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Preface

Filamentous cells and organisms are of major biotechnological importance. The
technical requirements for the cultivation of Penicillium and Aspergilli gave a
fundamental impulse for the development of sophisticated and powerful bioreac-
tors, enzymes of Trichoderma are key players in modern biorefineries, and hairy
roots of plant cells are expected to be the producer of interesting new secondary
metabolites for pharmaceutical and other applications.

There exist many publications in which the specific biotechnological processes
are described and evaluated. Nevertheless, a methodological compendium from the
viewpoint of Bioprocess Engineers is missing. This gap shall be filled by this
volume of Advance in Biochemical Engineering/Biotechnology. All reviews have a
strong focus on new monitoring methods and to some extent their combination,
with respect to characterize the morphological structure of the cells or organisms.
The generation of mathematical multi-scale models and the application of appro-
priate control strategies for exploiting the high potential of these interesting and
challenging biological systems are described in detail by the corresponding reviews
in this issue.

The first review article by Walisko and Moench-Tegeder et al. (Institute of
Biochemical Engineering, Technische Universität Braunschweig, Germany) high-
lights the progress in the characterisation and control of filamentous morphology
with particular regard to fungal (eukaryotic) and bacterial (prokaryotic) filamentous
morphologies since the mid of the 20th century. Recent strategies for the control of
bioparticle shape and bioprocess performance for high product yields of filamentous
systems with classical biochemical engineering parameters, targeted morphology
engineering and genetic engineering will be discussed.

The contribution of Quintanilla et al. (Department of Chemical and Biochemical
Engineering, Technical University of Denmark (DTU), Lyngby, Novozymes A/S,
Kalundborg/Bagsværd, Denmark) outlines the important aspects concerning the
ways that morphology can be measured in fungal systems. The review discusses
critically the main problems to identify unique key parameters and to provide clear
relationships between morphology, productivity, shear forces and rheology.
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Serrano-Carreón and Galindo et al. (Departamento de Ingeniería Celular y
Biocatálisis, Instituto de Biotecnología, Universidad Nacional Autónoma de
México, Cuernavaca, México) present the current knowledge on the influence of
hydrodynamic conditions on macroscopic morphology development in mycelial
microorganisms such as filamentous fungi. Basic aspects of hydrodynamic
mechanical stress and mass transfer on mycelial development and their conse-
quences on growth and productivity of pelleted and dispersed mycelia are focused.

The most important scientific issues connected with the research of Aspergilli,
their metabolites and their omics technologies are summarized in the contribution of
Meyer et al. (Institute of Biotechnology, Department Applied and Molecular
Microbiology, and Institute of Process Engineering, Department Measurement and
Control, Berlin University of Technology, Berlin, Germany). Their overview
illustrates the broad portfolio of methods and tools in molecular biotechnology and
control engineering to quantify and model fungal morphology.

The contribution of Bizukojc and Ledakowicz (Lodz University of Technology,
Department of Bioprocess Engineering, Lodz, Poland) concisely reviews the
aspects in bioprocess engineering of the production of the antihypercholesterolemia
drug lovastatin by the fungus Aspergillus terreus in the submerged cultivation in
various scales. As key factors broth viscosity in conjunction with non-Newtonian
behaviour of the cultivation broths, and multi-stage oxygen transfer processes were
identified. Microscopic (e.g. cell concentration and morphology) and macroscopic
(e.g. rheological behaviour, transfer limitation) process parameters as well as bio-
logical kinetics during A. terreus cultivation considering industrial realistic oper-
ating conditions are discussed.

In the review of Sugai-Guério et al. (Departamento de Engenharia Química e
Engenharia de Alimentos, Universidade Federal de Santa Catarina, Florianópolis,
Brazil, Departamento de Bioquímica e Biologia Molecular and Departamento de
Química, Universidade Federal do Paraná, Paraná, Brazil) from the Mitchell-group,
the problem of modeling the growth of filamentous fungi is addressed. Such models
are necessary for a rational design and processing of solid state fermentations. The
authors point out that, until now, there was not a comprehensive modeling approach
in this field. They claim that a combination of biological and mass transfer phe-
nomena should be considered in such a model, and they conclude that a discrete
lattice-based model which uses differential equations to describe mass balances
would be most appropriate for this application.

Solid-state fermentation is recommended for the cultivation of basidiomycetes
since it mimics the natural habitat of these fungi. There are some major advantages
of solid-state fermentation; however, monitoring key variables like biomass is
difficult and makes process design, scale up, and control a real challenge. Steudler
and Bley (Institute of Food Technology and Bioprocess Engineering, Technische
Universität Dresden, Germany) give, in this review, a current overview of various
direct and indirect biomass determination methods, discussing their advantages and
disadvantages.

Questions and solutions in the field of monitoring and modeling the growth of
hairy roots in bioprocesses are documented and discussed in the review of Lenk and

vi Preface



Bley (Institute of Food Technology and Bioprocess Engineering, Technische
Universität Dresden, Germany). It is described that there are no online direct
measurement methods for biomonitoring of those processes, but reliable indirect
methods for these processes were developed. Four independent modeling archi-
tectures in this field are described and compared: continuous models, metabolic flux
models, agent-based models, and neural networks. A new agent-based macroscopic
with 3D visualization of simulation results is presented in detail.

Tian (Department of Plant Sciences, University of California, Davis, USA)
argues that hairy root culture presents an excellent platform for producing valuable
plant secondary metabolites. This chapter focuses on several major groups of
secondary metabolites that are manufactured by hairy roots established from dif-
ferent plant species, and gives a very broad and thorough survey of this type of new
bioprocesses. Additionally, the methods for preservation of hairy roots are also
reviewed.

In their article Nguyen et al. (Université de Toulouse; INSA; INRA, Toulouse,
France) share their broad expertise concerning the ways that morphological struc-
ture of pre-treated particulate lignocellulose suspensions can be characterized by
elaborated rheological methods. These media show similar characteristics as par-
ticulate cultivation media and broths with filamentous microorganisms. Thus, the
described rheological techniques are suitable tools that could be transferred to
cultivation media with filamentous microorganisms and/or will be subject of further
research with filamentous cultivation broths.

We would like to thank all the authors for their valuable contributions and
discussions on this fascinating and inspiring topic. We also want to thank Springer
for implementation of this project as well as Thomas Scheper and the Springer team
for suggestions, ideas, and patience during the preparation of this volume.

Braunschweig Rainer Krull
Dresden Thomas Bley
March 2015

Preface vii



Contents

The Taming of the Shrew - Controlling the Morphology
of Filamentous Eukaryotic and Prokaryotic Microorganisms . . . . . . . . 1
Robert Walisko, Judith Moench-Tegeder, Jana Blotenberg,
Thomas Wucherpfennig and Rainer Krull

Fungal Morphology in Industrial Enzyme Production—Modelling
and Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
Daniela Quintanilla, Timo Hagemann, Kim Hansen and Krist V. Gernaey

Hydrodynamics, Fungal Physiology, and Morphology . . . . . . . . . . . . . 55
L. Serrano-Carreón, E. Galindo, J.A. Rocha-Valadéz,
A. Holguín-Salas and G. Corkidi

The Cell Factory Aspergillus Enters the Big Data Era: Opportunities
and Challenges for Optimising Product Formation . . . . . . . . . . . . . . . 91
Vera Meyer, Markus Fiedler, Benjamin Nitsche and Rudibert King

Bioprocess Engineering Aspects of the Cultivation
of a Lovastatin Producer Aspergillus terreus . . . . . . . . . . . . . . . . . . . . 133
Marcin Bizukojc and Stanislaw Ledakowicz

Modeling the Growth of Filamentous Fungi at the Particle
Scale in Solid-State Fermentation Systems . . . . . . . . . . . . . . . . . . . . . 171
Maura Harumi Sugai-Guérios, Wellington Balmant, Agenor Furigo Jr,
Nadia Krieger and David Alexander Mitchell

Better One-Eyed than Blind—Challenges and Opportunities
of Biomass Measurement During Solid-State Fermentation
of Basidiomycetes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
Susanne Steudler and Thomas Bley

ix

http://dx.doi.org/10.1007/10_2015_322
http://dx.doi.org/10.1007/10_2015_322
http://dx.doi.org/10.1007/10_2015_309
http://dx.doi.org/10.1007/10_2015_309
http://dx.doi.org/10.1007/10_2015_304
http://dx.doi.org/10.1007/10_2014_297
http://dx.doi.org/10.1007/10_2014_297
http://dx.doi.org/10.1007/10_2014_302
http://dx.doi.org/10.1007/10_2014_302
http://dx.doi.org/10.1007/10_2014_299
http://dx.doi.org/10.1007/10_2014_299
http://dx.doi.org/10.1007/10_2014_300
http://dx.doi.org/10.1007/10_2014_300
http://dx.doi.org/10.1007/10_2014_300


Ramified Challenges: Monitoring and Modeling of Hairy
Root Growth in Bioprocesses—A Review . . . . . . . . . . . . . . . . . . . . . . 253
Felix Lenk and Thomas Bley

Using Hairy Roots for Production of Valuable Plant
Secondary Metabolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275
Li Tian

Rheology of Lignocellulose Suspensions and Impact of Hydrolysis:
A Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
Tien Cuong Nguyen, Dominique Anne-Archard and Luc Fillaudeau

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359

x Contents

http://dx.doi.org/10.1007/10_2015_305
http://dx.doi.org/10.1007/10_2015_305
http://dx.doi.org/10.1007/10_2014_298
http://dx.doi.org/10.1007/10_2014_298
http://dx.doi.org/10.1007/10_2015_323
http://dx.doi.org/10.1007/10_2015_323


The Taming of the Shrew - Controlling
the Morphology of Filamentous
Eukaryotic and Prokaryotic
Microorganisms

Robert Walisko, Judith Moench-Tegeder, Jana Blotenberg,
Thomas Wucherpfennig and Rainer Krull

Abstract One of the most sensitive process characteristics in the cultivation of
filamentous biological systems is their complex morphology. In submerged cul-
tures, the observed macroscopic morphology of filamentous microorganisms varies
from freely dispersed mycelium to dense spherical pellets consisting of a more or
less dense, branched and partially intertwined network of hyphae. Recently, the
freely dispersed mycelium form has been in high demand for submerged cultivation
because this morphology enhances the growth and production of several valuable
products. A distinct filamentous morphology and productivity are influenced by the
environment and can be controlled by inoculum concentration, spore viability, pH
value, cultivation temperature, dissolved oxygen concentration, medium composi-
tion, mechanical stress or process mode as well as through the addition of inorganic
salts or microparticles, which provides the opportunity to tailor a filamentous
morphology. The suitable morphology for a given bioprocess varies depending on
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the desired product. Therefore, the advantages and disadvantages of each
morphological type should be carefully evaluated for every biological system.
Because of the high industrial relevance of filamentous microorganisms, research in
previous years has aimed at the development of tools and techniques to characterise
their growth and obtain quantitative estimates of their morphological properties.
The focus of this review is on current advances in the characterisation and control
of filamentous morphology with a separation of eukaryotic and prokaryotic systems.
Furthermore, recent strategies to tailor the morphology through classical bio-
chemical process parameters, morphology and genetic engineering to optimise the
productivity of these filamentous systems are discussed.

Keywords Filamentous microorganisms � Image analysis �Morphology � Pellets �
Rheology

List of Abbreviations

ALR(s) Airlift loop reactor(s)
CLSM Confocal laser scanning microscopy
FBRM Focused beam reflectance
GFP Green fluorescent protein
HGU Hyphal growth unit
KBDW Rheological parameter, biomass independent consistency coefficient
MN Morphology number
MPEC Microparticle-enhanced cultivation
STR(s) Stirred tank reactor(s)
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1 Introduction

Numerous industrial bioprocesses that use filamentous eukaryotic and prokaryotic
microorganisms for the production of organic acids and antibiotics have been
established within the last century. The oldest large-scale industrial process
exploiting filamentous microorganisms is the production of citric acid by the fila-
mentous fungus Aspergillus niger, which was established in 1919 in Belgium, even
without an understanding of basic molecular and biochemical engineering principles
[1, 2]. Since then, fungal expression and production systems have been developed
for the production of pharmaceutical compounds, proteins and especially enzymes
[3–5]. For example, A. niger has been shown to produce 0.9 g/L of immunglobulin G
[6], and 1.6 million tons of citric acid is currently produced per year [7]. Filamentous
fungi are superior to other industrially applied organisms because of their extraor-
dinary production and secretion capacities. The ability of certain filamentous fungal
organisms, such as A. niger and Trichoderma reesei, to secrete large quantities of
biomass-degrading enzymes provides these organisms with potential applications in
biorefineries [5]. Very high titres of hydrolytic enzymes, such as amylases and
proteases, can be produced by these species; for example, titres of up to 30 g/L of
glucoamylase can be achieved by A. niger [8], and industrial strains of T. reesei have
been shown to secrete 40 g/L of cellulases into the cultivation medium [9]. Driven by
advances in equipment and analytics, laboratory-scale fungal cultivation techniques
have improved substantially over the last 10–15 years, enabling the completion of
reproducible and repeatable bioreactor experiments [10].

Of the bacterial filamentous organisms, the Actinomycetes, mostly Streptomyces
species, are of prime industrial interest because of their production of various
secondary metabolites [11]. Despite some obvious differences, the morphological
characteristics of Streptomyces species and their impact on culture processing are
similar to those of fungi, such as A. niger [12]. Both grow filamentously, and in
submerged cultures, they may both form pellets; therefore, their growth kinetics can
be expressed using the same mathematical models [11]. Although there is no
general consensus as to how the morphology and other biophysical parameters of
Streptomyces in submerged cultivation correlate with secondary metabolite pro-
duction, morphology is recognised as a parameter of prime importance [13] and is,
therefore, worth investigating.

An obstacle for filamentous cultivation, however, is the complex morphology
during submerged growth in a liquid medium, which can range from freely growing
mycelium to clumps and dense circular pellets. The morphology of the mycelium
has an enormous impact on the production of enzymes and primary or secondary
metabolites [14].

The description of microscopic hyphal growth and macroscopic pellet growth of
filamentous microorganisms on solid media and in submerged culture originates
from the systematic investigations conducted by Emerson [15], resulting in the
development of the cube root law, which describes pellet growth as it occurs in the
outer nutrient-supplied shell of constant width. Additional important milestones
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include studies by Takahashi and Yamada [16] on coagulative and non-coagulative
pellet formation, Pirt and Callow [17] and Pirt [18] on growth kinetics and the
control of fungal morphology and Trinci [19, 20] and Trinci and Caldwell [21] on
the introduction of the hyphal growth unit (HGU). Even at the early research stage,
Robinson and Davidson [22] addressed large-scale cultivation of eukaryotic sys-
tems and Phillips [23] examined oxygen transfer in mycelia. These efforts in the
field of filamentous systems were first reviewed by Metz and Kossen [24].

Beginning in the mid-1980s, advances in new analytical methods in molecular
biology and biochemical engineering and increased computer capacity reinforced
filamentous systems as the focus of various research groups. The Schügerl group
characterised the oxygen supply of pellets using microelectrode and microtome
techniques [25]. Furthermore, automated image analysis continued growing in
importance in the research of filamentous systems. Adams and Thomas [26]
innovated the research of filamentous systems by implementing automated image
analysis for the characterisation of pellet- and mycelium-like structures [27–30].
Additionally, morphological growth kinetics via computer simulations were studied
extensively during this time period [11, 31, 32]. During the early 1990s, the Wösten
group pioneered the localisation of growth and protein secretion by the filamentous
fungi A. niger [33] and addressed the issue of morphology affected by hydrophobin
complexes [34, 35]. Engineering issues such as the influence of increased viscosity
on the cultivation of filamentous organisms [36–38]; the relationship between
morphology and metabolite production [39, 40]; and the impact of reactor geom-
etry, stirrer shape and size, aeration rate and subsequent energy dissipation and
mechanical particle stress [41–47] have been investigated extensively. In the mid-
2000s, Papagianni [48] and Grimm et al. [49] summarised the influence, kinetics
and control of fungal morphology on product formation with classical biochemical
engineering parameters in their often cited review articles. Because the character-
isation of mycelium-like systems through Euclidean, integral geometry parameters
is limited, Papagianni [50] addressed the fractal nature of these aggregates.

Microparticle-enhanced cultivation (MPEC) was first applied by Kaup et al. [51]
as a novel method to control fungal morphology development to improve pro-
ductivity in the presence of aluminium oxide and hydrous magnesium silicate
particles. The Braunschweig Collaborative Research Centre, From gene to product,
expanded the range of supplements to talc, silicate and other types of microparticles
to control the morphological development of A. niger spp. and increase product
formation [52–54]. Another sophisticated method to tailor-make fungal morphol-
ogy was found to be the manipulation of the osmolality of the culture medium;
increasing NaCl concentrations led to mycelial growth and enhanced productivity
in A. niger strains [55]. However, the mycelian growth form leads to a significant
increase in culture broth viscosity with a reduced mass transfer and, therefore,
requires more power input into the cultivation broth. As morphology, biomass and
medium viscosity affect each other, dependencies and correlations are not easy to
discover [56]. A comprehensive review on morphology, rheology and productivity
has been published recently [53]. It is still not clear how morphology exactly affects
productivity, but both parameters are clearly correlated [55].

4 R. Walisko et al.



Several recent reviews have focused on filamentous fungi, covering morphology
and productivity [53, 54, 57–60], process design [61] and molecular characteristics
[3, 10, 62]. Figure 1 highlights the most frequently cited key publications on
bioprocesses involving filamentous microorganisms over the last 65 years.

The aim of this review is to focus on advances in the characterisation and control
of filamentous morphology with particular regard to fungal (eukaryotic) and bac-
terial (prokaryotic) filamentous morphologies. Furthermore, recent strategies for the
control of bioparticle shape and bioprocess performance for the optimal produc-
tivity of a filamentous system with classical biochemical process parameters, tar-
geted morphology engineering and genetic engineering will be discussed.

2 Eukaryotic Filamentous Morphology

2.1 Interdependence Between Morphology and Productivity

One of the most important industrial aspects of fungal morphology is its relation to
productivity because it would be convenient to select productivity levels of culti-
vation batches solely based on morphologic appearance or to determine early in a
batch process how much product will be formed. A relationship between mor-
phology and productivity was therefore the focus of many experiments. Often,
optimal product yield corresponded with particular morphologic phenotypes [52,
63–74]. However, not all studies revealed such a link [75, 76]. Other sources
confirm a strong relationship between morphological growth form and productivity,

Fig. 1 Timeline of key publications on bioprocesses involving filamentous microorganisms
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with the mycelial morphology being favourable for the production of various
enzymes [51, 52, 55, 65, 68, 70]. Generally, the morphologic appearance depends
on the sum of the environmental parameters of a cultivation, often summarised as
the environome [53, 77].

There has been abundant research on how and why morphology and productivity
in filamentous cultivations are correlated, but the mechanisms that regulate polar-
ised growth are still only partially understood [78]. The macro-morphology
determines the microenvironment of hyphae through effects on mixing, mass
transfer and culture rheology, which in turn affect protein production [53]. Fungal
pellets, for instance, may have dense and inactive cores due to poor nutrient dif-
fusion, which may lead to cell lysis and, thus, a loss of the interior pellet structure
[79]. Wongwicharn et al. [76] revealed a correlation between the active area of the
biomass and protein secretion. Microscopic morphology has other indirect effects
on productivity. Hyphal dimensions influence the secretion pathway [80], and
protein secretion has been shown to be situated at the tips of fungal hyphae [33].
The branching frequency, in particular, is of importance, as several studies have
shown that metabolite excretion is situated mostly at the hyphal tips [33, 81, 82]. A
great quantity of hyphal tips creating a dense mycelium is, therefore, often linked to
increased enzyme production [83].

Recent studies seem to suggest that in addition to morphology, culture hetero-
geneity has a notable impact on productivity. In two studies, two populations of
pellets of different sizes and gene expressions were identified [84, 85]. The pop-
ulation of highly expressed genes of the produced enzymes was smaller than the
population with a large pellet diameter, indicating that heterogeneity and pellet size
are not related [86], which was confirmed by the finding that heterogeneity in gene
expression is observed between pellets with one particular diameter [86]. Unfor-
tunately, with the exception of pellet sizes, no further morphological character-
isation was conducted; thus, it remains unclear whether the subpopulations of larger
and smaller pellets might have been different in their morphological form as well.
Additionally, the condition of conidia used as starter cultures contributes to the
heterogeneity in a submerged cultivation, with some evidence that melanin content
influences the size of later formed pellets [86, 87]. Further studies showed heter-
ogeneity within the mycelium.

Studies with an abundance of novel and ever cheaper molecular tools available,
including gene expression analysis, have shown that the RNA composition of the
central and peripheral zones of plated colonies of A. niger [88] and A. oryzae [89] is
different. Furthermore, in seven-day-old colonies of A. niger, a large percentage of
active genes showed a significant difference in RNA accumulation between the
inner and outer zone of the colony [88]. Further studies have shown the total
amount of RNA per hyphae to be increased by approximately 50-fold at the
periphery of a 1-mm pellet compared to the pellet centre [84]. Different RNA
profiles, however, might be explained by the absence of RNA shown in a recent
study covering intra- and intercompartmental streaming of green fluorescent protein
(GFP) [90].
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2.2 Advances in Morphology Characterisation
and Whole-Broth Modelling

Fungal morphology is often a bottleneck of productivity in many industrial pro-
cesses [91], and process optimisation requires the accurate characterisation of in-
terdependencies between process parameters and performance [92]; therefore, from
the very beginning of research with filamentous organisms, it has always been a
goal to characterise and model morphology [93–95]. For the quantification of fil-
amentous morphology, early studies relied on manual measurements of hyphal
growth [96, 97]. Newer studies implement more or less automated steps of com-
puter-aided image analysis [53, 98]. However, no image analysis parameter on its
own is sufficient to discriminate between different morphological forms. With the
introduction of a multifunctional shape parameter termed the morphology number
(MN), Wucherpfennig et al. [55] were able to characterise a broad distribution of
morphological forms of A. niger using just one dimensionless process parameter. A
similar approach was proposed in a review about particle shape characterisation by
Blott and Pye [99], who reported that no single quantitative measure could provide
a full description of a three-dimensional shape, and the use of several shape indices
in combination provides the best method of grouping and discriminating between
particles. Describing mycelia quantitatively essentially involves the estimation of
their space-filling capacity [50], and like many other natural structures, mycelia are
approximately fractal [100]. The concept was introduced by Mandelbrot as an
extension of the Euclidean geometry [101] and has since been used to measure
complex geometric forms [102]. Fractal dimension and branching complexity were
previously found to be positively correlated with phenol-oxidase expression in
Pycnoporus cinnabarinus; both parameters were influenced by media composition
[103]. Barry et al. [104] were also able to demonstrate a relationship between
the fractal dimension and the HGU of a Penicillium and an Aspergillus strain.
Furthermore, it was demonstrated that the branching behaviour of filamentous
organisms “cultivated” in silico as “virtual mycelia” can be inferred from the fractal
geometry of mycelial architecture, showing the potential application of fractal
analysis in morphological quantification [105]. The benefit of the in silico approach
is the large amount of mycelia that can be generated and analysed compared to the
regular growth process in the laboratory. The compliance of fractals with con-
ventional image analysis parameters was also proven in several studies [106, 107].
Another fractal value used for the characterisation of fungal morphology is lacu-
narity, which describes the heterogeneity of a structure or the degree of structural
variance within a fractal object [102]. Lacunarity was found to be especially suited
to analyse and discriminate between filaments or loose clumps of A. niger [56].

The exact manipulation and subsequent precise characterisation of filamentous
morphology enables the establishment of holistic mathematical models. Schügerl
et al. [108] noted the complex interrelationships among all process characteristics
that are related to growth, morphology and physiology and, through this produc-
tivity, argued that no general conclusion could be drawn without considering all
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relevant factors [108, 109]. However, modelling approaches with that many
variables tend to become confusing and, more importantly, often lack general
applicability. Kossen suggested an approach for the characterisation of productivity
considering only whole-broth properties, where productivity is assessed from
morphological data, rheological data and mass transfer properties [109]. Because of
general problems in measuring the viscosity of filamentous organisms, it was also
deemed appropriate to omit the rheological properties of the cultivation broth.
Several studies showed that the complex morphology of filamentous organisms is
responsible for highly viscous cultivation broths, characterised by shear-rate-
dependent viscosities and by yield stress [2, 38, 110, 111]. Furthermore, the con-
sideration of morphology and the corresponding rheology is crucial for the
explanation of mass transfer in multiphase systems, as these factors influence the
bubble and drop sizes of suspended air and liquids [112]. The flow behaviour of
cultivation broths of filamentous organisms differs distinctly from broths of other
microorganisms; this matter has been thoroughly reviewed [53]. Tucker as well as
Tucker and Thomas [113, 114] were the first authors studying the influences of
biomass concentration and mycelial morphology on broth rheology using an
industrial strain of Penicillium chrysogenum. The authors found the viscosity of the
cultivation broth to be dependent on clump properties and studied the effect of
biomass separately from that of morphology. The rheological parameter, mostly
derived from the power law, could be related to biomass concentration as dry cell
weight [114]. Riley et al. [38] later enhanced that model to include morphological
parameters such as clump roughness and compactness, which were found to have a
definite influence on rheology. The resulting correlations were highly successful at
predicting culture rheology for P. chrysogenum and A. oryzae broths [115].
Wucherpfennig et al. [56] later refined the model for application to A. niger culture
broth using the earlier introduced MN and a rheological parameter termed the
biomass independent consistency coefficient (KBDW).

Figure 2 shows the interrelationship among the parameters morphology, rheol-
ogy and productivity [107]. Here, A. niger morphology is shown to directly
influence productivity, and with the help of the image analytical generated
dimensionless parameter MN, it was possible to directly correlate these parameters.
Using KBDW, a distinct influence of morphology on culture broth rheology could be
shown as well. Furthermore, in an unconventional approach, a correlation between
the specific activity of the produced enzyme fructofuranosidase and rheological
properties of the cultivation broth was displayed [107].

