetogensis and nitrogen fixation. In fact, microbial nitrogen fixation accounts for

60% of the nitrogen in some termite colonies (Tayasu et al. 1994). In the lower

termites, flagellate protozoa essentially inhabit the insect gut as symbionts to break

down cellulose and convert it into soluble and digestible substrate. Several lower

termites maintain an obligate exosymbiosis with the fungus Termitomyces spp. that
they cultivate within the nest on fungus “combs” constructed from faecal material

(Wood and Thomas 1989). The fungus is cellulolytic and is responsible for external

digestion, while there are also bacteria and protozoa in the gut, which may or may not

be symbiotic. Several fungi perform the function of decomposition of termite excreta,

which is recycled in the colony. Fungal combs not only provide the decomposed

residue to the termite nests but also elevate temperature due to metabolic activity in

decaying organic residues outside the termite gut.
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12.3 Classification of Termites

Termites can be classified taxonomically using many different features: external

morphology, internal features, food and nest type, and chemical and behavioral

differences. Soldiers play an important part in termite classification. The most

obvious differences are the shape and size of the head and mandibles. There are

major differences in distribution, biology, and pest status among the seven conven-

tionally recognized families of termites (Table 12.1) and these families are sub-

divided to include 15 subfamilies, 270 genera, and over 2,650 species (Kambhampati

et al. 1996). Based on the composition of the symbiont microbiota in the gut, termites

are divided into two groups: “lower termites” and “higher termites”. Lower termites

house flagellate protozoans and bacteria, whereas higher termites house a variety of

prokaryotic microbes, but no flagellates. Some Termitinae also house cellulolytic

amoebae.

12.3.1 Lower Termites

These are the primitive termites and phylogenetically known to harbor cellulose-

and/or xylan-digesting flagellate protozoans and bacteria in their hindgut to aid in

cellulose decomposition (Breznak and Brune 1994). The protozoans are mainly

cellulolytic anaerobes and have the ability to degrade cellulose and other poly-

saccharides (Bignell and Eggleton 1998). Lower termites are generally found

Table 12.1 Classification of termites

Family Subfamilies Important genera

Kalotermitidae – Postelectrotermes, Neotermes,
Glyptotermes, Kalotermes,
Bifiditermes, Cryptotermes

Rhinotermitidae Psammotermitinae,

Heterotermitinae,

Stylotermitinae,

Coptotermitinae,

Termitogetoninae,

Rhinotermitinae

Psammotermes, Heterotermes,
Reticulitermes, Coptotermes,
Schedorhinotermes, Rhinotermes

Mastotermitidae – Mastotermes
Termopsidae Termopsinae, Porotermitinae,

Stolotermitinae

Archotermopsis

Hodotermitidae Cretatermitinae, Hodotermitinae Anacanthotermes
Serritermitidae – Serritermes
Termitidae Termitinae, Apicotermitinae,

Nasutitermitinae,

Macrotermitinae

Eurytermes, Speculitermes,
Dicuspiditermes, Hypotermes,
Nasutitermes, Termes,
Macrotermes, Hospitalitermes,
Trinervitermes, Microtermes,
Odontotermes

Source: (Logan et al. 1990)
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outside forests or in marginal habitats within forests and mostly all are wood

feeders except for Hodotermitidae, which are grass feeders (Collins 1989).

12.3.1.1 Kalotermitidae

Species in this family are often referred to as the dry wood termites from their

nesting habit in sound wood and are believed to be a sister group to Rhinotermitidae

and Termitidae (Kambhampati et al. 1996). This is the largest family of lower

termites, with 25 genera and 350 species (Wood and Johnson 1986). These termites

occur in small numbers in rain forests, mainly confined to dead limbs and trunks in

the forest canopy (Collins 1988). Many species in this family are serious pests of

forest products and two common species found in Malaysian forest are Crypto-
termes cynocephalus and C. domesticus.

12.3.1.2 Rhinotermitidae

Rhinotermids contain six subfamilies: Coptotermitinae, Heterotermitinae, Psam-

motermitinae, Termitogetoninae, Stylotermitinae, and Rhinotermitinae. This is the

most important family of lower termites in Malaysian forest and is often referred to

as damp wood termites. They are found in standing or fallen trunks and limbs, and

can cause severe damage to timber and living trees. Some of the common genera

found in Malaysian and Bornean forests are Coptotermes, Heterotermes, Termito-
geton, Prorhinotermes, Parrhinotermes, and Schedorhinotermes (Thapa 1981;

Collins 1988; Tho 1992). Important pest species are Coptotermes curvignathus
Holmgren, infesting rubber trees and pine trees, and Curvignathus borneensis
Oshima (Collins 1988; Chey 1996). Heterotermes is the most primitive genera

and contains 23 species, of which seven are oriental. H. indicola and H. malabar-
icus occur in the northern and southern regions of India, respectively. Coptotermes,
essentially a tropical genus, is distributed in Far East, South Asia, Australia, parts of

South Africa, and southern regions of the USA.

12.3.2 Higher Termites

This is the largest group dominating the order with over 80% of the genera and 74%

of the species (Edwards and Mill 1986; Wood and Johnson 1986). Phylogenetically,

they form mutualistic relationship with other microorganisms, usually fungi and

bacteria or bacteria alone, despite the presence of endogenous cellulase to digest

their food (Slaytor et al. 1997). These termites exhibit a wide variety of social

specializations (Breznak 1982). They have a more elaborate external and internal

anatomy and social organization compared to lower termites (Breznak and Brune
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1994). Higher termites predominate in tropical forest systems as litter, wood, and

soil feeders.

12.3.2.1 Termitidae

The family Termitidae contains three quarters of all known species, comprising

four subfamilies: Macrotermitinae, Apicotermitinae, Termitinae, and Nasutitermi-

tinae (Wood and Johnson 1986; Collins 1988). One of the important subfamilies is

the Macrotermitinae. Genera in this subfamily are known to cultivate species of the

symbiotic basidiomycete fungus Termitomyces on faecal combs within their nests.

These termites have a correspondingly greater impact on decomposition processes

than other termites. Macrotermitinae are known to originate from Africa, and of the

13 recorded genera, only four genera occur in Malaysian forests: Macrotermes,
Odontotermes, Hypotermes, andMicrotermes. The Macrotermitinae, fungus-growers,

are widely distributed throughout the world except at high altitudes and in desert

areas. Most feed on dead plant material, but some also feed on living plants causing

serious and widespread damage, particularly in semiarid Africa and India. They

attack a wide range of crops (Sands 1977) and are major pests of exotic forestry

(Cowie et al. 1989).Microtermes andOdontotermes species are confined to oriental
regions including India and Pakistan, which build both subterranean and epigeal

nests. Subfamilies Termitinae and Nasutitermitinae include both wood- and soil-

feeding species, and they dominate most tropical forest ecosystems. The Termes-
group belonging to the subfamily Termitinae are some of the soil feeders, possess

snapping mandibles, and are widely distributed in Peninsular Malaysia and Borneo.

Nasutitermitinae is a highly specialized form of higher termites. Most of these

genera found in Malaysian forests are wood feeders and they are able to consume

large quantities of dead wood.

The damage-causing termites most frequently belong to the genera Macro-
termes, Microtermes, and to a lesser extent Odontotermes and Ancistrotermes in
Africa and predominantly to Microtermes and Odontotermes in the Indian subcon-

tinent.Macrotermes spp. build large epigeal nests (mounds) from which they forage

outward for distances up to 50 m in galleries/runways either just below or on the

soil surface (Darlington 1982). They attack plants at the base of the stem, ring-bark,

or cutting them through completely (Sands 1973; Cowie and Wood 1989). Micro-
termes genus is comprised of small termites which are earth dwelling and some-

times occurs in the mounds of other termites, especially in the Odontotermes genus.
Some species are serious pests of crops and forest nurseries. Of the 58 species

known, 13 are oriental and found in India, Pakistan, Bengladesh, Sri Lanka, Thai-

land, Burma, and Indonesia, etc., and damage different crops such as sugarcane,

wheat, barley, maize, vegetables, and garden crops. Important species of this genus

are Microtermes incertoides, M. inseparatus, M. mycophagus, M. obesi, M. pakis-
tanikus, and M. unicolor.

Odontotermes is a large genus containing 169 species. Seventy-nine termite

species are oriental and found throughout the region. It is confined to the Ethiopian
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and oriental regions. Odontotermes spp. build both subterranean and epigeal nests

especially in India. Damage is due to either foraging under soil sheeting on the outer

surface of the plants, sometimes leading to severence of the stem (Cowie and Wood

1989) or attack on the roots (Nair and Varma 1985; Mitchell et al. 1987). Odonto-
termes assumuthi Holmgren occurs in India from eastern Punjab to the Gangetic

plains of Bihar, Maharashtra, and Chennai in the south. It is a serious pest of

sugarcane and also attacks timber, the bark of standing logs, etc. Swarming occurs

in the afternoon in the month of June and July from holes in the ground. They attack

crops such as sugarcane, cotton, wheat, barley, forest trees, coconut, eucalyptus, tea

palm, and dead wood. Other important species of this genus are Odontotermes
ceylonicus, O. formosanus, O. obesus, O. javanicus, and O. bengalensis.

12.4 Control Measures for Termites

Subterranean termites have been around for millions of years and are well adapted

to the environmental stresses. Being underground, they are fairly well protected

from common hazards and the possibility of direct termiticide application. Wood

and moisture are two primary requisites for successful establishment of subterra-

nean termite infestations. It has been recommended that for construction purposes,

one should use pressure-treated wood (treated with creosote, pentachlorophenol, or

certain inorganic salts). This is particularly important where wood comes into

contact with soil. Surface treatment of wood with borates did not protect it from

C. formosanus (Grace and Yamamoto 1994), although impregnation of wood with

borate salts under pressure provides protection from attack if moisture, which can

leach the water-soluble salts, can be controlled. To prevent access of subterranean

termite species to plants, different strategies are used to prevent the infestation of

structures (Su and Tamashiro 1987; Su and Scheffrahn 1990; Yates et al. 1997).

Usually, no attempt is made to find and destroy the colony, which may be situated

anywhere within a volume of soil of hundreds of millions of cubic meters (Su and

Tamashiro 1987). Treatment of soil around the structure, therefore, kills only a

small proportion of the colony, the majority of the population surviving to reinfest

the structure, either by flying reproductives or by workers entering through an

untreated or inadequately treated portion of soil (Su and Scheffrahn 1990).

Until recently, termite management practices had focused on protecting individ-

ual structures through application of physical or chemical barriers to exclude

termites from the structure, while doing little to mitigate populations of the termites

in the surrounding area. Present management paradigms have changed with the

advent of new termite control methods to that of reducing termite populations

below economic threshold while protecting house, wood products, and trees. The

newmanagement paradigms can only be achieved through a combination of existing

technologies and continued development of new technologies and integrated pest

management concepts.
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12.4.1 Cultural Practices

Before the advent of organic synthetic insecticides, the termite control in crops was

largely done by adopting suitable cultural practices (Logan et al. 1990). These

practices involved crop rotation, breaking up of termite galleries, queen removal,

application of wood ash and other materials, and cultivation of termite-resistant crops.

12.4.1.1 Crop Rotation

When natural vegetation is cleared and the land is cultivated, the nests of mound-

building termite species are destroyed; and termite species dependent on trees and

woody litter eventually disappear. Species with deep subterranean nests and with the

ability to survive on particular living crops and crop residues remain and their

population increase (Kooyman and Onck 1987; Black andWood 1989). Crop rotation

and fallow periods should prevent the rapid buildup of these species to high levels.

Tree crops (e.g., rubber) may not be seriously attacked by termites dependent onwood

for nests and food (e.g., Coptotermes spp.) if planted on land previously used for

several years for annual nonwoody crops (Harris 1971). However, in a number of

cases, rotation seems to have led to greater levels of attack. Short-term rotations led to

higher attack than longer rotations in cotton in Sudan (Tarr 1960). Cotton in rotation

following lubia (Hyacinth bean) or dura (sorghum) in Sudan suffered heavier tap root

damage than when it followed fallow, but this was considered probably due to the

remaining crop residues from the previous year allowing buildup of pest termites

rather than due to the direct effects of the rotation (Crowther and Barlow 1943).

12.4.1.2 Breaking Up Termite Galleries

Termite damage is not generally a problem in crops planted on deep cracking soils

because the frequent cracking prevents adequate building and maintenance of

mounds, runways, and galleries (Lee and Wood 1971). Artificial breaking up of the

soil may have a similar effect, reducing termite foraging activity. Deep ploughing is

common practice in India (Kakde 1985), and a similar practice has been recom-

mended in South Africa (Otto 1951) and the USA. Beeson (1941) suggested that

repeated digging of forest nursery soil beds would reduce termite attack. Regular

cultivation around plants to break up termite passages in the soil is effective against

shallow-nesting species, but may only have a temporary effect (Coaton 1950).

12.4.1.3 Queen Removal

Removal of the queen and/or destruction of the nest have been advocated frequ-

ently for the control of mound-building termites, especially the fungus-growing
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Macrotermitinae (Rajagopal 1982; Kakde 1985). The nest is readily identified and the

royal chamber is easy to locate. However, if nymphs or alates are present at the time

of de-queening, replacement reproductives may develop (Darlington 1985). Dawkins

(1949) advised lighting a fire in the mound after queen removal. The foraging activity

may be reduced even if de-queened colonies do not die since they remain inactive

for 12–18 months until new queens become established (Coaton 1949). Control of

C. curvignathus Holmgren by queen removal has been attempted, but reproductives

of lower termites are replaced even more readily than those of higher termites

(Wood 1968); and in forestry it is mature trees that are attacked, which would

necessitate continuous destruction as mounds appear (Cowie et al. 1989).

12.4.1.4 Wood Ash and Other Materials

Wood ash heaped around the base of the trunk has been recorded as preventing

termite infestation of coffee bushes (Kashyap et al. 1984) and is said to repel them

from date palms (Popenoe 1973). It is also effective in protecting the seedlings if

mixed into forestry nursery beds or applied as a layer below polythene planting

tubes (Beeson 1941) and to protect stored yams, wooden posts, and stacks of hay

and maize straw (Malaka 1972). Kerosene, diesel, and crude oil have been recom-

mended to prevent attack on timber and on tree bark (Malaka 1972; Giridhar et al.

1988; Logan and El Bakri 1990). The addition of crude fuel or fish oil emulsion to

irrigation water is considered to reduce damage to tree seedlings and sugarcane

(Roonwal 1979). Painting round the trunks of fruit trees could prevent foraging on

bark and subsequent ring barking (Giridhar et al. 1988).

12.4.1.5 Cultivation of Termite-Resistant Crops

Resistance against termites’ functions either by inhibition of pest attack or by the

ability of plants to produce normal yields despite attack of termites (Horn 1988).

Generally, however, the possibility of using termite-resistant varieties or species of

crops and trees has been ignored and the ready availability and high efficacy of

organochlorine insecticides have until recently obviated the need for research on

resistance. In general, crops showing resistance or tolerance to termites are indige-

nous, while the susceptible crops are exotic. For instance, in Africa sorghum and

millet are more resistant to termites than maize (Cowie and Wood 1989). Cowpea

and bambara nuts are not attacked, whereas groundnuts suffer serious damage

(Johnson et al. 1981). Presumably, indigenous crops have evolved defense mechan-

isms against the local termite species. Some exotic plants, such as a mango,

avocado, and citrus in South Africa, are resistant to termites (Fuller 1912). When

there are major losses to termites, resistant crops could provide options by way to

rotation or intercropping, but the overriding factors are likely to be socio-economic.

Grafting susceptible fruit trees onto root stocks of resistant species has been

practiced successfully (Fuller 1912).
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Cultivars of a particular crop may also differ in susceptibility (Johnson et al.

1981; Singla et al. 1988). Amin et al. (1985) screened over 500 groundnut cultivars

and found a wide range of resistance to pod scarification by termites (0–44% pods

scarified). Mortality of groundnuts due to termites also varied among cultivars

(Mercer 1978). Variation in susceptibility between cultivars has also been recorded

for tea and sugarcane (Sivapalan et al. 1977; Kumarasinghe and Ranasinghe 1988;

Singla et al. 1988). Local varieties of groundnuts in Nigeria whereas castor and

cotton in India are selected by farmers over many years and they are more resistant

to termite attack than introduced cultivars (Roonwal 1979; Johnson et al. 1981;

Parihar 1985). Poor quality, hybrid date palms (Phoenix dactylifera L.) in northern

Sudan are reported to be more resistant to termite attack than named varieties

(Logan and El Bakri 1990).

12.4.2 Application of Physical and Chemical Barriers

Prevention of infestations may involve physical means (e.g., sand or steel-mesh

barriers beneath foundations) or more commonly involve chemical controls (Su and

Scheffrahn 1998). Conventionally, damage to plants by subterranean termites has

been prevented by persistent insecticidal barriers in the soil around the roots or

preventing termite access to the crop/tree. Dry wood termites, although consider-

ably less important, have proved extremely difficult to control chemically, but a

combination of cultural and chemical control may be effective against them in some

instances (Sands 1977; Cowie et al. 1989). Control measures can be divided broadly

into four categories, which attempt to (a) prevent termites gaining access to the

plants, (b) reduce termite numbers in the vicinity of the plants by application of

chemical and plant insecticides, (c) render the plants themselves less susceptible to

attack by the termites, and (d) cost-effective management of termites by biological

control.

12.4.2.1 Preventing Termite’s Access to Plants: Physical Barriers

Anything nonchemical that would stop foraging termites from getting to a potential

host is a physical barrier. Physical barriers are primarily used to protect houses and

involve the use of particulate matter or metal screens. Particles that are too large for

termites to move and yet pack compactly enough to prevent passage between them

have been shown to present an effective barrier (Su et al. 1991). Use of stainless

steel-mesh barriers is known to stop foraging individuals of several species of

subterranean termites (Lenz and Runko 1994). Basaltic termite barrier or gravel

barrier is used in Hawaii as a preconstruction treatment (Grace et al. 1996; Yates

et al. 2000). A continuous copper barrier is also available for exclusions of termites

from structures. Galvanized steel “termite caps” have long been used to cap piers in

pier and beam constructions. While these barriers cannot totally prevent termite
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infestation of a structure, intact barriers force that termite to build shelter tubes around

them to gain access to wood and thus expose themselves during structural inspection.

12.4.2.2 Reduction of Termite Numbers by Application of Chemical

and Plant Insecticides

The insecticides are either applied in the soil before sowing of crop or applied after

seed treatment. Some of the plant extracts have also been found to kill the termites.

The conventional but now unacceptable application of broad-spectrum persistent

organochlorine insecticides as barriers in the soil prevents termite access to crops,

trees, or buildings and is in general equally effective against all subterranean

termites.

Use of Chemical Insecticides

Inorganic insecticides, namely, arsenicals and mercuric compounds were used

earlier to kill the termites that posed hazards to human beings and cattles. System-

atic studies on termite control were, however, taken up only after the World War II.

Of late, seed treatment with insecticides has been found not only cheaper but also

more effective than above conventional methods. A number of chemicals currently

approved for the control of termites have relatively low toxicity (e.g., imidacloprid

and hexaflumuron). Pyrethroids are widely used as household insecticides and have

a good safety record. Organophosphorus compounds such as chlorpyrifos are

widely used in agriculture as effective insecticides, but need to be handled with

caution because of their acute neurotoxicity in animals and humans.