2.3 Manipulation of Morphology

Distinct fungal morphologies must be generated to achieve optimum performance in
biotechnological processes with filamentous organisms, and many different methods
have been applied to date (Fig. 3). A classic way to direct filamentous morphology is to
use defined and controlled environmental process conditions. The utilisation of different
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reactor types, such as stirred tank reactors (STRs), airlift loop reactors (ALRs) and
disposable plastic reactors, extends this concept. However, genetic methods influence
microscopic growth events, macroscopic morphology development and resulting
process performance. New studies intended to tailor the fungal morphology for
enhanced productivity investigated the addition of inorganic salts and microparticles.

Fig. 2 Established mathematical models relating fungal morphology, rheology and productivity
[56]

Fig. 3 Influencing
parameters on filamentous
morphology and the resulting
productivity
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2.3.1 Classical Biochemical Process Parameters

The direct interrelation of morphology and productivity of filamentous organisms
has resulted in several attempts to control and regulate the morphology of different
economically relevant filamentous organisms over the years. These investigations
focused on variations in the environome, changing the most important operating
parameters, and are still relevant [48].

Some of these process parameters (pH, temperature, shaking intensity and
inoculum) were analysed recently in the context of applying brewery wastewater as
a substrate for the production of fumaric acid with Rhizopus oryzae [116]. All of the
investigated factors had a significant impact on the resulting morphology. Pellets
were formed at pH values ranging from 5 to 7 with a shaking speed of 200 min−1 as
an indirect parameter for the mechanical stress, a cultivation temperature of 25 °C
and 5 % (v/v) inoculum size. Mycelia, however, resulted at pH values between 4
and 8 with shaking speeds of 100, 150 and 250 min−1; a cultivation temperature of
37 °C; and an inoculum size of 20 % (v/v). The highest concentration of fumaric
acid (31 g/L) was obtained at pH 6, a cultivation temperature of 25 °C, a shaking
speed of 200 min−1 and 5 % (v/v) inoculum.

Current cultivations of Penicillium griseoroseum in buffered and unbuffered
mineral medium revealed improved production of polygalacturonase (EC 3.4.1.15)
and significantly enhanced secretion of pectin lyase (EC 4.2.2.10) at pH values
between 6.0 and 6.8, compared to more acidic conditions at pH 3 in the case of
unbuffered medium [117]. Furthermore, the biomass increased, the biopellets
reached a greater diameter and showed smaller hyphae on the surface in buffered
medium compared to more acidic conditions in the unbuffered case.

Differences in power input and mechanical stress by varying stirring rates are a
known source of morphology and productivity manipulation [118–121]. Yao et al.
[122] reported significant improvements in product formation in response to power
input through ultrasonication. After testing different cultivation times of A. fu-
migatus for a single treatment of irradiation (40 kHz, 500 W, 5 min), which all
resulted in higher concentrations of the product fumigaclavin C, consecutive irra-
diations during a cultivation were applied and induced a twofold improvement in
product concentration. This improvement was accompanied by a significant
reduction in the average pellet diameter, longer hyphae on the pellet surface and
even formation of more dispersed mycelia. This work supports previous findings
with A. terreus and T. versicolor demonstrating that ultrasonication can have a
positive effect on fungal morphology and productivity [123, 124].

2.3.2 Addition of Inorganic Salts or Microparticles

Effects of Inorganic Salts and Osmolality

The morphology of fungi is known to be affected by the addition of ions; poly-
cations enhance pelleted growth, whereas polyanions suppress it, leading to the
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conclusion that ions influence the agglomeration behaviour of the naturally charged
cell walls [39, 125, 126]. A sophisticated way to tailor fungal morphology was
investigated by manipulation of osmolality within the culture medium. First
experience was done by Bobowicz-Lassociska and Grajek [127] to increase protein
secretion of A. niger mycelia by addition of KCl. Fiedurek [128] showed increased
activity of A. niger expressed glucose oxidase twofold by adding NaCl, thus
administering an osmotic shock to the fungus. Increased NaCl concentrations led
also to stronger mycelial growth and enhanced productivity of two A. niger strains
[55]. The morphology and productivity of both strains were shown to be influenced
by osmotic pressure. The specific productivity of fructofuranosidase producing
strain A. niger SKAn 1015 could be increased around 18-fold from 0.5 to
9 U/(mg h). The specific productivity of glucoamylase producing strain A. niger AB
1.13 could be elevated using the same procedure. Overall, it has to be noted that
observed changes in productivity might not be due to the change in morphology
alone. The osmolality might have affected fungal physiology and through this
morphology independent of each other. The increase in the observed productivity at
higher concentrations of NaCl, however, was shown to correlate with the active
surface area of the fungal particles [54].

Microparticle-Enhanced Cultivations (MPEC)

A new and promising approach to control and engineer filamentous morphology
without changing the original process parameters is the addition of rather insoluble
microparticles to the cultivation medium [56]. Using this MPEC, Kaup et al. [51]
were able to drastically improve the production of chloroperoxidase in the
filamentous fungus Caldariomyces fumago. At the same time, the growth mor-
phology of C. fumago was changed from pellet to mycelial growth by the addition
of microparticles. This work suggested a universal mechanism occurring between
microparticles and filamentous organisms because the same effect was observed for
talc (3 MgO·SiO2·H2O) and aluminium oxide (Al2O3) particles.

Furthermore, a test of microparticle addition on the growth morphology of
several filamentous organisms including Penicillium spp., Aspergillus spp., Strep-
tomyces spp., (compare Sect. 3.2.3), Emericella spp., Acremonium spp., Pleurotus
spp., Rhizopus spp. and Chaetomium spp. revealed the same effect as on C. fumago
[51]. The authors suggested an improved supply of oxygen and other nutrients in
the mycelium compared to the diffusion-limited pellet as a possible reason for the
improved observed performance.

These results and conclusions were confirmed by the data from Driouch et al.
[52, 65]. With talc microparticles, a fourfold and twofold enhancement of gluco-
amylase and β-fructofuranosidase was achieved, respectively. Furthermore, a
GFP-producing strain of Aspergillus spp. supported the assumption that oxygen
limitation might be one reason for the worse performance of pellets compared to
mycelium. Thin pellet slices were analysed with a confocal laser scanning micro-
scope (CLSM) and revealed that efficient GFP production only occurred in the
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oxygen-supplied outer boundary layer of the pellets. In the case of the mycelial
growth morphology, which was induced by microparticle addition, biomass was
more efficient in GFP production.

It is interesting to note that the effect induced by the microparticles on the one
hand seems to be of a universal character - different particles lead to a change in
morphology of different filamentous organisms (compare Table 1 in [60]), but the
molecular interaction between microparticles and an organism, on the other hand,
can be different. Whereas talc microparticles induce mycelial growth, titanate mi-
croparticles form small-sized pellets with an inner particle core surrounded by
biomass, the so-called core–shell pellet [70].

Depending on the product to be produced, different morphologies of filamentous
organisms can be favourable [40]. Whereas the production of enzymes, such as
amylases, works best with a mycelial growth morphology of the producing strain
[125, 129], the synthesis of secondary metabolites, such as citric acid or penicillin, is
favourable with pellet morphology [130, 131]. Therefore, it is desirable to engineer
the morphology according to the product type. Driouch et al. [52] managed to
specifically fine tune the size of A. niger pellets by using different concentrations of
talc (3 MgO·SiO2·H2O) and aluminium oxide (Al2O3) microparticles. The more
particles were present during the cultivation, the smaller the pellet size became. With
the highest applied concentrations, no pellets were observed, but mycelial growth
was present. The authors also showed that the primary conidia agglomeration shortly
after inoculation was probably obstructed by the microparticles, providing a
potential explanation for the effect that is induced by the microparticles.

Recently, this technique was employed in the production of lovastatin by A.
terreus [132]. Here, however, talc microparticles were added to the pre-culture
instead of the main culture and were diluted below 5 % of the initial concentration.
Nevertheless, an improvement of 60 % (with significant error bars) in the product
amount was observed in the main culture at talc concentrations of 12 g/L in pre-
culture. These results support the findings by Driouch et al. [52] concerning particle
interference with conidia in the beginning of the cultivation.

A comprehensive screening of seventeen different types of microparticles was
performed by Etschmann et al. [133] in the context of secondary metabolite pro-
duction with filamentous fungi. In the case of 2-phenylethanol produced by A. niger
DSM 821, nine types of the tested microparticles improved production, whereas in
the case of 6-pentyl-α-pyrone produced by T. atroviride, thirteen different micro-
particle types were capable of increasing the product yield. Interestingly, the suc-
cession of the positively acting microparticles was different for both cases. Thus,
despite the general character of the particle effect, there must be case-specific
conditions that make one type of particle superior to the other.

Another current publication concerning secondary metabolites addresses an
improved lipid accumulation of the fungus Mortierella isabellina upon the addition
of magnesium silicate microparticles with an average diameter of 10 µm [134]. In
addition, with increasing concentrations of the microparticles up to 10 g/L in the
main culture, the average pellet size decreased and mycelium morphology was
induced. Similar to the findings reported by Driouch et al. [70], the product
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distribution within the pellets was analysed by fluorescence and CLSM. The results
are comparable to the GFP expression patterns noted above.

The increasing number of publications addressing the MPEC of filamentous
organisms and productivity enhancement indicates the relevance of this relatively
new but very simple and flexible technique.

2.3.3 Genetic Engineering

Genetic analyses include microscopic events such as hyphal tip extension [135,
136], branching [137–139] and hyphal development [140–146]. Rather, rarely is the
genetic influence on macroscopic morphology development and the resulting pro-
cess performance investigated. Recently, a study aimed at engineering a shear-
resistant morphology of A. glaucus for the production of aspergiolide A, an anti-
tumor polyketide, via the deletion of the growth genes AgkipA and AgteaR [147].
On the microscopic scale, these deletions resulted in meandering hyphae compared
to the wild type and had a different impact on the macroscopic pellet morphology.
Whereas the maximum product concentration remained unchanged for all three
organisms in shaking flasks, production with the AgkipA mutant was 24 h faster.
Cultivations with the same mutant in a 5 L STR resulted in an improved production
of aspergiolide A by 82.2 %.

In another comprehensive study, the gene PcvelA from P. chrysogenum was
found to be involved in the expression of biosynthesis and developmental genes
and, as a result, was responsible for mycelial growth [148]. The deletion of PcvelA
resulted in pellet formation after 72 h and was correlated with a down-regulation of
genes involved in cell wall metabolism. The authors suggested a down-regulation
of genes involved in chitin degradation by the deletion of PcvelA as a possible
reason for the observed hyper-branching phenotype, pellet formation, and delayed
fragmentation and autolysis. This possibility was confirmed by microarray analyses
with a PcvelA knockout strain in which the gene PcchiB1, encoding for a class V
chitinase, was down-regulated [149].

2.3.4 Different Types of Bioreactors

Instead of genetically creating a shear-resistant organism, attempts have also been
made to reduce shear stress by using alternatives to STRs to manipulate growth
morphology towards a favourable form. The identification and quantification of
mechanical stress, which is related to a distinct morphology of filamentous elements
within the process, is one of the main application fields of research in bioprocess
engineering and industrial applications. The bioreactor geometry, stirrer shape and
size, gassing rate and subsequent dissipated energy are among the fluid dynamic-
related criteria that affect the morphology and productivity. The stirrer in STRs
influences cultivation in several ways: lower stirring speeds lead to inadequate
nutrient distribution and gas dispersion, whereas vigorous stirring can cause cell
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wall damage [26, 49] or sporulation [46]. Particle stress in an STR, ALR and bubble
column reactor have been investigated by varying power input and impeller
geometries [44]. For STRs, the stress produced by different agitators can be pre-
dicted with the aid of a geometrical correlation derived from experimental particle
disintegration kinetics [54].

Disposable bag reactors, primarily developed for the cultivation of mammalian
cells, were applied for the cultivation of mechanical stress-sensitive basidiomycetes
Flammulina velutipes and Pleurotus sapidus and to produce esterases and pepti-
dases [150]. In both cases, the authors report significant enhancements in product
concentration compared to cultivations in regular STRs. At the same time, the
morphology of the organisms in the disposable bag reactors was directed towards
small and distinct pellets with average diameters of between 0.3 and 0.5 mm, in
contrast to the large and inhomogeneous lumps of biomass in STRs. Another
approach to reducing mechanical stress on the organism is to use an ALR. In a direct
comparison of STR and ALR, the morphology of Pycnoporus sanguineus was
directed from compact round pellets in the case of the STR towards a more hairy
and loose morphology in the ALR [151]. The efficiency of exopolysaccharide
production, however, was better in the STR.

3 Prokaryotic Filamentous Morphology

3.1 Development of Bacterial Morphology

Filamentous bacteria such as Streptomyces spp., Nocardia spp. and Lechevalieria
spp. produce a wide range of products, including antibiotics, immunosuppressants
and other classes of biologically active substances [152]. The group Actinomycetes
produces at least two-thirds of the known microbial antibiotics, and 80 % of these
are produced by members of the genus Streptomyces [153].

Although these microorganisms belong to the prokaryote family, they do not
behave as such and they are able to form mycelium and pellets or produce spores.

The life cycle of Streptomyces is marked by spore germination, the growth of
vegetative mycelium and differentiation to reproductive (aerial) mycelium. The
production of antibiotics and other biologically active substances mainly takes place
in the stationary growth phase as secondary metabolites [152] (Fig. 4).

Germination can be divided into three different morphological steps from the
dormant to vegetative state: darkening, swelling and germ tube emergence. The
darkening process depends on exogenous divalent ions (Ca2+, Mg2+ or Fe2+) and
endogenous energy-providing processes. The swelling requires exogenous carbon
sources and is mainly based on the rehydration of the cytoplasm [154]. Germ tube
emergence is based on carbon and nitrogen sources. By adding different pairs of
amino acids, different nitrogen sources were tested on S. viridochromogenes [155]
and other carbon compounds on S. antibioticus [154]. Shortly after entering the
germination phase, the synthesis of macromolecules was observed, starting with
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RNA followed by protein and DNA synthesis. The outgrowth is marked by the
beginning of DNA synthesis [154].

On solid growth media, Streptomyces spp. shows two types of mycelia: vege-
tative and substrate mycelium and a reproductive aerial mycelium [156]. After
germination of the spores, growth starts by tip extension and branching of the
hyphae. New cell wall material is only synthesised at the tips of the hyphae [157]. A
refined investigation showed that the development of vegetative mycelium can be
further distinguished into different steps; a young, compartmentalised mycelium
undergoes programmed cell death. Viable parts differentiate subsequently into
multinucleated second mycelia divided by thin, infrequent and single-layer septa
[158–160]. Some of these mycelia grow into the air to form aerial mycelia covered
by a hydrophobic shell [161, 162]. Differentiation and septation of the apical cells
lead to a chain of spores [163]. The growth of aerial mycelia is partly based on a
second round of programmed cell death, where released nutrients are recycled and
found in the spores [164]. Chater and Merrick [165] suggested the production of
antibiotics as a defensive strategy that therefore takes place in such a late step to
protect the lysed substrate against bacteria.

In submerged cultures, most Streptomyces spp. do not differentiate or produce
spores [166]. Four morphological types have been distinguished depending on
perimeter and convex perimeter, pellets, clumps, branched hyphae and unbranched
hyphae [167]. The main difference between growth in submerged cultures and on
solid medium is the absence of a second round of programmed death and sporu-
lation [159]. A transition phase with transient growth arrest lies between the first
vegetative compartmentalised mycelium and the second multinucleated differenti-
ated mycelium accompanied by the first death round [159]. After the transition, the
production of antibiotics occurs [168, 169].

Fig. 4 Life cycle of Streptomyces griseus [152]
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Nevertheless, there are reports of sporulation in submerged cultures of several
Streptomyces spp., including S. griseus [170] and others [171–175]. Daza et al.
[166] showed the sporulation of several species after a nutritional downshift. The
published record of spore survival is over 70 years [176].

According to Takahashi and Yamada [16], pellet formation for all filamentous
organisms is generally described by two distinct mechanisms. The coagulative
mechanisms involve early spore agglomeration; thus, several spores form one
pellet. The non-coagulative mechanism is characterised by the lack of spore
agglomeration; thus, one spore forms one pellet. However, regardless of the
occurrence of spore agglomeration, grown out and branched hyphae tend to
entangle and form clumps during the early stages of growth [27, 177]. Few fila-
mentous bacteria species have been studied in terms of germination, agglomeration
and pellet formation. For S. tendae and S. aureofaciens, non-coagulative pellet
formation has been reported [178, 179], whereas S. hygroscopicus exhibits coag-
ulative pellet formation [180].

Over the course of a submerged culture, hydrodynamic forces in the cultivation
system lead to pellet fragmentation and erosion, thus affecting the pellet size and
shape [81–184]. Furthermore, it was reported recently that submerged cultures of
Streptomyces spp. consist of two pellet populations regardless of the examined
strain and culture age: a population of pellets with small diameters of approximately
250 µm, which remained constant over time and was similar for all Streptomyces
spp. under investigation; and a population of larger pellets with size fluctuations
over time and that was dependent on the strain and media used. It was then sug-
gested that classical parameters utilised for morphology engineering, such as pH,
temperature, the composition of the medium and power input in the submerged
culture, would only affect the population of large pellets, whereas the population of
small pellets would remain unaffected [185].

The overall pellet stability depends on extracellular substances, which are still
mostly unidentified. However, recently, it was suggested that DNA fragments from
lysed cells, hyaluronic acid and β-glucan fibres play a major role in pellet cohesion
and the architecture of S. coelicolor [185–187].

3.2 Similarities to and Differences from Eukaryotic Systems

3.2.1 Control of Morphology and Productivity

Similar to fungi, filamentous bacterial morphology is influenced by several process
parameters, and there have been various attempts to correlate morphological
characteristics with the productivity of enzymes and secondary metabolites in
Actinomycetes. Earlier research activities in this field were summarised by Whitaker
[188] and Junker et al. [189].

Interestingly, whereas the dependence between morphology and productivity
was reported for several organisms and processes, different morphologies seem to
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be favourable for different products. Clumps and dispersed mycelia were found to
be the favourable morphology for retamycin production in S. olindensis [190],
nystatin production in S. noursei [191], tylosin production in S. fradiae [183],
geldamycin production in S. hygroscopicus [192] and the expression of a recom-
binant Ala-Pro-rich O-glycoprotein in S. lividans [193]. However, productivities
were higher in pellets than in dispersive growth forms when producing nikkomycin
in S. tendae and avermectin in S. avermitilis, respectively [194, 195]. Furthermore,
S. clavuligerus and S. virginiae exhibited similar productivity levels of clavulanic
acid and virginiamycin, respectively, for different morphologies [177, 181]. When
freely dispersed mycelia and clumps are favourable, the higher productivities can
usually be attributed to an adequate supply of oxygen and other substrates, as the
inner core of dense pellets is usually substrate limited. Regarding production sys-
tems which favour pelleted growth, Braun and Vecht-Lifshitz [39] postulated that
the overproduction of antibiotics is affected by secreted metabolites, such as A-
factor in S. griseus and factor 1 in S. aureofaciens, which can accumulate in pellets
and, thus, increase productivity. Manteca et al. [159] developed this hypothesis
further, suggesting that the production of secondary metabolites only occurs after
mycelium differentiation from a young compartmentalised (first) mycelium to a
syncytial (second) mycelium after a round of programmed cell death. This process
is also supported by reports of changes in morphology during the course of culti-
vation, mainly during the transition from the exponential to stationary growth phase
[182]. Hence, the correlation between morphology and productivity is strain and
product dependent. Nevertheless, the knowledge of tools to morphologically
engineer filamentous bacteria helps to further optimise product yields and process
control.

3.2.2 Biochemical Process Parameters

Once a desirable morphology and, therefore, high productivity is established for a
bioprocess involving filamentous organisms, the optimisation of classical envi-
ronomal process parameters is a commonly utilised approach. Although several
Streptomyces strains are used in industrial applications, mostly to produce sec-
ondary metabolites such as antibiotics, the effects of process parameters on Acti-
nomycetes are not as well studied as their effects on filamentous fungi.

The impact of agitation and aeration on the morphology and productivity was
demonstrated for several Actinomycetes. In general, high energy dissipations result
in small, smooth and compact pellets, whereas lower energy dissipations lead to
larger, fluffier pellets [196, 197]. Additionally, low dissolved oxygen levels pro-
mote mycelial morphologies, whereas high dissolved oxygen levels result mainly in
pelleted growth [179, 195]. Therefore, the effects of agitation and aeration on
Actinomycetes are comparable to those observed on fungi [198]. A comprehensive
review on this subject was recently published by Olmos et al. [12].

In fungal morphology engineering, pH is a potent morphology-altering process
parameter, as pellets are usually formed in more alkaline cultivation broths; thus, a

The Taming of the Shrew - Controlling the Morphology … 17



decrease in pH results in mycelial growth [199]. Surprisingly, little is known about
how changes in pH affect Streptomyces spp. morphology in submerged cultures.
However, a study on S. akiyoshiensis suggests that filamentous bacteria react
similarly to pH changes compared with fungi [200].

Another well-studied process parameter capable of altering filamentous mor-
phology is the type and size of the inoculum. In the majority of cases, cultures are
inoculated with a spore suspension. The number of viable spores in the inoculum
can be directly correlated with the size of the filamentous agglomerate regardless of
the strain used. Low inoculum sizes result in large, compact pellets, and pellet sizes
decrease with increasing inoculum sizes [179, 201, 202]. Furthermore, vegetative
mycelia and matured pellets are commonly used for inoculation in industrial cul-
tivation processes. Such cultures tend to form clumps and pellets rather than freely
dispersed hyphae [167]. These observations are consistent with those for filamen-
tous fungi [124, 203].

The composition of growth media is known to be crucial for the development of
the desired morphology. In general, complex media more often lead to dispersed
mycelial morphology, whereas minimal media often promote pelleted growth [188].

The chosen carbon source has a great influence on the productivity and mor-
phology of several Streptomyces spp., though no general conclusions can be drawn,
as it mainly depends on the strain and the sought-after metabolite. Reviews on this
rather broad field of research have been published in recent years [204, 205].

Yin et al. [195] reported that low nitrogen levels lead to decreased growth rates
and therefore promote pelleted growth. Other investigations indicate that the
morphology of several strains is also dependent on the type of complex nitrogen
source [206–208], although admittedly, it is difficult to distinguish between effects
based on the type and the concentration of nitrogen source, respectively, as the total
amount of nitrogen in complex media components is usually unknown. Still, it was
reported that fungal morphology is altered by different nitrogen sources [48].

Similar to the situation with fungi, a study proved that addition of ions has a
distinct impact on the morphology of S. azureus, in which it was shown that the
addition of excess Mg2+, Ca2+ and Mn2+ all induced pelleted growth, although
supplementation with Ca2+ led to smaller pellets than supplementation with Mg2+.
Additionally, Mn2+ induced pellet formation at much lower levels than Mg2+ and
Ca2+ [209]. In contrast, Dobson and O’Shea [126] observed a pellet formation-
enhancing effect for Ca2+ in cultivations of S. hygroscopicus but a dispersing effect
for Mg2+.

Finally, the supplementation of various additives to the growth media is
reportedly an easily applicable tool to tailor bacterial morphology. O’Cleirigh et al.
[180] investigated the influence of xanthan gum on S. hygroscopicus var. geldanus.
The pellet diameters decreased significantly, presumably because of reduced spore
agglomeration. The growth of the same organism was also manipulated by sur-
factants, namely silicone antifoam, Tween 80 and Triton X-100, leading to
decreasing mean pellet diameters with increasing concentrations of surfactant [126].
These observations are contradictory to earlier studies on S. tendae reporting
increasing pellet sizes with increasing concentrations of Triton X-100, Pluronic F68
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and Brij 58 [210]. These contradictory observations can presumably be attributed to
the fact that S. tendae forms non-coagulative pellets, whereas S. hygroscopicus
exhibits coagulative pellet formation. Furthermore, Hobbs et al. [211] investigated
the effects of the uncharged polymer polyethylene glycol (PEG) 6000 and the
negatively charged polymers agar, Junlon PW110 and carboyx-methylene
(Carbopol) on S. lividans. All of these polymers were capable of directing growth to
smaller and looser pellets, although Carbopol and Junlon PW110 were significantly
more effective than agar and PEG 6000. Additionally, it was proven that Junlon
PW110 would promote dispersed growth in several strains of S. lividans as well as
S. coelicolor. In another approach, the chelating agents bacitracin and EDTA
inhibited pellet formation in S. azureus [209].

In the case of industrial-scale applications, Actinomycetes are mainly cultivated
in STRs and ALRs. Only a few attempts have been made to establish alternative
cultivation systems. S. griseus was only recently deployed in a tubular biofilm
reactor. The formed biofilm was characterised and engineered for use in continuous
bioprocess applications [212].

3.2.3 Addition of Microparticles

Research in this field is not as prevalent as for eukaryotic systems, but some data
indicate that microparticles are capable of changing the morphology of Strepto-
myces spp., as already shown for fungi [60]. Kaup et al. [51] were able to reduce the
pellet size of S. aureofaciens ranging between 0.9 and 2.1 mm to a range of 0.06–
0.5 mm by the addition of microparticles. In microtitre plates, the optimal influence
of 3-mm-diameter glass beads was tested. The average pellet size was reduced from
0.33 to 0.058 mm with significantly improved productivity [213].

3.2.4 Genetic Engineering

There are several important regulators known for Streptomyces spp. development
and secondary metabolite production. Two early discovered and widely studied
regulators are A-factor and bldA [214–217].

The A-factor, discovered by Khokhlov in 1967 as a starting point of the A-factor
regulatory cascade, leads to morphological development, sporulation and secondary
metabolism. The A-factor binds the A-factor-dependent receptor protein ArpA. The
gene adpA, encoding the central transcriptional regulator AdpA, is the target of ArpA.
For S. griseus, it was proven that without the adpA gene, no aerial mycelium occurred
and no streptomycin was produced. A clone strain with an overexpression of adpA
showed large amounts of streptomycin at an earlier growth phase. The streptomycin
productivity is therefore dependent on the A-factor concentration [152].

Strains with mutations in bldA also lack aerial mycelium and antibiotic pro-
duction in S. coelicolor. The formation of aerial mycelium and spores can be
restored by adding mannitol or maltose but not the production of antibiotics [217].
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It was shown that bldA encodes a tRNA with the leucine anticodon UUA [218].
This codon is underrepresented in Streptomyces but occurs in adpA [219]. Most
morphological effects of bldA mutations are based on the restricted expression of
adpA but can be corrected by changing the TTA codon in AdpA [220].