Seed treatment of wheat (Bhanot et al. 1991a), barley (Bhanot et al. 1991b), and

gram (Bhanot et al. 1995) with insecticides such as aldrin, chlorpyrifos, endosulfan,

formothion, and/or monocrotophos has been perfected and recommended. Seed

treatment with chlorpyrifos 20 EC @ 10 ml per kg seed has been recommended

for termite control in cotton. Application of 6.25 L of chlorpyrifos 20 EC or lindane

20 EC mixed with 1,500–2,500 L of water and sprinkled over the cane sets resulted

in lesser termite damage in sugarcane crop (Bhanot and Singal 2007). Thio-

methoxam (Actara) was found effective against three species of termites: T. triner-
vius, O. smeathmani, and A. evuncifer, which are the pests of principal tropical food
crops such as maize, rice, sorghum, and sugarcane. The effective dose of thio-

methoxam for these termites was 0.03 ppm, which resulted in 100%mortality within

2–8 days depending upon the species studied. Pyrethroid-based soil termiticides are

highly repellent and much more suited in high temperature and low moisture

environments (Su and Scheffrahn 1998).

Pre- and postconstruction ground treatment with persistent chemicals such as

cyclodienes (aldrin, dieldrin, etc.) was fairly effective against subterranean ter-

mites. Some of these chemicals had residual lives of 25–30 years in the soil.

However, environmental and health concerns led to the withdrawal of their use in
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the mid-1980s. At present, six insecticides (four pyrethroids, one nicotinoid, and

one organophosphate) are widely used in the USA. Besides being more expensive,

these compounds are less persistent, requiring more frequent applications. The

chloronicotinyls, of which imidacloprid is the most active compound, are not

readily detected by the termites and cause discontinued feeding, disorientation,

and death (Potter 1997). Another nonrepellent product having unique chemistry,

fipronil, has been recently registered and distributed for termite control. Precon-

struction chemical treatments include broadcast spraying of the soil subtending the

slab with a fix rate of chemical. Construction activities prior to pouring the slab can

also disrupt the chemical barrier. Building raised garden beds next to the house

using untreated soil provides a bridge over and thus circumvents the barrier.

Contrary to the practice of treating houses, chemical treatment of trees is a most

recent phenomenon. This is particularly important in the attempts to save valuable

trees in urban landscapes. Holes are drilled into a tree trunk and termiticides are

injected into the hole, usually formulation into foam, to allow movement of the

pressurized steam both upward and downward within the termites’ galleries.

Bait treatment: Because of short life of currently used termiticides, the relative

difficulty of providing a complete chemical barrier and due to health and environ-

ment reasons, monitoring/baiting technologies have been developed to detect

the presence of termites and deploy insecticides only when termites are present

(Su 1994; Su et al. 1995). Research efforts have focused on alternative means of

termite management and recent studies have demonstrated the efficacy of baiting

schemes employing insect growth regulators in eliminating subterranean termite

colonies (Su and Scheffrahn 1993; Su et al. 1995; Grace et al. 1996). To effectively

use baiting technology as a control, the toxicant must be nonrepellent and must

be a slow-acting toxin so that termites do not die at the site of the treatment and

become secondarily repellent. Further, such a slow-acting toxin allows termites to

distribute the toxin more widely throughout the colony by grooming and trophal-

laxis. One group of such chemical includes the chitin synthesis inhibitors. Hajjar

and Casida (1978) reported that derivatives of benzoylphenyl ureas inhibit chitin

synthesis in insects and other arthropods, thereby disrupting ecdysis. Ecdysis

disruption in H. indicola and Reticulitermes flavipes by diflubenzuron was demon-

strated by Doppelreiter and Korioth (1981). Su and Scheffrahn (1993) showed that

hexaflumuron, even though slow acting, was very effective against C. formosanus
and R. flavipes.

Different criteria examined for assessing the efficacy of termite bait treatments

include alate numbers, foraging activity prior to and after baiting, and foraging

territory (Su and Scheffrahn 1996; Thorne and Forschler 2000). Termite presence is

monitored using cellulose substrates examined on a regular basis. Several monitor-

ing/baiting systems are commercially available for both in-ground and above-

ground use. Soil monitoring stations are regularly spaced around the structure to

be protected. Once termite activity is detected in a monitoring station, the bait is

replaced with a toxin-laced substrate. Typically, above-ground stations containing

toxin-laced matrix are placed directly in contrast to exposed galleries with active

termite and as such no monitoring with untreated cellulose is required.
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Use of Plant Insecticides

Locally available parts of plants, plant extracts, and other substances have fre-

quently been claimed to be effective in termite control, although they have received

little rigorous assessment in the field. Laboratory studies have identified a wide

range of plants containing material toxic or repellent to termites having antifeedant

properties and many have been considered for use as insecticides (Stoll 1986;

Gerrits and van Latum 1988; Harborne 1988). Ideally, plant insecticides should

come from readily available local plants or those which are easy to grow, preferably

on poor quality land, so that they do not compete with food or cash crops. The active

ingradient should be available with little or no preparation and the plants should not

develop into weeds or act as hosts for crop pests. In addition, they should have low

toxicity to nontarget organisms, especially beneficial insects and humans.

Many timbers contain chemicals or complex mixtures of chemicals that repel or

kill termites or interfere with their gut fauna (Adams et al. 1988; Lin and Wang

1988), but these chemicals are difficult to extract (Carter and de Camargo 1983).

Consequently, they are unlikely to be useful as insecticides in their own right,

particularly as most of the toxic chemicals in timber are avoided by termites

(Carter and Smythe 1974; Carter and de Camargo 1983). Some grasses are actively

avoided by termites (Sands 1961) and are planted by farmers to keep termites away

from farms and gardens in Nigeria (Malaka 1972). Waste sawdust or wood chips

from tree containing repellent chemicals may provide some protection if

incorporated into soil or used as a mulch round crops or trees, but this has yet to

be tested.

Herbaceous plants or the leaves and fruits of trees are more likely to be effective;

they are easily crushed and usually can be used without complex extraction

procedures. Laboratory experiments have found numerous materials repellent or

toxic to termites in such plant materials, but very few of these have been tested for

their effectiveness in the field. The simplest method of application is as mulch.

Several mulches using leaves or berries of the plant or oil cakes (the residue after oil

such as neem or castor has been extracted) are reported to be effective. Whether this

was due to toxic effects or to effects of the mulch per se on soil physical and

chemical properties (Lal 1987), which in turn affected plant vigor and susceptibility

to termite attack, is unknown. Beeson (1941) gave recipes for mixtures of plant

extracts, which prevented termite foraging on trees and attack on wound or fire

damage in India. “Gambir mixture” made from the leaves of Uncaria gambir
(Naucleaceae) or the dried aqueous extract of Acacia catechu (Leguminosae)

mixed with oil from Canarium strictum (Burseraceae), Hopea sp. (Dipterocarpa-

ceae), or Shorea sp. painted on wounds or fire damage to trees prevented invasion

by termites. “Gondal fluid” (castor oil cake mixed with plant extracts from Gar-
denia gummifera (or G. lucidia) (Rubiaceae), Ferula jaeschukeana (Umbelliferae),

and aloes (Agavaceae) (Agave vera, A. candela, or A. angustifolia) and soaked for

2 weeks) painted round the base of a tree gave protection against termite foraging

for about 8 months. Giridhar et al. (1988) showed that Calotropis (Asclepia-

daceae) latex protected wooden pegs for 4 months. Singh et al. (2002) reported
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antitermiticidal effect of Calotropis (Calotropis procera) extract on infestation of

termites (O. obesus) in sugarcane hybrid. Badshah et al. (2004) also observed toxic

effects of ak (C. procera) plant extracts against termites (H. indicola and C. heimi)
(Isoptera: Rhinotermitidae).

Morales-Ramos et al. (2003) reported that the mortality of termite groups

feeding on fully and partially black-stained Alaskan yellow cedar (AYC) was

significantly higher than that of groups feeding on pine at the end of 32 week.

Wood consumption was significantly different among all treatment groups, with

means of 4.07, 8.76, 19.81, and 29.77 mg/day in the unstained, partially, and fully

black-stained AYC and loblolly pine, respectively. This suggests that toxic and

feeding deterrence properties of AYC heartwood were significantly reduced by

black-staining fungus infection, but were not totally lost. Chemical analysis of

unstained and black-stained AYC wood showed approximately a 50% reduction

in concentration of secondary chemicals in the black-stained wood. Carvacrol was

totally absent in the black-stained wood. Concentrations of nootkatone in the black-

stained wood were one fourth of those observed in unstained AYC wood. Ahmed

et al. (2006) disrupted the bacterial activities in the gut of M. obesi via soil treated
with seed and leaf extracts of Withania somnifera, Croton tiglium, and Hygrophila
auriculata through change in tunneling behavior and termites’ gut bacteria in the

laboratory. Seed extracts ofW. somnifera andH. auriculatawere found highly toxic
with LD50 (4.31 and 2.98%, respectively) in 6-day period. Reduction in the area of

tunneling and the number of bacterial colonies was observed in the soil treated with

seed and leaf extracts of three species. There was no tunneling in seed extracts of

W. somnifera and C. tiglium at their 100% concentration. Area of tunneling was

short in seed extracts of plants as compared with leaf extracts on numerical terms.

The number of gut bacterial colonies was also reduced in termites inhabitant soil

treated with seed extracts of W. somnifera and C. tiglium. It was suggested that

extracts of three species were not only toxic to M. obesi but also acted arrestants

of movements.

Most plant-based insecticides break down rapidly in the soil and so should not

present long-term environmental problems. For the same reason, they do not give

the prolonged protection to crops and trees required to control termite attack.

Current research on other insecticides and formulations may provide a partial

solution to the problem in specific cases with an aim to reduce dependency on

insecticides and to provide cheap, locally available alternatives for small farmers/

foresters.

12.5 Biological Control of Termites

Biological control can be defined as “the control or decrease in the damage caused

by termites due to reduction in the number and destructive activity of termites by

the use of one or more organisms or with the product of a natural biological

process.” The microorganisms isolated from the mounds/nests of termites’ colonies
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or from the rhizosphere soil could be screened for their termiticidal activities for

subsequent use as biocontrol agents. The biological control agents have various

advantages, namely, (1) these organisms are considered safer than many of the

chemicals now in use, (2) they do not accumulate in the food chain, (3) self-

replication circumvents repeated applications, (4) target organism seldom develop

resistance as happens when chemical control agents are used, (5) where less

effective than a chemical control agent, the two sometimes can be combined, and

(6) properly developed biocontrol agents are not considered harmful to the ecology.

Various organisms such as viruses, bacteria, protozoa, nematodes, and fungi

have shown the potential for use in biological control of termites (Lund 1971; Grace

1997; Culliney and Grace 2000; Yu et al. 2006) and serve as alternative to broad-

spectrum chemical insecticides. The synergistic combinations of microbial control

agents with other technologies will have excellent potential for use in integrated

pest management programs. Biological control of termites constitutes a more

environmentally acceptable alternative to traditional chemical control measures.

When successfully implemented, it can yield permanent, cost-effective manage-

ment of pest populations with minimal environmental disturbance. Classical

biological control programs (i.e., the discovery, release, and colonization of natural

enemies: arthropod predators and parasitoids, and pathogens) have proved success-

ful against a variety of pests and knowledge of the role of natural enemies in the

ecology of these species has steadily accumulated (DeBach and Rosen 1991).

However, any pest control program poses some threat to the environment. Natural

enemies introduced for the biological control of specific pests have had negative

impacts on populations of nontarget organisms either directly, through predation,

parasitism, infection, or competition, or indirectly, in their influence on seemingly

unconnected species (Secord and Karevia 1996).

12.5.1 Pathogens of Termites

Soil insects have been considered good candidates for microbial control (Burges

1981). The soil environment offers conditions highly favorable for sustaining

infection and promoting epizootics. Biocontrol of subterranean termites by micro-

bial pathogens may be facilitated by the warm, humid environment of the colony

that is protected from ultraviolet radiation and crowded. Moreover, their sharing of

food (trophollaxis), intimate contact with nest mates (e.g., allogrooming), and

transporting of infected cadavers also favor infections with the pathogens (Grace

1994). However, termites have evolved a complex social structure, formidable

immune response, and adaptive behavior toward infected individuals so that con-

sistently effective biocontrol by means of a single pathogen is unlikely (Logan et al.

1990). However, few confirmed pathogens have been isolated from termites (Grace

1994; Zoberi 1995). Although many prospective termite pathogens have been tested

in the laboratory, relatively few have been evaluated in field trials.

280 S.S. Sindhu et al.



12.5.1.1 Bacteria

The most widely used microbial control agent for control of pest Lepidoptera,

Coleoptera, and Diptera insects is B. thuringiensis. The insecticidal proteins of

B. thuringiensis are highly specific insect gut toxins with a superior safety record in
regard to their effects on nontarget organisms (Lacey and Goettel 1995). Workers

of M. championi (Snyder) (Termitidae) and H. indicola (Wasmann) (Rhinotermi-

tidae) suffered 100% mortality within 13 days of exposure to two local strains of

B. thuringiensis in laboratory tests (Khan et al. 1977a). Khan et al. (1985) reported

that H. indicola, M. championi, and Bifiditermes beesoni (Gardner) (Kaloter-

mitidae) to be highly susceptible to infection of B. thuringiensis (Bt), a commer-

cial preparation of Bt (Thuricide-HP concentrate), exhibiting 100% mortality

within 6 days of exposure. Laboratory colonies of M. championi, H. indicola, and
B. beesoni exposed to suspensions of the spore-forming bacterium S. marcescens
Bizio succumbed completely 7–13 days following infection (Khan et al. 1977b).

Khan et al. (1992) tested the pathogenicity of P. aeruginosa (Schroeter) against

M. championi, H. indicola, and C. heimi (Wasmann) (Rhinotermitidae) in the

laboratory. Termite mortality ranged from 25–52% 7 days post-inoculation to

84–100% 25 days post-inoculation. The authors concluded that P. aeruginosa is

“fairly” pathogenic to the three termite species, although the bacterium’s potential

as a biological control agent is limited by its occasional status as a plant pathogen.

Connick et al. (2001) reported that S. marcescens isolate T8 was highly virulent

at the concentration of 3.4 � 1010 cfu/ml to the C. formosanus. Termite mortality

was 24% by 2 days and 99% after 19 days of the experiment. Osbrink et al. (2001)

isolated biological control agents from dead termites and revealed the presence of

15 bacteria and one fungus in dead termites. Multiple strains of S. marcescens were
isolated and six out of eight strains of S. marcescens were reported as biological

control agents for C. formosanus Shiraki. Bacteria isolated from termite sub-

strata included C. urealyticum Pitcher, A. calcoacet/baumanni/Gen2 (Beijerinck),

S. marcescens, and E. gergoviae Brenner. Kanchana Devi et al. (2007) found that

three HCN-producing rhizobacterial species, i.e., R. radiobacter, A. latus, and
A. caviae killed O. obesus subterranean termites under in vitro conditions. Khan

(2006) reported enhancement in virulence of B. thuringiensis (about 1.5–1.8) and
S. marcescens (1.3–1.6) by 1% potassium chloride or 1% sodium citrate against

the workers of M. championi and caused mortality of termites. The LT50 LT90

and virulence enhancement ratio showed that 1% sodium citrate when mixed with

S. marcescens caused quicker rate of mortality of termites as compared to the

mixture of 1% potassium chloride amd S. marcescens. Boric acid (at 1% concen-

tration) was also found more effective to enhance pathogenicity of B. thuringiensis
against various species of termites.

The population of bacteria in termite nest soil was determined on nutrient

agar medium and King’s B medium (Yuvraj Singh 2007), and found to vary from

1.2 � 106 to 256.0 � 106 colony-forming units/g soil. A total of 270 bacterial

isolates were screened for the potential to produce different enzymes, i.e., lipase,

protease, and chitinase on specific media for their possible involvement in killing
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of termites. Only 83 bacterial isolates were found to express one or more of the

enzyme activities and 12 bacterial isolates expressed all three enzyme activities.

The killing frequency of different bacterial isolates varied from 5.7 to 100% at

5 days under laboratory conditions. Bacterial isolates NSY 19, NNY 23, and NKY

83 caused 100% killing of the termites, whereas 14 other bacterial isolates caused

more than 82% killing at 5 days of the experiment. Based on the comparative

analysis of various morphological and biochemical characteristics, the antagonistic

bacteria were found to belong to the genera of Arthrobacter, Bacillus, Chromobac-
terium, Enterobacter, Micrococcus, Neisseria, Pseudomonas, and Serratia.

Husseneder and Grace (2005) used indigenous gut bacteria Enterobacter
cloacae of the Formosan subterranean termite, C. formosanus Shiraki (Isoptera:

Rhinotermitidae) as shuttle system to deliver, express, and spread foreign genes in

termite colonies. The gut bacterium was transformed with a recombinant plasmid

(pEGFP) containing genes encoding ampicillin resistance and green fluorescent

protein (GFP). In laboratory experiments, termite workers and soldiers from three

colonies were fed with filter paper inoculated with transformed bacteria. Trans-

formed bacteria were detected in termite guts by growing the entire gut flora under

selective conditions and checking the cultures visually for fluorescence. It was

demonstrated that (a) transformed bacteria were ingested within a few hours and the

GFP gene was expressed in the termite gut; (b) transformed bacteria established a

persistent population in the termite gut for up to 11 weeks; (c) transformed bacteria

were efficiently transferred throughout a laboratory colony, even when the donor

(termites initially fed with transformed bacteria) to recipient (not fed) ratio was

low; and (d) transformed E. cloacae were transferred into soil; however, they did

not accumulate over time and the GFP plasmid was not transferred to other soil

bacteria. In the future, transgenic bacteria may be used to shuttle detrimental genes

into termite colonies for improved pest control.

So far, little research has focused on bacterial infections of termites. Despite

favorable laboratory results, the potential of bacteria to reduce termite populations

has not been demonstrated under field conditions. Moreover, B. thuringiensis, in
particular, has limited potential for soil insect control because of its poor survival in

soil (Burges 1981).

12.5.1.2 Fungi

In recent years, much research interest has focused on the use of fungal agents for

pest control (Beal and Kais 1962; Ferron 1978; Yoshimura et al. 1992; Rath 2000;

Lacey et al. 2001; Wright et al. 2005). Some 700 species of entomopathogenic fungi

have been reported and at least 22 species of fungi are obligate ectoparasites of

termites (Blackwell 1980; Lai et al. 1982; Blackwell and Rossi 1986), although

their biological control potential apparently has not been evaluated. Many of

entomopathogenic fungi, especially those in the Hyphomycetes, demonstrated

activity against a broad range of insect pests and are the main contenders for

commercial production. Two fungal pathogens, Beauveria bassiana (Balsamo)
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Vuillemin and Metarhizium anisopliae (Metschnikoff) Sorokin (Hyphomycetales),

have been extensively evaluated for termite control. Conidiobolus coronatus isolates
were found to be pathogenic toC. formosanus, R. flavipes, and Nasutitermes exitiosus
(Yoshimura et al. 1992; Wells et al. 1995). Recently, Wright et al. (2003) patented

Paecilomyces spp. for controlling subterranean termites. These Paecilomyces strains
are nonrepellent, transferred among termites, and caused rapid mortality.

In a series of laboratory studies, H€anel (1981, 1982a, b) investigated the patho-

genicity and biological control potential of M. anisopliae on the mound-building

species N. exitiosus (Hill) (Termitidae). There was a clear correlation between

conidial concentration and percentage mortality, with average mortality exceeding

95% within 11 days at the highest dosages. Termites were observed to segregate

cadavers from the rest of the colony, but, in so doing, came into contact with

infective conidia. Subsequent field experiments did not confirm the potential of

M. anisopliae to give permanent control of N. exitiosus colonies (H€anel and Watson

1983). In five out of seven mounds treated with conidial preparations, termite

population densities were significantly reduced. Also, termites exposed to conidia

at feeding sites were seen to spread infection back to their colonies, which persisted

in some for at least 6 weeks. Again, densities in the affected colonies were signi-

ficantly decreased. However, although the fungus persisted for as long as 15 weeks

in termite mounds, its incidence and termite mortality declined progressively over

time. Rosengaus and Traniello (1997) tested the pathogenicity of M. anisopliae on
laboratory colonies of Zootermopsis angusticollis (Hagen) (Termopsidae). Morta-

lity due to infection was dosage-dependent, with LT50 (median survival time) values

ranging from 2.7 days at a concentration of 7 � 107 conidia (spores) ml�1 to more

than 10 days at 7 � 101 condia ml�1. Termites directly exposed to the highest

conidia concentration were capable of infecting unexposed, healthy nest mates.

Milner et al. (1998) tested 93 isolates of M. anisopliae, (Metschnikoff) obtained

from two species of termites. Using direct inoculation of most effective isolate

FI-610 by applying 3 � 1011 conidia into termite mounds, successful control of

Coptotermes acinaciformis (Froggot) was achieved in Australia.

In other laboratory studies, effect of M. anisopliae and B. bassiana on subterra-

nean termite populations has been found to vary with the termite species and strain

of fungus tested, concentration of inoculum, and its mode of delivery to termite

populations. Toumanoff and Rombaut (1965) reported 100% mortality in Reticuli-
termes santonensis (de Feytaud) (Rhinotermitidae) within 5–6 days of exposure to

B. bassiana and M. anisopliae. Leong (1966) demonstrated the high pathogenicity

ofM. anisopliae to C. formosanus. With short exposures (e.g., 5–35 min), mortality

exceeded 86%, and termites succumbed within 3–6 days post-treatment. Exposure

over 40 min produced 100% mortality; longer exposure times caused death within

24 h. No significant difference between the pathogenicities of B. bassiana and

M. anisopliae was found. The fungus sporulated only sparsely under conditions of

complete darkness, which might limit its utility for biological control of subterranean

termites, although pathogenicity was unchanged between dark and light conditions.

In another study, lengthy exposure (4 h) to sporulating cultures of B. bassiana also

led to the rapid death of R. flavipes generally in 24–36 h (Bao and Yendol 1971).
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Kramm and West (1982) found that conidia of B. bassiana, M. anisopliae, and
Gliocladium virens Miller, Giddens, and Foster remained infective after passage

through the intestines of subterranean termites (Reticulitermes sp.), a significant

finding since mutual grooming, trophallaxis, and cannibalism should provide efficient

means for spreading the pathogens throughout the colony. Strains of B. bassiana and
M. anisopliae were found about equally effective, producing complete mortality

within 2–5 days.

Similarly, Wells et al. (1995) concluded that one isolate each of B. bassiana
and M. anisopliae, of all strains tested, showed the greatest potential for control of

C. formosanus populations, based on LD50 (median lethal dose; as conidia per

insect), time to death, and conidial production. However, Lai et al. (1982) using

other strains of these fungi found that M. anisopliae was more pathogenic than

B. bassiana in conidial suspensions topically applied to C. formosanus colonies.
A large increase in conidial concentration (at least tenfold) was required to increase

significantly the rate and extent of infection in the colonies. Grace (1991) also found

M. anisopliae to cause greater and more rapid mortality than B. bassiana in

C. formosanus to low conidial concentrations. In their evaluation of both pathogens,

Jones et al. (1996) found the M. anisopliae strains to be more virulent, in general,

than those of B. bassiana. However, the M. anisopliae strains showed lower LT50

values. The authors concluded that one strain of B. bassiana possessed greater

potential as a remedial control for C. formosanus, based, in sum, on its lower LC50

value (median lethal concentration), moderately low LT50, its transmissibility, and

survivorship qualities.

Sajap and Kaur (1990) showed C. curvignathus (Holmgren) (Rhinotermitidae)

to be highly susceptible to infection byM. anisopliae. Termites died within 36–48 h

of exposure to conidia. Another study of M. anisopliae, in which termites exposed

to conidia were introduced into laboratory colonies, reported 100% mortality in the

test colonies within 8 days, even when the termite vectors carried low conidial loads

(Zoberi 1995). Spread of the disease through colonies was complete, even though

some of the fungus-killed termites were buried by nest mates, impairing growth of

the fungus and preventing dispersal of conidia. Results suggested that epizootics

within natural subterranean colonies might be initiated by a sufficient number of

vector termites contaminated with large doses of inoculum introduced directly

into the soil. Rath and Tidbury (1996) found that C. acinaciformis (Froggatt)

(Rhinotermitidae) and N. exitiosus were equally susceptible to direct conidial

applications of both Australian and American strains of M. anisopliae. However,
Milner (1992) reported that, in general, C. acinaciformis and Coptotermes frenchi
(Hill) (Rhinotermitidae) were most susceptible to M. anisopliae than N. exitiosus.
Subsequently, an isolate of fungus, which was highly pathogenic to all three termite

species in the laboratory, reportedly showed some potential to control termite

population in field trials (Milner et al. 1996). In experiments in which conidia of

two fungi were introduced directly into galleries and onto termites subsequently

returned to the nest. Lai (1977) failed to initiate an epizootic in colonies of

C. formosanus, even though the concentration used was sufficient to kill termites

within 3–7 days in the laboratory. The negative results were attributed to poor
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germination of conidia in the nest and elimination of conidia from treated termites

through grooming or secretion of fungistatic agent. The field efficacy of the patho-

gens could not be demonstrated despite successful laboratory trials (Suzuki 1991,

1996; Gitonga 1996). To date, injection of large quantities of conidia directly into

the termite nest has had the greatest success in the field studies (Fernandes 1991;

Milner et al. 1996).

A strain of B. bassiana isolated from R. flavipes and pathogenic to that species

(Zoberi and Grace 1990) and to C. formosanus (Grace 1991) showed that,

although R. flavipes workers isolated fungus-killed individuals, there was no

avoidance of mycelia or conidia. In a later study, Grace and Zoberi (1992)

found that living R. flavipes workers exposed to sporulating B. bassiana cultures

effectively spread infection to unexposed nest mates, whereas introduction of

fungus-killed workers did not result in sufficient spore transfer or mycelial

growth to cause significant mortality. However, the level of mortality achieved

in the laboratory was not considered sufficient to control a termite infestation in

the field. Similarly, Kramm et al. (1982) showed that active Reticulitermes sp.

workers exposed to whole cultures of M. anisopliae transferred the pathogen to

previously healthy termites through grooming. However, termites killed by the

fungus were avoided by healthy individuals and were less effective in spreading

the disease to nest mates.

Fungi, B. bassiana and M. anisopliae, may yet find their most effective use in

the form of baits, whereby the termites themselves pick up and introduce infective

agents into the colony, and research in this area is progressing (Delate et al. 1995;

Jones et al. 1996). Effective baiting schemes for termite control require delivery of

sufficient spore inoculum to active termites and subsequent transfer from them to

nest mates without stimulating colony-defensive behaviors. For example, Preston

et al. (1982) found that baits composed of M. anisopliae conidia and culture

medium (containing a mixture of conidia, mycelia, and metabolites), incorporated

in different combinations into paraffin-woodmeal composite blocks, exhibited

uniform repellency to termites (Reticulitermes sp.), but induced differential mortal-

ity. Blocks containing conidia alone produced no detectable mortality, whereas the

highest mortalities were associated with blocks containing medium, which

remained effective as long as 1 month. However, the fungus could not be isolated

from cadavers. Other studies have reported the conidia (Rath and Tidbury 1996)

and toxins (Wahlman and Davidson 1993; Grace 1995) produced by M. anisopliae
to be repellent to termites. Delate et al. (1995) achieved complete mortality of

termites within 15 days with isolates of both fungi. However, in this case, neither

avoidance of fungi by termites nor isolation of infected individuals from the rest of

the colony was detected. Results suggested that fungal bait stations might be useful

in termite control by providing a continuous and nonrepellent source of sporulating

cultures for foraging termites to contact, although a self-perpetuating infection

within the experimental colonies was not demonstrated.

Other laboratory studies of bait have assessed the infectivity of sporulating

strains of B. bassiana and M. anisopliae to C. formosanus. In preliminary work,

Grace (1993) reported that termites exposed to baits accumulated spore loads
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(6–8 million conidia per individual) that greatly exceeded previously established

lethal concentrations (LC95; 490–20,000 conidia per individual) and were capable

of transmitting the pathogens to other colony members. Sun et al. (2002) quantified

the sporulation of 22 total isolates of M. anisopliae and B. bassiana on cadavers of

the Formosan subterranean termite, C. formosanus. Conidial production increased

significantly over 11 days post-death. Effects of isolates of M. anisopliae and

B. bassiana on in vivo sporulation were significant. In vitro and in vivo sporulation
differed by as much as 89� and 232� among the selected isolates ofM. anisopliae
and B. bassiana, respectively. Wright et al. (2005) observed that a single fungal

isolate, C4-B, taxonomically identified as M. anisopliae (Metschnikoff) was

found to cause rapid mortality on Formosan subterranean termite alates. In initial

experiments, C4-B was more lethal to both alates and workers compared with

M. anisopliae strains ESC 1, previously marketed as the termite biocontrol agent,

BioBlast. Dose–response assays in which Formosan subterranean termite alates

were exposed to a known concentration of C4-B spores revealed that 106 spores/ml
killed 100% of the alates in 3 days, both 105 and 104 spores/ml in 6 days, 103 spores/ml
in 9 days, and 100 spores/ml in 12 days. Assays with workers demonstrated that 106

and 105 spores/ml killed 100% of the workers in 6 days. In an experiment to test the

transfer of inoculum from infected workers to uninfected nestmates, 62.8% of

the workers died in 21 days when only 20% of the workers had been inoculated.

Mortality of alates caused by C4-B was tested at two field sites by dispersing fungal

spores on grassy lawns and collecting alates from the treated areas. Alates thus

infected showed 100% mortality by day 5, whereas only 64.8% of untreated control

alates from the same collection area were dead on that day.

Thus, fungi seem to offer the potential for at least some measure of termite

control of all pathogens tested (Milner and Staples 1996). However, the use of

fungi in control programs is compromised by inherent biological limitations and

logistical problems. Fungi have a slow mode of action and require high levels of

relative humidity; there is also the need for large quantities of infective conidia to

contact the target pest population in order to yield an acceptable level of control

(McCoy 1990). It has also been suggested that, because out of many fungal

strains evaluated for termite control, few strains were effective even under

favorable conditions and termites may have evolved a degree of resistance to

fungal pathogens (Burges 1981). Because of the many difficulties involved in

their use, there are, at present, few commercial fungal preparations available for

pest control. Further development for biological pest control of B. bassiana and

M. anisopliae continues to be hampered by a lack of cost-effective methods for

mass production (Federici 1990).

12.5.1.3 Viruses

A large number of viruses offer potential as microbial control agents of insects

(Payne 1982). Those with the greatest microbial control potential are in the

Baculoviridae (nuclear polyhedrosis viruses and granuloviruses). More than 400
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insect species, mostly in the Lepidoptera and Hymenoptera, have been reported

as hosts for baculoviruses. However, viral infection of termites has been little

reported. Gibbs et al. (1970) isolated a virus infecting Coptotermes lacteus (Froggatt)
(Rhinotermitidae), which was similar to acute paralysis virus of the honey bee Apis
mellifera Linnaeus (Hymenoptera: Apidae). A nuclear polyhedrosis virus, obtained

from caterpillars of Spodoptera littoralis Boisduval (Lepidoptera: Noctuidae), was
infective to a laboratory colony of K. flavicollis (Fabricius) (Kalotermitidae)

(Al Fazairy and Hassan 1988). Termites died 2–10 days post-infection under labora-

tory conditions and the authors suggested that control ofK. flavicolliswithNPVmight

be feasible. However, the potential of viruses for termite control has yet to be

evaluated in the field (Al Fazairy and Hassan 1993).

Accessibility of the pest to be controlled is the prime factor affecting the efficacy

of viral pathogens. Insects that feed openly on the foliage of host plants are most

easily treated and the most promising results have been obtained against pest of this

type (e.g., caterpillars sawfly larvae) (Smith 1967). Insects living in concealed

habitats, such as the soil, are most difficult to infect. The efficacy, specificity, and

production of secondary inoculum make baculoviruses attractive alternative to

broad-spectrum insecticides and ideal components of integrated pest management

(IPM) systems due to their lack of untoward effects on beneficial insects including

other biological control organisms (Cunningham 1995). Unfortunately, there are

other drawbacks to the use of viruses to suppress pest populations: viruses kill their

hosts slowly compared to other pathogens; environmental factors such as rainfall

and solar radiation may reduce viral persistence in soil; mass production of viruses

is hampered by the need for living hosts or tissue culture; lastly, viral formulations

have had difficulty in competing successfully, on the basis of performance and cost,

with other pest control products such as chemical insecticides or even other

microbial agents (Klein 1988; Fuxa 1990).

12.5.1.4 Protozoa

Protozoan diseases of insects are ubiquitous and comprise an important regulatory

role in insect populations (Brooks 1988). They are generally host specific and slow

acting, most often producing chronic infections. Entomopathogenic protozoa

develop only in living hosts and many species require an intermediate host. Species

in Microsporida are among the most commonly observed. Their main advantages

are persistence and recycling in host populations and their debilitating effect on

reproduction and overall fitness of target insects.

Of the four groups of protozoa containing species parasitic to insects, the

Phylum Microspora includes species that are potentially most useful in applied

insect control (Henry 1990). However, the amount of research pertaining to the

biological control of termites using these agents is negligible. Desportes (1963)

described a gregarine (Phylum Apicomplexa) from the hemocoel of the damp

wood termite Zootermopsis nevadensis (Hagen) (Termopsidae). No assessmemt

of the microbes’ potential for termite control was given. Microsporidians were
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found in the body cavity and proventriculus of M. championi collected from the

roots of Saccharum munja Roxburgh (Poaceae) (Jafri et al. 1976). The organisms

attacked fat body tissues in the midgut after ingestion with food and caused death.

Although protozoa may be important agents in the natural control of many

insects, they have not been used as soil-applied microbial insecticides because

they tend to be slow acting and cause low levels of immediate mortality.

Moreover, they are vulnerable to changes in environmental conditions (Klein

1988; Henry 1990).

12.5.1.5 Nematodes

Nematodes are ubiquitous roundworm of the Phylum Nematoda found in nearly

all environments throughout the world. A plethora of nematode species in more

than 30 families are associated with insects and other invertebrates (Kaya and

Gaugler 1993). The roundworms of the Phylum Nematoda play an important role

in the natural control of many insect populations. They have been found para-

sitizing species in the orders Hemiptera, Diptera, Hymenoptera, Lepidoptera,

Orthoptera, Coleoptera, Thysanoptera, Siphonaptera, as well as Isoptera (Nickle

and Welch 1984). Four families of nematodes – the Mermithidae, Allantonema-

tidae, Steinernematidae, and Heterorhabditidae – have shown promise for use in

insect control programs (Popiel and Hominick 1992), with most research focus-

ing on species in the latter two (Kaya and Gaugler 1993). After infection of the

host, symbiotic bacteria are released into the insect hemocoel, causing septice-

mia, and death (Kaya and Gaugler 1993). These entomopathogenic nematodes

have a number of characteristics that make them especially suitable for biological

control and for commercial production as microbial insecticides: a broad host

range, especially among soil-dwelling pests; ease of production, storing, and

application; a high degree of safety to vertebrates, plants, and other nontarget

organisms and amenability to genetic selection (Kaya and Gaugler 1993; Kaya

et al. 1993).

Few studies have addressed the potential for nematodes to control termites. In an

early report, Merrill and Ford (1916) found 77% of colonies and up to 100% of

individuals, of Reticulitermes lucifugus (Rossi) (Rhinotermitidae) to be parasitized

byMikoletzkya aerivora (Cobb) (Diplogastridae) in field samples. Laboratory expo-

sure of termites to nematodes resulted in successful parasitization (47% at 4 days)

and 100% mortality of infected individuals at 12 days. Fujii (1975) obtained 96%

mortality in C. formosanuswithin 7 days of exposure to infective-stage Steinernema
carpocapsae (Weiser) (Steinernematidae) in laboratory experiments. Mortality

exceeding 95% was recorded by Georgis et al. (1982) for both Zootermopsis sp.

and Reticulitermes sp. within 3 days after laboratory exposure to S. carpocapsae;
termites also were found to carry infection back to their colonies. High rates of

infection of Nasutitermes costalis and R. flavipes with S. carpocapsae were also

reported under laboratory conditions (Laumond et al. 1979; Trudeau 1989).
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Danthanarayana and Vitarana (1987) showed that a single application of nema-

todes (Heterorhabditis sp.; 4,000–8,000 ml�1 of suspension) to galleries in tea

plants eliminated termite colonies within 2–3 months. Evidence suggested that

nematode populations were self-perpetuating in the field, even under extreme

environmental conditions. Epsky and Capinera (1988) reported an ability of the

subterranean termite Reticulitermes tibialis (Banks) (Rhinotermitidae) to avoid

contact with nematodes Steinernema feltiae and exploited gaps in coverage in

nematode-inoculated areas to attack the bait. The field results contrasted with

those from their laboratory experiments, in which no avoidance of nematode-

infested areas was found. In a similar study using Heterorhabditis heliothidis
(Heterorhabditidae) as well as S. carpocapsae against Reticulitermes spp., nema-

todes applied to plots were not found to reduce feeding damage to wooden bait

blocks and showed no effectiveness in controlling or eliminating the termites

(Mauldin and Beal 1989). Perhaps the only example of apparently successful

biological control of a termite with nematodes involved not a subterranean but

a drywood species, Glyptotermes dilataus (Bugnion and Popoff) (Kalotermitidae),

a pest of tea, Camellia sinesis (L.) Kuntze (Theaceae).
Yu et al. (2006) reported that entomopathogenic nematodes Steinernema riobrave

Cabanillas, Poinar, and Raulston (355 strain), S. carpocapsae (Weiser) (Mexican

33 strain), S. feltiae (Filipjev) (UK76 strain), and Heterohabditis bacteriophora
Poinar (HP88 strain) were all capable of infecting and killing three termite species,

Heterotermes aureus (Synder), Gnathamitermes perplexus (Banks), and R. flavipes
(Kollar) in laboratory sand assays. S. riobrave and S. feltiae caused low levels of

Reticulitermes virginicus (Banks) mortality under the same conditions. Nematode

concentration and incubation time had significant effects on the mortality of worker

H. aureus. S. riobrave consistently generated the highest infection levels and

mortality of H. aureus in sand assays.

Although field infections often result from nematode treatments, the impact on

target pest populations most often has been modest or negligible, even when

billions of nematodes ha�1 were applied (Kaya and Gaugler 1993). Thus, the

potential for use of nematodes in biological control may be limited to cases in

which chemical insecticides are not practical or appropriate (Nickle and Welch

1984). It may be feasible in limited cases to control crop-infesting termites with

nematodes; in general, the utility of nematodes in biological control programs is

compromised by a number of factors that influence their effectiveness. These

include soil physical and chemical properties (e.g., moisture, temperature, pore

size, compaction, oxygen and carbon dioxide levels, pH, salinity, and presence

of synthetic chemicals) and biotic factors such as competitive or predatory

interactions with other soil organisms, limited motility, and termite behaviors

(e.g., isolation of infected individuals from the rest of the colony that limit the

spread of infection) (Gaugler 1988; Kaya 1990; Popiel and Hominick 1992).

More in-depth information on their ecology, biology, and genetics along with

their genetic engineering and combinations with other control agents offers

promise in insect suppression.
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12.5.2 Predators

Termites have a wide variety of predators, both vertebrate and invertebrate. Attack

occurs mainly upon alate reproductives or foraging workers outside the nest

(Weiser and Hardy 1962; Logan et al. 1990), but a few predators attack termites

within the nest (Sheppe 1970). Among the vertebrates, fish, anurans, lizards,

snakes, birds, and mammals (including humans) are known to take termite prey

when available (Nutting 1969). Insect and other arthropod groups reportedly

preying opportunistically on termites include Scorpiones, Solifugae, Acari, Opi-

liones, Araneae, Chilopoda, Thysanura, Anisoptera, Blattaria, Mantodea, Phas-

mida, Gryllidae, Reduviidae, Neuroptera, Carabidae, Elateridae, Staphylinidae,

Diptera, and aculeate Hymenoptera (Phillipsen and Coppel 1977; Johnson and

Hagen 1981; Pearce 1997), although all orders of entomophagous insects probably

contain at least some species that feed on termites (Deligne et al. 1981).