Regulation in Streptomyces is still not fully understood, but further research can
help understand the development of the morphology and, hence, develop tools
derived to improve the productivity of secondary metabolites [220].

3.3 Morphology Characterisation

The morphology of filamentous bacteria not only influences the overall productivity
but also affects the rheological properties of the cultivation broth [38]. Thus, the
development of suitable methods to characterise the morphology of submerged
cultures has been the subject of several studies. Whereas earlier efforts mainly
involved digital image analysis [177, 182, 202, 221], more recent studies focused
on different techniques, including laser diffraction and focused beam reflectance
[222]. Microscopic image acquisition and the subsequent analysis of the pictures
provide an extensive quantitative description of the fungal morphology, both micro-
and macro-morphological, and, furthermore, the application of advanced imaging
techniques such as CLSM [223].

Laser diffraction was introduced for the quantification of fungal morphology
because of its rapid, unbiased and robust results for particle size distributions as
manual sample preparation is eliminated [224]. However, this method fails to report
any other descriptive factors such as the roughness or aspect ratio of the particles.
The measurement principal relies on the light-scattering pattern produced by sus-
pended particles that are illuminated by a laser. The light-scattering properties are
converted to a size distribution by applying mathematical models, namely the
Fraunhofer approximation for particles larger than 50 µm and the Mie theory for all
particles. However, these mathematical models assume that the measured particles
are spherical, which might lead to inaccurate results depending on the aspect ratio
and flow orientation of the clumps and pellets [225].

Rønnest et al. [225] evaluated the feasibility of laser diffraction measurements
for the characterisation of S. coelicolor pellets and clumps by comparing them to
conventional image analysis results. It was found that laser diffraction resulted in
similar particle size distributions to image analysis, whereas the standard deviations
were generally higher, presumably because of discrepancies between the assump-
tions for the mathematical model and the biological sample and statistical artefacts
based on the small number of particles analysed by image analysis. Studies on the
application of laser diffraction for other filamentous organisms [55, 198, 224] as
well as on other biological samples [226] indicate its applicability for the investi-
gation of size distributions in process environments.

Additionally, there have been efforts to investigate the application of the focused
beam reflectance method (FBRM) for monitoring the growth [222] and
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morphological characteristics [227]. A focused laser beam is rapidly rotated to scan
the particle suspension, in this case, the culture broth. Particles backscatter the laser
light, which is detected. Based on the scan speed, the chord length of the particle
can be calculated from the duration of backscattering light pulses. To monitor
changes in particle size, shape and concentration, a chord length distribution is
calculated by plotting the number of detected particles per second as a function of
chord length dimension. Different from most image analysis techniques, FBRM is
suitable for online monitoring. Pearson et al. [227] compared FBRM with traditional
image analysis techniques for cultivations of S. natalensis. It was found that
whereas FBRM is not applicable for characterising filamentous morphology through
shape descriptors such as roughness and aspect ratio, the obtained chord length
distributions enable a characterisation of morphology to some extent. However, it is
not possible to directly correlate FBRM data to image analysis results. Additionally,
it was proven that FBRM is a valid measurement method for biomass concentra-
tions in cultivations involving filamentous microorganisms [222]. Furthermore,
Grimm et al. deployed FBRM for studying the agglomeration kinetics of spores
[228, 229].

4 Conclusions and Future Perspectives

In recent decades, suitable and powerful high-performance control strategies have
been developed for a tailor-made generation of product-optimised filamentous
systems. Great achievements in the different fields of biotechnology provide tools to
direct the morphology of filamentous systems towards high productivity.

The major efforts in the morphological characterisation of filamentous systems
show a close connection among cultivation conditions, morphology and metabolic
characteristics of the individual cells. Closing the gap between the metabolic pro-
cesses and the engineering level is the most interesting aspect for future research.
Still, the underlying metabolic and regulatory mechanisms that lead to the forma-
tion of a highly productive agglomerate shape are far from understood. Experi-
mental and in silico techniques provide powerful tools to gain a better
understanding of the complex biological and technical aspects of filamentous sys-
tems. Recent interesting approaches include morphology engineering by osmolality
variation and microparticle addition. These promising and simple techniques are
currently being evaluated for many different systems and have the potential to
enhance the productivity of industrial filamentous biotechnological processes.

To direct a production strain towards a suitable production candidate in indus-
trial use, a heterogeneous filamentous system must be analysed in its detailed
subpopulations. Hence, the development of advanced, powerful and automated
online image analysis techniques and modelling tools are desirable for the high-
quality prediction of culture productivity with minor deviations.
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The key to understanding and rationally improving eukaryotic and prokaryotic
filamentous systems as a common platform technology depends on overcoming the
existing collaboration barriers in the fields of genetic engineering, molecular
biotechnology and bioprocess engineering.

Acknowledgments The authors gratefully acknowledge financial support from Alliance Indus-
trial Research within the project Micro-particle based cultivation of filamentous fungi (No. 16926/
N, R. Walisko); the Lower Saxony Ministry for Science and Culture for the PhD scholarships in
the Graduate Schools Novel synthesis and formulation methods for poorly soluble drugs and
sensitive biopharmaceuticals (SynFoBia) (J. Moench-Tegeder) within the Center for Pharma-
ceutical Process Engineering (PVZ) and Microbial Natural Products (MINAS) (J. Blotenberg) at
the Technische Universität Braunschweig, Germany.

References

1. Sauer M, Porro D, Mattanovich D, Branduardi P (2008) Trends Biotechnol 26:100
2. Papagianni M (2007) Biotechnol Adv 25:244
3. Meyer V (2008) Biotechnol Adv 26:177
4. Lubertozzi D, Keasling JD (2009) Biotechnol Adv 27:53
5. Baker SE (2013) Ind Biotechnol 9:105
6. Ward M, Lin C, Victoria DC, Fox BP, Fox JA, Wong DL, Meerman HJ, Pucci JP, Fong RB,

Heng MH, Tsurushita N, Gieswein C, Park M, Wang H (2004) Appl Env Microbiol 70:2567
7. Berovic M, Legisa M (2007) In: El-Gewely MR (ed) Biotechnology annual review. Elsevier,

pp 303–343
8. Withers JM, Swift RJ, Wiebe MG, Robson GD, Punt PJ, van den Hondel CA, Trinci APJ

(1998) Biotech Bioeng 4:407
9. Gusakov A (2011) Trends Biotechnol 29:419

10. Workman M, Andersen MR, Thykaer J (2013) Ind Biotechnol 9:337
11. Nielsen J (1996) Trends Biotechnol 14:438
12. Olmos E, Mehmood N, Haj Husein L, Goergen JL, Fick M, Delaunay S (2013) Bioprocess

Biosyst Eng 36:259
13. Rioseras B, López-García MT, Yagüe P, Sánchez J, Manteca Á (2014) Bioresour Technol

151:191
14. Krijgsheld P, Bleichrodt R, van Veluw GJ, Wang F, Müller WH, Dijksterhuis J, Wösten

HAB (2013) Stud Mycol 74:1
15. Emerson S (1950) J Bacteriol 60:221
16. Takahashi J, Yamada K (1959) Nippon Nōgeikagaku Kaishi 33:707
17. Pirt SJ, Callow DS (1959) Nature 184:307
18. Pirt SJ (1967) J Gen Microbiol 47:181
19. Trinci AP (1969) J Gen Microbiol 57:11
20. Trinci AP (1974) J Gen Microbiol 81:225
21. Caldwell IY, Trinci APJ (1973) Arch Microbiol 88:1
22. Robinson RF, Davidson RS (1959) The large-scale growth of higher fungi. In: Umbreit WW

(ed) Advances in applied microbiology, vol 1. Academic Press, US, pp 261–278
23. Phillips DH (1966) Biotechnol Bioeng 8:456
24. Metz B, Kossen NWF (1977) Biotechnol Bioeng 14:781
25. Wittler R, Baumgartl H, Lübbers DW, Schügerl K (1986) Biotechnol Bioeng 28:1024
26. Adams HL, Thomas CR (1988) Biotechnol Bioeng 32:707
27. Packer HL, Thomas CR (1990) Biotechnol Bioeng 35:870
28. Cox PW, Thomas CR (1992) Biotechnol Bioeng 39:945

22 R. Walisko et al.



29. Tucker KG, Kelly T, Delgrazia P, Thomas CR (1992) Biotechnol Progr 8:353
30. Paul G, Thomas C (1998) In: Schügerl K (ed) Advances in Biochemical Engineering/

Biotechnology, vol 60. Springer, Berlin, pp 1–59
31. Bartnicki-Garcia S, Hergert F, Gierz G (1989) Protoplasma 153:46
32. Prosser JI, Tough AJ (1991) Crit Rev Biotechnol 10:253
33. Wösten HAB, Moukha SM, Sietsma JH, Wessels JGH (1991) J Gen Microbiol 137:2017
34. de Vries OMH, Fekkes MP, Wösten HAB, Wessels JGH (1993) Arch Microbiol 159:330
35. Wösten HAB, Schuren FHJ, Wessels JGH (1994) EMBO J 13:5848
36. Grant Allen D, Robinson CW (1990) Chem Eng Sci 45:37
37. Olsvik ES, Tucker KG, Thomas CR, Kristiansen B (1993) Biotechnol Bioeng 42:1046
38. Riley GL, Tucker KG, Paul GC, Thomas CR (2000) Biotechnol Bioeng 68:160
39. Braun S, Vecht-Lifshitz SE (1991) Trends Biotechnol 9:63
40. Gibbs PA, Seviour RJ, Schmid F (2000) Crit Rev Biotechnol 20:17
41. Nienow AW (1990) Trends Biotechnol 8:224
42. Makagiansar HY, Ayazi Shamlou P, Thomas CR, Lilliy MD (1993) Bioprocess Eng 9:83
43. Jüsten P, Paul GC, Nienow AW, Thomas CR (1996) Biotech Bioeng 52:672
44. Henzler HJ (2000) In: Schügerl K, Kretzmer G (eds) Advances in Biochemical Engineering/

Biotechnology, vol 67. Springer, Berlin, pp 35–82
45. Mahnke EU, Büscher K, Hempel DC (2000) Chem Eng Technol 23:509
46. Rocha-Valadez JA, Hassan M, Corkidi G, Flores C, Galindo E, Serrano-Carreón L (2005)

Biotechnol Bioeng 91:54
47. Rocha-Valadez JA, Galindo E, Serrano-Carreón L (2007) J Biotechnol 130:394
48. Papagianni M (2004) Biotechnol Adv 22:189
49. Grimm LH, Kelly S, Krull R, Hempel DC (2005) Appl Microbiol Biotechnol 69:375
50. Papagianni M (2006) Microb Cell Fact 5:5
51. Kaup B-A, Ehrich K, Pescheck M, Schrader J (2008) Biotechnol Bioeng 99:491
52. Driouch H, Sommer B, Wittmann C (2009) Biotechnol Bioeng 105:1058
53. Wucherpfennig T, Kiep KA, Driouch H, Wittmann C, Krull R (2010) In: Allen SS, Laskin I,

Geoffrey MG (eds) Advances in applied microbiology. Academic Press, US, pp 89–136
54. Krull R, Wucherpfennig T, Esfandabadi ME, Walisko R, Melzer G, Hempel DC, Kampen I,

Kwade A, Wittmann C (2013) J Biotechnol 163:112
55. Wucherpfennig T, Hestler T, Krull R (2011) Microb Cell Fact 10:58
56. Wucherpfennig T, Lakowitz A, Krull R (2013) J Biotechnol 163:124
57. Krull R, Cordes C, Horn H, Kampen I, Kwade A, Neu TR, Nörtemann B (2010) Adv

Biochem Eng Biotechnol 121:1
58. Barry DJ, Williams GA (2011) J Microsc 244:1
59. Ward OP (2012) Biotechnol Adv 30:1119
60. Walisko R, Krull R, Schrader J, Wittmann C (2012) Biotechnol Lett 34:1975
61. Posch AE, Herwig C, Spadiut O (2013) Trends Biotechnol 31:37
62. Meyer V, Wu B, Ram A (2011) Biotechnol Lett 33:469
63. Papagianni M, Mattey M (2006) Microb Cell Fact 5:3
64. Ahamed A, Vermette P (2009) Bioresour Technol 100:5979
65. Driouch H, Roth A, Dersch P, Wittmann C (2010) Appl Microbiol Biotechnol 87:2011
66. Sitanggang AB, Wu H-S, Wang SS, Ho Y-C (2010) Bioresour Technol 101:3595
67. Choy V, Patel N, Thibault J (2011) Biotechnol Progr 27:1544
68. Driouch H, Roth A, Dersch P, Wittmann C (2011) Bioeng Bugs 2:100
69. Babič J, Pavko A (2012) J Ind Microbiol Biotechnol 39:449
70. Driouch H, Hänsch R, Wucherpfennig T, Krull R, Wittmann C (2012) Biotechnol Bioeng

109:462
71. Liu Y-S, Wu J-Y (2012) J Ind Microbiol Biotechnol 39:623
72. Singh K, Wangikar P, Jadhav S (2012) J Ind Microbiol Biotechnol 39:27
73. Tepwong P, Giri A, Ohshima T (2012) Mycoscience 53:102
74. Wucherpfennig T, Lakowitz A, Driouch H, Krull R, Wittmann C (2012) J Vis Exp 61:e4023
75. Amanullah A, Blair R, Nienow AW, Thomas CR (1999) Biotechnol Bioeng 62:434

The Taming of the Shrew - Controlling the Morphology … 23



76. Wongwicharn A, McNeil B, Harvey LM (1999) Biotechnol Bioeng 65:416
77. Deckwer WD, Hempel DC, Zeng AP, Jahn D (2006) Eng Life Sci 6:455
78. Amicucci A, Balestrini R, Kohler A, Barbieri E, Saltarelli R, Faccio A, Roberson RW,

Bonfante P, Stocchi V (2011) Fungal Genet Biol 48:561
79. Hille A, Neu TR, Hempel DC, Horn H (2009) Biotechnol Bioeng 103:1202
80. McIntyre M, Müller C, Dynesen J, Nielsen J (2001) In: Nielsen J (ed) Advances in

Biochemical Engineering/Biotechnology, vol 73. Springer, Berlin, pp 103–128
81. Gordon CL, Archer DB, Jeenes DJ, Doonan JH, Wells B, Trinci APJ, Robson GD (2000) J

Microbiol Meth 42:39
82. Müller C, McIntyre M, Hansen K, Nielsen J (2002) Appl Env Microbiol 68:1827
83. Spohr A, Carlsen M, Nielsen J, Villadsen J (1997) Biotechnol Lett 19:257
84. de Bekker C, van Veluw GJ, Vinck A, Wiebenga LA, Wösten HAB (2011) Appl Env

Microbiol 77:1263
85. van Veluw GJ, Teerstra WR, de Bekker C, Vinck A, Müller WH, Arentshorst M, van der

Mei HC, Ram AF, Dijksterhuis J, Wösten HAB (2013) Stud Mycol 74:47
86. Wösten HAB, Veluw GJ, Bekker C, Krijgsheld P (2013) Biotechnol Lett 35:1155
87. Priegnitz B-E, Wargenau A, Brandt U, Rohde M, Dietrich S, Kwade A, Krull R, Fleißner A

(2012) Fungal Genet Biol 49:30
88. Levin AM, de Vries RP, Conesa A, de Bekker C, Talon M, Menke HH, van Peij NN, Wösten

HAB (2007) Eukaryot Cell 6:2311
89. Masai K, Maruyama J, Sakamoto K, Nakajima H, Akita O, Kitamoto K (2006) Appl

Microbiol Biotechnol 71:881
90. Bleichrodt R, Vinck A, Krijgsheld P, van Leeuwen MR, Dijksterhuis J, Wösten HAB (2013)

Stud Mycol 74:31
91. Colin VL, Baigorí MD, Pera LM (2013) AMB Express 3:1
92. Posch AE, Herwig C (2014) Biotechnol Prog 30:689
93. Edelstein L, Hadar Y (1983) J Theor Biol 105:427
94. Aynsley M, Ward AC, Wright AR (1990) Biotechnol Bioeng 35:820
95. Tough AJ, Pulham J, Prosser JI (1995) Biotechnol Bioeng 46:561
96. van Suijdam JC, Metz B (1981) Biotechnol Bioeng 23:111
97. Metz B, de Bruijn EW, van Suijdam JC (1981) Biotechnol Bioeng 23:149
98. Papagianni M (2014) J Microb Biochem Technol 6:189
99. Blott SJ, Pye K (2008) Sedimentology 55:31
100. Obert M, Pfeifer P, Sernetz M (1990) J Bacteriol 172:1180
101. Mandelbrot BB (1982) The fractal geometry of nature. W. H. Freeman and Co., New York
102. Smith TG, Lange GD, Marks WB (1996) J Neurosci Meth 69:123
103. Jones CL, Lonergan GT (1997) Biotechnol Lett 19:65
104. Barry DJ (2009) ISAST Trans Electron Signal Process 4:71
105. Barry DJ (2013) Biotechnol Bioeng 110:437
106. Finkler L, Ginoris Y, Luna C, Alves T, Pinto J, Coelho M (2007) World J Microb Biot

23:801
107. Wucherpfennig T (2013) Cellular morphology: a novel process parameter for the cultivation

of eukaryotic cells. Cuvillier Verlag, Göttingen
108. Schügerl K, Gerlach SR, Siedenberg D (1998) Adv Biochem Eng Biotechnol 60:195
109. Kossen NW (2000) Adv Biochem Eng Biotechnol 70:1
110. Charles M (1978) In: Ghose TK, Fiechter A, Blakebrough N (eds) Advances in Biochemical

Engineering/Biotechnology, vol 8. Springer, Berlin, pp 1–62
111. Olsvik ES, Kristiansen B (1992) Biotechnol Bioeng 40:1293
112. Lucatero S, Larralde-Corona CP, Corkidi G, Galindo E (2003) Biotechnol Prog 19:285
113. Tucker KG (1994) Relationship between mycelial morphology biomass concentration and

broth rheology in submerged fermentations. University of Birmingham, Birmingham
114. Tucker KG, Thomas CR (1993) Trans Inst Chem Eng 71:111
115. Riley GL, Thomas CR (2010) Biotechnol Lett 32:1623
116. Das RK, Brar SK (2014) Appl Biochem Biotechnol 172:2974

24 R. Walisko et al.



117. Teixeira JA, Correa TLR, de Queiroz MV, de Araujo EF (2014) J Basic Microbiol 54:133
118. König B, Seewald C, Schügerl K (1981) Eur J Appl Microbiol Biotechnol 12:205
119. Smith JJ, Lilly MD, Fox RI (1990) Biotechnol Bioeng 35:1011
120. Ujcová E, Fencl Z, Musílková M, Seichert L (1980) Biotechnol Bioeng 22:237
121. Gomez R, Schnabel I, Garrido J (1988) Enzyme Microb Technol 10:188
122. Yao L-Y, Zhu Y-X, Jiao R-H, Lu Y-H, Tan R-X (2014) Bioresour Technol 159:112
123. Sainz-Herran N, Casas-Lopez JL, Sanchez-Perez JA, Chisti Y (2008) J Chem Technol

Biotechnol 83:593
124. Wang F, Ma A-Z, Guo C, Zhuang G-Q, Liu C-Z (2013) Ultrason Sonochem 20:118
125. Elmayergi H, Scharer JM, Moo-Young M (1973) Biotechnol Bioeng 15:845
126. Dobson LF, O’Shea DG (2008) Appl Microbiol Biotechnol 81:119
127. Bobowicz-Lassociska T, Grajek W (1995) Acta Biotechnol 15:277
128. Fiedurek J (1998) J Basic Microbiol 38:107
129. Ruohang W, Webb C (1995) Biotechnol Tech 9:55
130. Clark DS, Ito K, Horitsu H (1966) Biotech Bioeng 8:465
131. Schügerl K, Wittler R, Lorenz T (1983) Trends Biotechnol 1:120
132. Gonciarz J, Bizukojc M (2014) Eng Life Sci 14:190
133. Etschmann MMW, Huth I, Walisko R, Schuster J, Krull R, Holtmann D, Wittmann C,

Schrader J (2014) Yeast. doi:10.1002/yea.3022
134. Gao D, Zeng J, Yu X, Dong T, Chen S (2014) Biotechnol Bioeng 111:1758
135. Smith DJ, Payton MA (1994) Mol Cell Biol 14:6030
136. Tinsley JH, Lee IH, Minke PF, Plamann M (1998) Mol Gen Genet 259:601
137. Brunt SA, Borkar M, Silver JC (1998) Fungal Genet Biol 24:310
138. Sone T, Griffiths AJF (1999) Fungal Genet Biol 28:227
139. Veses V, Casanova M, Murgui A, Domínguez Á, Gow NAR, Martínez JP (2005) Eukaryot

Cell 4:1088
140. Borgia PT, Iartchouk N, Riggle PJ, Winter KR, Koltin Y, Bulawa CE (1996) Fungal Genet

Biol 20:193
141. Goh J, Kim KS, Park J, Jeon J, Park S-Y, Lee Y-H (2011) Fungal Genet Biol 48:784
142. Ichinomiya M, Motoyama T, Fujiwara M, Takagi M, Horiuchi H, Ohta A (2002) Microbiol

148:1335
143. Lettner T, Zeidler U, Gimona M, Hauser M, Breitenbach M, Bito A (2010) PLoS ONE 5:

e11993
144. Wang G, Wang C, Hou R, Zhou X, Li G, Zhang S, Xu JR (2012) PLoS ONE 7:e38324
145. Zhao P-B, Ren A-Z, Xu H-J, Li D-C (2010) J Microbiol Biotechnol 20:208
146. Zhong YH, Wang TH, Wang XL, Zhang GT, Yu HN (2009) Fungal Genet Biol 46:255
147. Cai M, Zhang Y, Hu W, Shen W, Yu Z, Zhou W, Jiang T, Zhou X, Zhang Y (2014) Microb

Cell Factories 13:73
148. Hoff B, Kamerewerd J, Sigl C, Mitterbauer R, Zadra I, Kurnsteiner H, Kuck U (2010)

Eukaryot Cell 9:1236
149. Kamerewerd J, Zadra I, Kürnsteiner H, Kück U (2011) Microbiol 157:3036
150. Jonczyk P, Takenberg M, Hartwig S, Beutel S, Berger RG, Scheper T (2013) J Biotechnol

167:370
151. Cao J, Zhang HJ, Xu CPJ (2014) J Taiwan Inst Chem Eng 45:2075
152. Ohnishi Y, Yamazaki H, Kato J-Y, Tomono A, Horinouchi S (2005) Biosci Biotechnol

Biochem 69:431
153. Bibb MJ, Buttner KF, Chater KF, Hopwood DA (eds) (2000) Practical streptomyces

genetics. John Innes Foundation, Norwich
154. Hardisson C, Manzanal MB, Salas JA, Suárez JE (1978) J Gen Microbiol 105:203
155. Hirsch CF, Ensign JC (1976) J Bacteriol 126:13
156. Hodgson DA (1992) Prokaryotic structure and function. Cambridge University Press,

Cambridge, pp 407–440
157. Flärdh K (2003) Curr Opin Microbiol 6:564
158. Manteca A (2005) Microbiol 151:3689

The Taming of the Shrew - Controlling the Morphology … 25

http://dx.doi.org/10.1002/yea.3022


159. Manteca A, Alvarez R, Salazar N, Yague P, Sanchez J (2008) Appl Environ Microbiol
74:3877

160. Yagüe P, López-García MT, Rioseras B, Sánchez J, Manteca A (2013) FEMS Microbiol Lett
342:79

161. Hopwood DA, Glauert AM (1961) J Gen Microbiol 26:325
162. Wildermuth H (1972) Arch Mikrobiol Arch 81:309
163. Flärdh K, Buttner MJ (2009) Nat Rev Microbiol 7:36
164. Miguélez EM, Hardisson C, Manzanal MB (1999) J Cell Biol 145:515
165. Chater KF, Merrick MJ (1979) Devolpment biology of prokaryotes. In: Parish JH (ed)

Studies in Microbiology, vol 1. University of California Press, Berkeley, pp 93–114
166. Daza A, Martín JF, Dominguez A, Gil JA (1989) J Gen Microbiol 135:2483
167. Denser Pamboukian CR, Guimarães LM, Facciotti MCR, Braz J (2002) J Microbiol 33:17
168. Huang J (2001) Genes Dev 15:3183
169. Neumann T, Piepersberg W, Distler J (1996) Microbiol 142:1953
170. Kendrick KE, Ensign JC (1983) J Bacteriol 155:357
171. Glazebrook MA, Doull JL, Stuttard C, Vining LC (1990) J Gen Microbiol 136:581
172. Kuimova TF, Soina VS (1981) Hindustan Antibiot Bull 23:1
173. Novella IS, Barbés C, Sánchez J (1992) Can J Microbiol 38:769
174. Rho YT, Lee KJ (1994) Microbiol Read Engl 140(Pt 8):2061
175. Rueda B, Miguélez EM, Hardisson C, Manzanal MB (2001) Can J Microbiol 47:1042
176. Hopwood DA (2007) Streptomyces in nature and medicine: the antibiotic makers. Oxford

University Press, Oxford, New York
177. Yang YK, Morikawa M, Shimizu H, Shioya S, Suga K-I, Nihira T, Yamada Y (1996) J

Ferment Bioeng 81:7
178. Tresner HD, Hayes JA, Backus EJ (1967) Appl Microbiol 15:1185
179. Vecht-Lifshitz SE, Magdassi S, Braun S (1990) Biotechnol Bioeng 35:890
180. O’Cleirigh C, Casey JT, Walsh PK, O’Shea DG (2005) Appl Microbiol Biotechnol 68:305
181. Belmar-Beiny MT, Thomas CR (1991) Biotechnol Bioeng 37:456
182. Treskatis SK, Orgeldinger V, Wolf H, Gilles ED (1997) Biotechnol Bioeng 53:191
183. Tamura S, Park Y, Toriyama M, Okabe M (1997) J Ferment Bioeng 83:523
184. Pinto LS, Vieira LM, Pons MN, Fonseca MMR, Menezes JC (2004) Bioprocess Biosyst Eng

26:177
185. van Veluw GJ, Petrus MLC, Gubbens J, de Graaf R, de Jong IP, van Wezel GP, Wösten

HAB, Claessen D (2012) Appl Microbiol Biotechnol 96:1301
186. Kim Y-M, Kim J-H (2004) J Microbiol 42:64
187. Xu H, Chater KF, Deng Z, Tao M (2008) J Bacteriol 190:4971
188. Whitaker A (1992) Appl Biochem Biotechnol 32:23
189. Junker BH, Hesse M, Burgess B, Masurekar P, Connors N, Seeley A (2004) Appl Biochem

Biotechnol 119:241
190. Pamboukian CRD, Facciotti MCR (2004) Process Biochem 39:2249
191. Jonsbu E, McIntyre M, Nielsen J (2002) J Biotechnol 95:133
192. Dobson LF, O’Cleirigh C, O’Shea DG (2008) Appl Microbiol Biotechnol 79:859
193. Gamboa-Suasnavart RA, Valdez-Cruz NA, Cordova-Dávalos LE, Martínez-Sotelo JA,

Servín-González L, Espitia C, Trujillo-Roldán MA (2011) Microb Cell Factories 10:110
194. Vecht-Lifshitz SE, Sasson Y, Braun S (1992) J Appl Bacteriol 72:195
195. Yin P, Wang Y-H, Zhang S-L, Chu J, Zhuang Y-P, Chen N, Li X-F, Wu Y-B (2008) J Chin

Inst Chem Eng, 39:609
196. Tough AJ, Prosser JI (1996) Microbiol 142:639
197. Bellgardt KH (1998) Adv Biochem Eng Biotechnol 60:153
198. Lin P-J, Scholz A, Krull R (2010) Biochem Eng J 49:213
199. Papagianni M, Mattey M, Berovǐ M, Kristiansen B (1999) Food Technol Biotechnol 37:165
200. Glazebrook MA, Vining LC, White RL (1992) Can J Microbiol 38:98
201. El-Enshasy HA, Farid MA, El-Sayed A (2000) J Basic Microbiol 40:333
202. O’Cleirigh C, Walsh PK, O’Shea DG (2003) Biotechnol Lett 25:1677

26 R. Walisko et al.



203. Tucker KG, Thomas CR (1992) Biotechnol Lett 14:1071
204. Ruiz B, Chávez A, Forero A, García-Huante Y, Romero A, Sánchez M, Rocha D, Sánchez B,

Rodríguez-Sanoja R, Sánchez S, Langley E (2010) Crit Rev Microbiol 36:146
205. Sánchez S, Chávez A, Forero A, García-Huante Y, Romero A, Sánchez M, Rocha D,

Sánchez B, Valos M, Guzmán-Trampe S, Rodríguez-Sanoja R, Langley E, Ruiz B (2010) J
Antibiot (Tokyo) 63:442

206. Šťastná J, Čáslavská J, Wolf A, Vinter V, Mikulík K (1977) Folia Microbiol (Praha) 22:339
207. Choi DB, Park EY, Okabe M (1998) J Ferment Bioeng 86:413
208. Choi DB, Park EY, Okabe M (2000) Biotechnol Prog 16:525
209. Okba AK, Ogata T, Matsubara H, Matsuo S, Doi K, Ogata S (1998) J Ferment Bioeng 86:28
210. Vecht-Lifshitz SE, Magdassi S, Braun S (1989) J Dispers Sci Technol 10:265
211. Hobbs G, Brown CM, Gardner DCJ, Cullum JA, Oliver SG (1989) Appl Microbiol

Biotechnol 31:272
212. Winn M, Casey E, Habimana O, Murphy CD (2014) FEMS Microbiol Lett 352:157
213. Sohoni S, Bapat P, Lantz A (2012) Microb Cell Factories 11:9
214. Chater KF (1972) J Gen Microbiol 72:9
215. Horinouchi S, Beppu T (1992) Annu Rev Microbiol 46:377
216. Khokhlov AS, Tovarova II, Borisova LN, Pliner SA, Shevchenko LN, Kornitskaia EI, Ivkina

NS, Rapoport IA (1967) Dokl Akad Nauk SSSR 177:232
217. Merrick MJ (1976) J Gen Microbiol 96:299
218. Lawlor EJ, Baylis HA, Chater KF (1987) Genes Dev 1:1305
219. Chater KF, Chandra G (2008) J Microbiol Seoul Korea 46:1
220. McCormick JR, Flärdh K (2012) FEMS Microbiol Rev 36:206
221. Reichl U, King R, Gilles ED (1992) Biotechnol Bioeng 39:164
222. Pearson AP, Glennon B, Kieran PM (2004) J Chem Technol Biotechnol 79:1142
223. Park Y, Tamura S, Koike Y, Toriyama M, Okabe M (1997) J Ferment Bioeng 84:483
224. Petersen N, Stocks S, Gernaey KV (2008) Biotechnol Bioeng 100:61
225. Rønnest NP, Stocks SM, Lantz AE, Gernaey KV (2012) Biotechnol Lett 34:1465
226. Wucherpfennig T, Schilling JV, Sieblitz D, Pump M, Schütte K, Wittmann C, Krull R (2012)

Eng Life Sci 12:595
227. Pearson AP, Glennon B, Kieran PM (2003) Biotechnol Progr 19:1342
228. Grimm LH, Kelly S, Hengstler J, Göbel A, Krull R, Hempel DC (2004) Biotechnol Bioeng

87:213
229. Grimm LH, Kelly S, Völkerding II, Krull R, Hempel DC (2005) Biotechnol Bioeng 92:879

The Taming of the Shrew - Controlling the Morphology … 27



Fungal Morphology in Industrial Enzyme
Production—Modelling and Monitoring

Daniela Quintanilla, Timo Hagemann, Kim Hansen
and Krist V. Gernaey

Abstract Filamentous fungi are widely used in the biotechnology industry for the
production of industrial enzymes. Thus, considerable work has been done with the
purpose of characterizing these processes. The ultimate goal of these efforts is to be
able to control and predict fermentation performance on the basis of “standardized”
measurements in terms of morphology, rheology, viscosity, mass transfer and pro-
ductivity. However, because the variables are connected or dependent on each other,
this task is not trivial. The aim of this review article is to gather available information
in order to explain the interconnectivity between the different variables in submerged
fermentations. An additional factor which makes the characterization of a fermen-
tation broth even more challenging is that the data obtained are also dependent on the
way they have been collected—meaning which technologies or probes have been
used, and on the way the data is interpreted—i.e. which models were applied. The
main filamentous fungi used in industrial fermentation are introduced, ranging from
Trichoderma reesei to Aspergillus species. Due to the fact that secondary metabo-
lites, like antibiotics, are not to be considered bulk products, organisms like e.g.
Penicillium chrysogenum are just briefly touched upon for the description of some
characterization techniques. The potential for development of different morpholog-
ical phenotypes is discussed as well, also in view of what this could mean to pro-
ductivity and—equally important—the collection of the data. An overview of the
state of the art techniques for morphology characterization is provided, discussing
methods that finally can be employed as the computational power has grown suffi-
ciently in the recent years. Image analysis (IA) clearly benefits most but it also means
that methods like near infrared measurement (NIR), capacitance and on-line viscosity
now provide potential alternatives as powerful tools for characterizing morphology.
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These measuring techniques, and to some extent their combination, allow obtaining
the data necessary for supporting the creation of mathematical models describing the
fermentation process. An important part of this article will indeed focus on describing
the different models, and on discussing their importance to fermentations of fila-
mentous fungi in general. The main conclusion is that it has not yet been attempted to
develop an overarching model that spans across strains and scales, as most studies
indeed conclude that their respective results might be strain specific and not neces-
sarily valid across scales.

Keywords Filamentous fungi � Industrial enzymes � Morphology � Rheology �
Mass transfer � Productivity � Submerged fermentations �Modelling �Monitoring �
Optimizing
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1 Introduction

Filamentous fungi are widely used in the biotechnology industry for the production
of different compounds like organic acids, industrial enzymes, antibiotics, etc., for
an extensive list see Papagianni [1]. The widespread use of filamentous fungi as
production host is due to three main advantages which the fungi possess: (1)
Filamentous fungi have an exceptional ability of secreting large amounts of proteins
[2]; (2) They possess a special posttranscriptional modification machinery which
allows for glycosylation, correct protein folding, etc. [3]; and, (3) A large number of
species are approved by the regulatory authorities and generally recognized as safe
(GRAS). Nevertheless, operating a process with filamentous fungi also has a few
major disadvantages due to the unavoidable oxygen transfer and mixing limitations
that occur as a consequence of the high viscosity of the medium, which is due to the
combination of the high biomass concentration and the fungal morphology [4].

Filamentous microorganisms manifest two main types of morphology in sub-
merged fermentations, usually classified as dispersed and pelletized morphology.
The first category is characterized by biomass that grows in the form of freely
dispersed hyphae or mycelial clumps, see Fig. 1. In the second category, pellets are
highly entangled and dense spherical agglomerates of hyphae which can have
diameters varying between a couple of micrometers up to several millimeters [5].
Depending on the desired product, the optimal morphology—and here optimal is to
be understood as yielding the highest productivity—for a given bioprocess varies
and cannot be generalized; in some cases both types of morphology are even
combined in one process [6]. The pelleted morphology type is often preferred
because of the resulting Newtonian fluid behavior of the medium which allows for

Fig. 1 Types of morphology
typically found in submerged
cultures of filamentous fungi
[5]
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better mixing and simplifies downstream processing in terms of pumping and
separation of the biomass. However, the pelleted morphology results in nutrient
concentration gradients within the pellet [7]. This situation is not observed in freely
dispersed mycelia allowing for enhanced growth and production (provided suffi-
cient bulk mixing capacity is available), which has been attributed to the fact that
the morphology at the microscopic level has an influence on the production
kinetics, e.g. on the secretion of enzymes. The latter was reported by Spohr et al. [8]
who observed an increase in protein secretion from a more densely branched mutant
of Aspergillus oryzae in comparison with the wild type. However, on the macro-
scopic level this type of morphology greatly affects the rheology of the fermentation
broth, and therefore the transport processes in the bioreactor, and will thus increase
the required power input for broth homogenization (mixing). So, the morphology of
filamentous fungi is double edged, as the productivity as well as the fermentation
conditions can be affected by the outer appearance of the fungus. The challenge is
to separate these effects to be able to connect productivity gains to the correct
phenomenon causing it. If this challenge could be overcome, the process knowl-
edge of the fermentation scientist would be enriched tremendously, and would
undoubtedly result in productivity gains.

The aim of this paper is to give a review of the research work that has been done
in order to elucidate the relation between morphology and productivity and all the
related variables in filamentous fungi fermentations, specifically for the production
of industrial enzymes. In order to do this, an introduction to the main industrial
strains is given, followed by a brief review of the morphology and physiology of
filamentous fungi. A short description of the complex interaction of the different
variables involved in submerged fermentations is presented. Also, this review will
give an overview of the technologies that are available for morphology character-
ization and will discuss the latest technologies. In the final section, the paper links
the capacity to characterize and model morphology to potential applications for
influencing or controlling morphology as a tool for future process optimization.

2 Filamentous Fungi for Enzyme Production

2.1 Important Strains and Products

Due to their exceptionally high capacity to express and secrete proteins, filamentous
fungi have become indispensable for the production of enzymes of fungal and non-
fungal origin. Currently, native or recombinant industrial enzymes are mainly
produced by Aspergillus niger, A. oryzae and Trichoderma reesei [9, 10].

The Aspergillus genus is one of the favorite expression systems in the production
of industrial enzymes, and in particular the species A. niger and A. oryzae have been
frequently used, due to their high titers of native hydrolytic enzymes, especially
amylases and proteases [11]. Glucoamylase (AMG) is a homologous protein of
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A. niger used for the conversion of starch to sweeteners and in the production of
first generation ethanol [12]. Amylases are also added to detergents to assist in stain
removal [13]. Other enzymes produced by these microorganisms include glucose
oxidases, catalases, pectinases, lipases, phytases and xylanases, which are usually
used in the food, detergent, textile, pulp and paper industry [14].

T. reesei is mainly known for producing cellulases, which are enzymes capable
of degrading cellulose into simple sugars. They are widely used in the pulp and
paper industry for the reuse of waste paper [15]. In addition, cellulases are also used
within the textile industry for cotton softening and denim finishing. Another
important application of these enzymes is within detergents, where they are used for
color care, cleaning and anti-redeposition in washing powders [13]. Also, an
enormous interest in these enzymes has arisen in the biofuel industry, as they are
used in the saccharification of lignocellulosic materials which will be converted to
bioethanol later on [16, 17].

2.2 Introduction to Morphology of Filamentous Fungi

Filamentous fungi are complex microorganisms constituted by complicated hyphae.
A hypha is formed by one or more cells surrounded by a tubular cell wall. A hyphal
element is formed by a main hypha that emerges from one spore; this main hypha is
typically branched, and these branches have their own sub-branches and so on [18],
as displayed in Fig. 1. Ascomycota, the group of organisms in which the fungi
covered in this review are included, have hyphae that are divided into compart-
ments by internal cross-walls called septa. Each septum possesses a pore large
enough to allow cell organelles to flow between compartments. The collective term
for the mass of hyphae is mycelium, Fig. 1. Furthermore, a hyphal element can
entangle with another hyphal element and form more complex structures. The
morphology of filamentous fungi is usually characterized by four variables: the
length of the main hyphae (Le), the total length of all the hyphae (Lt), the number of
tips (n) and the length of a hyphal growth unit (Lhgu) [18]. The reader is referred to
Table 1 for the definitions of additional morphological terms. The hyphal cell wall
is formed by polymeric microfibrils of various biochemical composition arranged in
a series of layers [19]. The microfibrils forming the hyphal wall usually consist of
chitin, a polymer of N-acetyl-glucosamine [19].

One of the most important and interesting things to recognize in filamentous
fungi is their apical extension just at the hyphae tips. This theory was established in
the nineteenth century, when Reinhardt [20] proposed that fungal growth takes
place by enlargement of the hyphae only at the apices. The elongation occurs by
means of wall expanding according to a gradient, maximally at the extreme tip, and
the materials necessary for cell wall expansion are provided by the cytoplasm [20].
Several growth models aiming to describe the exact mechanisms of how this
process takes place have been proposed, and the most important ones are the steady
state model [21, 22] and the hyphoid model [23]. Some other models have also
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been developed but these should rather be considered as combinations of the two
former models [24, 25]. This is probably how the process is indeed carried out,
since the main two theories are not self-exclusive given that they describe different
features of the wall building process during tip growth [24].

In general, the theories describe hyphal growth as a consequence of a combi-
nation of wall biogenesis and turgor pressure. Wall biogenesis is ultimately an
activity of the cytoplasm and that is where the building materials and necessary
enzymes are synthetized; they are then later on transported in vesicles to the hyphal
tip. These vesicles are accumulated in the apical dome forming a moving vesicle
supply center (VSC). The VSC is an organelle from which vesicles move radially to
the hyphal surface in all directions at random, and the forward migration of this
pseudo-organelle is what generates the hyphoid shape [25]. Then, in the hyphal tip
there are two main processes taking place, softening and hardening of the apical cell
wall caused by the enzymes carried out in the vesicles. This process makes the
hyphae tip more plastic and that is precisely where protein secretion takes place,
carried out by a bulk flow from the cytoplasmic side to the wall. Wösten et al.
showed with immunological techniques that secretion of glucoamylase in A. niger
was carried out at the hyphal tips [26]. It is important to have this fact in mind, since
it gave direction to the different research projects that were done in the area, as
further described below.

2.3 Complexity of the Subject

In terms of mass transfer and rheology, filamentous fungi are very challenging hosts
for the production of proteins in submerged fermentation, since their morphology is
connected to these two variables, both at the microscopic and macroscopic level.
Therefore, studying the relationship between fungal morphology and productivity

Table 1 Common
morphological terms [92] Area or projected area—area of the projection of a three-

dimensional object into a two-dimensional image

Main hyphal length—length of the main hypha in a mycelium,
which might be taken as the longest connected path though a
mycelial tree

Branch length—length of an individual hyphal branch

Total hyphal length—sum of main hyphal length and all
branch lengths in a mycelial tree

Branching frequency—number of branches (and sub-
branches) in a mycelial tree

Number of tips—number of branches plus two (for the main
hypha. Some tips might be extending (growing); others not

Hyphal growth unit—total hyphal length divided by the
number of tips
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in submerged fermentations is not an easy task due to the abundance of interrelated
factors, which affect directly and indirectly the microorganism’s morphology and
product formation.

The particular morphology of a filamentous fungus leads to entanglements of the
hyphae at high biomass concentrations (20–50 g/L); this phenomenon causes very
high viscosities with non-Newtonian fluid behavior [27]. Considering a typical
stirred tank reactor, it is well-known that the shear rate is at its maximum at the
agitator tip, and it decreases when approaching the vessel walls. Therefore the
viscosity will be low close to the impeller, and will increase towards the vessels
walls. This results in a lot of problems with respect to mass transfer, moment
transfer and heat transfer [27]. Metz et al. describe the viscosity as the center of the
multi-directional and circular interrelation of all the factors, see Fig. 2. Thus, the
broth viscosity has a major effect on the transport phenomena in the bioreactor
which then will affect the process conditions [27]. Metz et al. considered the
process conditions at the top of the complex interactions. These process conditions
include the medium composition, mode of operation, temperature, pH, etc. The
process conditions will directly affect the morphology, product formation and
growth; all these variables are correlated with each other [27].

In addition to all the above-mentioned factors, there is also the fungal physiology
and metabolism, which will affect morphology. For example, there is a continuous
discussion with respect to shear damage of filamentous fungi; i.e. damage and
fragmentation of filaments can be caused by shear forces from the impeller and by
aeration. However, the aging factor of the microorganisms also plays a role making
the cell walls weaker when cells grow older, and thus more susceptible to frag-
mentation [4]. Autolysis is another phenomenon observed in filamentous fungi
which in addition contributes to hyphal fragmentation [28]. Also strain optimization
plays a role, especially classical mutagenesis, since selected strains might
increasingly form more single cell like structures. This results in lower viscosities,
and thus better oxygen transfer, rather than higher titers [29].

Fig. 2 Representation of all
the interrelated variables in
submerged fermentation.
Adapted from [27]
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3 Technologies for Morphology Characterization

The focus in this review paper is on on-line measurements as they have the
advantage that sampling is not required. Thus, the complete content of the biore-
actor is eventually measured, and there is no reduction in data quality due to sample
handling or storage. Recent developments, especially in data handling, have led to
the development of several approaches for rapid data generation. In the following,
some methods will be discussed which benefitted greatly from the increase in
calculation power to run complex algorithms which allow to interpret sensor signals
with the aim of predicting biomass behavior. The latest development is Laser
Scattering which in theory is able to measure crystal slurries or the shape of cells in
fermentations. In practice, there is a question mark on how this technique can be
employed in fermentation. Current literature describes that there might be chal-
lenges with regards to turbidity of the fermentation broth, cell density and air
bubbles [30]. Despite the big potential, more mature methods will be discussed.

Image analysis
Image analysis (IA) would be the natural choice to analyze morphology as biomass
literally can be seen. By taking pictures, the different morphologies (macro or
micro, depending on the magnification) are digitally frozen and the obtained picture
has to be processed to provide numerical characteristics of the broth sample.
Therefore, IA as a method has to be divided into two phases: (1) acquiring the
image; and, (2) evaluating the image. Both phases have their specific challenges.

Probes with the purpose of taking images in situ started to be described in the
mid-90s. A good description of the state of the art from that time is given by Suhr
et al. [31]. The challenges in S. cereviseae cultivation were the resolution of the
resulting picture, obtaining the correct focus and the proper illumination triggered
with the correct timing. Almost 20 years later, Suhr also co-authored an article in
which in situ microscopy was proved adequate for measuring/monitoring animal
cell cultures in perfused bioreactors [32]. The above-mentioned start-up difficulties
(resolution, illumination, focus) could be overcome. Systems are described with
mechanical [33] or optical definition of sample volume [34]. The latter could suffer
greatly from turbid liquids and probe fouling. Some mechanical samplers/in situ
microscopes feature a retractable sample chamber that could be steam cleaned and
hence biomass attached to the lens could be removed [35]. Still, problems with air
bubbles, turbid media and fouling of the probe, especially when dealing with
filamentous organisms, have not been solved completely yet.

IA in the 90s was mainly manual meaning that tips, hyphae and/or particle
diameter had to be annotated by the user (e.g. [36]). Since then, the digital processing
power increased greatly and in 2011, Barry and William attested that on-line cal-
culations of total hyphal length and number of hyphal tips amongst others now are
possible [6]. There are many parameters that could be acquired and described with
IA. In the case of pelleted growth, it could be the projected area of the particle,
diameter, shape and circularity. Lately, also calculations via fractals have been
included [37, 38]. As long as manual adjustments have to be made to acquired
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images, it might be faster to employ other measurement principles, i.e. laser dif-
fraction as well/instead [39]. Else, considerable achievements were made within
dedicated algorithms for IA. Please refer to Papagianni (2014) for the latest tech-
nology, which provides an overview of methods and processes, respectively [40].

Near infrared measurement (NIR)
The on-line NIR suits the regulatory requirement for process analytical technology
(PAT) even for pharmaceutical purposes as it is a fast measurement, the sensors can
be built in accordance to GMP regulations, and it allows running a well-defined
process. The measurement principle is the absorbance of near infrared wavelength
by the medium leading to specific spectra for each compound present in the media
[41]. To be able to interpret the spectra correctly, deep knowledge about the process
is required [42], as well as proper calibration [43] which leaves out the determi-
nation of most complex ingredients by means of NIR. It is furthermore not possible
to measure reliable NIR spectra in turbid media, which includes aerated media to
some extent [44].

Usually, there are disturbances in the measurement, and while the trends look
similar, details of the spectra might vary and thus, pre-processing of data is applied
which removes assumed artefacts of the measurement [45]. To even out some of the
peaks in the measurement and to pronounce some minor effects, the second
derivative of the wavelength spectrogram is the basis for further analysis [43]. The
data handling can be reduced in complexity by restricting the analysis to just one
major compound for just two frequencies and by use of a Fourier transformed signal
[46]. In fact, the data handling is the most important part of the NIR measurement
as the signal can be correlated to other parameters like biomass, product or substrate
concentration. A challenge though is that the NIR spectrum has to be interpreted,
and sometimes (especially when in lack of deep process knowledge), several
explanations could be attributed to the same spectrum.

There currently is no literature present about the use of NIR to characterize or
control fermentations with filamentous organisms. It has been successfully dem-
onstrated that S. cerevisiae fermentations can be controlled and the respective
responses can be predicted using a soft sensor based on the input of a PLS (Partial
Least Squares) modelled NIR signal [47].

Capacitance
Starting in the early 90s, the capacitance measurement (CM) or dielectric spec-
troscopy [48] became increasingly popular and was tested for different biotech-
nological processes [49]. While originally more used for yeast fermentations [50],
the attention very soon also turned to other microorganisms as well as fungi [51].
The experiments reported in the work of Krairak et al. [51] were characterized by
pellet formation of the fungus—thus not really filamentous growth—and consid-
erable disturbances by air bubbles and agitation. Even though the low pass filter for
removing noise from the signal was described before [52], its technical application
was first possible with the availability of increased miniaturized calculation power.

This measurement technique is extremely interesting for online bioprocess
monitoring because the measurement principle differentiates between live and dead
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biomass: “Cells behave as capacitors due to the presence of charged molecules both
inside (cytoplasm) and outside (culture broth), separated by a plasma membrane.
Capacitance, measured by application of an electric field, is directly proportional to
the cell concentration—Dead cells without intact membranes do not contribute to
charge polarization” [53]. The same source marks this technique as “promising” for
pharmaceutical GMP purposes which means that there might be good potential also
for industrial fermentations aiming at production of bulk products. It is advised
though to take the same approach to process control as with NIR: Verifying the CM
with other, maybe even off-line, methods [54], in order to reduce the interferences
to the signal from stirring and agitation.

In the special case of filamentous organisms, the publications are rather scarce.
Posch et al. concluded that the currently best use of the CM would be a good
building block for a soft sensor that calculates parameters related to broth rheology
and organism morphology [55]. In contrast, Rønnest et al. demonstrated that good
correlations between the capacitance signal and off-line dry matter measurements
could be achieved for a filamentous fermentation broth [44]. With a scan through
different frequencies, it was also possible to retrieve additional data about the
relative size and the distribution of cells. In the case of the (non-filamentous)
organism E. coli, a combination of a CM and a soft sensor based on first principles
elemental balances successfully detected cell changes at the time of induction with
subsequent predictions of the final titer [56]. Also, CM is considered to be an
important tool in view of the FDA PAT initiative that was launched 2004: It is a
stable technique able to provide real-time process-related information through non-
destructive and non-invasive measurements [42].

The often expressed limitation of CM is the conductivity of the medium, if a
medium with high salt concentrations is employed (above 50 mSiemens). The
status in 2014 is though that it is possible to go as high as 100 mSiemens while still
producing a signal of acceptable quality (personal communication, Bent Svanholm,
Svanholm.com).

On-line Viscosity
It is often reported that different morphologies cause different fluid behavior of the
broth, which is expressed in the broth viscosity. Several publications came to the
conclusion that the viscosity is mainly affected by biomass concentration and
morphology, stating that filamentous growth leads to an entangled network of
hyphae and thus to higher viscosity [27]. Later publications confirmed this trend
[36, 55, 57] and therefore, it could be concluded that an on-line viscosity mea-
surement certainly can provide real-time information that is useful in view of
controlling fermentations. The challenge is, though, that most on-line rheology
measurements in industrial fermenters create a non-uniform shear field, and that
parts of the broth may not undergo the same forces. This adds on to the empirical
approach to calculate the shear rate based on the torque of the impeller [58]. The
lack of precision makes the on-line viscosity measurement a rarely described tool
for generating data that can be used in view of fermentation process control. There
are works though which correlate the viscosity of the broth with the morphology,
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and consequently with productivity. A non-protein product example was described
by Dhillon et al., namely the case of citric acid production with A. niger growing on
apple pomace sludge, where rheology was altered by adding methanol leading to a
less pseudoplastic fluid behavior [59]. In this special case, morphology is not the
only factor with an influence on viscosity because also the viability of the cells is
reduced by adding methanol. An interesting approach to reduce viscosity was
demonstrated by Cai et al. [60]: A. glaucus was genetically modified so that it
lacked the polarized growth of hyphae. As a result, hyphae grew curved leading to a
much denser pellet and less viscous broth, and a more than 80 % increase in the
production of aspergiolide A, a secondary metabolite. Most of the latter is attributed
to the fact that a better oxygen transfer rate (OTR) could be achieved. This finding
shows the importance of being able to monitor the broth characteristics in order to
control fermentation. For the moment, however, not that many efforts are put in
applying online viscosity to control (industrial) fermentation.