Ants are the greatest enemies of termites in all regions of the world (Holldo-

bler and Wilson 1990; Culliney and Grace 2000). A large percentage of ant

species, including those from the two largest genera, Pheidole Westwood

and Camponotus Mayr, are opportunistic predators of termites (Holldobler and

Wilson 1990). Veeresh and Gubbaiah (1984) observed the long-legged ant

Anoplolepis longipes (Jerdon) (Formicidae), a major agricultural pest in India,

to prey facultatively upon termites of an unidentified species. Wilson and Oliver

(1969) found that 16.3% of prey taken by fire ants Solenopsis richteri Forel
(Formicidae) in cutover pine forest consisted of termites (Reticulitermes sp.).

Laboratory experiments suggested that C. formosanus might be relatively more

resistant to fire ant predation than Reticulitermes spp. owing to a higher propor-

tion of soldiers in colonies of the former and their more aggressive response to

disturbance (Cornelius and Grace 1996, 1997).

Specialized arthropod predators of termites apparently are confined to a few ant

species in the subfamilies Ponerinae and Myrmicinae (Ohiagu and Wood 1976;

Longhurst and Howse 1979; Lepage and Darlington 1984), some of which may

serve as important regulators of termite populations in natural ecosystems. For

example,Decamorium uelense (Sanstchi) (Formicidae) consumed up to 632Micro-
termes spp. m�2 y�1, more than 74% of the Microtermes standing crop population

and approximately one eighth of annual production (Longhurst et al. 1979). Recent

studies have examined the potential for use of ant semiochemicals as termite

repellents and toxicants. In laboratory tests, C. formosanusworkers avoided contact
with filter paper disks treated with extracts of the ant Ochetellus glaber (Mayr)

(Formicidae); no evidence of termite habituation to the extracts was detected

(Cornelius and Grace 1994). Extract-treated sand barriers deterred tunneling

completely for 2–4 days at the higher extract concentrations tested, although partial

penetration was seen in succeeding days. Further work showed sand treated with

O. glaber extracts to be toxic to C. formosanus workers, causing 100% mortality

after 24 h at the higher concentrations used; median concentrations caused lower

mortality but left survivors immobilized (Cornelius et al. 1995).
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12.5.3 Parasitoids

The main advantage to employ parasitoids for pest control derives from their high

degree of host specificity and parasitoids have been used successfully in biological

control programs worldwide. However, little information is available on parasitoids

of termites and none of it seems to have relevance to biological control. Certain

species of the family Phoridae (Diptera) are parasitic on termites (Disney and

Kistner 1989, 1990) and might play a role in regulating termite densities (Disney

1986). Moreover, not all termite species are equally vulnerable to predation. The

dispersed and modular nature of the C. formosanus colony, as well as its protected
underground location, may limit the impact of predation on this termite species.

Similarly, evidence suggests that parasitoids may be of limited value in controlling

populations of concealed (including subterranean) pests in general (Gross 1991).

Thus, there would seem to be little potential for use of predators or parasitoids to

control C. formosanus.

12.6 Mechanisms Involved in Biocontrol of Termites

12.6.1 Toxin Production

Most of the insecticidal activity of B. thuringiensis is associated with the proteina-

ceous toxins located in the parasporal inclusion bodies, also known as parasporal

crystals. Collectively, the toxins found in the parasporal crystals are referred to as

d-endotoxins. The Cry1 proteins (protoxins) which are found in the crystals are

biologically inactive. Following ingestion and solubilization in the alkaline midgut,

cleavage by gut proteases produces a 60- to 65-kDa activated protein that recog-

nizes specific binding sites at the brush border membrane surface of epithelial

columnar cells lining the gut lumen (van Rie et al. 1989; Honee et al. 1991). The

next steps are pore formation, membrane transport disruption, and cell lysis leading

ultimately to insect death (Schnepf et al. 1998). Exposure of laboratory colonies

of the subterranean species, R. flavipes (Kollar) and Reticulitermes hesperus
Banks (Rhinotermitidae), to a mixture of soluble endotoxin, spores, and inclusion

bodies of B. thuringiensis (Berliner) resulted in greater than 95% mortality after

6 days (Smythe and Coppel 1965). By employing a commercial preparation of

Bt (Thuricide-HP concentrate), Khan et al. (1978, 1985) found H. indicola,
M. championi, and B. beesoni (Gardner) (Kalotermitidae) to be highly susceptible

to infection, exhibiting 100% mortality within 6 days of exposure.

Grace and Ewart (1996) constructed recombinant cells of the bacterium Pseudo-
monas fluorescens that are induced to express the d-endotoxin of B. thuringiensis
(Bt). Two commercial agricultural formulations prepared by the CellCap process

were evaluated for palatability to the termite C. formosanus. The MVP formulation,

active against Lepidoptera, contained the P. fluorescens encapsulated d-endotoxin
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of Bt var. kurstaki. The M-TrakTM formulation, active against Coleoptera,

contained the d-endotoxin of Bt var. san diego. Papers treated with either formula-

tion at concentrations as great as 1 g cm�3 were readily fed upon by C. formosanus.
As expected, the two formulations tested were not significantly toxic to the ter-

mites, both having optimal activity at a pH range outside that of the termite gut. The

palatability of the CellCap formulations indicated that the host bacterium,

P. fluorescens, is a suitable delivery system for genetically engineered termiticides.

Thus, recent work incorporating recombinant DNA and microencapsulation tech-

nologies shows promise for application to termite control strategies employing

Bt strains that express termite-specific endotoxin (Grace and Ewart 1996).

Gunner et al. (1994) suggested that the spores of entomopathogenic fungi may

contain toxins, which would kill the termite host when ingested. Insecticidal cyclic

depsipeptides were found to be produced by entomopathogenic fungi including the

destruxins fromM. anisopliae var.major (Kaijiang and Roberts 1986), Aschersonia
spp. (Krasnoff and Gibson 1996), and the beauvericins from B. bassiana (Jegorov

et al. 1989). It has been suggested that depsipeptides are localized on the surface of

spores of Beauveria spp. (Jegorov et al. 1989), whereasMetarhizium destruxins are

generally associated with in vivo or in vitro mycelial growth (Chen et al. 1999).

12.6.2 Siderophore Production

Extracellular siderophores of the brown-rot wood decay fungus Gloeophyllum
arabeum (Persoon: Fries) Murnill (Polyporaceae) were found to inhibit feeding

by C. formosanus (Grace et al. 1992). Siderophore-treated filter paper disks showed
negligible feeding, whereas untreated disks were almost completely consumed over

a 3-day test period. These results suggested that natural products, such as ant

semiochemicals and fungal metabolites, or their synthetic analogues, might be of

value in termite control programs as repellents or insecticides in wood treatments or

soil applications (Amburgey and Beal 1977). However, the development of more

stable formulations, such as microencapsulation, would be necessary to ensure their

long-term, residual action.

12.6.3 Protease Production

A large number of microorganisms including bacteria, fungi, and actinomycetes

are capable of producing proteases from various types of natural resources

(Horikoshi 1971; Manachini et al. 1988; Choi et al. 1997). Lysenko and Kucera

(1971) showed that S. marcescens produced extracellular proteases that could be

a mode of pathogenicity of these bacteria in termites. Osbrink et al. (2001)

examined 15 bacteria and one fungus associated with dead termites as possible

biological control agents against Formosan subterranean termites, C. formosanus
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Shiraki. Bacterial isolates from dead termites were primarily S. marcescens Bizio
that caused septicemia in C. formosanus and found to contain proteolytic enzymes.

Six of the eight strains of S. marcescens were red and could be the candidates as

biological control agents for C. formosanus.

12.6.4 Lipase Production

Lipases (triacylglycerol acyl hydrolases) are one of the most important class of

hydrolytic enzymes that catalyze both the hydrolysis and the synthesis of ester

formed from glycerol and long chain fatty acids. Lipases are ubiquitous enzymes

produced by all biological systems, namely, animals, plants, and microorganisms.

Jafri et al. (1976) found microsporidians in the body cavity and proventiculus of

M. championi collected from the roots of S. munja. The organisms passed into the

midgut after ingestion with the food, attacked fat body tissues, and caused death of

termites, indicating the role of lipolytic activity in termite killing.

Yuvraj Singh (2007) reported that killing frequency of different bacterial iso-

lates obtained from the nest of termites varied from 5.7 to 100% at 5 days of

observation. Bacterial isolates NNY 23, NSY 19, and NKY 83 caused 100% killing

of the termites, whereas 14 other isolates caused more than 82% killing at 5 days.

The most effective bacterial isolate NNY 23 was found to possess all the three

enzyme activities, i.e., lipase, protease, and chitinolytic activity. Lack of correlation

between enzyme activities and termite killing indicated that besides the production

of three enzymes, some other metabolites (toxin or siderophore) could also be

contributing to the killing of termites.

12.6.5 Chitinase Production

Lysis by hydrolytic enzymes excreted by microorganisms is a well-known feature

of mycoparasitism. Chet et al. (1990) cloned the gene encoding chitinase enzyme

from S. marcescens and transferred into Escherichia coli. The partially purified

chitinase caused extensive bursting of the hyphal tips of fungi. Vaidya et al. (2003)

isolated hyperchitinase producing mutants of Alcaligenes xylosoxydans and devel-

oped a rapid technique for screening of chitinolytic bacteria using chitin-binding

dye calcofluor white M2R in chitin agar. Microorganisms possessing high chitino-

lytic activity gave clear zone under ultraviolet light after 24–48 h of incubation. The

mutant A. xylosoxydans EMS 33 was found to produce three to four times more

chitinase then wild type. Chitinase production has also been reported in S. marces-
cens, Pseudomonas sp., Bacillus strains, P. stutzeri, Paenibacillus sp., and Pseudo-
monas maltophila (Chet et al. 1990; Lim et al. 1991; Sindhu and Dadarwal 2001).

Yuvraj Singh (2007) analyzed termite killing bacteria for the chitinolytic activity

and reported that chitinolytic activity was observed in some of the bacteria that
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killed the termites. Thus, there is immense possibility that production of chitinase

enzyme could contribute toward mortality of termites.

12.6.6 Production of Other Secondary Metabolites

Hydrogen cyanide (HCN) is produced by many rhizosphere bacteria and has been

demonstrated to play a role in the biological control of the plant diseases (Voisard

et al. 1989). HCN-producing P. aeruginosa has been shown to have lethal effects on
nematodes (Darby et al. 1999; Gallagher and Manoil 2001). HCN-producing

bacteria could be selectively introduced into termite mounds, thereby localizing

cyanide production and minimizing potential deleterious effects on other soil fauna.

Kanchana Devi et al. (2007) tested three different species of HCN-producing

rhizobacteria for their potential to kill subterranean termite O. obesus, which
is an important pest of the Indian subcontinent that causes extensive damage to

major agricultural crops and forest plantation trees. The three bacterial species,

R. radiobacter, A. latus, and A. caviae, were found effective in killing the termites

under in vitro conditions. R. radiobacter and A. latus caused 100% mortality of the

termites following 1 h incubation. A. caviae, which produced significantly lower

amounts of HCN, caused only 70%mortality. Termites exposed to exogenous KCN

showed 80% mortality at cyanide concentrations up to 2 mg/ml. The observed HCN

toxicity in termites could be by inhibition of the respiratory enzymes.

12.6.7 Suppression/Activation of Immune System

Various nonpathogenic rhizosphere bacteria have the ability to induce a state of

systemic resistance in plants, which provides protection against a broad spectrum of

phytopathogenic organisms including fungi, bacteria, and viruses (Kempe and

Sequeira 1983). Connick et al. (2001) reported that the biological control of

termites may be facilitated if their highly evolved immune systems can be sup-

pressed. Eicosanoids (C20 polyunsaturated acids) have been found to play an

important role in protecting insects from bacterial infections (Miller et al. 1994).

In laboratory experiments, the eicosanoid biosynthesis inhibitors dexametha-

sone, ibuprofen, and ibuprofen-sodium salt were each provided along with a red-

pigmented isolate of S. marcescens Bizio to the Formosan subterranean termite,

C. formosanus Shiraki, by means of treated filter paper (Stanley-Samuelson et al.

1991). The increased mortality that resulted with dexamethasone and ibuprofen

supported the hypothesis that the termites’ immune systems were suppressed by

these compounds, making the insects more vulnerable to infection by S. marcescens
(Connick et al. 2001). This effect on mortality was noted only at 3.4 � 1010 colony-

forming units ml�1 treatment level. A significant amount of the infection and
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subsequent mortality may have resulted from direct contact with the bacterium and

the remainder from its ingestion.

12.7 Approaches to Increase the Efficiency

of Biocontrol Agent

Recently, microbial control has been a component of integrated pest management

strategies in developing countries, enjoying particular success in Asia and South

America (Fuxa 1989). In the developed countries, despite considerable popularity

and optimistic predictions for the commercialization of biological control agents,

the anticipated demand for these products has not materialized. The market for

microbial pesticides is growing but still only represents less than 1% of the total

crop protection market and most of this is accounted for by products based on

B. thuringiensis (Lisansky 1997).

Biological control of termites has received little attention. Although laboratory

studies have hinted at its potential, classical biological control of termites has

not yet been convincingly demonstrated. The antagonistic bacteria reported for

killing of termites belong to different genera, i.e., Acinetobacter, Aeromonas,
Alcaligenes, Arthrobacter, Bacillus, Chromobacterium, Corynebacterium, Entero-
bacter, Micrococcus, Neisseria, Pseudomonas, Rhizobium, and Serratia (Osbrink

et al. 2001; Kanchana Devi et al. 2007; Yuvraj Singh 2007). Besides bacteria,

fungi B. bassiana andM. anisopliae and nematodes have shown promise to be used

as effective termiticides. There are international patents (or patent applications)

which involve the use of M. anisopliae in control of termites (Gunner et al. 1994),

and Bio-BlastTM. Biological termiticide, which is based on M. anisopliae ESF-1

(EcoScience Corporation, NJ, USA), is on sale in the USA following US-EPA

registration in 1994 (EcoScience 1997). However, the limited numbers of field

trials that have been attempted largely have failed to establish the permanent, self-

sustaining populations of control agents necessary to reduce termite densities below

economically damaging levels. This lack of success has resulted from a combina-

tion of factors including the complex interactions between the biocontrol agent,

the termites, and the environment. Intrinsic limitations of natural enemies, narrow

environmental tolerances, antagonistic interactions with other organisms, limited

mobility, or a low level of virulence diminish their effectiveness as agents of

damage control under field conditions. Also, the effectiveness of a given biocontrol

agent may be restricted to a specific location, due to the effects of soil and climate.

Another factor that can contribute to inconsistent performance of biocontrol agent

is variable production or inactivation in situ of bacterial/fungal/nematode metabo-

lites responsible for killing of termites. Introduced subterranean termite enemies

conceivably might adversely affect nontarget termite species or have secondary

effects on other organisms coming into contact with dead or dying termites (Secord

and Karevia 1996). Thus, inconsistency in performance is a major constraint to their

widespread use as biocontrol agent in commercial agriculture.
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Various metabolites such as production of toxins, siderophores, or HCN are

directly or indirectly involved in killing of termites. A good antagonistic bacterial

strain should produce the secondary metabolites under variable growth conditions.

Therefore, such antagonistic strains should be selected, which show a constant and

medium-independent production of secondary metabolites. In addition, genetic

manipulation of biocontrol agent has the potential to construct significantly better

strains with improved biocontrol efficacy. Future strategies are required to clone

genes involved in the production of toxins, siderophores, and other metabolites so

that these cloned genes could be transferred into the microbial strains having good

colonization potential (Grace and Ewart 1996). Furthermore, indigenous gut bacteria

such as E. cloacae could be used to deliver, express, and spread foreign cloned genes
in termite colonies of the Formosan subterranean termite C. formosanus as shuttle
systems (Husseneder and Grace 2005). In the future, transgenic bacteria may be used

to shuttle detrimental genes into termite colonies for improved pest control. Further,

the efficacy of biocontrol agent can be improved by developing the better cultural

practices and delivery systems that favor their establishment in the nest soil/colony.

Thus, the biotechnological approaches used in the manipulation of microbial traits

could lead to improved biocontrol activity of termite pathogenic microorganisms.

The development of more stable formulations, such as microencapsulation (Grace

and Ewart 1996), would be necessary to ensure their long-term, residual action.

Future research could establish the role of biological materials, particularly the use of

biocontrol agents, in effective termite management strategies.

12.8 Conclusion

Effective microbial control agents that can fill the void of phased out chemicals exit

in nature but will require improvements in the pathogens selection, their production,

formulation, and implementation (Jones et al. 1997; Culliney and Grace 2000);

better understanding of how they will fit into integrated systems, their interaction

with the environment and other IPM components, greater emphasis on their efficacy,

safety, selectivity, etc., and their comparison with chemical pesticides; and finally

their acceptance by growers and the general public. Straus and Knight (1997)

presented the potential markets and methods for encouraging the use of microbial

control agents and their benefits as well as limitations. Technical issues pertaining to

improvement in biopesticide production, formulations, and application have also

been addressed (Chapple and Bateman 1997; Jones and Burges 1997).

The role of microbial pesticides in the integrated management of insect pests has

been recently reviewed for agriculture (Lacey and Goettel 1995; Tatchell 1997),

forestry (Cowie et al. 1989; van Frankenhuyzen et al. 2000), and public health

(Skovmand et al. 2000). In most cases, no single microbial control agent will

provide sustainable control of an insect pest or complex of pests. As components

of an integerated approach in all agricultural practices, entomopathogens could

provide significant and selective insect control without interfering with the
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effectiveness of other practices (Edwards 1990). In near future, we expect to see

synergistic combination of microbial control agents with other technologies (in

combination with semiochemicals, soft chemical pesticides, other natural enemies,

resistant plants, remote sensing, etc.) that will enhance the effectiveness and

sustainability of integrated control strategies.

The use of pathogens to suppress populations of pests over large areas containing

multiple agricultural and wild host plants has not been adequately explored (Bell

and Hardee 1994). Such an areawide concept could take advantage, for example, of

controlling populations of pests before they became economically important in crop

plants. Till now, the market for microbial insecticides hardly represents only 1% of

the total crop protection market (Gaugler 1997; Lisansky 1997). In the near future,

microbials will face even stiffer competition from new pesticide chemistries and

transgenic plants (Georgis 1997). Improvements in microbial products, grower’s

awareness of the benefits that microbial control offers, and the need to develop

alternatives to conventional chemical insecticides should overcome many of the

obstacles that microbial control is now facing. However, there could be consider-

able delays in the implementation of several microbial control agents that have

good potential for use in IPM programs (Lacey and Goettel 1995).
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Chapter 13

Microbial Control of Postharvest Diseases

of Fruits, Vegetables, Roots, and Tubers

Ramesh C. Ray, Manas R. Swain, Smita H. Panda, and Lata

13.1 Introduction

Postharvest decay of fruits, vegetables, roots, and tubers (Table 13.1) limits the

period of storage, compromises marketing and consumers’ acceptability, and

causes substantial losses. Gray mold, Green mold, blue mold, and sour rot caused

by Botrytis cinerea (Pers.) Fries, Penicillium digitatum (Pers.) Sacc., Penicillium
italicum Wehmer, and Geotrichum candidum Link, respectively, are the most

common pathogens during storage and transportation of fruits. Likewise, soft rot,

Fusarium rot, and Sclerotium rot caused by Rhizopus oryzae Went & Prinsen and

R. stolonifer Ehrenb. ex Fr., Fusarium oxysporum Schlecht and F. solani M.Sacc.,

and Corticium rolfsii Curzi, respectively, are the common postharvest pathogens of

vegetables, roots, and tubers (Snowdown 1990). In packing houses, fungicides are

used extensively to protect fruit, vegetables, roots, and tubers against these dis-

eases. Fungicide residues in those commodities and their possible effects on human

health and the environment and the development of fungicide resistance by the

pathogens have, of late, stimulated the evaluation of alternative control methods

that are effective and safe to use (Kinay and Yildiz 2008).