4 Modelling the Morphology

In an effort to achieve process improvements within the biotechnology industry,
considerable focus has been put in the developing and maturing of engineering
tools which facilitate process optimization. One of these tools is mathematical
modelling, including both empirical and first-principles models. For a review of
more engineering tools see [61]. Different research projects have been carried out
with the objective to model and understand the different phenomena taking place in
submerged fermentation, and to develop an improved understanding of the inter-
actions between the variables illustrated in Fig. 2. These attempts have mainly been
focused on modeling micromorphology, hyphal fragmentation and rheology, and
on developing an understanding on how this affects productivity.

4.1 Micromorphology and Productivity

Since the early 90s, it has been demonstrated that protein secretion in A. niger was
carried out mainly in the tips of fungal hyphae [26]. Therefore, several studies have
been conducted aiming at correlating the number of hyphal tips with enzyme pro-
duction. As an example, A. oryzae producing α-amylase was further investigated by
comparing three different strains in batch cultivations [8]. The strains were: a wild-
type (A1560), a transformant with extra copies of the coding gene and a morpho-
logical mutant (made from the transformant). By comparing the α-amylase con-
centration at the end of the batch and the specific branching frequency of the two
recombinant strains, it was concluded that a more densely branched strain is superior
in protein production (Table 2). This higher productivity might be attributed to the
fact that the limiting step in high yielding protein strains is the secretion process [8].

Fungal Morphology in Industrial Enzyme Production … 39



Bocking et al. [62] investigated the topic in the same strain (A1560). In addition,
they studied a transformant strain able to produce glucoamylase along with
α-amylase (AMG#13). Nine morphological mutants were generated from these two
strains: 4 from A1560 and 5 from AMG#13. The mutants were screened such as to
keep the same maximum specific growth rate and a lower hyphal growth unit length
(more branched strains). All the strains were studied in batch, continuous and fed-
batch cultivations. No clear correlation between branch frequency and ability of
secreting protein was observed for the highly branched mutants in the fed-batch and
continuous fermentations. They, however, found a correlation between higher
branch frequency and viscosity reduction. This could lead to the conclusion that the
observed productivity increase by Spohr et al. [8] was achieved due to a better OTR
rather than a higher productivity. However, one should be aware that the com-
parisons are done in different operating modes (batch vs. fed-batch); thus different
physiological state due to different grow rates might have an effect on the rate of
fragmentation resulting in systems with different viscosity. Though, in the batch
experiments for AMG#13 and its highly branched mutant, the latter did have an
increase in glucoamylase compared with AMG#13. This might suggest that under
maximum growth rate conditions there is a correlation between branch frequency
and secretion, as suggested by Spohr et al. [8].

For the first time, Haack et al. reported the swelling of the hyphal tips as a
consequence of high productivity in a recombinant strain of A. oryzae producing
lipase [63]. It was suggested that tip swelling and productivity are linked, since the
hyphae tips return to normal shape after the production stops due to oxygen limi-
tations. It was indicated that these findings could help to identify the fraction of
productive cells in industrial fermentation, since it is known that production het-
erogeneities occur in full scale due to poor mixing [61].

Most of these models are purely empirical without any structured background,
and have been mainly developed using IA. Nonetheless, they have been used as
practical tools for comparison. Agger et al. developed a morphologically structured
model able to describe growth and product formation in batch, continuous and fed-
batch cultivations for A. oryzae (A1560) [64]. By dividing the fungal hyphae into
three different regions—extension zone representing the tips of the hyphae, active
zone which is responsible for growth and product formation and an inactive hyphal
region, Fig. 3—a model able to predict product formation as a function of mor-
phology was developed. Different to the previous models, it was verified by IA

Table 2 Final amylase concentration and specific branching frequency of the three strains of
Aspergillus oryzae

Strain Final concentration α-amylase
(FAU/ml)

Branching frequency—kbran
(tip/µm/h)

Wild-type 0.63 0.0023

Transformant 2.22 0.0010

Morphological
mutant

3.09 0.0021

Adapted from [8]
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combined with fluorescence microscopy. The model performed well in batch and
continuous cultivation. However, there seemed to be an under-prediction of product
formation for a fed-batch fermentation. This difference was attributed to rheological
changes or hyphae fragmentation not accounted for in the model.

As seen in Fig. 2, due to the complex interactions between the variables in a
fermentation process it is also possible to affect morphology by changing the
process conditions (media composition). Ahamed and Vermette [65] conducted a
study where they indirectly affected morphology by varying the carbon source in
the batch phase of a fed-batch process. The study was performed in T. reesei in the
strain Rut-C30 producing cellulases. They observed a more branched morphology
in the medium which also presented the highest enzyme titers. A non-linear cor-
relation for the volumetric enzyme productivity was developed as a function of the
average projected area of the total mycelia (entangled mycelia plus branched
mycelia) and the number of hyphae tips. This study confirms the relation between
enzyme productivity and number of tips.

4.2 Shear Stress and Morphology

One of the problems with filamentous microorganisms relies in the oxygen mass
transfer limitations in the culture broth due to the high viscosities and the non-
Newtonian behavior. An obvious strategy to overcome this problem is to increase
agitation power. However, the question of shear damage due to fragmentation or
morphological changes arises. Early works indicated that there is shear damage to
the cells caused by the impeller which usually leads to reduced productivity.
Nevertheless, these studies were conducted in Penicillium chrysogenum for peni-
cillin production [66, 67] and are therefore out of the scope of this review. In this
section, the research that has been done in order to understand the relation of shear
stress caused by the impeller on morphology for filamentous fungi producing
industrial enzymes will be summarized, and only for the cases where dispersed
mycelium is observed (i.e. not pellets). The other focus will be the work of Jüsten
et al. who developed a function capable of correlating mycelial fragmentation and
power inputs at different scales and agitator types, the so called energy dissipation
circulation function (EDCF) [68]. The EDCF is defined as the ratio of energy
dissipation in the dispersion zone to the liquid circulation time. This model

Fig. 3 Illustration of the structuring of the hyphal elements in the model of Agger et al. [64]
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considers the specific energy dissipation and the amount of time that the cells are
subject to the shear caused by the impeller (circulation frequency). The theory is an
extension of the work done by Smith et al. which managed to account for the
circulation frequency [67]. However, Jüsten et al. accounted for different impellers
types. Even though the function was developed for P. chrysogenum, its applica-
bility was later tested in A. oryzae managing to successfully correlate fragmentation
[69]; therefore, in this review the EDCF is considered as the standard tool for
comparison of the different works.

Amanullah et al. studied the effect of agitation on mycelial morphology and
enzyme productivity in continuous cultures of a recombinant strain of A. oryzae
producing α-amylase and amyloglucosidase. They found that agitation intensity has
an effect on morphology. When the agitation speed was reduced by half, the mean
projected area increased almost threefold. Productivity, however, was not affected
[70]. A later study of the same group carried out with the same strain in fed-batch
fermentations confirmed that mycelial morphology (measured as a mean projected
area) is dependent on agitation intensity but that there is no correlation with enzyme
production assuming a non O2 limited process for the fed-batch phase. However, in
the batch phase there was a positive correlation with agitation intensity and pro-
ductivity, which could be attributed to higher biomass concentration and growth
rates at higher agitation speeds [71]. An important conclusion of these two studies
was that given a specific growth rate, it is possible to correlate EDCF with mor-
phology measured as the mean projected area [71].

Fragmentation caused by different specific power inputs measured as EDCF was
investigated by Li et al. for full scale fed-batch fermentations [72]. The shear forces
caused by the impeller on A. oryzae resulted in mycelial fragmentation; however,
this fragmentation was not correlated to the specific power input since a similar
morphology was observed at the two levels of EDCF. Hence, fungal morphology
does not seem to be dependent on mixing intensity at production scale. Effects of
changes on impeller power input on productivity were not studied. In a later study
this correlation was investigated. Yet again, two specific power inputs measured as
EDCF were tested, and neither the morphology, productivity nor rheology differ at
these two levels of EDCF under non-oxygen limited conditions [73].

Albæk et al. developed a correlation able to predict viscosity based on the
mentioned EDCF and biomass measurements in fed-batch fermentation with
A. oryzae [74]. The correlation does not take into consideration morphological data;
however, the accuracy of the general model prediction demonstrates the ability of
EDCF to correlate morphological data as a function of viscosity. They also
observed a positive correlation with increasing agitation speed and product for-
mation. This might be correlated to a better OTR, indicating that morphology
actually does not necessarily play a major role in productivity [74].
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4.3 Morphology and Rheology

The study of the rheology of culture broths has a crucial importance in the design of
fermentation processes; viscosity will affect the transport phenomena taking place
in a bioreactor. Fluid viscosity appears in several correlations involved in mixing
and mass transfer, e.g. the Reynolds number and correlations for the volumetric
mass transfer coefficient. Also, the yield stress appears in relationships used to
estimate cavern sizes [75]. Therefore, it is important to study the rheology of
fermentation broths, and if possible to predict it. The traditional approach for
modelling the rheology of filamentous fermentations broths is based on attempts to
correlate the parameters for different viscosity models (e.g. power law model) to the
biomass concentration [76] (for a review of rheology see [27, 57]). However, these
correlations are of a limited value [36]. Viscosity is a property that is not only
dependent on biomass concentration, but is affected by the structure and extent of
physical interlacing of hyphal networks [77]. Thus, several other studies have focus
on correlating viscosity not only to the biomass concentration, but also to the
different morphological parameters, i.e. projected area, hyphal growth unit, etc.,
typically characterized by IA. Other authors have characterized the morphology by
other methods in order to correlate it to rheology. These attempts are further
described in this section.

The direct relation between the consistency index parameter of the power law
model and different morphological parameters was studied for continuous culti-
vations of A. niger [78]. The dissolved oxygen and growth rate were varied at two
different biomass concentrations. It was found that at constant biomass concen-
tration the consistency index could be linearly correlated to the roughness. By
including a biomass term in a linear model, a good correlation was obtained. In this
work, the correlation was not further tested for different levels of biomass con-
centration or for batch or fed-batch fermentations. It has to be kept in mind that this
is one of the first attempts to quantitatively model the rheology of filamentous fungi
based on morphology parameters. As a continuation of this work, Riley et al.
developed a model to predict the consistency index based on biomass concentration
and the mean mycelial maximum dimension (the longest feret across the convex
area of a mycelial particle) for P. chrysogenum. The model was able to predict the
parameter with an average root-mean-squared deviation below 30 %, which despite
all the sources of errors is considered as a good result [79]. This microorganism is
not included within the strains considered in this review paper. However, as an
extension of this work, Riley and Thomas checked the relevance of the correlation
to other fungi [80]. They reformulated the model at a different magnification for
P. chrysogenum and tested its applicability to predict the values of the consistency
index for fermentation broth of A. niger and A. oryzae. The biomass concentration
and the mean mycelial maximum dimension are also used in this model as the
morphological parameters. The correlation performed well for fermentation broths
of A. oryzae, but failed to describe the consistency index for A. niger. No simple
model was found for the flow behavior index. In fact, it was considered as a
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constant value, which is not always the case. Similarly, Malouf aimed at correlating
the rheology properties of T. reesei fermentation broths to morphological param-
eters [81]. The Herschel-Bulkley consistency index was successfully correlated to
the mean roundness by two separate correlations for the batch and fed-batch phases.

Wucherpfennig et al. studied the rheology of culture broths from A. niger in
shake flask fermentations [37]. IA was used for morphological characterization,
which was described by conventional and fractal morphological parameters. Two
different fractal parameters where good at predicting rheological properties; nev-
ertheless they were not superior to the parameters developed using conventional
particle shape analysis (e.g. Morphology number [82]).

Other authors have used laser diffraction and multivariate data analysis as a tool
to model the rheology of fermentation broths. Petersen et al. correlated the rheo-
logical properties of commercially relevant A. oryzae fermentations with respect to
particle size distribution data [75]. The study was conducted in fed-batch fermen-
tations where different feed strategies were applied, similar to the work of Bhargava
et al. [83]. A partial least squares regression model was able to predict viscosity by
using particle size distribution, biomass concentration and process information. In
terms of practical applicability, this model is superior to the models that have been
developed using IA due to the simplicity of the measurements; however, a limi-
tation is that the model was not able to predict the rheological properties of fer-
mentation broths of different strains and/or scales.

Another aspect which is important to consider when dealing with rheology of
filamentous fungi, is how to evaluate the shear rate in the tank. Until now, it has not
been possible to estimate a reliable shear rate in the fermentation tank itself. As
mentioned before, in an STR it is well-known that the shear rate is at its maximum
at the agitator tip and decreases towards the vessel walls. Calculating shear rate can
therefore be expressed as the maximum or the average shear rate. Hitherto, it is not
clear which shear rate is governing the mass transfer processes, and the way of
calculating this shear rate is limited to the Metzner and Otto correlation [84].
According to Stocks [85], it should not be forgotten that this empirical correlation
was developed for Reynolds numbers in the laminar and transitional regime and not
for turbulent conditions where it is also frequently used in practice. Thus its
applicability is limited to laboratory and pilot-scale fermenters, even though it has
been typically employed for calculating shear rates in full-scale fermenters also
[85]. A special challenge emerges when a reliable shear rate to evaluate the vis-
cosity across different scales has to be estimated. This might be the reason why the
developed models were not able to make predictions that apply across scales;
therefore, the applicability of other correlations should be explored [86]. Adding on
to that challenge is the use of different instruments to measure rheology [36].
Developing models that could predict performance of fermentations with filamen-
tous fungi across scales with a (relatively) high accuracy is therefore still considered
to be one of the major scientific challenges in this field.
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4.4 Process Conditions and Morphology

Bhargava et al. [83] performed a study where they investigated the effect of dif-
ferent feeding strategies on morphology, protein expression and viscosity during a
fed-batch fermentation. The work was done with A. oryzae (A1560). Tests with
varying the feeding profile were carried out, keeping the same total amount of
glucose, but fed in cycles (pulsed feeding). These experiments were compared with
a continuously fed fermentation. The biomass, oxygen uptake rate (OUR) and total
base added for pH control showed no significant difference indicating that pulsed
feeding during fed-batch operation has no apparent effect on cellular metabolic
activity. Neither was there a significant difference for the different cultivations in
the measured extracellular protein content. Nevertheless, a considerable effect on
fungal morphology (measured as average projected area) from the start of the fed-
batch phase was observed. The pulsed feeding resulted in smaller hyphal elements
in comparison to the elements resulting from continuous feeding. The smaller
elements lead to a significant decrease in viscosity. As a consequence, the effect of
the cycle time on morphology, rheology and productivity on the same strain was
tested in a later work [87]. As before, no effect on biomass was observed, while the
mean projected area and the viscosity decreased with the increase in cycle time.
Shorter cycles resulted in constant productivity and OUR while longer cycles
caused a decrease in productivity at a higher OUR—it appeared that the fungus was
forced to form conidia due to starvation. This yet again shows the double sided
effect of morphology, viscosity and product formation.

Other authors have also studied the effect of agitation intensity on other process
variables, rather than just on morphology. Marten et al. [88] studied the relation
between rheology, mass transfer and mixing for T. reesei in batch fermentations.
They concluded that the Casson model and the Herschel-Buckley model are better
in describing the rheological behavior of T. reesei broths in comparison with the
power law model. However, a practical correlation was not obtained with respect to
the effect of agitation intensity on rheology and biomass concentration.

In an attempt to understand the effect of shear stress on morphology and rhe-
ology also in T. reesei, Patel et al. studied the effect of agitation intensity in fed-
batch fermentations [89]. With respect to shear stress and productivity, no clear
correlation was observed. With respect to morphology, in the batch phase of the
fermentation, no effect on agitation intensity was observed either. However, for
carbon source limiting growth, there seemed to be an effect of agitation intensity on
morphology, since a higher degree of fragmentation was observed as the fed-batch
phase proceeded. It is not clear whether this degree of fragmentation is caused by
the agitation or by self-fragmentation of the microorganisms. This however,
resulted in a lower viscosity towards the end of the fermentations. A higher
apparent viscosity was observed in the experiment with the highest agitation speed,
which might be attributed to the higher biomass concentration. The apparent vis-
cosity of all the experiments was evaluated at a constant shear rate and not at the
shear rate in the tank, making the comparison difficult.

Fungal Morphology in Industrial Enzyme Production … 45



T
ab

le
3

E
ff
ec
ts
of

m
or
ph

ol
og

y
al
te
ra
tio

n
on

pr
od

uc
tiv

ity
,
bi
om

as
s
an
d
rh
eo
lo
gy

A
ut
ho

rs
M
ic
ro
or
ga
ni
sm

O
pe
ra
tio

n
m
od

e
G
ro
w
th

ra
te

(1
/h
)

A
ff
ec
te
d

m
or
ph

ol
og

y
pa
ra
m
et
er

E
ff
ec
t
on

pr
od

uc
tiv

ity
E
ff
ec
to

n
gr
ow

th
ra
te
/b
io
m
as
s

E
ff
ec
t
on

rh
eo
lo
gy

N
ot
es

Sp
oh

r
et

al
.
[8
]

A
sp
er
gi
llu

s
or
yz
ae

(A
15

60
)

B
at
ch

0.
18
–
0.
27

M
or
ph

ol
og

y-
br
an
ch
in
g

fr
eq
ue
nc
y

Y
es
.
H
ig
he
r

pr
od

uc
tiv

ity
in

th
e
m
or
e

br
an
ch
ed

st
ra
in

Y
es
.
L
ow

er
gr
ow

th
ra
te

fo
r

th
e
m
or
e

br
an
ch
ed

st
ra
in

N
/A

C
om

pa
ri
so
n

at
a
sp
ec
ifi
c

bi
om

as
s

co
nc
en
tr
at
io
n

B
oc
ki
ng

et
al
.

[6
2]

A
sp
er
gi
llu

s
or
yz
ae

(A
15

60
)

B
at
ch

0.
28

M
or
ph

ol
og

y-
br
an
ch
in
g

fr
eq
ue
nc
y

N
o

N
o

N
/A

A
sp
er
gi
llu

s
or
yz
ae

(A
M
G
#1

3)

B
at
ch

0.
30

M
or
ph

ol
og

y-
br
an
ch
in
g

fr
eq
ue
nc
y

Y
es
.
H
ig
he
r

pr
od

uc
tiv

ity
fo
r

th
e
m
or
e

br
an
ch
ed

m
ut
an
ts

N
o

Y
es
.
L
ow

er
vi
sc
os
ity

fo
r

th
e
hi
gh

ly
br
an
ch
ed

m
ut
an
ts

A
sp
er
gi
llu

s
or
yz
ae

(A
M
G
#1

3)

Fe
d-
ba
tc
h

–
M
or
ph

ol
og

y-
br
an
ch
in
g

fr
eq
ue
nc
y

Y
es
.
L
ow

er
pr
od

uc
tiv

ity
fo
r

th
e
m
or
e

br
an
ch
ed

m
ut
an
ts

Y
es
.
L
ow

er
bi
om

as
s
fo
r
th
e

m
or
e
br
an
ch
ed

m
ut
an
t

N
/A

C
on

st
an
t

fe
ed

ra
te

A
sp
er
gi
llu

s
or
yz
ae

(A
M
G
#1

3)

Fe
d-
ba
tc
h

–
M
or
ph

ol
og

y-
br
an
ch
in
g

fr
eq
ue
nc
y

Y
es
.
Sl
ig
ht
ly

m
or
e
pr
od

uc
tiv

ity
fo
r
on

e
of

th
e

m
or
e
br
an
ch
ed

m
ut
an
ts

Y
es
.
Sl
ig
ht
ly

le
ss

bi
om

as
s
fo
r

on
e
of

th
e
m
or
e

br
an
ch
ed

m
ut
an
ts

Y
es
.
L
ow

er
vi
sc
os
ity

fo
r

th
e
hi
gh

ly
br
an
ch
ed

m
ut
an
ts

D
O
T

co
nt
ro
lle
d

fe
ed

ra
te

46 D. Quintanilla et al.



T
ab

le
4

E
ff
ec
ts
of

sh
ea
r
st
re
ss

on
m
or
ph

ol
og

y,
pr
od

uc
tiv

ity
,
bi
om

as
s
an
d
rh
eo
lo
gy

A
ut
ho
rs

M
ic
ro
or
ga
ni
sm

O
pe
ra
tio

n
m
od
e

G
ro
w
th

ra
te

(1
/h
)

C
on
di
tio

ns
E
ff
ec
t
on

m
or
ph
ol
og
y

E
ff
ec
t
on

pr
od
uc
tiv

ity
E
ff
ec
t
on

gr
ow

th
ra
te
/b
io
m
as
s

E
ff
ec
t
on

rh
eo
lo
gy

N
ot
es

A
m
an
ul
la
h
et

al
.

[7
0]

A
sp
er
gi
llu

s
or
yz
ae

(A
15
60
)

C
on
tin

uo
us

0.
05

A
gi
ta
tio

n
in
te
ns
ity

re
du
ct
io
n

10
00
–

55
0
m
in

−
1

Y
es
.
In
cr
ea
se

in
m
ea
n

pr
oj
ec
te
d
ar
ea
.
In
cr
ea
se

in
hy
ph
ae

le
ng
th
.

In
cr
ea
se

in
nu
m
be
r
of

tip
s

N
o

N
o

N
/A

A
m
an
ul
la
h
et

al
.

[7
1]

A
sp
er
gi
llu

s
or
yz
ae

(A
15
60
)

B
at
ch

M
ax

A
gi
ta
tio

n
in
te
ns
ity

82
5,

67
5,

52
5
m
in

−
1

Y
es
.
H
ig
he
r
m
ea
n

pr
oj
ec
te
d
ar
ea

at
lo
w
er

ag
ita
tio

n
sp
ee
d

Y
es
.
H
ig
he
r

pr
od
uc
tiv

ity
at

hi
gh
er

ag
ita
tio

n
sp
ee
d

Y
es
.
H
ig
he
r

gr
ow

th
ra
te
s
an
d

bi
om

as
s
at

hi
gh
er

ag
ita
tio

n
sp
ee
d

N
/A

A
sp
er
gi
llu

s
or
yz
ae

(A
15
60
)

Fe
d-
ba
tc
h

<0
.0
2

A
gi
ta
tio

n
in
te
ns
ity

82
5,

67
5,

52
5
m
in

−
1

Y
es
.
H
ig
he
r
m
ea
n

pr
oj
ec
te
d
ar
ea

at
lo
w
er

ag
ita
tio

n
sp
ee
d

N
o

N
o

N
/A

T
he
se

un
de
r

no
ox
yg
en

lim
ite
d

co
nd
iti
on
s

L
i
et

al
.
[7
2]

A
sp
er
gi
llu

s
or
yz
ae

(A
15
60
)

Fe
d-
ba
tc
h

<0
.0
3

Po
w
er

in
pu
t

N
o

N
/A

N
o

N
/A

C
ha
ng
e
in

m
or
ph
ol
og
y

as
a
fu
nc
tio

n
of

tim
e

L
i
et

al
.
[7
3]

A
sp
er
gi
llu

s
or
yz
ae

(A
15
60
)

Fe
d-
ba
tc
h

<0
.0
3

Po
w
er

in
pu
t

N
o

N
o

N
o

N
o

T
he
se

un
de
r

no
ox
yg
en

lim
ite
d

co
nd
iti
on
s

A
lb
ae
k
et

al
.
[7
4]

A
sp
er
gi
llu

s
or
yz
ae

(p
ro
pe
rt
y

st
ra
in
)

Fe
d-
ba
tc
h

Fu
nc
tio

n
of

th
e

fe
ed

fl
ow

ra
te

A
gi
ta
tio

n
po
w
er

N
/A

Y
es
.
H
ig
he
r

pr
od
uc
tiv

ity
at

hi
gh
er

ag
ita
tio

n
po
w
er

Y
es
.
H
ig
he
r

bi
om

as
s
at

hi
gh
er

ag
ita
tio

n
po
w
er

N
o

si
gn
ifi
ca
nt

Fo
r
th
e
sa
m
e

im
pe
lle
r

ch
oi
ce

A
sp
er
gi
llu

s
or
yz
ae

(p
ro
pe
rt
y

st
ra
in
)

Fe
d-
ba
tc
h

Fu
nc
tio

n
of

th
e

fe
ed

fl
ow

ra
te

Im
pe
lle
r

ty
pe

N
/A

N
o

Y
es
.
A
t
so
m
e

co
nd
iti
on
s

hi
gh
er

bi
om

as
s

fo
r
th
e
ax
ia
l

im
pe
lle
r

Y
es
.
L
ow

er
vi
sc
os
ity

fo
r
th
e
ax
ia
l

im
pe
lle
r

A
t
th
e
sa
m
e

co
nd
iti
on
s

(c
on

tin
ue
d)

Fungal Morphology in Industrial Enzyme Production … 47



T
ab

le
4

(c
on

tin
ue
d)

A
ut
ho
rs

M
ic
ro
or
ga
ni
sm

O
pe
ra
tio

n
m
od
e

G
ro
w
th

ra
te

(1
/h
)

C
on
di
tio

ns
E
ff
ec
t
on

m
or
ph
ol
og
y

E
ff
ec
t
on

pr
od
uc
tiv

ity
E
ff
ec
t
on

gr
ow

th
ra
te
/b
io
m
as
s

E
ff
ec
t
on

rh
eo
lo
gy

N
ot
es

M
ar
te
n
et

al
.
[8
8]

Tr
ic
ho
de
rm

a
re
es
ei

R
ut
-C
30

B
at
ch

–
A
gi
ta
tio

n
in
te
ns
ity

25
0,

40
0,

50
0
m
in

−
1

N
/A

Y
es
.
H
ig
he
r

pr
od
uc
tiv

ity
at

th
e
hi
gh
er

ag
ita
tio

n
sp
ee
d

N
o

Y
es
.
H
ig
he
r

vi
sc
os
ity

at
hi
gh
er

ag
ita
tio

n
sp
ee
d

Pa
te
l
et

al
.
[8
9]

Tr
ic
ho
de
rm

a
re
es
ei

R
ut
-C
30

B
at
ch

–
A
gi
ta
tio

n
in
te
ns
ity

N
o

N
ot

cl
ea
r

Y
es
.
L
ow

es
t

gr
ow

th
ra
te

at
th
e
lo
w
er

ag
ita
tio

n
sp
ee
d

Y
es
.
L
ow

er
vi
sc
os
ity

at
th
e
lo
w
es
t

ag
ita
tio

n

Tr
ic
ho
de
rm

a
re
es
ei

R
ut
-C
30

Fe
d-
ba
tc
h

–
A
gi
ta
tio

n
in
te
ns
ity

Y
es
.
L
ow

er
cl
um

p
fr
ag
m
en
ta
tio

n
at

th
e

lo
w
er

ag
ita
tio

n
sp
ee
d

N
ot

cl
ea
r

Y
es
.
H
ig
he
r

bi
om

as
s
at

th
e

hi
gh
er

ag
ita
tio

n
sp
ee
d

Y
es
.
B
ut

no
t
cl
ea
r

co
rr
el
at
io
n

48 D. Quintanilla et al.



5 Conclusion

The key issue relies on how to incorporate all the work that has been done for the past
years in order to optimize the filamentous fermentation process. As illustrated in
Fig. 2, there are many variables which will influence the performance of fermentation
processes, and in order to study all of them, an extensive (up to now impossible)
design of experiments needs to be performed. The complex inter-correlation renders
it impossible to affect a variable while keeping the rest constant, as seen in Tables 3
and 4. Thus, until now the best way of dealing with this appears to be data recon-
ciliation for the work that has been done, which is not an easy task, due to the different
set-ups used. For example, Li et al. [72, 73, 90] found no effect on the different
variables from changes in specific power input; these results at full scale production
differ significantly from the findings at bench scale [70, 71], which again makes it
very difficult to draw a practical conclusion about the relation and interaction of all
the variables involved in fermentations processes with filamentous fungi.

In addition to this, one of the biggest challenges with respect to the study of
filamentous fungi in the production of enzymes is the lack of relevant industrial
data. The difference between data generated by academia and the industry is
enormous. For example processes studied in this review, and typically reported as a
result of a study that has taken place at a university department, deal with titers of
barely a couple of grams per liter of extracellular protein. In industry there are
reports of titers up to hundreds of grams per liter [13]. The question remains on
whether it is possible for industry to apply the results of the model studies devel-
oped by academia. It is to expect that the behavior of the industrial microorganisms
would be completely different due to the stress on the host organism that is caused
by such high expression levels. Therefore, if the aim is to produce results with both
academic value and industrial relevance, then it is important to have a proper
collaboration between industry and academia in order to overcome this issue. So,
there is a need for the definition of one or more well-defined case studies that
should be available publicly, with limited but sufficient industrial value to be of
practical use. The case studies should allow academia to work in concentration
ranges which are relevant for industry. The same is valid for the scale: Bench
reactors are just much smaller and not all effects, especially regarding mixing and
bubble interference to new probes likes NIR, can be studied properly with respect to
industrial challenges. However, this is not an easy task, since very different—often
competing—interests might be involved: indeed, a problem is that a case study with
practical value does not automatically have sufficient academic value, and the other
way around.

The reader might also notice that many of the articles analyzed in this review
date back to the nineties. It seems like many groups stopped their work in relation to
fungal morphology in submerged cultivation around the year 2000. There are some
groups continuing research, also employing new technologies/measurement sys-
tems. It can just be assumed that the costs for the sensors are too high and/or the
probes themselves are too bulky for bench scale reactors. In this case, the above
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stated/desired case promoting industry—academia collaboration would become
even more important. The trade-off for companies would be releasing (confidential)
process data in order to obtain e.g. new process strategies based on the potential use
of the new sensor types described in Sect. 3.

Another consideration is that the development of “omics” technologies made it
possible to study filamentous fungi from a different perspective [3, 91]. It might be
that the solution leading to a more complete understanding of the microorganisms is
to be found in an integration of the studies described in this review, and those
related to the “omics” field. However, before such integration can be realized and
applied in practice on industrially relevant case studies, it is quite clear that con-
siderable additional research work will be needed in this area.
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Hydrodynamics, Fungal Physiology,
and Morphology

L. Serrano-Carreón, E. Galindo, J.A. Rocha-Valadéz,
A. Holguín-Salas and G. Corkidi

Abstract Filamentous cultures, such as fungi and actinomycetes, contribute
substantially to the pharmaceutical industry and to enzyme production, with an
annual market of about 6 billion dollars. In mechanically stirred reactors, most
frequently used in fermentation industry, microbial growth and metabolite pro-
ductivity depend on complex interactions between hydrodynamics, oxygen transfer,
and mycelial morphology. The dissipation of energy through mechanically stirring
devices, either flasks or tanks, impacts both microbial growth through shearing
forces on the cells and the transfer of mass and energy, improving the contact
between phases (i.e., air bubbles and microorganisms) but also causing damage to
the cells at high energy dissipation rates. Mechanical-induced signaling in the cells
triggers the molecular responses to shear stress; however, the complete mechanism
is not known. Volumetric power input and, more importantly, the energy dissipa-
tion/circulation function are the main parameters determining mycelial size, a
phenomenon that can be explained by the interaction of mycelial aggregates and
Kolmogorov eddies. The use of microparticles in fungal cultures is also a strategy to
increase process productivity and reproducibility by controlling fungal morphology.
In order to rigorously study the effects of hydrodynamics on the physiology of
fungal microorganisms, it is necessary to rule out the possible associated effects of
dissolved oxygen, something which has been reported scarcely. At the other hand,
the processes of phase dispersion (including the suspended solid that is the fila-
mentous biomass) are crucial in order to get an integral knowledge about biological
and physicochemical interactions within the bioreactor. Digital image analysis is a
powerful tool for getting relevant information in order to establish the mechanisms
of mass transfer as well as to evaluate the viability of the mycelia. This review
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focuses on (a) the main characteristics of the two most common morphologies
exhibited by filamentous microorganisms; (b) how hydrodynamic conditions affect
morphology and physiology in filamentous cultures; and (c) techniques using
digital image analysis to characterize the viability of filamentous microorganisms
and mass transfer in multiphase dispersions. Representative case studies of fungi
(Trichoderma harzianum and Pleurotus ostreatus) exhibiting different typical
morphologies (disperse mycelia and pellets) are discussed.

Keywords Hydrodynamics � Mass transfer � Morphology � Physiology � Image
analysis

Abbreviations and Symbols
CO2 Concentration of dissolved oxygen in the liquid (kg O2 m

−3)
d32 Sauter mean diameter (μm)
D Diameter of the impeller (m)
Dcrit Critical diameter (m)
Deff Diffusion diameter (m2 s−1)
deq Equilibrium diameter (μm)
dh/dr Hyphal gradient in the pellet periphery (% μm−1)
di Size of the drops/bubbles (μm)
DO2 Molecular diffusion coefficient (m2 s−1)
EDCF Energy dissipation/circulation function (kW m−3 s−1)
FlG Gaseous flow (–)
i Volume unit
k Constant that depends on the geometry of the impeller (–)
kb Number of volumes sampled (–)
kLa Volumetric oxygen transfer coefficient (h−1)
L Hyphal length (μm)
N Stirring speed (s−1)
ni Number of drops/bubbles per volume i
P Power supplied (kW)
Pp Porosity of the pellet (–)
P/VL Volume power drawn (kW m−3)
qO2 Specific rate of oxygen consumption (kg O2 kg

−1 s−1)
r Aggregate density (kg m−3)
RO2 Rate of oxygen consumption per unit volume (kg O2 m

−3 s−1)
tc Circulation time (s)
VL Volume of liquid (m3)

Greek Letters
λ Size of Kolmogorov microscale (μm)
ε Local energy supplied (W kg−1)
ν Viscosity (Pa s)
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Abbreviations
6PP 6-pentyl-α-pyrone
ATP Adenosine triphosphate
CFU Colony-forming units
DNA Deoxyribonucleic acid
FDA Fluorescein diacetate
GFP Green fluorescent protein
RNA Ribonucleic acid
RPB Reciprocating plate bioreactor
rpm Radians per minute (stirring speed)
vvm Volume of gas per volume of liquid per minute
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1 Mycelial Cultures: Basic Aspects

Mycelial microorganisms play a major role in the bioprocessing industry for the
production of various primary and secondary metabolites such as enzymes, anti-
biotics, organic acids, extracellular proteins, and flavoring compounds [1–4].

Filamentous fungi are lower eukaryotic heterotrophic microorganisms that depend
on external sources of carbon and have both sexual and asexual reproduction. The
mycelium is broadly composed of vegetative branched filaments (hyphal) with rigid
and thick cell walls. These cell walls are composed offibrous polysaccharides (chitin
and β-glucan) and glycoproteins that determine the fibrillar structure of the wall. The
hyphal growth takes place in the apical region (tips). When a new tip is formed, it
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grows to a certain length, and a septum with a pore is created at the rear of the tip,
creating a non-growing cell. The net result of the apical extension is the formation of
non-propagative cells which, in turn, produce vacuoles. Vacuoles grow as a function
of their distance from the apical region. Given that the mycelial structure is complex
and multicellular, the distribution of cell ages is wide compared to unicellular
microorganisms. Therefore, hyphae may exist in different physiological states and
show different structural features such as growing apical cells, vacuolated regions,
and lysated cells which are metabolically inactive (Fig. 1).

Mycelial cultures have different physical characteristics to unicellular cultures
(bacillococci or yeast) primarily due to their large morphological and physiological
diversity that develops during growth. The morphology of filamentous fungi in
submerged culture depends on the environmental conditions in the bioreactor, the
concentration of the inoculum, spore viability, pH, temperature, dissolved oxygen
concentration, and mechanical stress [6–12]. In submerged culture, fungi develop
two types of extreme macroscopic morphologies: pellets and filamentous myce-
lium. Pellets are compact hemispherical aggregates of hyphae in which the diffu-
sional limitations to the center of the pellet represent the principal growth
restriction. At the other hand, filamentous or sparse mycelium increases the vis-
cosity of the broth and can drastically reduce the oxygen transfer capacity of the
bioreactor [13, 14].

1.1 Cultures with Dispersed “Filamentous” Morphology
(Dispersed Mycelium)

Fermentation broths are generally heterogeneous suspensions of microorganisms,
culture medium components (nutrients), and various metabolites or products dis-
persed in a liquid phase, generally water. Unlike other broths, the rheological
properties of the predominantly filamentous mycelial cultures change with time.

Fig. 1 Schematic diagram of the regions of cell growth and differentiation of the fungus
P. chrysogenum (adapted from Ref. [5])
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These changes are mainly due to the increase in cell mass, the morphological
changes of the hyphae, and the interactions between hyphae [15–18].

The hyphae are usually long, thin, and branched: They are also interlocked due to
their high length to diameter ratio, thereby forming a three-dimensional network.
These organisms grow in a highly dispersed manner and consequently generate
highly viscous and rheologically complex suspensions [19]. Most mycelial broths
behave similar to pseudo-plastic fluids. Their viscosity decreases when the defor-
mation gradient increases. Thus, in cultures carried out in mechanically stirred bio-
reactors, the flow characteristics change around the impeller (high-speed deformation
region). This implies that the fluid surrounding the impeller has a low viscosity due to
the high deformation gradient in this zone of the reactor [16, 20]. However, in areas
near the walls of the bioreactor, the deformation rate applied to the fluid is lower,
causing a noticeable increase in viscosity. This causes serious problems in themixing,
creating “dead” or poorly mixed areas, in which there is a reduction in the mass
transfer rate and the formation of concentration gradients of nutrients and dissolved
oxygen. These differences are stronger as the process progresses and the organism
grows [15, 21–25]. Filamentous growth has been reported to be favorable for the
production of various antibiotics or enzymes [4, 26–28].

1.2 Cultures with an Aggregate Morphology or “Pellets”

It has been reported that pellets favor the production of some metabolites as glu-
coamylase in Aspergillus niger [29]; lovastatin in Aspergillus terreus [30]; fumaric
acid in Rhizopus delemar [31]; and ergothioneine in Lentinula edodes [32].
However, the differentiation and physiological state of the cells that carry out the
synthesis of these metabolites are not yet well understood.

For practical purposes, the pellet-type morphology is more convenient in fer-
menters because the culture media in which pellets develop have a low viscosity
and behave as Newtonian fluids, facilitating the mixing and homogenization of
culture broth. For example, Cai et al. [33] obtained a mutant for a gene that affected
the polarized growth of Aspergillus glaucus. Unlike the native strain that had a
dispersed filamentous growth, the mutant grew into pellets and produced 82 %
more aspergiolide A, than the native strain, and exhibiting low-viscosity broths
reaching high dissolved oxygen tension during culture.

Despite the positive effects of pellet morphology on viscosity and oxygen
transfer, limitations in nutrient diffusion from the broth to the center of the pellet
can arise as the pellet size increases throughout fermentation. This phenomenon
causes significant physiological changes in the organism. In cultures with a pre-
dominant pellet morphology (i.e., basidiomycetes), it is likely that nutritional or
oxygen limitations inside the aggregates adversely affect the growth and produc-
tivity of these fungi. For this reason, even when high concentrations of dissolved
oxygen are maintained in the medium, the oxygen concentration can be limited
within the mycelial pellet when the aggregates grow above a critical diameter [23].
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Therefore, it is essential to characterize mycelial morphology to understand the
effect of process variables on the physiology of filamentous cultures. For example,
Cui et al. [23] proposed an equation (Eq. 1) to determine the maximal diameter that
can be reached by an aggregate (Dcrit) without diffusional limitations at the center of
the aggregate.

Dcrit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
24� CO2 � Deff

RO2

s
ð1Þ

In this equation, Dcrit is the critical diameter of the aggregates (m), CO2 is the
concentration of dissolved oxygen in the liquid (kg O2 m−3), Deff is the effective
diffusion of the oxygen in the aggregates (m−2 s), and RO2 is the rate of oxygen
consumption per unit volume (kg O2 m

−3s−1). RO2 equals the product of the specific
rate of oxygen consumption ðqO2Þ and aggregate density (r). Deff is the product of
the molecular diffusion coefficient ðDO2Þ and the porosity of the pellet (Pp) (Eq. 2).

Deff ¼ Do2 � Pp ð2Þ

With equations such as those proposed by Cui et al. [23], it is possible to
estimate whether there is a limitation in oxygen diffusion into the pellet according to
the morphological characteristics of the aggregates (porosity and diameter) and
other factors such as dissolved oxygen concentration, rate of oxygen consumption,
and density of the aggregates.

A negative correlation between hyphal gradient (dh/dr)—a morphological
parameter describing the pellet periphery—and the effective diffusion coefficient
has been reported [34]. The authors showed that while diffusion limitation in pellets
is mainly a function of its size, the influence of the pellet periphery over the
diffusion is rather high.

Furthermore, using mutant strains (GFP), the intraparticle metabolic activity can
be determined and correlated it with the productivity of the process. Driouch et al.
[35] demonstrated with this tool that the fructofuranosidase productivity of A. niger
increases when titanate microparticles were used in the culture to decrease the size
of the pellets. The diameter decreased from 1,700 μm (control) to 300 μm (mi-
croparticles). It was shown that, in the control culture pellets, only the surface layer
(200 μm) showed metabolic activity associated with the production of fructofu-
ranosidase. Furthermore, lavendamycin production by Streptomyces flocculus
increased by 600 % when agitation was increased and was correlated with a
decrease in the size of the pellets [36]. Pellet growth is required for efficient glu-
coamylase production by A. niger. Cultures carried out at low energy dissipation
(0.063 W/kg) presented high pellet concentration and glucoamylase activity [29].

Given that morphology influences both growth and metabolite productivity in
fungi, it is necessary to understand the mechanism of pellet formation and their
behavior as a result of agitation at different intensities [13]. They have been gen-
erally categorized as a coagulant type or a non-coagulant type [37]. The coagulant
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type forms aggregates that grow to form pellets composed of spores and hyphal
aggregates formed in the early stage of culture. For the non-coagulant type, a single
spore grows into a pellet.

This phenomenon has been clearly described for A. niger in which aggregation
takes place in two steps. The first one is related to surface interactions between
conidia before germination, and the second one to hyphal growth [10, 38].
Aggregation of A. niger conidia can be manipulated by pH, which has an important
influence in both first and second aggregation steps. Power input has a significant
effect on pellet concentration during the second step of aggregation. Cultures car-
ried out at pH 4 showed an increased number of pellets and specific glucoamylase
productivity than those performed at pH 7. A clear correlation between product
formation and the number of pellets suspended was found [10]. Furthermore, it has
been shown that increasing the volumetric power input by aeration yields smaller
pellets, higher pellet number, and improved glucoamylase production [39]. Pro-
duction of glucoamylase seems to occur in the outer layer of the pellets, a region
that is rich in single-stranded RNA, explaining the higher productivity of such
cultures where small and numerous pellets are present [40].

A. niger also exhibits macro and micro colonies, which are highly heterogeneous
with respect to growth, secretion, and gene expression [41]. Gene expression of
7-day colonies of A. niger shows that mycelia is highly differentiated, as more than
25 % of the active genes showed significant differences in expression between the
inner and the outer zones of the colony [42]. More recently, the study of the
heterogeneity of A. niger microcolonies has been reported [43]. This work shows
that the gene expression of glucoamylase and ferulic acid esterase was higher in the
small colonies than in the larger ones. Furthermore, RNA content per hypha was 45
times higher at the periphery than in the center of the microcolony.

Operational and culture conditions strategies as ultrasound, agitation intensity,
inoculum density, substrate concentration, and manipulation of broth viscosity have
been studied in order to control fungal morphology and process productivity. The
manipulation of viscosity, by adding Xanthan gum, surfactants, or glass beds on the
broth can be used to increase pellet count, biomass concentration and decrease
pellet volume of Streptomyces hygroscopicus. In these cultures, specific production
of geldanamycin was inversely correlated with the mean pellet diameter [44, 45].

Inoculum density also has shown to determine morphology, broth rheology, and
erythromycin production by Saccharopolyspora erythracea. Low inoculum den-
sities yield pellet morphology and Newtonian rheology. At the other hand, clumps
yield non-Newtonian rheology and high erythromycin and were obtained at high
inoculum densities [46].

The agitation intensity is also an important parameter that affects the morphology
offilamentous microorganisms; and in some cases, the production of metabolites, for
example, intracellular content of ergothioneine in L. edodes pellets is almost 3 times
of that found in free filaments or clumps. In this case, the pellet size increased as
agitation is reduced, favoring the highest productivity of ergothioneine [32].

Ultrasound applied during A. terreus cultivation influences morphology and
lovastatin production; however, it does not affect fungal growth. Sonication
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negatively affects lovastatin production, and this was associated with the change
from pellet to disperse hyphal morphology occurred at high power input values
[30]. Fumiglaclavine production by Aspergillus fumigatus is also increased by
ultrasound exposition, which produces smaller and looser pellets as compared with
untreated control [47].

Initial substrate concentration influences growth morphology of R. delemar. At
the best initial concentrations, small pellets, high biomass growth, and an increased
fumaric acid production are obtained [31]. Osmolality can also affect fungal mor-
phology and productivity. High specific productivity of fructoranosidase by A. niger
can be achieved by the addition of sodium chloride to reach an osmolality of up to
3.2 osmol/kg. In such conditions, fructofuranosidase production is about 3 times
that obtained in the control cultures [27]. In that work, a significant correlation
between specific fructofuranosidase productivity and the switch between pellets to
filamentous morphology were reported.

2 Hydrodynamic Stress in Mycelial Cultures

2.1 Factors Determining Fungal Morphology
and Metabolite Production

The hydrodynamic conditions generated during cell culture in bioreactors can affect
both shape (morphology) and cellular metabolism.Whenmechanical stress is applied
to the wall or cell membrane, various specific receptors (such as ion channels) deform
and stimulate a series of cascade reactions, which appear to affect the synthesis of
proteins and RNA [48, 49]. G-protein-coupled receptors (GPCR) have been impli-
cated in cellular responses to shear stress and morphogenesis in several fungal spe-
cies. However, it is unknown how mechanical stress modulates GPCR function [50].
This phenomenon, defined as the change in the physiology of a culture depending on
the shear rate gradients caused by the movement of a fluid, is commonly called
hydrodynamic stress and is particularly important for mechanically stirred tanks.
Specific oxygen uptake has been recently proposed as a shear stress indicator in
fungal cultures [51].

There are several examples where shear stress seems to enhance fungal
metabolite productivity. However, most of the reports fails to evaluate whether the
effects observed are only related to shear stress and/or to an increase in the oxygen
transfer rate. High lipase production by Rhizopus chinensis is enhanced at low
inoculum density and high shear stress, which leads to a predominant pelleted
morphology [52]. At the other hand, xylanase production by Aspergillus oryzae was
not affected by agitation [53]. Impeller choice does not affect enzyme production in
fed-batch cultures of A. oryzae; however, growth and enzyme production were
enhanced at high aeration and volumetric power inputs [54]. Production of pri-
stinamycins by Streptomyces pristinaespiralis is influenced by agitation. At low
power input, oxygen limitation was observed and no pristinamycin production was
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observed. After oxygen limitation is overcome, product formation was related to
power input in a bell-shaped way with a maximum at 8 W/L [55]. When this fungus
was grown in the range of 0.5–6 W/L, a direct correlation between growth and
maximal specific growth rate was found [56]. More recently, the same authors have
shown that pristinamycins production occurred only when kLa was higher than
100 h−1, while final product concentration and bacterial pellet diameter were cor-
related to P/V. A strong correlation between pristinamycins concentration and pellet
interfacial area was found [57].

Negative effects of extreme shear stress on fungal productivity can also be
found. High oxygen concentration and low shear stress are necessary for lovastatin
production by A. terreus [58, 59]. Production of exopolysaccharides (EPS) by
Paecilomyces tenuipes in airlift and stirred reactors does not differ significantly
when loose aggregates are the dominant mycelial morphology. However, molecular
weight and chemical composition of the product is affected by agitation in biore-
actors [60]. On other hand, production of EPS by Tremella fuciformis is higher in
airlift reactors than in stirred reactors and related to a dominant population with
yeast-like morphology [61]. An increase of 40 % in the production of manganese
peroxidase, between immobilized and stirred cultures of Nematoloma frowardii,
has been reported [62]. Xylanase production by A. terricola seems to be affected by
shear stress as enzyme production was significantly lower in stirred tanks than in
airlift reactors [63]. Production of arpergiloide-A by A. glaucus can be increased by
322 % by using a combination of a pitched blade (upper), a disk blade turbine
(lower), and n-dodecane as oxygen carrier, if compared with cultures carried out
with two disk turbines [64]. Chitinases production by Lecanicillium muscarium is
strongly affected by aeration and agitation. At low agitation and aeration, an
increase on both parameters yields an increase in enzyme production, likely due to
an increase in oxygen availability. Here again, enzyme production decreased once a
certain threshold of shear stress is attained [65]. The use of rocking agitated dis-
posable reactors has been reported for shear stress sensitive microorganisms. In a
bag reactor, fungal cultures of Pleurotus sapidus and Flammulina velutipes grew in
form of small pellets, while in stirred tanks cultures, an intense aggregation was
observed [66].

Microorganism sensitivity to mechanical stress is primarily determined by the
structure (presence and/or absence of a cell wall) and size of the cells [67, 68]. Cell
size plays a major role in cell sensitivity to mechanical stress (Table 1). In general,

Table 1 Size and sensitivity
of microorganisms to shear
(adapted from Ref. [67, 77])

Microorganism Size (μm) Sensitivity

Bacteria 1–10 –

Filamentous fungi >100 ++

Animal cells 20 ++

Animal cells in microcarriers 150 +++

Disperse plant cells 100 +

Aggregated plant cells >1 ++
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the larger the cell, the greater the damage because the degree of interaction between
cells and small eddies is greater. Eddies are formed from the turbulence generated
in the mixing tank. Eddies are the result of turbulent flow (see further below) and
are responsible for causing mechanical damage to cells [69–73]. It is hypothesized
that most of the damage to biological particles is caused by eddies that are the same
size as or smaller than the cell. Larger eddies carry the particles in a convective
motion. Eddies of comparable or smaller sizes can act simultaneously and in
opposite rotational directions on the cell surface, subjecting them to deformation
gradients and therefore to shearing forces [48, 74]. As a result, the intensity in the
interaction between particles and eddies determines cellular damage or mycelial
aggregation during cultivation. For example, growth and pellet morphology of A.
niger was studied under different fluid dynamic conditions. Higher shear stress
negatively affected fungal growth and leads to small and dense pellets. Results
showed that maximal shear stress, occurring at the vicinity of the impellers, is the
main factor affecting pellet growth [75].