Biological control by the microorganisms (bacteria, fungi, and yeasts) is cur-

rently used to control various decays on pome, apple, citrus and stone fruits,

avocado, seed potatoes, cassava, yams, aroids, and sweet potatoes (Stockwell and
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Stack 2007). The further expansion of microbial control of postharvest decays will

largely depend on improving its effectiveness under an increased range of environ-

mental conditions and on expanding the spectrum of activity to new commodities

and new diseases. This can be accomplished with the discovery of new antago-

nists (Janisiewicz and Jeffers 1997; Janisiewicz and Korsten 2002; Sharma et al.

2009), by combining antagonists with other alternatives to synthetic fungicides

[e.g., GRAS (generally regarded as safe substances), heat, or UV treatments]

(El-Ghaouth et al. 2000a; Conway et al. 2007; Sharma et al. 2009), by improving the

antagonistic containing formulations (Spadaro and Gullino 2004), or by improving

Table 13.1 Botanical names

of the fruits, vegetables, roots,

and tubers mentioned in this

chapter

Botanical names

Fruits

Apple Malus domestica
Avocardo Persea americana
Banana Musa paradisiaca
Cherry Prunus virginiana
Grapes Vitis vinifera
Grape fruit Citrus paradisi
Guava Psidium guajava
Hami melon Cucumis melo var. saccharinus
Jujube Zizyphus jujuba
Kiwifruit Actinidia deliciosa
Lemon Citrus lemon
Litchi Litchi chinensis
Loquat Eriobotrya japonica
Mango Mangifera indica
Muskmelon Cucumis melo
Nectarine Prunus persica
Orange Citrus sinensis
Papaya Carica papaya
Pear Pyrus communis
Peach Prunus persica
Plum Prunus salicina
Rambutan Nephelium lappaceum
Strawberry Fragaria vesca
Stone fruit Collinsonia canadensis
Sweet cherry Prunus avium

Vegetables

Cabbage Brassica oleracea
Cherry tomato Solanum lycopersicum
Chilli Capsicum annum
Onoin Allium cepa
Pipper Capsicum annum
Tomato Lycopersicon esculentum

Root and tubers crops

Carrot Daucus carota
Cassava Manihot esculenta Crantz

Potato Solanum tuberosum
Sweet potato Ipomoea batatas
Yam Dioscorea rotundata
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antagonists through genetic manipulation (Massart and Jijakli 2007). Formulation

consisting of the desired microbial antagonists or the mixture of antagonists must be

economical to produce, contain enough colony-forming units to be effective, and

should be easy to handle and apply to fruits, vegetables, roots, and tubers (Janisiewicz

and Korsten 2002). Genetic engineering offers tremendous postharvest potential

for improving microbial antagonist. For example, antagonists can be manipulated

to overexpress mechanisms of biocontrol or foreign genes can be transferred to

antagonists to increase tolerance to environmental stresses or to produce antifungal

substances (Jones and Prusky 2002; Wisniewski et al. 2005).

This chapter focusses on the progress made in the recent years on the spectrum

of microorganisms used as antagonists for the control of postharvest diseases,

modes of action of microbial agents, extension of use of microbial agents, enhanc-

ing biocontrol efficacy of microbial antagonists, and biotechnological approaches

for improving microbial antagonistic action through manipulation of formulations

and genetic engineering.

13.2 Microbial Control Strategies

There are two basic approaches for using the microbial antagonists for controlling

the postharvest diseases of fruits, vegetables, roots, and tubers: (1) manipulation of

epiphytic microflora or (2) those that can be artificially introduced against posthar-

vest pathogens.

13.2.1 Manipulation of Epiphytic Microflora

The common observation is that washed fruits and vegetables develop rot more than

unwashed commodities. For example, citrus fruits that were washed, dried, and sto-

red tended to rot faster than unwashed fruits (Chalutz and Wilson 1990; Janisiewicz

et al. 1991; Zhou et al. 1999; Hoopen et al. 2003). It was observed that bacteria and

yeasts predominated when undiluted washings from citrus fruit had been plated out;

it was only after the washings were diluted that fungal pathogens appeared (Sharma

et al. 2009). In an earlier study, Pantoea agglomerans, the bacterium isolated from

the epiphytic microflora of fruits and leaf surfaces of pears and apples was very

effective against Botrytis cinerea, Penicillium expansum, and R. stolonifer, the
common postharvest rotting microorganisms (Nunes et al. 2001a). Ray and Byju

(2003) have shown that the yeasts, Debaryomyces hansenii, Pichia anomala, and
Saccharomyces cerevisiae, isolated from the surface microflora of sweet potato

were antagonist to F. oxysporum and Botryodiplodia theobromae causing sweet

potato postharvest decay. Likewise, application of Bacillus subtilis, isolated from

the epiphytic microflora of yam tuber, showed a drastic reduction in the range and

number of spoilage fungi of yams during a 5-month storage period. The surface
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fungi, such as B. theobromae, Fusarium moniliforme, and Penicillium sclerotigenum,
were displaced completely on the treated tubers (Okigbo 2002). Bleve et al. (2006)

reported that epiphytic yeasts, such as Metschnikowia pulcherrima, Kluyveromyces
thermotolerans, Issatchenkia terricola, and Candida incommunis, were highly antag-
onistic for biocontrol of Aspergillus carbonarius and Aspergillus niger on grape.

Likewise, Cryptococcus magnus epiphytic yeast isolated from papaya fruit and leaf

surface was highly effective against anthracnose, a postharvest disease in papaya

fruit, caused by Colletotrichum gloeosporioides (Capdeville et al. 2007). In a more

recent report, a study was conducted to screen plant epiphytic yeasts for use as

biocontrol agents of bacterial fruit and blotch, a serious disease of hami melon,

caused by Acidovorax avenae subsp. citrulli (Wang et al. 2009). Results showed

that 24 out of 463 yeast strains isolated from leaves or flowers of plants were

antagonistic against A. avenae and the strain 0732-1, identified as P. anomala
Kurtzman, was found to be most effective. This evidence indirectly suggests that

there might be epiphytic/surface microbial populations on fruits and vegetables that

are naturally suppressive to rot pathogens.

The phylloplane has also been a good source of antagonists, as it may share part

of the resident microflora of fruits and vegetables as well as contain other micro-

organisms dislodged from them (Janisiewicz 1987; Korsten et al. 1997; Sobiczewski

et al. 1996). However, the antagonists may also come from other closely related or

unrelated sources such as industrial malt (Laitila et al. 2007).

13.2.2 Introduction of Microbial Antagonists

Earliest efforts to control postharvest diseases involved the use of B. subtilis (Pusey
and Wilson 1984), Trichoderma and Rhodotorula (Sadfi et al. 2002), and Pseudo-
monas cepacia (Janisiewicz and Roitman 1988). All of these antagonists could

colonize wound sites and elaborate antimicrobial substances, which prevent devel-

opment of pathogens in apple, strawberry, cherry, peach, plum, etc. (Ippolito and

Nigro 2000; Sharma et al. 2009). Since then, several other antagonists (yeasts, fungi,

and bacteria) have been identified and used for controlling various postharvest

diseases of fruits (Table 13.2), vegetables, roots, and tubers (Table 13.3). Mean-

while, some biocontrol products, i.e., Aspire (Candida oleophila strain 182), Bio-

coat (Candida saitoana+chitosan), Bio-cure (C. saitoana+antifungal lytic enzyme),

BioSave (Pseudomonas syringae), and Yield Plus (Cryptococcus albidus) were

registered in recent years and are commercially available for the control of posthar-

vest decay of fruits and vegetables (Janisiewicz and Korsten 2002).

13.2.2.1 Yeast

Application of many types of yeasts as postharvest antagonists appears to be quite

promising agent. Janisiewicz (1987), Chalutz et al. (1988), and Tian et al. (2005)
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Table 13.2 Microbial antagonists used for the successful control of postharvest diseases of fruits

Antagonists Disease (pathogen) Fruits Reference(s)

Aureobasidium pullulans Botrytis rot (Botrytis cinerea) Grape Schena et al. (2003)

Aureobasidium pullulans Blue mold (Penicillium
expansum)

Apple Bencheqroun et al. (2007)

Soft rot (Monilinia laxa) Grape Barkai-Golan (2001)

Bacillus subtilis Stem endrot (Botryodiplodia
theobromae Pat.)

Avocado Demoz and Korsten (2006)

Gray mold (Botrytis cinerea) Strawberry Zhao et al. (2007a)

Alternaria rot (Alternaria
alternata)

Muskmelon Yang et al. (2006)

Bacillus licheniformis Anthracnose (Colletotrichum
gloeosporioides)

Mango Govender et al. (2005)

Bacillus amyloliquefaciens Botrytis cinerea Peach Arrebola et al. (2009)

Penicillium expansum Peach

Rhizopus stolonifer Peach

Burkholderia cepacia Stem end rot Anthracnose

(Colletotrichum musae)
Banana De Costa and Erabadupitiya

(2005)

Burkholderia spinosa Banana anthracnose

(Colletotrichum musae)
Banana De Costa et al. (2008)

Blossom end rot

(Colletotrichum musae)
Banana De Costa and Erabadupitiya

(2005)

Brevundimonas diminuta Anthracnose (Colletotrichum
gloeosporioides)

Mango Kefialew and Ayalew (2008)

Candida guilliermondii Gray mold (Botrytis cinerea) Pear Tian et al. (2002a)

Apple

Candida membranifaciens Anthracnose (Colletotrichum
gloeosporioides)

Mango Koomen and Jeffrics (1993)

Kefialew and Ayalew (2008)

Candida oleophila Crown rot (Colletotrichum
musae)

Banana Lassois et al. (2008)

Anthracnose (Colletotrichum
gloeosporioides)

Papaya Gamagae et al. (2003)

Gray mold (Botrytis cinerea) Peach Karabulut and Baykal (2004)

Green mold (Penicillium
digitatum

Orange El-Neshawy and Wilson (1997)

Candida sake Penicillium rot (Penicillium
expansum)

Apple Usall et al. (2001), Torres et al.

(2006), Morales et al. (2008)

Cadida shak Blue mold (Penicillium
italicum)

Apple Teixido et al. (2001)

Blue mold (Penicillium
expansum)

Pome Torres et al. (2006)

Cryptococcus laurentii Bitter rot (Glomerella
cingulata)

Apple Blum et al. (2004)

Brown rot (Monilinia
fructicola)

Cherry Tian et al. (2004), Qin et al.

(2006)

Alternaria rot (Alternata
alternata)

Jujube Qin and Tian (2004), Tian et al.

(2005)

Penicillium rot (Penicillium
expansum)

Rhizopus rot (Rhizopus
stolonifer)

Peach Zhang et al. (2007c)

Zhang et al. (2005b, 2007c)

Gray mold (Botrytis cinerea) Peach

Brown rot (Monilinia
fructicola)

Peach Yao and Tian (2005)

Blue mold (Penicillium
expansum)

Peach Zhang et al. (2003, 2007c)

Rhizopus rot (Rhizopus
stolonifer)

Strawberry Zhang et al. (2007b)

(continued)
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Table 13.2 (continued)

Antagonists Disease (pathogen) Fruits Reference(s)

Cryptococcus albidus Gray mold (Botrytis cinerea) Apple Fan and Tian (2001)

Blue mold (Penicillium
expansum)

Strawberry Jurgen (2002)

Cryptococcus laurentii Gray mold (Botrytis cinerea) Apple Lima et al. (2006)

Cryptococcus magnus Anthracnose (Colletotrichum
gloeosporioides)

Papaya Capdeville et al. (2007)

Epicoccus nigrum Brown rot (Monilinia laxa) Peach Larena et al. (2005)

Kloeckera apiculata Botrytis rot (Botrytis cinerea) Cherry Karabulut et al. (2005)

Penicillium rots (Penicillium
spp.)

Citrus Long et al. (2006, 2007)

Green (Penicillium digitatum) Citrus Long et al. (2006, 2007)

Blue mold (Penicillium
italicum)

Kluyveromyces
thermotolerans

Aspergillus carbonarius,
Aspergillus niger

Grape Bleve et al. (2006)

Metschnikowia fructicola Botrytis rot (Botrytis cinerea) Grape Karabulut et al. (2003)

Metschnikowia
pulcherrima

Blue mold (Penicillium
expansum)

Apple Spadaro et al. (2002b, 2004)

Metschnikowia
pulcherrima

Blue mold (Penicillium
italicum)

Citrus Kinay and Yildiz (2008)

Pantoea agglomerans Penicillium rots (Penicillium
spp.)

Orange Plaza et al. (2001)

Pantoea agglomerans Rhizopus rot (Rhizopus
stolonifer)

Pear Nunes et al. (2002a, b)

Blue mold (Penicillium
expansum)

Apple Nunes et al. (2001a)

Pantoea agglomerans Rhizopus rot (Rhizopus
stolonifer)

Citrus Canamas et al. (2008)

Penicillium frequentans Brown rot (Monilinia sp.) Peach Guijarro et al. (2007)

Pichia anomala Penicillium rots (Penicillium
spp.)

Citrus Lahlali et al. (2004)

Crown rot (Colletotrichum
musae)

Banana Lassois et al. (2008)

Anthracnose (Colletotrichum
capsici)

Chillies Chanchaichaovivat et al. (2007)

Pichia guilliermondii Bue mold (Penicillium
italicum)

Citrus Kinay and Yildiz (2008)

Pseudomonas fluorescens Migula Gray mold (Botrytis
mali)

Apple Mikani et al. (2008)

Pseudomonas syringae Blue mold (Penicillium
expansum)

Apple Janisiewicz (1987)

Peach Zhou et al. (1999, 2002)

Gray mold (Botrytis cinerea) Apple Zhou et al. (2001)

Rahuella aquatilis Gray mold (Botrytis cinerea) Apple Calvo et al. (2003, 2007)

Blue mold (Penicillium
expansum)

Apple Calvo et al. (2007)

Rhodotorula glutinis Blue mold (Penicillium
expansum)

Apple Zhang et al. (2009)

Gray mold (Botrytis cinerea) Zhang et al. (2009)

Alternaria rot (Alternata
alternata)

Jujube Tian et al. (2005)

Penicillium rot (Penicillium
expansum)

Jujube Tian et al. (2005)

Blue rot (Penicillium
expansum)

Pear Zhang et al. (2008b)

Gray mold (Botrytis cinerea) Pear Zhang et al. (2008a)

Gray mold (Botrytis cinerea) Strawberry Zhang et al. (2007a)

(continued)
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have made several positive points in recommending yeasts as potential microbial

agents for controlling the postharvest diseases of fruit and vegetables, including

(a) yeasts can colonize the wound surface for long period even under dry condi-

tions; (b) yeasts produce extracellular polysaccharides, which enhance their surviv-

ability and restrict the growth of pathogen propagules; (c) they can use nutrients

rapidly and proliferate at a faster rate; and (d) they are the least affected by

the pesticides. Of the various yeasts, Candida sake, C. oleophila, D. hansenii,
P. anomala, and Pichia guilliermondii have exhibited a wide spectrum of biological

activity against many postharvest pathogens (Wisniewski et al. 1988; Wilson and

Chalutz 1989; Karabulut and Baykal 2003).

However, recent research has been focussed on the use of several other yeasts

(i.e., Candida albidus, S. cerevisiae, Issatchenkia orientalis, M. pulcherrima,
C. laurentii, etc.) for controlling postharvest diseases of fruits and vegetables

(Chanchaichaovivat et al. 2007; Kinay and Yildiz 2008; Zhang et al. 2008b).

13.2.2.2 Fungi

Fungi are also used as antagonist in the postharvest control of fruits and vegetables.

Earlier studies have showed that strains of Trichoderma pseudokoningii and

Trichoderma harzianum (Tronsmo and Denis 1977) have resulted in the reduction

of Botrytis cinerea in apples and of Monilinia laxa in stone fruits, respectively.

Spraying with suspensions of T. harzianum, Trichoderma viride, Gliocladium
roseum, and Paecilomyces variotii resulted in a partial control of Botrytis in

strawberry fruits and of Alternaria in lemon fruits (Pratella and Mari 1993).

Table 13.2 (continued)

Antagonists Disease (pathogen) Fruits Reference(s)

Trichoderma harzianum Anthracnose (Colletotrichum
musae)

Banana Devi and Arumugam (2005)

Brown spot

(Gliocephalotrichum
microchlamydosporum)

Gray mold (Botrytis cinerea) Grape Batta (2007)

Gray mold (Botrytis cinerea) Kiwifruit Batta (2007)

Gray mold (Botrytis cinerea) Pear Batta (2007)

Anthracnose (Colletotrichum
gloeosporioides)

Rambutan Sivakumar et al. (2001,

2002a, b)

Trichoderma viride Stem-end rot (Botryodiplodia
theobromae)

Mango Kota et al. (2006)

Trichosporon pullulans Alternaria rot (Alternata
alternata)

Cherry Qin et al. (2004)

Gray mold (Botrytis cinerea)
Pichia membranifaciens Anthracnose rot

(Colletotrichum acutatum)
Loquat Cao et al. (2008)

Pichia pastoris Blue rot (Penicillium
expansum)

Apple Janisiewicz et al.

(2008a, b)

Pichia anomala fruit blotch (Acidovorax
avenae)

Hami melon Wang et al. (2009)
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Recent studies have focussed on yeast-like fungus, Aureobasidium pullulans, as
the most effective antagonists against postharvest plant pathogens, because it has

the ability to survive and increase its population under a variety of field conditions

and during cold storage (Leibinger et al. 1997; Schena et al. 1999). In an earlier

study, Schena et al. (1999) found that isolates of A. pullulans at high concentrations
(107 and 108 cells/ml) were able to control P. digitatum on grapefruit, Bacillus
cinerea, R. stolonifer, and A. niger on grapes, and B. cinerea and R. stolonifer on

Table 13.3 Microbial antagonists used for the successful control of postharvest diseases of

vegetables, roots, and tubers

Antagonists Disease and pathogen Vegetable Reference(s)

Bacillus licheniformis Botrytis rot (Botrytis
allii)

Onion Lee et al. (2001)

Bacillus
amyloliquefaciens

Fusarium rot (Fusarium
oxysporum)

Bacillus spp. Fusarium rot (Fusarium
roseum var.
sambucinum)

Potato Sadfi et al. (2002)

Bacillus subtilis Botryodiplodia rot

(Botryodiplodia
theobromae)

Yams Okigbo (2002), Swain and

Ray (2008)

Bacillus subtilis Fusarium rot (Fusarium
moniliforme)

Yams Okigbo (2002)

Candida guilliermondii Botrytis rot (Botrytis
cinerea)

Tomato Saligkarias et al. (2002)

Debaryomyces hansenii Botryodiplodia rot

(Botryodiplodia
theobromae)

Sweet

potato

Ray and Das (1998)

Botrytis rot (Botrytis
cinerea)

Tomato Saligkarias et al. (2002)

German Garcia et al. (2001)

Pichia guilliermondii Anthracnose

(Colletotrichum
capscii)

Chilli Chanchaichaovivat et al. (2007)

Pichia anomala Rhizopus rot (Rhizopus
nigricans)

Tomato Zhao et al. (2008)

Sweet

potato

Ray and Das (1998)

Pichia onychis Rhizoctonia rot

(Rhizoctonia
solanifer)

Tomato German Garcia et al. (2001),

German Garcia and Marina

Cotes (2001), Fuentes et al.

(2002)

Pantoea agglomerans Dry rot (Gibberella
pulicans)

Potato Schisler et al. (2000)

Pseudomonas
fluorescens

Dry rot (Gibberella
pulicans)

Potato Schisler et al. (2000)

Pseudomonas sp. Blue and Green rot

(Penicillium
sclerotigenum)

Yams Okigbo (2002)

Trichoderma sp. Rhizoctonia rot

(Rhizoctonia solani)
Chilli Bunker and Mathur (2001)

318 R.C. Ray et al.



cherry tomatoes. Other reports on biocontrol activities of A. pullulans against

postharvest diseases include blue mold in stored apple caused by P. expansum
(Bencheqroun et al. 2007), monilinia rot in banana (Wittig et al. 1997), and grapes

by Monillinia taxa (Barkai-Golan 2001), etc.

13.2.2.3 Bacteria

Bacterial flora have attracted enormous attention as agents for biocontrol in post-

harvest diseases, particularly since they are easy to handle, generally stable, have

resistance and ability to survive desiccation, and inherently possess a quick genera-

tion time (Sharma et al. 2009). They are also known to affect life cycles of different

plant pathogens or pests by diverse mechanisms including the production of

extracellular metabolites and intracellular proteinaceous toxins. In general, spore-

forming bacteria (e.g., Bacillus spp.) survive to a greater extent even in harsh

environments, compared to the non-spore-forming bacteria. Among the Bacillus
spp., the ones that have attracted the most attention are Bacillus thuringiensis,
B. amyloliquefaciens, B. licheniformis, and B. subtilis (Mari et al. 1996; Govender

et al. 2005; Arrebola et al. 2009). Other bacterial species of interest are Burkhol-
deria spinosa (De Costa et al. 2008), Enterobacter cloacae (Wilson et al. 1987),

P. agglomerans (Torres et al. 2007; Canamas et al. 2008; Usall et al. 2008), etc.

Bacteria may be formulated in either a dormant or a metabolically active state. They

are easily mass-produced using a liquid fermentation process, although in some

cases they may be more amenable to semisolid or solid-state fermentation (Swain

and Ray 2008).

13.3 Mode of Action of Biocontrol Agents

Biological control by antagonistic microorganisms uses naturally occurring

mechanisms to suppress harmful organisms. The modes of action are competition

for nutrients (Bencheqroun et al. 2007; Spadaro and Gullino 2004) and space (Piano

et al. 1998; Fan and Tian 2000), parasitism (Wan and Tian 2002), induced resis-

tance (Wisniewski et al. 1991; Fan et al. 2002), and antibiosis (Bull et al. 1998).

In general, more than one mechanism is implicated, but in no case was a single

mechanism found to be responsible/suitable for biological control (Janisiewicz and

Korsten 2002).

13.3.1 Competition for Nutrients

Competition for nutrients is the most promising mode of action for several posthar-

vest antagonistic microorganisms. Yeasts appear to be particularly promising as
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biocontrol agents against the postharvest decay of fruits and vegetables (Droby and

Chalutz 1994). Meanwhile, most postharvest fruit pathogens are necrotrophs need-

ing nutrients for spore germination and initiation of the pathogenic process, which

can be an effective mechanism of biological control. This hypothesis plays a major

role in the mode of action of P. guilliermondii against P. digitatum in citrus (Droby

et al. 1992; Arras 1996); P. anomala against Penicillum spp. in banana (Lassois

et al. 2008);D. hansenii against Botrytis cinerea in grapes (Chalutz et al. 1988); and
A. pullulans against P. expansum in grapes (Castoria et al. 2001) and apple

(Bencheqroun et al. 2007), etc.

Attachment by microbial antagonist to the pathogen hyphae appears to be an

important factor necessary for competition for nutrients as shown by the inter-

actions of E. cloacae and R. stolonifer (Wisniewski et al. 1989), and P. guillier-
mondii and P. italicum (Arras et al. 1998). In vitro studies conducted on such

interactions revealed that due to direct attachment, antagonistic yeasts and

bacteria take nutrients more rapidly than target pathogens and thereby prevent

spore germination and growth of the pathogens (Droby et al. 1989; Wisniewski

et al. 1989). Nonpathogenic species of Erwinia, such as E. cypripedii, showed
antagonistic activity against various isolates of Erwinia caratovora sub sp.

caratovora, the causal agent of soft rot of many vegetables such as carrot,

tomatoes, and pepper, primarily by competing for nutrients (Moline et al. 1999;

Janisiewicz et al. 2000). In a recent study, A. pullulans strain Ach1-1 was

selected for its effectiveness against blue mold caused by P. expansum on stored

apple fruit (Bencheqroun et al. 2007). The possible involvement of competition

for nutrients in the biocontrol activity of this antagonistic strain was investigated

both in vitro and in situ. For in vitro assays, the effect of strain Ach1-1 on

germination percentages of P. expansum conidia was evaluated after a 24 h

incubation period in the presence of increasing apple juice concentrations

(0–5%) using a system allowing the physical separation of both agents. In the

absence of strain Ach1-1, conidial germination was strongly promoted by apple

juice whatever the concentration. However, germination was significantly

reduced by the presence of strain Ach1-1 except at the highest juice concentra-

tion. For in situ assays, strain Ach1-1 was very protective against P. expansum on

postharvest wounded apples. However, the application of high concentrations of

exogenous sugars, vitamins, and most particularly amino acids significantly

reduced such protection. Time-course analysis of apple amino acids at the

wound site revealed that these compounds were more depleted in wounds treated

with strain Ach1-1 alone and especially in those treated with both agents (strain

Ach1-1 and P. expansum) compared to wounds treated with P. expansum alone or

to untreated ones. Exogenous amino acids, applied at high concentrations on

apple wounds as a mixture of specific amino acid groups or as individuals,

significantly decreased strain Ach1-1 efficacy against P. expansum. This study

provided in vitro and in situ evidence that competition for apple nutrients, most

particularly amino acids, may be a main mechanism of the biocontrol activity

of A. pullulans strain Ach1-1 against blue mold caused by P. expansum on

harvested apple fruit (Bencheqroun et al. 2007).
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13.3.2 Competition for Space

Competition for space is the competition for infection sites, which may occur if

antagonists are able to occupy the specific places where recognition mechanisms

between host and pathogen take place. If these places are no more available for

pathogens, the necessary procedure of recognition cannot take place and infection

does not occur (Janisiewicz et al. 2000). Rapid colonization of fruit wound by the

antagonist is critical for decay control, and manipulations leading to improved coloni-

zation enhance biocontrol (Mercier and Wilson 1994). Thus, microbial antagonists

should have the ability to grow more rapidly than the pathogen. Similarly, it should

have the ability to survive even under conditions that are unfavorable to the pathogen

(Droby et al. 1992).Wound competence under environmental conditions may be an

important character for the evaluation of microbial agents with commercial potential.

Roberts (1990) found that C. laurentii, an effective antagonist against gray mold

(Botrytis cinerea) and blue mold (Penicillium spp.) of apple, could rapidly colonize the

wounds of apple fruit at temperatures ranging from 5 to 20�C and even under cold

storage conditions (1–2�C). The yeast also exhibited rapid increase in population

dynamics on apple fruit wounds. Similar resultswere obtained in controlling postharvest

decay caused by Botrytis cinerea of apple fruit by A. pullulans (Ippolito et al. 2000).

Biological control ofP. digitatum on orange fruits withCandida famatawas reported by
Arras (1996). Scanning electron microscope observations of the mode of action of the

antagonist against the pathogen revealed rapid colonization of the fungal mycelium and

the wounds, with lytic and phagocytic activity against the hyphae (Figs. 13.1 and 13.2).

13.3.3 Populations of the Microbial Antagonist

Initial concentration of antagonist plays a significant role in the microbial antago-

nists when applied on the wound site and the ability of the antagonist to rapidly

Fig. 13.1 Epicarp of orange

fruit completely colonized

by Candida famara cells

(a). A stoma can be seen at

the center (b) (Arras 1996)
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colonize the wound site (Janisiewicz and Roitman 1988; McLaughlin et al. 1990;

Mercier and Wilson 1995; Spadaro et al. 2002a; Zhang et al. 2005a). Microbial

antagonists (i.e., Candida saitoana, C. oleophila, E. caratovora, C. laurentii, etc.)
are most effective in controlling postharvest decay on fruits and vegetables when

applied at a concentration at 106–109 colony-forming unit CFU/ml (Chand-Goyal

et al. 1999; El-Ghaouth et al. 2004; Zhang et al. 2005b, 2007a; Cao et al. 2008), and

rarely, higher concentrations are required.

Candida saitoana was effective at a concentration of 107 colony-forming unit

(CFU)/ml for controlling P. expansum on apples (McLaughlin et al. 1990).

In another study, El-Ghaouth et al. (1998) reported that for C. saitoana, a concen-
tration of 108 CFU/ml was better in controlling blue mold (P. expansum) on apples.
Similarly, for C. laurentii, at the concentration of 109 CFU/ml, when challenged

with P. italicum, applied at 1 � 104 spores/ml, the blue mold decay of oranges

completely inhibited during 5 days of incubation at 20�C (Zhang et al. 2005a). This

qualitative relationship, however, is highly dependent on the ability of the antago-

nists to multiply and grow at the wound site. This was demonstrated by using a

mutant of P. guilliermondii, which lost its biocontrol activity against P. digitatum
on grapefruit and against Botrytis cinerea on apples, even when applied to the

wounds at concentrations as high as 1010 CFU/ml (Droby et al. 1991). The cell

population of this mutant remained constant at the wound sites during incubation

period, while that of the wild type increased 10- to 20-fold, within 24 h.

13.3.4 Direct Parasitism

Antagonist and pathogen can also interact through a direct parasitism. Wisniewski

et al. (1991) observed a strong adhesion in vitro of P. guilliermondii antagonist cells
to Botrytis cinerea mycelium, perhaps due to a lectin link. After yeast cells were

Fig. 13.2 Penicillium
digitatum hyphal

(b) completely colonized

by Candida famata cells

(a) causing alterations in

the hyphal tissue (Arras 1996)

322 R.C. Ray et al.



dislodged from the hyphae, the hyphal surface appeared to be concave and there

was partial degradation of the cell wall of B. cinerea at the attachment sites. In a

recent study, Zhao et al. (2010) using scanning electron microscopy unveiled that

P. guilliermondii multiplied rapidly on tomato fruit wounds and its cells had a

storage capability of adhesion to the hyphae of R. stolonifer (Fig. 13.3). Moreover,

P. guilliermondii shows a high activity of b-1,3-glucanase enzyme that could result

in the degradation of the fungal cell walls (Jijakli and Lepoivre 1998). A. pullulans
in apple wounds produces extracellular exochitinase and b-1,3-glucanase, which
could play a role in the biocontrol activity (Castoria et al. 2001). Through ultra-

structural and cytochemical studies, El-Ghaouth et al. (1998) found that Candida
saitoana yeast cells, when cultivated together with B. cinerea mycelium, were

associated with fungal hyphae showing cytological damage, such as papillae and

other protuberances in the cell wall, and degeneration of the cytoplasm. Bonaterra

et al. (2003) reported that direct parasitism was a major factor that permitted

P. agglomerans to control M. laxa and R. stolonifer decay on stone fruits.

13.3.5 Production of Cell-wall Lytic Enzymes

Microbial antagonists also produce lytic enzymes such as glucanase, chitinase, and

proteinases that help in the cell-wall degradation of the pathogenic fungi (Lorito

et al. 1993; Castoria et al. 1997, 2001; Jijakli and Lepoivre 1998; Kapat et al. 1998;

Mortuza and Ilag 1999; Chernin and Chet 2002). The interaction between B. subtilis
and F. oxysporum, the postharvest pathogen of yam (Dioscorea spp.) tubers, was

studied by scanning electron microscopy (Swain et al. 2008). Lysis of fungus cell

wall by B. subtilis was observed owing to the production of extracellular chitinase

(Fig. 13.4). In recent years, exocellular lytic enzymes (b-1,3-glucanase) produced
by yeasts such as P. anomala, A. pullulans, Rhodotorula glutinis, and C. laurentii
have also been studied to obtain a better understanding of the biocontrol of

postharvest diseases of fruits (Castoria et al. 1997; Jijakli and Lepoivre 1998).

13.3.6 Antibiosis

Production of antibiotics is other important mechanism by which microbial antago-

nists suppress the pathogens (antibiosis) of harvested fruits and vegetables. In the case

of bacterial antagonists, it has been suggested that their biocontrol activity may be

partly associated with the production of antibiotics, such as iturins (a powerful

antifungal peptide) produced by B. subtilis, pyrollnitrins produced by P. cepacia,
and trichothecenes produced by Myrothecium roridium (Bull et al. 1998; Golubev

et al. 2001). The main concern, related to the use of antibiotics in food products, is the

development of human pathogens resistant to these compounds and the possible

development of resistance in fruit pathogens. Even if antibiotic producers appear to
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be able to control wound infections established before antagonist application, at the

moment, there are not such biocontrol agents registered for use on fruit and vegetables.

However, Mari et al. (1996) reported that B. amyloliquefaciens (strain 5PVB)

did not produce extracellular antibiotic substance, yet was highly active against the

pathogens, Botrytis cinerea on both mature-green and red tomato.

Fig. 13.3 Electron micrographs of wounds incubated at 20�C for 48 h after different treatments.

(a) Rhizopus stolonifer inoculated as the control; (b) R. stolonifer inoculated before heat treatment at

38�C for 24 h; (c) R. stolonifer inoculated before P. guilliermondii inoculation; (d) R. stolonifer
Ehrenb inoculated before heat treatment at 38�C for 24 h followed by P. guilliermondii inoculation;
and (e) R. stolonifer inoculated before P. guilliermondii inoculation followed by heat treatment at

38�C for 24 h. H hyphae, S spores, Y yeast (P. guilliermondii) cells (Zhao et al. 2010)
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13.3.7 Induced Resistance

Several evidences have indicated that microbial antagonists may elicit defense

mechanism of the host as well (El-Ghaouth et al. 1998; Ippolito et al. 2000). For

example, El-Ghaouth et al. (2001a) investigated the ability of Candida saitoana to

Fig. 13.4 Scanning electron micrograph of Fusarium oxysporium sample collected at 12 h (a) and

36 h (b) after interaction with Bacillus subtilis CM1. The solid and dotted arrow shows the

bacterial attachment with fungal hyphae and lytic mark hyphae. Circles indicate the complete lysis

of fungal mycelium after 36 h of interaction (Swain et al. 2008)
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induced systemic resistance in apple fruit against Botrytis cinerea. To differentiate

antagonistic activity of C. saitoana from the ability to induce resistance, the

antagonist and the pathogen were applied on separate wounds in fresh apple.

When C. saitoana was applied 0 and 24 h before ioculaton of B. cinerea, no effect

on lesion development was found. But, when applied 48 or 72 h postinoculation

with B. cinerea, C. saitoana reduced lesion diameter by more than 50 and 70%,

respectively, in comparison to wounding. Further, it was evident that C. saitoma
was capable of inducing systemic resistance in apple fruit and increased chitinase

and b-1,3-glucanase activities with a higher accumulation in fresh than in stored

apples. Similarly, A. pullulans causes a transit increase in the activity of b-1,
3-glucanase, peroxidase, and chitinase enzymes in apple wounds, which stimulated

wound healing process and induce defense mechanisms against P. expansum
(Ippolito et al. 2000). Efficacy of C. laurentii was maintained when applied

simultaneously or prior to inoculation with P. italicum, causing blue mold of

oranges (Zhang et al. 2005b). Efficacy was reduced when C. laurentii was applied
after inoculation. The yeast C. laurentii was also reported to control a postharvest

disease of jujube fruit by producing b-1,3-gucanase, a cell-wall degrading enzyme

involved in plant host defense (Tian et al. 2007). Similarly, Fan et al. (2002)

demonstrated that Pichia membranifaciens and Candida guilliermondii two antag-

onistic yeasts could produce chitinase and b-1,3-glucanase in vitro and induce an

increase in b-1,3-glucanase and chitinase activities in the wounds of nectarine fruit,
resulting in an effective decrease in decay caused by R. stolonifer. In peach fruit

infected by P. expansum, the yeast P. membranifaciens induced a number of

proteins related to host defense mechanisms (Chan et al. 2007). Furthermore, the

yeast P. membranifaciens induced production of H2O2-metabolizing enzymes and

total protein synthesis and reduces oxidative stress in harvested sweet cherry fruit

(Chan and Tian 2006). P. guilliermondii strain R13, yeast isolated from Thai

rambutan, has been shown to suppress the fungal pathogen Colletotrichum capsici
in harvested chili (Nantawanit et al. 2010). The pretreatment of chili with the yeast

antagonist, physically separated from the fungus by known distances, significantly

reduced disease incidence and lesion diameter caused by C. capsici. Compared to

the controls, the yeast treatment also significantly enhanced the activities of chit-

inase and b-1,3-glucanase and the accumulation of capsidiol phytoalexin in chili

tissue (Nantawanit et al. 2010). Induction of disease resistance was also reported in

avocardo, citrus, peach, and pineapple fruits (Prusky et al. 1994; Rodov et al. 1994;

Arras 1996; Fan et al. 2002).

Microbial antagonist-induced disease resistance in fruits was also manifested by

the production phenylalanine ammonia-lyase activity as in grapefruit (Droby et al.

2001, 2003) and chili (Nantawanit et al. 2010) and the accumulation of phytoalex-

ine such as scoparone and scopoletin in orange fruits (Arras et al. 1998). The

biosynthesis of scoparone in particular, 4 days after inoculation with the C. famata
(F35) only, was 124 mg/g fresh weight of the fruit, 12 times higher than that in the

non-inoculated wound tissues, while it decreased to 47 mg/g when F35 strain was

inoculated at the same time as P. digitatum, and to 37 mg/g when the pathogen only
was inoculated (Arras 1996).
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13.4 Extension of Use of Biocontrol Agents

Potential biocontrol agents often havemany significant limitations. Themethod to select

antagonistswith a broader spectrumof activity, preferably for commercial development,

includes efficacy tests for various pathogens and horticultural species, and adaptability

to various environmental conditions (Wilson et al. 1993; Lima et al. 1999).

13.4.1 Criteria for an Ideal Antagonist

A potential microbial antagonist should have some desirable characteristics to make it

an ideal bioagent (Barkai-Golan 2001). The antagonist should be (1) effective against

a wide range of the pathogens and different harvested commodities; (2) nonpathogenic

to the host; (3) resistant to pesticides; (4) compatible with other chemical and physical

treatments; (5) effective at low concentrations; (6) genetically stable; (7) capable of

surviving under adverse environmental conditions such as UV radiation, desiccation,

and rapid climatic change; (8) a nonproducer of metabolites harmful to human;

(9) preparable in a form that can be effectively stored and dispensed; and (10) not

fastidious in its nutritional requirements. In addition, a microbial antagonist should

have an adaptive advantage over specific pathogen. For example, C. gloeosporioides
is more sensitive to low temperature thanmany other pathogens (Koomen and Jeffrics

1993). Therefore, for its effective control, a microbial antagonist such as C. magnus
should have the ability to grow, multiply, and suppress the pathogens at low tempera-

ture (Capdeville et al. 2007). Most of the apple and pear fruits are stored in cold

storage. For controlling their postharvest decay, a microbial antagonist should have

the ability to survive under cold storage conditions as well. Considering these factors,

research work has been reoriented inmany countries in search of microbial antagonist

having multifold attributes such as tolerance to cold/hot temperature and simulta-

neously effective against a broad spectrum of postharvest pathogens. Accordingly, a

new bacterial strain of P. agglomerans (CPA-2) was isolated, which could control

P. expansum,Botrytis cinerea, andR. stolonifer under various storage conditions such
as cold storage, either in air or in low oxygen atmosphere (Nunes et al. 2001a). Also,

equal control was obtained with P. agglomerans at 8 � 107 CFU/ml, as with the

fungicide imazalil at commercial doses against these pathogens (Nunes et al. 2001a).

However, even if an antagonist has all the desirable characteristics, economic factor

decides whether it has to be commercialized or not. A potential market for the product

is essential before the commercialization of the antagonist is taken into consideration.