In mechanically stirred bioreactors, the size of terminal eddies (minimum scale
with a turbulent flow) can be calculated according to the Kolmogorov microscale
[76] equation (Eq. 3). In this equation, ε is the local energy supplied by the liquid
mass (W kg−1), λ is the size of the microscale (μm), and ν is the viscosity (Pa s).
According to the Kolmogorov microscale equation, if the power supplied is reduced
(i.e., by decreasing the stirring speed or the diameter of the impeller) and/or the
viscosity of the medium increases, the damage to the biological particles will be
reduced because the eddies increase in size. λ values oscillating between 10 and 50
μm are typical in bioreactors with an energy dissipation between 0.1 and 100 W
kg−1 and water as the fluid [77, 78]. Therefore, the most susceptible systems are
those with sizes equal or superior to this range (Table 1). These systems include
filamentous fungi, plant, and animal cells (>20 μm).

k ¼ v3

e

� �1=4

ð3Þ

In mycelial cultures, based on the theory of isotropic turbulence [41], van Suijdam
and Metz [79] proposed for the first time that the hyphal length of P. chrysogenum
may be associated with the size of the eddies generated in a reactor and, therefore,
with the operating conditions. Similarly, Ayazi-Shamlou et al. [70] and Cui et al. [77]
reported that the fragmentation of the hyphae of the fungus P. chrysogenum was
determined by the ratio of the average hyphal length (L) and smaller eddies whose
size (i.e., Kolmogorov microscale, λ) depended on the energy supplied to the system.
However, unlike observations in studies with animal cells, no association between
L and λ was reported. This might be explained by the fact that initial physical
properties were used to estimate λ. The above assumption may be valid at the
beginning of the cultures or when the values of viscosity and/or density do not change
significantly. However, when the rheological properties of the medium change (as in
filamentous cultures), it is necessary to include any changes in viscosity in the
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calculation of λ. At the same time, and as a result of an increased viscosity, it is likely
that the supply of energy (ε) decreases due to the higher power drop caused by the
formation of gas cavities behind the impellers [80].

The importance of including the actual viscosity value and that of the power
supplied (i.e., in situ measurement) in λ was shown by Li et al. [72] in mycelial
cultures of A. oryzae. As a direct result of increased viscosity (approximately 0.1 to
1.3 Pa s), Li et al. [72] estimated significant increases in λ, which reached values of
up to 900 μm. Similarly, Large et al. [81] reported significant increases in λ (100 μm
at 0 h to 350 μm at 70 h) due to the increased viscosity of the medium during the
filamentous cultivation of Streptomyces clavuligerus.

Given the important differences between typical λ values and the average hyphal
length (10–50 vs. 100–300 μm, respectively [70, 77]), the shearing forces interact
intensively with the surface of the hyphae and fragment them. The size of the
mycelial aggregates will therefore be the final result of the balance between the
fragmentation (product of hydrodynamic stress) and the apical growth of the fun-
gus. As a result, an equilibrium diameter (deq) is established when the local shearing
forces are equal to the tension forces of the hyphae. According to Li et al. [72],
these forces depend on the physiological state and composition of the cell wall of
the fungus. Therefore, the use and development of image analysis techniques in
mycelial cultures allow us to observe in an objective and rigorous manner the
morphological characteristics generated by mechanical stresses.

In mechanically stirred tanks, the morphological properties depend on the stir-
ring speed, the number, diameter and geometry of the impellers, and the fluid
characteristics. These conditions determine the hydrodynamic and mechanical
forces present in the bioreactor. For instance, T. harzianum clump diameter showed
a strong dependence on Kolmogorov microscale (λ), calculated using the specific
energy dissipation rate in the impeller swept volume and the measured apparent
broth viscosities. The mean clump diameter of T. harzianum aggregates was about
0.5 λ, which means that fungal morphology of this culture was determined by the
size of eddies [73].

In general, increasing the energy supplied reduces the size of the mycelium,
which favors the fragmentation of the hyphae. Amanullah et al. [82] reported a
reduction in the average total length of A. oryzae when the mixing speed was
increased (and therefore also the energy supplied) from 550 to 1,000 rpm (from 2.2
to 12.6 kW m−3) in a 6-L bioreactor equipped with two Rushton turbines. Similarly,
Papagianni et al. [83] noted a decrease in the average diameter and length of the
hyphae by increasing the agitation speed from 200 to 600 rpm in submerged 8 L
cultures of A. niger. Johansen et al. [84] reported the reduction of hyphal average
total length by increasing the agitation speed of a Rushton turbine from 400 to
1,100 rpm (from 0.6 to 13 kW m−3) in 6 L cultures of A. awamori. Ayazi-Shamlou
et al. [71] also observed a decrease in the size (average length) of the hyphae when
the power supplied increased (1.7–33 kW m−3) in submerged cultures (7 and 150 L)
of P. chrysogenum. Furthermore, the size of the aggregates and/or pellets is also
significantly influenced by the energy delivered. Paul et al. [85] observed a decrease
in the equivalent diameter and the area of A. niger aggregates when the agitation
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rate increased (500–800 rpm) after 17 h of culture. Meanwhile, Cui et al. [78]
reported that the reduction in the average diameter of A. awamori pellets in 3 L
cultures (grown in bioreactors with two Rushton turbines) increased with the agi-
tation speed (from 340 to 1,050 rpm).

The morphological characteristics of the mycelial aggregates (average projected
area, diameter, length, porosity, circularity, etc.) correlate with various operating
parameters of a bioreactor. Tip speed has been used as a scale-up criterion for EPS
production by Ganoderma lucidum in stirred tanks [86]. However, the most widely
used parameter is the supplied volumetric power, or P/V, which has also been used
as a scaling criterion in various bioprocesses [87, 90]. Volumetric power (P/
V) assumes a homogeneous and constant energy dissipation throughout the tank.
This factor integrates into a single parameter the speed of stirring, workload,
geometry, diameter, and number of impellers, in the bioreactor. Therefore, when P/
V increases (consequently causing mechanical stresses on the mycelium), the size of
the aggregate decreases. This phenomenon has been reported by several authors in
cultures of P. chrysogenum [21, 26, 70, 89], A. oryzae [82, 90], A. awamori [84,
77], and A. niger [83, 85].

However, Jüsten et al. [91] showed that the association between morphology and
P/V is valid only for the scale studied. In their work, Jüsten et al. [91] evaluated the
effect of the energy supplied to the average projected area of P. chrysogenum using
three scales of work (1.4, 20, and 180 L) and a Rushton turbine. According to their
results (Fig. 2), it was clear that there was a correlation between projected area and the
delivered energy (P/VL) for each scale of work. This suggests that there is a possible
effect of tank size (volume) on energy dissipation and, therefore, on morphological
characteristics. Similar results were reported by Makagiansar et al. [26] in

Fig. 2 Effect of the volumetric power supplied (P/VL) on the average projected area and the rate
of penicillin production in cultures of P. chrysogenum at different scales (adapted from Ref. [21,
91])
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P. chrysogenum cultures in bioreactors of 5, 100 and 1,000 L equipped with three
Rushton turbines.

Recently, Marín-Palacio et al. [92] showed that the parameter P/V does not
determine the microbial growth, morphology, and recombinant protein production
in cultures of Streptomyces lividans. These authors concluded that the transfer of
oxygen in the center of the pellets could explain the changes observed between the
different hydrodynamic conditions evaluated.

2.2 The Concept of “Energy Dissipation/Circulation
Function” (EDCF)

Given the limited relationship between volumetric power and morphology observed
in different scales of work, various reports suggest the use of the energy dissipation
rate or the EDCF (“energy dissipation/circulation” function) to correlate hydrody-
namic morphological characteristics with the operating variables of a bioreactor [21,
24, 26, 82, 89–91]. Smith et al. [21] developed the concept of the energy dissipation/
circulation function (EDCF) based on the previous work of van Suijdam and Metz
[79] and Reuss [93]. These authors proposed that fragmentation (and therefore
morphological characteristics) depends on the energy dissipated in the region of the
impellers (i.e., energy dispersion area) and the frequency of the passage of mycelium
through the area. However, the function given by Smith et al. [21] did not allow for
evaluating the effect of impellers other than the Rushton turbines. In subsequent
studies, Jüsten et al. [89, 91] modified the EDCF to incorporate an additional geo-
metric factor that was able to evaluate the hydrodynamic effect of different types of
impellers (axial and radial). These authors also included the negative effect of vis-
cosity on the power supply (power drop) in the calculation of circulation frequency.
The energy dissipation rate (EDCF) is given by Eq. 4:

EDCF ¼ P
k � D3

� �
� 1

tc

� �
ð4Þ

In Eq. 4, P/(k · D3) is the specific energy dissipation in the impeller sweeping
area (kW/m3), P is the power supplied (kW), D is the diameter of the impeller (m),
k is a constant that depends on the geometry of the impeller (dimensionless), and 1/
tc is the frequency of circulation of the microorganism in the area of the impeller.
This variable is defined by Eq. 5:

1
tc
¼ FlG � N � D3

VL
ð5Þ

Here, FlG is the gaseous flow (dimensionless), N is the stirring speed (s−1), and
VL is the volume of liquid (m3). Therefore, EDCF quantifies the energy delivered to
the fluid in the area of the impellers at a given time. The correlation observed
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between mycelial size and EDCF suggests that the fragmentation of the hyphae
depends not only on the energy supplied but also on the frequency at which the
mycelium is exposed to high levels of mechanical stress (Fig. 3).

In a very interesting study, Jüsten et al. [91] demonstrated that the mycelial
morphology of P. chrysogenum (average projected area for the aggregates and total
average length of disperse mycelia) depended on the EDCF, regardless of the scale
used (1.4, 20 and 180 L). Figure 3 shows the effect of the EDCF on the average
projected area. As expected, the projected area decreased when the energy supplied
increased. However, unlike P/V, the EDCF correlated well with all the experimental
data (Fig. 2 vs. Fig. 3). The fact that the aggregate size decreased when the EDCF
increased suggests that increased mechanical damage occurs when the energy
supplied increases or when the circulation time decreases (tc). In both cases,
movement of the mycelium through the impeller region (area of high mechanical
stress) was favored. Thus, the mycelium was exposed to different levels of shearing
stress, and the intensity depended on its position inside the tank and the fluid
circulation rate. In a similar study, Makagiansar et al. [26] observed a reduction of
the average hyphal length with an increase in the power supplied and/or the fre-
quency of circulation. Therefore, fragmentation and, consequently, the size of the
mycelia of P. chrysogenum depended on the EDCF in the three working scales used
(5, 100, and 1,000 L).

Given the strong interdependence between morphology, physiology and
metabolite productivity, and the notorious influence of hydrodynamic stress on
morphology, different groups have used the EDCF to find associations between
other biological parameters in addition to mycelial morphology and the operational
conditions of a bioreactor.

Fig. 3 Effect of the energy dissipation rate (EDCF) on the average projected area and the rate of
penicillin production in cultures of P. chrysogenum at different scales (adapted from Ref. [21, 91])
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In cultures of P. chrysogenum, Smith et al. [21] showed that the rate of penicillin
production depended on the EDCF, regardless of the working scale used (10 and
100 L). However, the rate also depended on the P/V (Figs. 2 and 3). Similar results
were reported by Makagiansar et al. [26] in cultures of P. chrysogenum in which the
average hyphal length and the specific productivity of penicillin produced in bio-
reactors of 5, 100, and 1,000 L depended on the EDCF. Meanwhile, Jüsten et al.
[89] observed that, in addition to the average projected area, the specific growth rate
(μ) and the specific productivity of penicillin, depended on the EDCF function in
P. chrysogenum cultures at different stirring rates and with three different shapes of
impellers (flat blade, Rushton turbine, and pitched blade).

Rocha-Valadez et al. [73] reported that in cultures of T. harzianum, the energy
dissipated (EDCF) has effects on the mycelial diameter. When the energy increases
from 9.5 to 95.9 kWm−3 s−1, the diameter decreases from *400 to 200 μm in
cultures in which the circulation time is greater than or equal to 3 s. Furthermore,
such T. harzianum cultures were conducted at equivalent yielding P/kD3 conditions
and developed using two different Rushton turbines diameter sets in order to study
the effect of circulation time on fungal morphology. For the studied conditions, 1/tc
had a greater effect over mycelial clump size and growth rate than P/kD3. Conse-
quently, broth viscosity, and hence Kolmogorov microscale, was a function of
impeller diameter, even among cultures operated at equivalent specific energy
dissipation rates [73]. These effects have an impact on both, hydrodynamic and 6PP
productivity, because larger cell aggregates increase viscosity by altering the rate of
energy dissipation and therefore the growth rate. These effects are also reflected in
the dispersion of the phases present in the fermentation (see further below), having
a direct effect on the process of breaking bubbles and drops of other physical phases
present in multiphase systems. Although the EDCF has been used to correlate
changes in morphology and the metabolism of hydrodynamic sensitive microor-
ganisms, this parameter allows the analysis of the shearing energy intensity only in
regions close to the impeller, because this function is derived from Kolmogorov’s
theory of isotropic turbulence [94].

It should be pointed out that, however, the use of the EDCF to correlate
metabolite productivity with hydrodynamic conditions is not universal. This was
demonstrated by Amanullah et al. [82, 90] in continuously fed cultures of A. oryzae
for the production of recombinant proteins (α-amylases and amyloglucosidases).
This was probably due to fact that the fed-batch cultures were carried out under
conditions of substrate limitation. As in batch cultures, without substrate limitation,
biomass concentration and AMG secretion increased with increasing agitation
intensity.

Although it is difficult to draw general conclusions, due to (a) the complexity of
the systems and the different specific characteristics of the mycelial cultures that
have been studied, (b) the somehow limited experimental strategies, which in the
majority of the cases are not able to rigorously discriminate between mechanical
(stress) effects and those associated with dissolved oxygen, and (c) the not clearly
defined term “hydrodynamic stress,” the review of the literature revealed some
general points:
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(a) The overall mycelial size is inversely proportional to the global energy sup-
plied to the bioreactor.

(b) More particularly, the overall mycelial size is an inverse function of the energy
dissipated in the vicinity of the impellers, as well as of the time that the
biomass is present in that zone.

(c) In general, within a range of low dissipated energy, the increase in power
improves the production of fungal metabolites; however, the effect could be a
dissolved oxygen one.

(d) In the range of high dissipated energy, an increase in power leads to saturation
or decreasing profiles in terms of metabolite production.

(e) The mechanism of mycelial damage has been shown to be associated with the
length of Kolmogorov eddy size; however, very few works have reported
estimated values based on experimental determination of power drawn.

2.3 The Use of Microparticles to Manipulate Fungal
Morphology (and Metabolite Productivity)

The use of microparticles in stirred tanks is a useful strategy to enhance the enzyme
[19, 95–100] and secondary metabolites production [101–103] by different fungal
strains [98], by controlling the morphology of fungal microorganisms.

In a pioneer work [95] using talc microparticles (≤42 µm), Kaup et al. were able
to control fungal morphology of Caldariomyces fumago from pellet to single
hyphal growth, which yielded a fivefold increase in the maximum specific pro-
ductivity of chloroperoxidase. In another work, glass beads of 4 mm were suc-
cessfully used to produce filamentous growth and to scale up from microtiter plates
to bench-scale cultures [101].

Addition of titanate microparticles (8 µm) to A. niger cultures yielded a sev-
enfold increase on the production of fructofuranosidase and glucoamylase [99].
Interestingly, microparticles were found to be part of the inner core of fungal pellets
with hyphae occupying the external shell of the pellets. Using a recombinant strain
expressing GFP, it was possible to demonstrate that active mycelia of control
cultures is restricted to the external 200 µm surface of the pellets, while pellets
obtained in microparticle containing cultures were fully active.

Lipid accumulation by Mortierella isabellina is enhanced by controlling fungal
morphology, from pellets to dispersed mycelia, using different concentrations of
magnesium silicate microparticles. Lipid cell content increased with the increase of
microparticle concentration. At 10 g/L, lipid production was 2.5-fold higher than in
the control experiment [102]. In another work, the production of the fungal volatiles
2-phenylethanol and 6-pentyl-α-pyrone by A. niger and Trichoderma atroviride,
respectively, was also enhanced by the addition microparticles [103].

Although results obtained with the use of microparticles in fungal cultures are
strain and particle specific, two are the main factors involved in its positive effects
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on process productivity. First, the presence of microparticles favors the reduction of
aggregates size, in which the nutrient limitations occur in pellets with a diameter
above 200 µm. With microparticles, fungal morphology can be tailored; therefore,
mass transfer limitations are reduced when dispersed cells are obtained instead to
large pellets. The second main factor affecting morphogenesis and metabolic
responses of filamentous microorganisms is the mechano-sensitivity of fungal cells
to shear stress. G-protein-coupled receptors (GPCR) have been implicated in cel-
lular responses to shear stress and morphogenesis in several fungal species.
However, it is unknown how mechanical stress modulates GPCR function [50].

2.4 Filamentous Growth: The Case of Trichoderma
Harzianum

Trichoderma is a filamentous fungus that is commonly found in soil and belongs to
the group Deuteromycetes. The fungi from this genus have the ability to synthesize
different products of interest [4, 104–109] such as enzymes (i.e., cellulases,
chitinases, glucanases, glucosidases, and xylanases), antibiotics (cyclosporine and
trichodermine), aromatic compounds (6-pentyl-α-pyrone and γ-decalactone),
organic acids (citric acid), or extracellular proteins. Additionally, they have been
used as biological control agents. The growth of filamentous fungi in liquid cultures
broth may generate serious deficiencies in mixing and affect the productivity of the
respective bioprocesses (as already discussed in previous sections).

Trichoderma harzianum has been a good model of study because it produces
metabolites of industrial interest, and the biomass itself has applications as bio-
logical control agent.

Hydrodynamics and mass transfer are particularly important in the submerged
culture of Trichoderma sp. because mycelial growth (Fig. 4), morphology, and the

Fig. 4 Filamentous growth
of Trichoderma harzianuam
cultivated in a stirred tank
(photograph obtained with a
magnifier 10×)
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production of various metabolites depend on the environmental conditions pre-
vailing in the bioreactor. Several authors (see below) have observed a similar bell-
shaped association between metabolite productivity (i.e., cellulases, glucanases,
xylanases, or chitinases) and power or energy supplied usually manipulated through
changes in stirring speed. The general explanation for this phenomenon is that the
increase in stirring speed reduces oxygen limitation problems often present inside
the aggregates or pellets. However, the positive effect caused by increasing the
agitation rate is limited and is mainly determined by the sensitivity of fungi to
hydrodynamic stress. The mechanical forces damage the mycelium and thus
adversely affect the production of the metabolite of interest.

Mukataka et al. [104] observed that in 2 L cultures of T. reeseiQM9414 using five
shaking speeds (from 100 to 500 rpm) for the production of enzymes and extracellular
proteins, there was an optimal stirring condition for each metabolite. Therefore, the
speed for the production of cellulases, glucosidases, and biomass was 200, 400, and
300 rpm, respectively. Meanwhile, the extracellular protein reached a similar (and
maximum) concentration between 300 and 400 rpm. The authors suggest that the low
production of metabolites observed in cultures grown under conditions of lower
agitation was due to limited oxygen, because the pellet size was relatively large
(ranging between 1 and 2 mm). However, very high agitation speeds created sig-
nificant morphological changes (short and loose mycelium) and a reduction in bio-
mass and product concentration. According to the authors, this phenomenon was the
result of mycelial damage generated by an increase in shearing stress in the biore-
actor. Lejeune and Baron [105], Marten et al. [110], and Felse and Panda [111] made
similar observations in cultures of T. reesei QM 9414, T. reesei RUT-C30, and T.
harzianum NCIM 1185 for the production of cellulases, xylanases, chitinases, and
extracellular proteins in bioreactors of 15, 10, and 2 L, respectively. Furthermore,
according to Felse and Panda [111], the energy supplied could induce cellular dif-
ferentiation of T. harzianum because the fungi sporulated (cell differentiation in fungi
that occurs when environmental conditions are not favorable for development) in
cultures grown in the highest stirring conditions (>270 rpm).

The work of Godoy-Silva et al. [112] reported that, in addition to the energy
supplied, the hydrodynamic conditions generated by the propellers markedly
influenced the growth, morphology, and production of γ-decalactone (peach aroma)
by T. harzianum in 10 L cultures with similar initial volumetric power drawn (0.056
kW m−3). Low mechanical stress conditions (using a helical impeller) originated a
higher mycelial growth in the form of pellets, compared to a system of high
hydrodynamic stress (three Rushton turbines) that generated dispersed mycelium.
Additionally, production of γ-decalactone was inversely proportional to the cell
concentration because the highest productivities were achieved using the Rushton
turbine system, where the biomass concentration was lower. Furthermore, Galindo
et al. [113] observed a bell-shaped association in T. harzianum 500-mL flask cul-
tures between the energy supplied and the specific productivity of 6-pentyl-α-
pyrone (coconut flavor), similar to what was observed in bioreactors. Maximum
productivity [0.72 mg6PP (g−1 h−1)] was obtained at a P/V of 0.9 kW m−3 (250
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rpm, using 80 mL of medium), while the highest mycelial growth was reported at
1.13 kW m−3 (300 rpm). This condition presented aggregates exhibiting the
smallest diameter.

Rocha-Valadez et al. [114] reported the effect of EDCF (Eq. 3) in a range
between 3 and 96 kW m−3 s−1 on the morphology, mycelial growth, biomass
viability, and production of 6-pentyl-α-pyrone in T. harzianum cultures under non-
limiting dissolved oxygen conditions. It was observed that the average maximum
diameter of aggregates depended on the EDCF. An increase in the EDCF [3–96 kW
m−3 s−1] reduced the diameter of the mycelial aggregates from 0.39 to 0.19 mm
because fragmentation was favored. It is thought that fragmentation of the myce-
lium was the result of hydrodynamic stress because the average diameter of the
aggregates was directly related to eddy size experimentally estimated according to
the Kolmogorov microscale. The highest degree of interaction between particles
and eddies was observed in the region of the impellers because the frequency of
passing of the mycelium through that zone determined the aggregate size.

An increase in the EDCF caused significant changes in the metabolism of T.
harzianum [114]. The hydrodynamic conditions resulting in higher stress reduced
the specific growth rate (from 0.052 to 0.033 h−1) and increased the specific CO2

production, although the glucose consumption rates (0.05 ± 0.009 g g−1 h−1)
remained constant. The hydrodynamic conditions also influenced the viability and
cell differentiation (i.e., sporulation) of the organism because they, respectively,
decreased and increased as the EDCF increased.

The production of 6-pentyl-α-pyrone (6PP, coconut aroma) was stimulated
between 7 and 10 kW m−3 s−1) [113]. The maximum specific productivity showed a
bell-shaped association with EDCF in cultures carried out at ≥20 % of dissolved
oxygen. The reduction in 6PP biosynthesis [after 20 kW m−3 s−1] was due to the
effect of hydrodynamic stress that generated the largest mycelial damage (frag-
mentation) and cell differentiation (sporulation) of the fungus. Furthermore, it was
proposed that the biosynthesis of 6PP increased due to metabolic changes seen
when increasing the EDCF between 3 and 10 kW m−3 s−1, when possible nutrient
limitations (oxygen and/or glucose) were not present.

Overall, metabolite production by Trichoderma spp. shows a strong dependence
on hydrodynamic conditions and cellular differentiation (i.e., sporulation) that
occurred at high power inputs. It has been shown that metabolite productivity can
be increased by the use of microparticles [103] which leads to a disperse mor-
phology. However, there is a generalized lack of information regarding the rela-
tionships between hydrodynamics, oxygen transfer, morphology, cell
differentiation, and metabolite productivity. Indeed, most of the literature does not
differentiate between hydrodynamic and oxygen effects and characterization of
fungal morphology as a function of these factors is scarce. Furthermore, it is crucial
to understand cell differentiation within fungal aggregates in order to understand the
complex relationships between physicochemical conditions prevailing in the bio-
reactor and metabolite productivity of the process.
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2.5 Pellet Growth: The Case of Laccase Production

The production of laccases by ligninolytic basidiomycetes, also called white rot
fungi, has been widely studied due to the ability of these microorganisms to grow
on inexpensive substrates, excrete enzymes, and oxidize xenobiotics. Trametes,
Pleurotus, Lentinula, Pycnoporus, Botryosphaeria, and Phanerochaete have been
the most studied genera in recent years [115] because they can be easily cultivated
in vitro and their enzymes can be easily purified.

Pleurotus is the genus of white rot fungi. In these fungi, laccases are the most
important components of the extracellular lignin degradation systems [115]. The
production of laccases has previously been reported for various species of the genus
Pleurotus, including P. pulmonarius [116], P. sajor-caju [117], and P. eryngii
[118, 119].

Pleurotus ostreatus produces laccases and manganese peroxidases but no lignin
peroxidases [120]. This basidiomycete fungus is able to grow and degrade large
amounts of agricultural and forestry wastes (lignocellulosic) by attacking different
polymers of wood. This activity is made possible by the secretion of several laccase
isoenzymes with unique physicochemical catalytic characteristics. This variety of
laccase isoenzymes is related to different functions such as the synthesis and
degradation of lignin, the development of fruiting bodies, pigment production, and
cellular detoxification [121].

Laccase isoenzymes synthesis and secretion are strongly influenced by nutrient
levels, growth conditions, stages of development, and the addition of inducers to the
medium. It has been shown that most of these factors act at the transcriptional level
to produce different responses between different isoforms of the same strain and in
different fungal species [122].

The efficient production of laccases involves a combination of factors such as a
highly productive strain, a culture medium specifically designed, the use of
inductors, and the design of the bioreactor.

The production of laccases has been reported in solid state and submerged
cultures, as well as in immobilized cultures [123]. However, the highest yield
reported so far (300 U/mL) has been achieved in mechanically stirred fed-batch
submerged cultures of Trametes pubescens induced with copper [124].

Several authors have reported that agitation and aeration influence the produc-
tion of laccase by different fungal strains. However, the evaluation of the effect of
agitation has resulted in contrasting findings, which did not clarify the role of this
parameter in the production of the enzyme. On the one hand, some authors argued
that high shear stresses (generated by agitation) are responsible for the low pro-
duction of laccases [125–127]. On the other hand, it has been reported that the
production of laccase is not affected by agitation [128, 129]. In addition, other
authors have shown that laccase production is affected by agitation following a
Gaussian bell-shaped distribution. This indicates that there is a stimulation effect at
low agitation and a negative effect at high agitation [130].
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Fenice et al. [126] evaluated the effects of agitation and aeration in submerged
fermentation cultures of the fungus Panus tigrinus CBS 577-79. The wastewater
from olive milling was used as the growth medium for the production of laccases.
The study of the effect of stirring was conducted in 2 L reactors using two Rushton
impellers and stirring speeds varying from 250 to 750 rpm with an airflow of
1 vvm. The effect of aeration was studied by varying the speed of aeration from 0.5
to 1.5 vvm and maintaining the impeller speed at 500 rpm. In this work, it was
observed that lower enzymatic activities were achieved by increasing the stirring
rate. Although these results could point out to a negative effect of the shear stress on
the organism, it was also observed that the increase in flow aeration from 1 to
1.5 vvm adversely affected the specific activity of the laccases.