13.4.2 Antagonist Mixtures

An effective biological control based upon a mixture of several complemen-

tary and noncompetitive antagonists is more likely than a control based upon
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microorganism alone. Such mixtures have several advantages (Janisiewicz and

Bors 1995; Janisiewicz et al. 1998): apart from a wider spectrum of activity

(different fruits, cultivars, and ripening stages), they can increase the efficacy (less

biomass necessary), be more reliable, and allow a reduction in application times and

treatment costs. Moreover, they permit the combination of different genetic char-

acteristics. Mixture of Sporobolomyces roseus and Pseudomonas syringae showed

grater biocontrol activity against postharvest blue mold on Golden Delicious apple,

as compared with the same strains applied individually (Janisiewicz and Bors 1995).

Similar results were obtained with mixture of two strains of A. pullulans and

R. glutinis and two strains of B. subtilis and one of A. pullulans (Leibinger

et al. 1997).

Mixtures of yeasts were tested for their ability to control P. expansum and

Botrytis cinerea on Red Delicious apple fruits (Calvo et al. 2003; Juan et al.

2003). The occurrence of antagonistic or synergistic interactions between yeast

strains in different mixtures was also evaluated. Two strains of Rhodotorula
(R. glutinis SL 1 and R. glutinis SL 30) and two strains of Cryptococcus (C. albidus
SL 43 and C. laurentii SL 62) were selected for developing yeasts mixtures. The

R. glutinis SL 1–R. glutinis SL 30 mixture exhibited a lower effectiveness than

each strain alone, against both molds. Other mixtures (R. glutinis SL 1–C. albidus
SL 43 and R. glutinis SL 30–C. albidus SL 43) showed synergism against

P. expansum but not against B. cinerea. The R. glutinis SL 1–C. laurentii SL 62

mixture was the only mixture that showed synergism against gray mold. There was

not any mixture, which showed high effectiveness against both molds at the same

time. Different results could be explained by the dynamics of the population of the

yeasts. By using yeast mixtures, it was possible to improve biocontrol without

increasing the amount of antagonists applied. The synergism observed could be

useful in enhancing biological control (Calvo et al. 2003). Likewise, the mixture

of M. pulcherrima and P. guilliermondii was found more effective in controlling

postharvest decay of citrus fruit caused by P. digitatum (green mold), P. italicum
(blue mold), and G. candidum (sour rot) (Kinay and Yildiz 2008). A mixture of

two yeast antagonists, M. pulcherrima and C. laurentii, isolated from apple fruits

exhibited greater biocontrol activity against blue mold (P. expansum) of apple than
either of the yeasts applied alone (Janisiewicz et al. 2008a).

13.4.3 Antagonistic Preparation

Only a few of the microbial antagonists reported to control postharvest diseases

of fruits and vegetables have been commercialized. There could be many reasons

for this, but two primary causes, which prevented this, are (a) the relative

ineffectiveness of the antagonists compared to chemical control procedures;

and (b) a lack of economic incentives. However, once effective antagonist is
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identified, search starts for its preparation, storage, and application methodology.

For instance, B. subtilis (strain B-3) was the first organism patented as a posthar-

vest biocontrol agent for stone fruits in the USA (Pusey and Wilson 1984). Pusey

et al. (1988) conducted a pilot test applying B. subtilis under simulated commer-

cial conditions for the control of brown rot of peaches, in which bioagent was

effectively incorporated into wax normally used on the packing line. Botrytis rot

was effectively controlled by this procedure, but considerable variation was

found in the control rendered by the different antagonist preparations. Torres

et al. (2007) studied application of P. agglomerans in controlling Penicillum rot

of oranges and mandarin in semicommercial scale at several mediterranean

regions. They found that bacterial product formulation treatment significantly

reduced the percentage of infected fruits.

In the recent past, several commercial products have been developed and

commercialized. For example, ‘BioSave’ has been developed from a saprophytic

strain of P. syringae by ‘EcoScience’ Corp., Orlando, USA, which is highly useful
for controlling blue and gray mold on apples and pears (Janisiewicz and Korsten

2002; Droby 2006). Ecogen-Israel Partnership Ltd. has developed another prod-

uct, ‘Aspire’ from the yeast, P. guilliermondii (Janisiewicz and Korsten 2002).

Similar research has been conducted with the yeast antagonist C. oleophila
(Mercier and Wilson 1994; Wisniewski et al. 1995), which had been previously

described as C. sake. Tests conducted in commercial citrus packing houses gave

satisfactory control of green and blue molds and sour rot only in combination with

tenfold diluted thiobendazole (Droby et al. 1998). The research and commercial

development of ‘YieldPlus’ for biocontrol of fruit decays follows the same pattern

as described for ‘Aspire’ or C. oleophila. The development of ‘Avogreen’ from

this Bacillus followed a slightly different path in that it was tested in the field for

biocontrol. It was prepared from B. subtilis and used in South Africa for the

control of Cercospora species and anthracnose of avocado (Korsten et al. 1997;

Janisiewicz and Korsten 2002). Efficacy of B. licheniformis was evaluated under

semicommercial conditions on a mango packing line to control anthracnose and

stem-end rot on the mango (Govender et al. 2005). Mango fruits were treated with

either the bacterial antagonist applied in hot water (45�C) followed by a quarter

strength prochloraz dip or the antagonist applied on its own in hot water. These

treatments were compared to the untreated control and commercially used pro-

chloraz hot water dip. Treated fruits were dried and waxed on the commercial

packing line. Fruit subjected to the prochloraz-antagonist–hot water combination

showed reduced anthracnose and stem-end rot incidence after market simulated

conditions of low temperature storage at 10�C with 90% relative humidity and at

room temperature (20�C at 75% relative humidity for 7 days). This integrated

treatment retained the fruit color and firmness with high marketability most

effectively, compared to the other treatments. Another biological control for-

mulation SHEMER WDG with the yeast Metschnikowia fructicola, developed
by Agre Gerrn, Israel, is found against several postharvest diseases of fruits

(Canamas et al. 2008).

13 Microbial Control of Postharvest Diseases of Fruits, Vegetables, Roots, and Tubers 329



13.4.4 Preharvest Application

One of the major obstacles to the development of postharvest microbial antagonist

is their inability to control previously established infections, such as latent infec-

tions. Field application of the microbial antagonist may enable early colonization of

the fruit surface, protecting them from these infections (Ippolito and Nigro 2000;

Janisiewicz and Korsten 2002; Ippolito et al. 2004; Irtwange 2006).

Leibinger et al. (1997) applied a preharvest mixture of the yeast A. pullulans and
the bacterium B. subtilis obtaining a level of control equivalent to fungicides for

P. expansum and Botrytis cinerea on apples. Teixido et al. (1998) applied unmodified

and low water activity tolerant cells of C. sake before harvest to control blue mold

on apples. C. sake CPA-1 reduced blue mold by nearly 50% on wounded apples if

the apples were inoculated with antagonist 2 days before harvest and inoculation

with P. expansum and cold storage for 4 months (Teixido et al. 1999). However,

preharvest application of the antagonistic yeast of a concentration of 3–106 CFU/ml

was less effective against Penicillum rot than postharvest treatment. It is difficult to

control postharvest diseases of strawberry even with preharvest application of

fungicides; despite that some success has been achieved with field application(s)

of various microbial antagonists such as G. roseum (Sutton et al. 1997), T. harzia-
num (Tronsmo and Denis 1977; Kovach et al. 2000), and Epicoccum nigrum
(Larena et al. 2005). Preharvest spray of Metschnikowia fructicola was also effec-

tive in controlling preharvest and postharvest fruit rots in strawberry (Karabulut

et al. 2004). Similarly, preharvest application of A. pullulans reduced storage rots in
strawberry (Lima et al. 1997), grapes (Schena et al. 1999), cherries (Wittig et al.

1997), and apples (Leibinger et al. 1997). Further, the incidence of green mold

(P. digitatum) on grapefruit was reduced by preharvest spray of P. guilliermondii
(Droby et al. 1992). In citrus, preharvest application of the biocontrol organism

P. agglomerans CPA-2 effectively controlled postharvest rots (Canamas et al.

2008; Usall et al. 2008). Similarly, preharvest application(s) of C. laurentii and
C. oleophila reduced storage rots in pear (Benbow and Sugar 1999). Field applica-

tion of E. nigrum was reported to be effective for controlling postharvest brown

rot (Monilinia spp.) in peaches (Larena et al. 2009). Canamas et al. (2008) have

reported that preharvest application of different concentrations of P. agglomerans
was effective for protecting oranges against P. digitatum during storage.

From the above discussion, it appears that preharvest application of microbial

antagonists has many limitations and commercial practice is not successful except

in certain cases.

13.4.5 Postharvest Application

In postharvest application, microbial cultures are applied either as sprays or as dips

in an antagonist’s solution (Barkai-Golan 2001). This approach has been more
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effective than preharvest application of microbial antagonists and has several

successes (Tables 13.2 and 13.3). For example, postharvest application of

P. agglomerans resulted in better control of Penicillum rot (P. expansum) in

apple (Nunes et al. 2002a; Morales et al. 2008), green (P. digitatum) and blue

mold (P. italicum) of citrus (Teixido et al. 2001; Torres et al. 2007), and Rhizopus

rot (R. stolonifer) in pear (Nunes et al. 2001a). Similarly, postharvest application of

A. pullulans has been found to control several postharvest diseases such as botrytis

rot (Botrytis cinerea) in grapes (Schena et al. 2003) and monilinia rot (M. laxa) in
banana (Wittig et al. 1997). A significant reduction in storage decay was also

achieved by bringing several yeast species in direct contact with wounds in the

peel of harvested fruits. For instance, direct contact of yeast (C. oleophila, C. sake,
C. guilliermondii, etc.) antagonist and infested fruit peel has been quite useful for

the suppression of pathogens such as P. digitatum and P. italicum in citrus (Chalutz

and Wilson 1990), Botrytis cinerea in apples (Wisniewski et al. 1988; Roberts

1990; Gullino et al. 1992; Mercier andWilson 1995), B. cinerea and P. expansum in

pears (Chand-Goyal and Spotts 1996, 1997), and Botrytis cinerea, R. stolonifer, and
Alternaria alternata in tomatoes (Chalutz et al. 1988). However, all the pathogens

do not react in a similar fashion to a given antagonist.

13.4.6 Integrated Use

Use of microbial antagonist alone cannot solve all the problems of postharvest rots

during fruit storage and they must be considered instruments to be used in combi-

nation with other methods in an integrated vision of disease management. For

example, microbial antagonists can be combined with waxes and fungicides applied

not only in post but also in preharvest (Pusey et al. 1988). In some laboratory and

semicommercial trials, the efficacy of the P. guilliermondii was consistently

increased by the addition of small concentrations of imazalil or thiabendazole,

reaching a control level similar to the use of fungicides (Droby et al. 1993). Yeast

is generally tolerant to many of the fungicides used in postharvest: M. pulcherrima
(Spadaro et al. 2002b) is tolerant to relatively high concentrations of benzimida-

zoles (benomyl and thiabendazole) and dicarboximides (vinchlozolin and procy-

midone) (Spadaro and Gullino 2004).

Among the other strategies evaluated during the last few years, the combination

of microbial antagonists with other alternative techniques to chemicals should be

mentioned such as thermotherapy (Barkai-Golan and Phillips 1991; Zhao et al.

2010), ultraviolet rays (Chalutz et al. 1992), animal and plant natural products

(Aharoni et al. 1993), calcium infiltrations (Janisiewicz et al. 1998), sodium

bicarbonate (Teixido et al. 2001), ethanol (Spadaro et al. 2002b), or ammonium

molybdate (Wan et al. 2003). In a most recent study, a combination of heat

treatment at 38�C followed by the application of P. guilliermondii provided the

best effective prevention of cherry tomato from fungus (Botrytis cinerea, A. alter-
nata, and R. stolonifer) spoilage (Zhao et al. 2010). Following heat treatment and
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P. guilliermondii treatment, electronic nose detected a reduction of volatility in

cherry tomato fruit odor, an indicator of preserving fruit’s freshness. Scanning

electron microscopy unveiled that heat treatment at 38�C for 24 h inhibited hyphal

growth and spore germination of R. stolonifer, while P. guilliermondii multiplied

rapidly on fruit wounds, and its cells had a strong capability of adhesion to the

hyphae of R. stolonifer. However, heat treatment also seriously injured P. guillier-
mondii; therefore, P. guilliermondii should be applied after heat treatment. Some of

these factors have been elaborated in the later section.

13.5 Enhancing Biocontrol Efficacy of Microbial Antagonist

13.5.1 Conventional Approach

Many research results have showed that antagonistic agents could be combined with

exogenous substance to increase the performance margin of biocontrol (Wisniewski

et al. 1995; El-Ghaouth et al. 2000a). This includes addition of calcium salts,

carbohydrates, amino acids, and other nitrogen compounds (Qin et al. 2003; Tian

et al. 2002b). The synergistic actions of various additives (other than fungicides) and

antagonists on postharvest disease control are summarized in Table 13.4.

13.5.1.1 Effects of Calcium

Postharvest calcium treatment of apples provided broad-spectrum protection

against the postharvest pathogens such as P. expansum and Botrytis cinerea
(Saftner et al. 1997). The addition of CaCl2 (2%, w/v) to the formulation of the

yeast biocontrol agent, C. oleophila and P. membranifaciens, enhanced the ability

of this yeast to protect apples and peaches against postharvest decay (Wisniewski

et al. 1995; Fan and Tian 2000). Tian et al. (2001, 2002b) indicated that the

efficacy of controlling gray mold and blue mold rots in apples was enhanced

when Trichosporon sp., even at a low concentration of 105 CFU/ml, was applied

in the presence of an aqueous suspension of CaCl2 (2% w/v). In yet another study,

Tian et al. (2002c) studied the biological control efficacy of C. guilliermondii,
P. membranifaciens, Trichosporon sp., and C. laurentii, applied with or without

Ca2+, and was tested against the postharvest disease of peach, nectarine, apple, and

grape, respectively. Addition of Ca2+ to the suspensions of C. guilliermondii and
P. membranifaciens resulted in lower disease incidences in peach and nectarine

fruits infected by R. stolonifer, compared with the treatment with the yeast alone. In

a similar study, a biological treatment of P. anomala strain K (107 CFU/ml), b-1,3-
glucans, and CaCl2 (20 g/l) was found highly effective against Botrytis cinerea and
P. expansum on apples in field conditions (Juaki et al. 2002). Ping et al. (2003)

obtained similar results with R. glutinis in combination with Ca2+ ions in the
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Table 13.4 Salt additives for enhancing the efficacy of microbial antagonists

Fruit Salt additive Microbial agent Disease controlled References

Apple Sodium carbonate Metschnikowia
pulcherrima

Blue mold (Penicillum
expansum)

Conway et al. (2007)

Janisiewicz et al.

(2008a, b)

Sodium carbonate Cryptococcus laurentii Blue mold (Penicillum
expansum)

Conway et al. (2007)

Janisiewicz et al.

(2008a, b)

Calcium propionate Candida oleophila Blue mold (Penicillum
expansum)

Droby et al. (2003)

Sodium

bicarbonate

Candida oleophila Blue mold (Penicillum
expansum)

Droby et al. (2003)

Citrus Sodium carbonate Cryptococcus laurentii Green mold (Penicillum
digitatum)

Usall et al. (2008)

Sodium

bicarbonate

Bacillus subtilis Green and blue molds

(Penicillum digitatum
and Penicillum
expansum)

Obagwu and Korsten

(2003)

Sodium

bicarbonate

Pantoea agglomerans Penicillium rots

(Penicillum sp.)

Plaza et al. (2001),

Teixido et al.

(2001), Torres

et al. (2007),

Usall et al.

(2008)

Cherry Ammonium

molybdate

Pichia
membranifaciens

Brown rot (Lasiodiplodia
theobromae)

Qin et al. (2006)

Crptococcus laurentii Brown rot (Lasiodiplodia
theobromae)

Qin et al. (2006)

Calcium chloride Aureobasidium
pullulans

Brown rot (Lasiodiplodia
theobromae)

Ippolito et al. (2005)

Sodium

bicarbonate

Aureobasidium
pullulans

Brown rot (Lasiodiplodia
theobromae)

Karabulut et al.

(2005)

Potassium sorbate Candida oleophila Postharvest decay Karabulut et al.

(2001)

Grape Sodium

bicarbonate

Metschnikowia
fructicola

Botrytis rot (Botrytis
cinerea)

Karabulut et al.

(2003)

Loquat Calcium chloride Pichia
membranifaciens

Penicillium rots

(Penicillum sp.)

Cao et al. (2008)

Oranges Calcium chloride Candida oleophila Penicillium rots

(Penicillum sp.)

El-Neshawy and

El-Sheikh (1998)

Pear Sodium carbonate Cryptococcus laurentii Blue mold and Alternaria

rot (Penicillum
expansum and

Colletrotrichum
gloeosporiodies,
respectively)

Yao et al. (2004)

Sodium carbonate Trichosporon pullulans Blue mold and Alternaria

rot (Penicillum
expansum and

Colletrotrichum
gloeosporiodies,
respectively)

Yao et al. (2004)

Calcium chloride Cryptococcus laurentii Gray mold (Botrytis
cinerea)

Zhang et al.

(2005a, b)

Ammonium

molybdate

Rhodotorula glutinis Blue mold (Penicillum
expansum)

Wan and Tian (2005)

Papaya Sodium

bicarbonate

Candida oleophila Anthracnose (Alternaria
alternata)

Gamagae et al.

(2003)

(continued)
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biocontrol of blue mold (P. italicum) of citrus. In a recent study, the beneficial

effect of 2% CaCl2 (w/v) on the antagonistic yeast P. membranifaciens for control
of anthracnose rot caused by Colletotrichum acutatum in postharvest loquat fruit

and the possible mechanisms involved were investigated (Cao et al. 2008). The

results showed that treatment with P. membranifaciens at 1 � 108 CFU/ml or 2%

CaCl2 alone resulted in both significantly smaller lesion diameter and lower disease

incidence of anthracnose rot on loquat fruit wounds compared with the controls.

The biocontrol activity of P. membranifaciens on the disease was enhanced by the

addition of 2% CaCl2 and the combined treatment of P. membranifaciens with

CaCl2 resulted in a remarkably improved control of the disease in comparison with

the treatment of P. membranifaciens or CaCl2 alone.
Calcium propionate in combination with Aspire increased the biocontrol activity

against B. cinerea and P. expansum causing postharvest decay of apples (Wisniewski

et al. 2001a), but not of peach (Droby et al. 2003).

The influence of Ca2+ on biocontrol effectiveness of yeast may be postulated to

result from interaction with yeast and/or its metabolic products in the wound site,

and the ability of antagonists to reduce decay in the presence of Ca2+ may be

partially due to nutrient competition and/or site exclusion (Wisniewski et al. 1995).

The addition of Ca2+ would directly decrease the number of pathogens and indi-

rectly increase the ability of the yeast to inhibit the development of the pathogen as

well as the resistance of fruit to pathogens (Biggs et al. 1997). However, the precise

mechanism by which Ca2+ reduces fungal infection is not yet fully understood.

13.5.1.2 Effect of Salicylic acid

Qin et al (2003) reported that combining salicylic acid with the yeast suspensions

(R. glutinis and Candida laurentii) significantly enhanced the biocontrol activity

against pathogens (Alternaria rot) of sweet cherries. Salicylic acid treatment plus

R. glutinis at 107 CFU/ml reached the performance of R. glutinis at 108 CFU/ml

alone. But application of salicylic acid did not affect the growth of R. glutinis and

Table 13.4 (continued)

Fruit Salt additive Microbial agent Disease controlled References

Peach Calcium chloride Debaryomyces hansenii Rhizopus rot (Rhizopus
stolonifer)

Singh (2004, 2005)

Calcium propionate Aspire Brown rot (Lasiodiplodia
theobromae)

Droby et al. (2003)

Sodium

bicarbonate

Aspire Rhizopus rot (Rhizopus
stolonifer)

Droby et al. (2003)

Sodium

bicarbonate

Pseudomonas syringae Green mold (Penicillum
digitatum)

Plaza et al. (2001)

Rambutan Potassium

metabisulphite

Trichoderma spp. Postharvest rots Sivakumar et al.

(2002a, b)

Tomato Sodium

bicarbonate

Cryptococcus laurentii Botrytis rot (Botrytis
cinerea)

Xi and Tian (2005)
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C. laurentii in cherry wounds. They also proved that salicylic acid treatment

induced a significant increase in polyphenoloxidase, phenylalanine ammonia-

lyase, and b-1,3-glucanase activities of cherry fruit (Qin et al. 2003). In a recent

study, R. glutinis in combination with salicylic acid resulted in low average natural

infection incidence in peach fruit, 16.67%, compared with 46.67% in the water-

treated control peach fruit (Zhang et al. 2008b).

Extensive studies have established that the application of exogenous salicylic

acid resulted in both systemic acquired resistance gene expression and induction of

systemic acquired resistance (Palva et al. 1994).

13.5.1.3 Effect of Sodium bicarbonate

Sodium bicarbonate at 2% concentration enhanced the biocontrol ability of

C. laurentii and A. pullulans against postharvest decay caused by P. expansum
and A. alternata in pear fruits (Gamagae et al. 2003). The use of 2% sodium

bicarbonate in combination with C. oleophila (Aspire) and Candida albidus exhib-
ited both curative and protective activity against Botrytis cinerea and P. expansum
causing postharvest decay in apple and peach (Wisniewski et al. 2001b; Droby et al.

2003; Gamagae et al. 2003). The addition of 2% (w/v) sodium bicarbonate in the

suspension of Crytococcus lauretii or Trichosporon pullulans significantly limited

spore germination and germ tube elongation of P. expansum and A. alternata (Yao

et al. 2004). Biocontrol activity of C. laurentii or T. pullulans against postharvest
decay caused by P. expansum and A. alternata in pear fruits was significantly

increased when C. laurentii or T. pullulans combined with sodium bicarbonate.

Combining C. laurentii or T. pullulans with sodium bicarbonate provided a more

effective control on P. expansum and A. alternata than applying the antagonistic

yeast or sodium bicarbonate alone. C. laurentii in combination with sodium bicar-

bonate showed the best control of disease caused by A. alternata in pear fruits.

Similarly, the use of sodium bicarbonate at 2% followed by the antagonist bacte-

rium, P. agglomerans, could be a reliable procedure to control green mold disease

(P. digitatum) of orange (Plaza et al. 2001). In a semicommercial and commercial

trial, P. aggomerans CPA-2, in combination with 3% sodium bicarbonate when

tested to control postharvest diseases affecting citrus crop in the Mediterranean

region, gave significant result (Torres et al. 2007). The bacterial–sodium bicarbon-

ate formulation treatment significantly reduced the percentage of infected fruits

(Usall et al. 2008). Green mold (P. digitatum) infection was 0% in P. aggolomerans +
sodium bicarbonate infected fruits, as compared with 90% infection in untreated

fruits. In another pilot-scale experiment, a mixture of two yeasts antagonists

M. pulcherrima and C. laurentiiwas used in combination with sodium biocarbonate

for controlling of blue mold decay of apple during storage (Janisiewicz et al.

2008a).The treated fruits were stored in commercial controlled atmosphere storages

for approximately 6 months in the 2005–2006 and 2006–2007 storage seasons and

then evaluated for incidence of decay. In both years, the treatments with the

antagonist alone or in combination with sodium bicarbonate were equally effective
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and reduced blue mold incidence by 84–97% in 2005–2006 and 73–82% in

2006–2007. Sodium bicarbonate alone significantly reduced blue mold incidence

compared to the nontreated control but was less effective than the antagonist alone

or in combination with sodium bicarbonate.

B. subtilis, isolated from citrus fruit surface, was evaluated alone or in combina-

tion with sodium bicarbonate or hot water treatment on artificially inoculated

(with P. digitatum/P. italicum) orange cultivars. A significant increase in biocontrol

activity of all isolates was observed when isolates were combined with sodium

bicarbonate or were applied following hot water treatment, as compared with

antagonist treatment alone (Obagwu and Korsten 2003). Ji and Wilson (2003)

considered that sodium salicylate could be used as a selective carbon source to

improve the efficacy of P. syringae in the control of bacterial decay of tomato plant.

The inhibitory mechanism of bicarbonate salts on postharvest pathogens was

probably due to the reduction of fungal cell turgor pressure that resulted in collapse

and shrinkage of hyphae and spores, so inhibiting the sporulation of fungi (Fallik

et al. 1997). In addition, sodium bicarbonate directly inhibited the germination

ability of fungal pathogens and enhanced the activity of yeast against fungal

pathogens for nutrients and space competition (Yao et al. 2004).

13.5.1.4 Effect of Ammonium molybdate

Wan et al. (2003) reported that ammoniummolybdate (NH4-Mo) has great potential

to enhance the biocontrol efficacy of R. glutinis and Candida laurentii against blue
mold on jujube fruits and that the growth of the yeasts was greatly affected by the

presence of NH4-Mo in the wound sites. The biocontrol efficacy of both yeasts at

107 CFU/ml combined with 15 mmol/l of NH4-Mo was better than the antagonists

used alone at 108 CFU/ml. The same effect was observed in the case of combining

NH4-Mo with C. sake against postharvest decay caused by P. expansum. It was
found that NH4-Mo markedly reduced disease incidence and severity of blue mold

in peach fruits, and the addition of NH4-Mo to C. sake enhanced its biocontrol

efficacy against postharvest diseases of peach fruits (Nunes et al. 2001b).

13.5.1.5 Effects of Fungicides

Biocontrol agents have been effectively integrated with chemical fungicides to

provide disease suppression with fewer fungicide applications than the conven-

tional spray regime, in greenhouse crops (Elad et al. 1996) as well as after harvest

(Chand-Goyal and Spotts 1996; Droby et al. 1998; Sugar and Basile 2008). Isolate

L47 of A. pullulans, for example, gave better results on strawberries and grapes

when sprayed in combination with a low dose of fungicide as compared to the

antagonist alone (Ippolito and Nigro 2000).

The integrated application of thiabendazole or imazalil (Deccozil 25EC, Elf

Atochem North America Inc., Philadelphia) at the rate recommended for standard
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postharvest treatments (0.1 and 1.2 g/l a.i.) with the biocontrol agents (P. guillier-
mondii or C. oleophila) effectively controlled gray mold and blue mold rots in citrus

fruits in commercial tests conducted in packing houses in Italy (Arras et al. 2002).

Tian et al. (2001) reported that the use of iprodione (Rovral 50 WP, Rhone Poulenc

Ag. Co., Research Triangle Park, North Carolina) at a rate ten times lower (50 ml/l a.i.)
in combination with the yeast Trichosporon sp. enhanced the efficacy of control

compared to the yeast and the fungicide when used separately. The yeast Candida
albidus at 1 � 106 CFU/ml mixed with iprodione at 50 ml/l a.i. had better control of
postharvest decay of apple fruit caused by Botrytis cinerea and P. expansum as

compared to the single application (Fan and Tian 2001). Qin and Tian (2004)

reported that combination of C. laurentii with a low dose of imazalil (25 ml/l) or
kresoxim-methyl (Stroby 50% DF, BASF Ltd., Germany) (50 ml/l) significantly
enhanced the activities of the yeast or the fungicides against both A. alternata and

Monilinia fructicola on jujube fruits at 25 and 0�C in air, as well as in controlled

atmosphere condition with 10% O2 + 0% CO2. The yeast isolate LS28 (C. laur-
entii), which tolerated in vitro high rates of benzimidazoles, was tested, alone or in

combination with a low dose (10% of the full label rate) of thiabendazole, against

gray mold on stored apples (Lima et al. 2006). The integration of fungicides with

biocontrol agents offers the opportunity to reduce the amount of fungicide in

preharvest application, thus lowering the level of residues on marketed products.

13.5.1.6 Addition of Nutrients and Plant Products

The efficacy of the microbial antagonists can also be enhanced considerably by

the addition of some nutritious compounds or natural plant products (Table 13.5).

For example, additions of nitrogenous compounds such as L-aspargine, L-proline,

and 2-deoxy-D-glucose, a sugar analogue, helped in enhancing the bioefficacy of

microbial antagonists in controlling the postharvest decay rots in some fruits and

vegetables (El-Ghaouth et al. 2000a, b, c). When applied in fruit wounds, the

combination of Candida saitoana and 2-deoxy-D-glucose (0.2%) controlled fruit

decay on apples, oranges, and lemons caused by Botrytis cinerea, P. expansum, and
P. digitatum (El-Ghaouth et al. 2000a, b, c) than when either Candida saitona or

2-deoxy-D-glucose was applied alone. The treatment of peaches with C. laurentii
(108 CFU/ml) alone or in combination with methyl jasmonate (200 mM/l) inhibited

the lesion diameter of brown rot and blue mold rots caused by Monilinia fructicola
and P. expansum, respectively (Yao and Tian 2005). The inhibitory mechanism was

mainly because of resistance induced in peach fruit by methyl jasmonate and

C. laurentii. In addition, direct inhibition of methyl jasmonate on P. expansum
also played a role in controlling blue mold.

Some other recommendations (Table 13.5) have also emerged for improving the

bioefficacy of microbial antagonists. For example, a bioactive coating consisting of

Cryptococcus saitoana + glycochitosan has been developed to control fruit decay in

apple (El-Ghaouth et al. 2000a). The biocontrol activity of Candida saitoana,
against decay of apple, lemon, and orange, caused by Botrytis cinerea, P. expansum,
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and P. digitatum, respectively, was enhanced markedly by the addition of gylco-

chitin (El-Ghaouth et al. 2000a, c). Under semicommercial conditions, the bioactive

coating was superior to Candida saitoana or glycochitin alone in controlling decay

of oranges and lemons, and the control level was equivalent to that with imazalil

(El-Ghaouth et al. 2000a). Nisin, a polypeptide antibiotic, enhanced the effective-

ness of C. oleophila for controlling apple rots caused by Botrytis cinerea and

P. expansum (El-Neshawy and Wilson 1997). Combined application of B. amylo-
liquefaciens PPCB004 with thyme or lemon grass oil was tested to assess the

effectiveness in the control of these pathogens during postharvest storage (Arrebola

et al. 2009). The biofilm formation of PPCB004 was significantly higher in lemon

grass oil than thyme oil. Lemon grass oil (6 ml/plate) and PPCB004 completely

inhibited the mycelial growth of Botrytis cinerea, P. expansum, and R. stolonifer on
peach fruit.

13.5.2 Biotechnological Approach

13.5.2.1 Formulation and Application

Unlike soilborne or open field pathogens, where a 70–80% margin of disease

control is acceptable, postharvest disease control requires a higher level of efficacy

and more consistent results. In order to justify microbial antagonists for practical

use, greater antagonistic activity is required. The mass production by rapid, effi-

cient, and inexpensive fermentation of the antagonist is a key issue. Two types of

fermentations are practiced for mass multiplication of the antagonists: submerged

and solid-state fermentation (Ray et al. 2008).

Submerged fermentation is the common mode for mass multiplication of

microbial antagonists. To scale up a laboratory fermentation process to an indus-

trial level, it is fundamental to find the carbon and nitrogen sources that provide

maximum biomass production and minimum cost of media, while maintaining

biocontrol efficacy. De Costa et al. (2008) have studied yeast extract, dry brewer’s

yeast, sucrose, and molasses as possible substrates for the production of the

biocontrol agent P. agglomerans. In a recent study, Kinay and Yildiz (2008)

studied fermentations containing several combinations of adjuvants such as

talc, sodium alginates, sucrose, and yeast extract for the mass production of

M. pulcherrima and P. guilliermondii. Likewise, Larena et al. (2004) studied

the submerged fermentation for production of E. nigrum, a bicontrol agent of the
fungal pathogen M. laxa.

Solid substrate production of E. nigrum conidia for biocontrol control of brown

rot (M. laxa) on stone fruit was studied by Larena et al. (2004). Solid-state

fermentation was carried out in specially designed plastic bags (600 cm3) contain-

ing either 50 g of peat/vermiculite (1:1 w/w) or 50 g of peat/vermiculite/lentil

meal (1:1:1, w/w/w) with 40% (v/w) initial moisture content. Substrate was

inoculated with a conidial suspension of E. nigrum to give 105 conidia/g substrate,
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and bags were incubated at 20–25�C for 7 days in darkness. The amount of

conidia of E. nigrum obtained in solid-state fermentation with substrate based

on peat/vermiculite/lentil meal was tenfold higher than that with substrate based

on peat/vermiculite or in liquid fermentation. Incubation of bags in light condi-

tions did not enhance conidial production. Fresh conidia produced in this solid-

state fermentation system reduced the incidence and lesion diameter induced by

M. laxa on peaches. Mass production of bactrium B. subtilis isolated from cow-

dung antagonistic against Fusarium rot of yams (Swain and Ray 2009) was

studied using cassava bagasse, a cheap carbohydrate source in solid-state fermen-

tation (Swain and Ray 2008). Response surface methodology was applied to find

out the optimum fermentation parameters for incubation period (6 days), initial

medium pH (7.0), and moisture holding capacity (70%) mass production of

inoculant.

An accurate formulation can be decisive in the improvement of the efficacy

and extension of the product shelf life, facilitating storage for commercially

acceptable periods of time (Janisiewicz and Jeffers 1997). The addition of

glycerol and trealose to the culture medium augmented osmotic tolerance and

control capability of C. sake against P. expansum on apple (Teixido et al. 1999).

Sodium alginate, carboxymethylcellulose, and chitosan are adhesion promoters

and can be added to yeast cell suspension to increase the activity of the formula-

tion. These substances were added to a strain of M. pulcherrima (Piano et al.

1998) significantly increasing the efficacy against gray rot on apple. El-Ghaouth

et al. (2000a, b, 2001) developed a biocontrol product called “bioactive coating”

consisting of a unique combination of an antagonist Candida saitoana with

glycolchitosan, a chemically modified chitosan. The bioactive coating made it

possible to exploit the antifungal property of glycolchitosan and the biological

activity of the antagonist.

Another issue involved in the commercial production of biocontrol agents is

shelf life that should be as long as possible. A biofungicide should be effective

for at least 6 months and preferably for 2 years (Pusey and Wilson 1984).

Abadias et al. (2001a) found that freezing at �20�C was the best method to

preserve the viability of C. sake cells. Survival of the cells was higher using 10%
skim milk as a protection and further increased by using other appropriate

protections, such as lactose, glucose, fructose, or sucrose. Moreover, skimmed

milk with 1% peptone was the rehydration medium that kept the highest viability

of the antagonist cells. In any case, freeze-dried cells were significantly less

effective than fresh cells (Abadias et al. 2001b). Yeasts (M. pulcherrima and

P. guilliermondii), grown on a cane molasses-based medium, were combined

with talc or kaolin carriers and various adjuvants, and the viability of yeast in 12

formulations was determined over a 6-month period (Kinay and Yildiz 2008).

Formulation containing talc, sodium alginate, sucrose, and yeast extract for both

the yeasts had significantly higher viable yeast cell content over a 6-month

storage period.
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13.5.2.2 Genetic Manipulation of Antagonistic Microorganism

The use of biocontrol agents improved by genetic engineering with cloned genes

with defined function is a challenging possibility (Jianga et al. 2009). To improve

synthesis of compounds that contribute to antagonism (i.e., antibiotics, lytic

enzymes, etc.) is one of the designed gene-mediated approaches to biocontrol.

Since mycoparasitism is one of the main mechanism involved in the biocontrol of

postharvest pathogens, cell-wall degrading enzymes, such as chitinases (Chernin

and Chet 2002), proteases, and glucanases (De La Cruz et al. 1995) produced by

bacterial and fungal microorganisms, could be inserted into the potential antago-

nists to improve the degradation of the pathogen cell walls, resulting in death or

growth inhibition of the antagonized fungus. Early experiments of transformation

for marker genes have been successful: M. pulcherrima was transformed with the

green fluorescent protein gene (Nigro et al. 1999), C. oleophila was transformed

with the b-glucuronidase gene (Chand-Goyal et al. 1998), and histidine auxotrophs
of C. oleophila were transformed with HIS3, HIS4, and HIS5 genes (Chand-Goyal

et al. 1999). In all cases, the transformed antagonists maintained their biocontrol

capability and there were no detectable differences between the wild type and

the transformants. All these studies were accomplished only to obtain variants of

the antagonistic strains with a genetically stable marker to expedite studies on the

ecology of the yeast antagonists on the fruit surface, but are highly effective for

subsequent insertions of useful genes. Jones and Prusky (2002) have investigated

the possibility of expressing a DNA sequence in S. cerevisiae to allow the produc-

tion of a cecropin A-based antifungal peptide. Yeast transformants inhibited the

growth of germinated Colletotrichum coccodes spores and inhibited decay devel-

opments caused by the pathogen in tomato fruit. The lack of activity toward

nontarget organisms by the peptide and the use of S. cerevisiae as a delivery system
suggest that this method could provide a safe alternative for postharvest disease

control.

Yehuda et al. (2003) investigated the relationship of b-exoglucanase in the

biocontrol activity of C. oleophila by generating C. oleophila CoEXG1-knockouts
and double-CoEXG1 transformants. They found that the 1,3-b-exoglucanase enco-
ded by the gene CoEXGI was not involved in the biocontrol activity of C. oleophila
against Penicillium digitacum under their experimental conditions. But they con-

sidered that the participation of CoEXG1 in biocontrol depended on the activity

of other gene products, or its effect might be manifested under altered environmen-

tal conditions. Plasmid pGAPZaC/Psd1, a binary vector encoding the constitutive

expression of the gene for the pea defensin Psd1, was used to transform the yeast

Pichia pastoris, and transformed strains were evaluated for enhancing biocontrol

potential by Psd1 (Janisiewicz et al. 2008a, b). Two P. pastoris strains, X-33 and

GS115, were successfully transformed by electroporation and produced the

active rPsd1 peptide. Nontransformed strain X-33 grew faster than strain GS115

in Golden Delicious apple wounds and was chosen as the host for plasmid

pGAPZaC/Psd1 in biocontrol tests. The severity and incidence of blue mold

decay caused by P. expansum were significantly reduced on apples treated with
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X-33(pGAPZaC/Psd1/X-33) when compared to apples inoculated with this fungus

alone or in combination with the nontransformed parental strain X-33, or the X-33

(pGAPZaC/X-33) recombinant containing the empty binary vector. Four selected

transformants reduced decay in repeated studies, but were effective only when

applied at a lower (6.3 � 105 CFU/ml) cell concentration. This study demonstrated

the potential of Psd1 for enhancing suppression of postharvest diseases (Janisiewicz
et al. 2008b).

13.6 Conclusion and Future Perspectives

Most of the research on microbial control of postharvest diseases of farm produce

has been conducted in developed and temperate countries, with the lone exception

of China. Further, the bulk of the research has been concentrated on temperate fruits

such as apple, pear, and grapes, and less than 10% studies are on tropical fruits, such

as banana and mango, and on vegetables. Postharvest practices in the developed

nations are different to those adapted in developing countries, and bioproducts such

as BioSave and Aspire may be costly for farmers in such regions. Therefore, the

biocontrol strategies should be such that these are adapted to practices in different

regions and climates of the world as well as to climatic changres.

The present science of the postharvest diseases control is based on the knowl-

edge of natural process of the antagonist–pathogen interaction. Biotechnological

approaches to improve shelf life of microbial agents in formulation, improved

adhesion to carrier material and mass multiplication through submerged and

solid-state fermentation, and above all, genetic engineering of the antagonist to

be effective against a broad range of pathogens and climatic change are some of the

aspects to be focused in our research programs. In the future, it may be possible to

use only strains adapted to postharvest conditions and introduce genes for biocon-

trol activity as needed.
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