In 2004, Tavares et al. [128] conducted an experimental design that applied
response surface methodology to optimize the production of laccases from Tra-
metes versicolor in bioreactors. The rates of agitation (100–180 rpm), pH (3 and 5),
and glucose concentration (0 and 9 g/L) were evaluated. In this study, the agitation
speed had no effect on the maximum laccase activity, while the pH of the medium
was the most important factor, followed by glucose concentration.

In a study using cultures of Trametes versicolor ATCC 200801, Birhanli et al.
[130] described that the stirring speed had a bell-like effect on the production of
laccase. Stirring speeds ranging from 0 to 250 rpm were evaluated. The highest
laccase activity was obtained at 150 rpm, while lower activities were obtained at
lower (0, 50 and 100 rpm) and higher (200–250 rpm) stirring speeds. The decrease
in laccase activity above 150 rpm was attributed to shear stress on the pellets by
high-speed stirring.

Overall, it is accepted that the shear generated by impellers negatively affects the
production of laccases by superior fungi [123]. However, in the studies described
above, it was not possible to separate the influence of the agitation from the effects
of dissolved oxygen concentration.

A throughout study aimed at understanding the roles of hydrodynamic effects
and dissolved oxygen on the mycelia growth and laccase production by P. ostreatus
CP50, grown in a mechanically agitated bioreactor, was recently reported [131].
This study evaluated the particular effect (and possible interactions) of the initial
EDCF, aeration rate, and copper induction, using a factorial experimental design.
Under the experimental conditions tested (EDCF 0.9 to 5.9 kW m−3 s−1), there was
no evidence of hydrodynamic stress on the growth of P. ostreatus. Actually, the
growth of the fungus was stimulated with increasing EDCF. However, it was found
that the specific production of laccases decreased with increasing EDCF and aer-
ation. The results show that laccase production by P. ostreatus CP50 is favored at a
low EDCF. However, preliminary evidence indicates that the negative effect of the
agitation could be related to the stimulation of protease production (decreasing
enzyme activity) and may not be a direct result of the hydrodynamic stress.
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2.6 Physiological Characterization of Fungal Aggregates
by Image Analysis

From the previous sections, it is clear the lack of systematic information on the size
of the pellets (Fig. 5) obtained during cultivation. However, the understanding of
the hydrodynamic and dissolved oxygen effects on the growth and productivity of
these cultures requires the accurate and quantitative characterization of fungal
morphology.

The amount of viable biomass, in addition to morphology, is an important
parameter that affects metabolite productivity of filamentous fungi in fermentation
systems. The biomass determines the oxygen demand of the system during fer-
mentation. The quantification of dry weight and turbidity is the most commonly
used techniques to detect increases in biomass. Methods have also been used to
measure the cultivability of cells by counting colony-forming units (CFUs) [132,
133]. However, these techniques do not provide information regarding the bio-
catalytic activity or the viability of cells. Furthermore, many of these techniques can
lead to significant errors due to the effect of dilution.

Accurate viability assessment can significantly help in improving fermentation
process design as well as in physiological studies and those involving monitoring
and control of these bioprocesses. Fluorescence and image analysis are used jointly
to analyze fungal physiology [134] and actinomycete differentiation [135, 136] and
to evaluate viability through the spore germination percentage [137] or the per-
centage of intact membranes in the hyphal area (considered viable regions) relative
to the total mycelial area [138].

Hassan et al. [139] correlated the cultivability (as the best indicator of cell
viability) with the percentage of active biomass (measured by the percent of fluo-
rescein diacetate-stained area in the hyphae) of the biological control agent T.
harzianum. A fluorescence method based on the fact that metabolically active cells
are able to hydrolyze intracellular fluorescein diacetate (FDA) producing fluores-
cein was used for the quantification of fungal viability. Fluorescein fluoresces at

Fig. 5 Pellet growth of Pleurotus ostreatus in a flask and morphology at different growth time in
stirred tank
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490 nm and can be used to quantify the percentage of viable cells in cell clumps.
The percentage of active biomass (viability) was calculated as the ratio of the
stained area (in the fluorescent image) to the total area detected in the image with
white light. An example of the images (before processing) is shown in Fig. 6. Pinto
et al. [140] also used this last principle. Wei et al. [141] used dark-field illumination
with an in situ probe inside a bioreactor to estimate the viability of the brewer’s
yeast Saccharomyces cerevisiae. They implemented two support vector machine-
based classifiers for separating the cells from the background and for distinguishing
live from dead cells. Their results showed very good accuracy compared with other
standard methods. The method is not directly applicable to filamentous fungi, but
the principles used in that work [140] may constitute a good basis to be adapted to
this purpose. Lecault et al. [142] proposed a semiautomatic image analysis protocol
allowing the detailed analysis of morphological parameters in addition to the
assessment of the percentage viability of biomass using FDA. Their method was
tested on T. reesei during fed-batch fermentation in a reciprocating plate bioreactor
(RPB). Viability was assessed by measuring the area ratio of the fluorescent regions
to the dark regions (a mask of the bright field image was subtracted from the
fluorescent image to isolate the objects being analyzed). From the total area and the
viable area, the percentage of viability was calculated. Choy et al. [143] used a
similar method for a Trichoderma reesei viability estimation and found satisfactory
results. Although reliable overall viability assessment of fungal cultures is now
possible, it is crucial to develop techniques aimed to evaluate fungal differentiation
within the mycelial aggregates. Such information has been proven to be very useful
to the understanding of the effect of physicochemical environment on the growth
and metabolite productivity of fungal cultures [35, 40–43, 99].

Fig. 6 Photomicrographs (10×) of Trichoderma harzianum with fluorescein diacetate staining.
a Only metabolically active regions can be detected in the fluorescent image. b The total area of
the aggregate is detected in white light microscopy [139]
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3 Phase Dispersion and Mass Transfer Characterization
in Cultures Containing Fungal Biomass

A common limiting step for achieving high productivity of fungal products (the
biomass itself and/or metabolites) resides in the transfer of oxygen (usually from air
bubbles) to the bulk liquid in which the active biomass is suspended. There are
various strategies to improve the oxygen transfer to the filamentous fermentations as
well as to minimize cell damage (reducing the effect of mechanical stress by agita-
tion), such as the design of new-generation agitators [144], using different combi-
nations of axial and radial impellers [145, 146] and by reducing mechanical agitation
by the use of ultrasound [147]. All these approaches have proven effective in a variety
of models of study; however, despite the variety of studies in a wide range of oper-
ational conditions, it has not been possible—so far—to establish a general model that
could describe the relationships between oxygen transfer and parameters such as
scale, mycelial morphology, and operational parameters of the process [148].

The kLa, OTR, and DOT are some of most studied parameters for analyzing the
problems of oxygen transfer to the broths containing filamentous microorganisms
[17, 51, 149–152]. However, these parameters are global ones and do not provide
information regarding the mechanisms of mass transfer occurring at the level of
single bubbles or populations of them. Furthermore, it is very limited the available
information describing what happens (in terms of the size distribution of air bubbles
and mass transfer area) when biomass—a suspended solid of complex morphology
—is present. In addition, oils are commonly used in fungal fermentations as carbon
sources, oxygen vectors, and extractive agents [64, 153–156]. However, the liter-
ature has only scarcely documented the effects of these insoluble oils in terms of the
dispersion of the phases and oxygen transfer. Here, we review the relative few
papers available on the field.

The presence of an organic phase in fungal cultures results in a fermentation
system that requires the mixing of four phases: the culture medium (liquid phase),
solvent (organic phase), mycelium (solid phase), and air (gas phase) (Fig. 7). The
dispersion of these four phases occurs by continuous breaking and coalescence of
air bubbles or oil droplets, which depend on the conditions of turbulence and the
physical properties of the medium. Solvents have been successfully used to increase
the production of aroma compounds such as 6PP, which is a coconut-like aroma
compound and also a potent fungicide [155, 156].

Galindo et al. [153] published the first paper in which the distribution of air
bubbles and oil droplets were characterized in a four-phase system. The Sauter
mean diameter of the bubbles was smaller for increasing concentrations of castor oil
and T. harzianum biomass. This work also reported by the first time the phe-
nomenon of air bubbles embedded within oil drops, which has important impli-
cations in terms of the mechanism of mass transfer in such systems. Morphology of
the biomass also affected the dispersion. Lucatero et al. [157] reported the effect of
mycelial morphology on the dispersion of oil and air in simulated fermentation
systems of T. harzianum. They observed that the number of bubbles trapped in
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castor oil drops and the number of free bubbles depended mainly on the presence
and concentration of dispersed mycelium. Moreover, Corkidi et al. [158] were able
to document the bubble inclusion phenomenon in castor oil drops. Pulido-Mayoral
and Galindo [159] conducted a study on the effects of protein concentration on the
dispersion of droplets and bubbles and on the volumetric oxygen transfer coefficient
(kLa) in a simulated culture medium of T. harzianum with three phases: aqueous
medium, castor oil, and air. It was observed that as the protein concentration
increased, the Sauter mean diameter of the castor oil droplets decreased compared
to the experiments without proteins.

In order to calculate the area of mass transfer to characterize the phases dis-
persions, the distribution diameter of air bubbles and oil drops must be known,
which requires the measurement of a large quantity of objects. The characterization
of these dispersions (partly, in terms of the size distribution of drops and bubbles in
the dispersion) is crucial and necessary for understanding and optimizing these
processes [160]. The bubble’s size directly influences gas holdup and the interfacial
area; therefore, the size distribution of bubbles is a good criterion for evaluating the
efficiency of a gas–liquid contactor [161]. However, this characterization is time-
consuming and tedious when manual methods are used. Furthermore, the manual
analysis is influenced by subjective criteria that can change between analysts;
therefore, the bubble- and drop-size distributions obtained can be biased. This
situation emphasized the need for automated methods for characterizing multiphase
systems. Bubble sizes in stirred dispersions have been measured by different
techniques [162–164], and the results obtained have improved the understanding of
important aspects of the stirred tank applications, such as mass transfer in chemical
reactors. However, most of the techniques have been implemented in systems of
two or three phases with low global holdup (≤1 %). There is little information for
systems with four phases that include the biomass of filamentous fungi.

In a stirred tank, the formation of drops and bubbles depends on the balance
between the process of breakage and coalescence of the phases mixed. The diameter

Fig. 7 Dispersion of four
phases (filamentous biomass,
liquid mineral media, castor
oil, air) in the Trichoderma
harzianum extractive
fermentation
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of droplets and bubbles is usually expressed as an average diameter, such as the
statistical mean diameter, volume mean diameter, or the Sauter diameter. The Sauter
diameter is the most widely used measure in mass transfer studies because it links the
volume of the dispersed phase with the area for transfer [165], and it is defined as:

d32 ¼
Pkb

i¼1 nid
3
iPkb

i¼1 nid
2
i

ð6Þ

where kb is the number of volumes sampled, ni is the number of drops/bubbles per
volume i, and di is the size of the drops/bubbles i (Eq. 6).

Various techniques have reported the measurement of the diameter of drops and
bubbles. Raman et al. [166] have reviewed the field. For the case of multiphase
dispersions containing solids (i.e., biomass), in situ techniques measuring drop and
bubble sizes with digital images and object recognition techniques are the only ones
that are suitable [167].

In systems that include solid phases, the prediction of the mass transfer rate
between gas–liquid phases is particularly complex due to the interactions between
the solid particles and the other dispersed phases. Not surprisingly, the phenomena
of phase dispersion and mass transfer in these systems are poorly understood at the
micro level.

Some of the techniques used and reported in the literature in order to determine the
diameter of droplets and bubbles are based on the acquisition and analysis of digital
images. For techniques using video and digital photography, the use of cameras with
high resolution and short exposure times compared to the timescale of the dynamics
of the process is essential to avoid blurred images [168]. Pacek et al. [165] reported
the use of advanced noninvasive video techniques in which the videos were taken
from the outside of the stirred tank and were analyzed a posteriori. However, this
configuration only allows for taking pictures of the processes occurring near the tank
wall, giving limited information on the dynamics of the other regions within the tank.

The techniques of digital image analysis are very useful because they allow to
distinguish between different phases present in themixture. Themain limitation of the
techniques using digital imaging is to count with proper illumination to allow the
acquisition of clear images that facilitate subsequent manual or automatic analysis.
Lighting that gives depth, gives a uniform image, and allows an analysis of different
regions within the stirred tank (such as near the discharge areas of the impellers) is
required. Junker et al. [169] used a light source with a wavelength of 700 nm (red
light), which allowed the acquisition of clear images even in high-turbidity systems.

On the other hand, several authors have described image analysis techniques that
automatically recognize the circles that correspond to oil droplets or gas bubbles in
the different multiphase systems (two-phase systems) [167, 170–176]. Those reports
are mainly based on three techniques: (a) pattern detection using the Hough trans-
form, (b) the use of templates, and (c) the detection of changes in a grayscale gradient.
However, only Taboada et al. [177] have reported a semi-automatic image analysis
method for the segmentation of bubbles and drops that was tested in two, three, and
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four-phase simulated fermentation model systems. The method was based on a
windowedHough transform. The method was able to reduce the total processing time
up to half compared with a totally manual procedure, and the manual intervention
time for the segmentation procedure was reduced to a minimum.

4 Conclusions and Perspectives

Mycelial cultures are characterized by complex interactions between the physico-
chemical parameters of the process (hydrodynamics, energy supply, and oxygen
transfer) and growth of the biomass, morphology, and metabolite productivity. The
knowledge of the effects of operational and culture conditions over the fungal growth
and morphology are crucial. Deeper knowledge is required on the fundamentals of
mechanosensitivity of fungal strains and its transcriptional effects on fungal mor-
phology. On the physicochemical side, the concept of the energy dissipation circu-
lation function (EDCF) is one of the crucial developments in the field for the
understanding and predicting the effects of mechanical stress in fungal cultures. The
concept of EDCF, although not universal, has been successfully applied in a wide
variety of microorganisms, products, and culture conditions. Because there are
continuous changes in the morphology, physiology, and mass transfer conditions of
the microorganisms during fermentation, it is critical to establish an on line and in situ
monitoring of microbial behavior and phase dispersion to control the process and to
discriminate between hydrodynamic effects and those due to dissolved oxygen ten-
sion. Digital image analysis is a technique that has proven useful for characterizing
multiphase dispersions containing filamentous microorganisms and for determining
culture viability. Overall, what is required is to promote and to strengthen the mul-
tidisciplinary research between chemical and biochemical engineering with aspects
of science and engineering of image processing in order to establish the link between
these disciplines with the biological topics covered in this chapter (morphology and
physiology of fungal microorganisms).
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The Cell Factory Aspergillus Enters
the Big Data Era: Opportunities
and Challenges for Optimising
Product Formation

Vera Meyer, Markus Fiedler, Benjamin Nitsche and Rudibert King

Abstract Living with limits. Getting more from less. Producing commodities and
high-value products from renewable resources including waste. What is the driving
force and quintessence of bioeconomy outlines the lifestyle and product portfolio of
Aspergillus, a saprophytic genus, to which some of the top-performing microbial
cell factories belong: Aspergillus niger, Aspergillus oryzae and Aspergillus terreus.
What makes them so interesting for exploitation in biotechnology and how can they
help us to address key challenges of the twenty-first century? How can these strains
become trimmed for better growth on second-generation feedstocks and how can
we enlarge their product portfolio by genetic and metabolic engineering to get more
from less? On the other hand, what makes it so challenging to deduce biological
meaning from the wealth of Aspergillus -omics data? And which hurdles hinder us
to model and engineer industrial strains for higher productivity and better rheo-
logical performance under industrial cultivation conditions? In this review, we will
address these issues by highlighting most recent findings from the Aspergillus
research with a focus on fungal growth, physiology, morphology and product
formation. Indeed, the last years brought us many surprising insights into model
and industrial strains. They clearly told us that similar is not the same: there are
different ways to make a hypha, there are more protein secretion routes than
anticipated and there are different molecular and physical mechanisms which
control polar growth and the development of hyphal networks. We will discuss new
conceptual frameworks derived from these insights and the future scientific
advances necessary to create value from Aspergillus Big Data.
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1 Introduction

Because Aspergilli, like many other filamentous fungi, first digest and then ingest
their food, they have astounding capabilities in secreting enzymes hydrolysing
biopolymers such as starch, (ligno-)cellulose, pectin, xylan, proteins and lipids. This
feature is exploited by many biotech companies to manufacture enzymes for use in
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different industries such as paper and pulp, food and feed, laundry and textile, and
biofuel. Moreover, Aspergilli produce and secrete a variety of bioactive compounds
including organic acids and secondary metabolites which outcompete cohabitant
bacteria and fungi and which are beneficial for human health and consumption.
Many recent reviews have comprehensively discussed the wealth and variety of
marketed Aspergillus products and listed the respective manufacturers [1–4].

What more is to come? New products! Commodities which are competitive with
current petrochemical-derived products, smarter enzyme mixtures which faster and
fully degrade lignocellulosic biomass and pharmaceuticals which have not been
produced with Aspergilli so far. Better strains! Which produce more from cheaper
substrates and which are genetically streamlined for better rheological performance
under industrial fermentation conditions? These are very challenging goals, which
need to be accomplished to help to reduce the heavy dependence of the modern
world on fossil resources and to move it towards a post-petroleum future. In the
following chapters, we will discuss current concepts, tools and approaches to reach
these ambitious goals. To come to the point, some recent publications refuted long-
lasting dogmas: (i) ‘the key to the fungal hypha lies in the apex’, i.e. protein
secretion occurs exclusively at the hyphal apex [5, 6], (ii) industrial fungi such as
Penicillium chrysogenum and Trichoderma reesei do not have sex [7, 8]. Others
paved the way for new product classes which can be manufactured with A. niger:
(i) nonribosomal peptides for medical applications [9], (ii) itaconic acid for use in
bioplastics and biofuel industry [10, 11].

Although the post-genomic era has offered us holistic insights into the genomic
and physiological landscape of Aspergillus species, it left us also with a flood of
data. Decisions that were previously intuitive or based on data from laborious trial-
and-error experimental approaches can now be made based on bioinformatics data
itself. However, the ‘Big Data tsunami’ [12] poses major challenges. Managing
and unbiased mining of the sheer size of -omics data is one. Not leaving them
under-analysed in databases is the other. But deducing meaningful knowledge and
new hypothesis is the most difficult one. What are the success stories in the field of
systems biology of industrial filamentous fungi? Which hurdles hinder the move
from intuitive to knowledge-based strain optimisation strategies? We will highlight
in this review some examples to illustrate the current state of the art of Aspergillus
systems biology with a focus on fungal growth, morphology, physiology and
product formation. For further information, the reader is directed to recent reviews
[13, 14]. Last but not least, we will summarise the state of the art of micro- or
macro-morphological models for filamentous growing fungi such as Aspergillus to
describe growth and geometrical appearance of pellets and mycelia. Recent
approaches and mathematical concepts will be highlighted and the challenges
discussed to develop biologically better founded models.
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2 More from Less: Enlarging the Product Portfolio
of Aspergillus

The pioneering role of Aspergillus species for microbial biotechnology is undis-
puted. Since almost 100 years, citric acid is produced on an industrial scale with
A. niger and used as preservative and flavour enhancer in food and beverages. Due to
its long history of safe use and its capability to withstand harsh industrial fermen-
tation conditions, it later became leading for fermentation-derived enzyme produc-
tion [4]. A. oryzae is the exclusive producer of another acid, kojic acid, which is
applied as bleaching agent in cosmetics and as building block for biodegradable
plastics. More influential, A. oryzae has traditionally been used to ferment starch-rich
grains, like rice and soybeans, for the production of Asian food and beverages. The
importance of A. terreus is attributed to its product lovastatin, a cholesterol-lowering
agent which became a blockbuster after Merck released it for marketing in 1987
(trade name Mevacor, [15]). There are legitimate reasons to believe that industrial
Aspergillus strains could keep and extend their pioneering role in microbial
biotechnology. The following examples substantiate this prognosis.

2.1 Aspergillus Trimmed for Second-Generation Feedstocks

To achieve economic and ecological sustainable microbial production processes, it
is crucial that feedstocks do not compete with the food supply chain but rely on
non-edible crop residues such as lignocellulose. Current commercial cellulase
cocktails for conversion of lignocellulosic biomass to bioethanol are derived from
filamentous fungi (e.g. Cellic CTec2 from Novozymes and Accellerase from
DuPont) and are a blend of three classes of enzymes: cellulases, hemicellulases and
β-glucosidases. Whereas the first two are produced by T. reesei fermentation, the
latter is a product of A. niger. Although T. reesei is the ‘undisputable champion’ in
cellulose hydrolysis (T. reesei secretes cellulases up to 100 g/l), its cellulose
preparations have to be supplemented with A. niger β-glucosidases to achieve
efficient cellulose saccharification ([16] and references therein). Recently, a two-
stage biorefining strategy was reported which utilised wheat straw as lignocellulosic
raw material and only A. niger enzymes for saccharification [17]. Note that wheat
straw is the second most abundant lignocellulosic crop residue in the world [18]. In
the first stage, a solid-state fermentation of A. niger was performed on wheat straw
for the production of (hemi)cellulases and β-glucosidases. These enzymes were
extracted and used in the second stage to hydrolyse the fermented wheat straw.
Remarkably, the freshly extracted enzymes of A. niger performed the same or even
better than the commercial CTec2 solution [17]. Another report demonstrated that
enzyme cocktails derived from submerged co-cultivation of T. reesei with Asper-
gillus species can compete with blended extracts from corresponding single cul-
tures. This is an interesting alternative as it lowers production cost due to the
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integration of two fermentations into a single bioreactor and due to the elimination
of an enzyme blending step [19]. A. oryzae is a poor secretor of cellulases. How-
ever, Yamada and co-workers demonstrated that overexpression of the kojic acid
gene cluster specific transcription factor kojT in combination with heterologous
expression of three fungal cellulases in A. oryzae led the fungus to produce kojic
acid directly from cellulose. Although the yield was very low, the proof of concept
was given that A. oryzae can be trimmed to produce kojic acid when cultivated on
second-generation feedstocks [20].

2.2 A. niger Engineered for New Products

Itaconic acid stems from the citric acid cycle and is one of the most promising and
flexible new platform chemicals derived from cellulosic biomass (for a review see
[21]). Although it is currently produced by A. terreus with yields up to 76 % of the
theoretical maximum, there are efforts to establish A. niger as itaconate producer.
Several considerations make A. niger interesting as an alternative production host:
first, its enormous citric acid production capacity could potentially be redirected to
itaconate synthesis. Second, the fermentation can be performed at low pH which
allows autosterile production and simplifies downstream processing. However, it is
currently impossible to predict whether A. terreus can indeed be replaced by
A. niger. Although the transfer of itaconate synthesis genes and reduction of
by-product formation has been achieved, limited intracellular transport has been
identified as severe bottleneck [10, 21–23]. Further studies are necessary to fully lift
the potential of A. niger as heterologous itaconate producer.

Most recently, it was demonstrated for the first time that A. niger is a potent
expression host for heterologous nonribosomal peptides [9]. For the proof of
concept, the nonribosomal peptide synthetase gene esyn1 from Fusarium oxyspo-
rum was expressed under control of the tunable bacterial–fungal hybrid promoter
Tet-On [24] in A. niger. In F. oxysporum, ESYN catalyses the synthesis of the
cyclic depsipeptide enniatin, an antibiotic used to treat bacterial throat infections.
The strong inducibility of the Tet-On system combined with controlled bioreactor
cultivation allowed impressively high enniatin yields in A. niger (about 5 g/l), not
reported so far for any heterologous enniatin production host. As also an autono-
mous A. niger expression host was engineered, being independent from feeding
with the enniatin precursor D-2-hydroxyvaleric acid, the production cost was low-
ered considerably [9].

2.3 Aspergillus is Becoming Transparent

As of 2010, ten genomes of different Aspergillus species were publically accessible
[25]. As of 2014, the number increased to 21 fully sequenced Aspergillus species,
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which are accessible through MycoCosm, a fungal genomics portal (http://jgi.doe.
gov/fungi) developed by the US Department of Energy Joint Genome Institute [26].
In addition, dozens of Aspergillus strains are becoming currently resequenced
including A. niger strains which have been transformed with bacterial cellulases,
which are enzyme hyperproducers or spontaneous mutants (http://jgi.doe.gov/fungi).
Subsequent comparative genome analyses will likely make Aspergillus one of the
best studied and understood fungal genera. A tremendous opportunity, which will
help to distinguish between common and strain-specific genomic features as
exemplarily shown for two A. niger strains, the citric acid-producing strain ATCC
1015 and the enzyme-producing strain CBS 513.88 [27] (see Chap. 5).

3 The Life Cycle of Aspergillus and Its Link to Product
Formation

To fully lift the potential of Aspergillus as a multi-purpose cell factory, a key
question needs to be addressed: which metabolites, proteins and biopolymer-
degrading enzymes are predominantly produced during which phase of its life
cycle? As nature has evolutionary optimised Aspergillus already to produce certain
compounds under specific habitat and nutrient conditions, one ‘simply’ needs to
understand how the native metabolic properties of Aspergillus are linked to its
lifestyle and life cycle in order to further optimise Aspergillus by rational means.
Clearly, certain product classes are associated with different stages of its life cycle,
such as secondary metabolite synthesis in A. niger with sporulation [28]. Likewise,
its saprophytic lifestyle is the basis for the tight regulation of polysaccharide
hydrolase expression and secretion [29].

3.1 Morphogenesis and Product Formation

The life cycle of Aspergillus and filamentous fungi starts with breaking dormancy
of (a)sexual spores (Fig. 1). In A. niger, the resulting onset of spore germination,
which is characterised by isotropic spore swelling, becomes only initiated when a
carbon source, a nitrogen source and a germination trigger are present in the
environment [30]. D-glucose, 2-deoxy-D-glucose, D-mannose, D-xylose and L-amino
acids such as L-asparagine, L-glutamine and L-tryptophan were identified as ger-
mination triggers. A full list of triggers and non-triggers can be found in [30, 31].
Interestingly, dormant spores (named conidia) of A. niger contain a high level of
transcripts from about 40 % of A. niger genes. These transcripts include genes
involved in protein synthesis and respiration and probably prime the conidia for the
onset of germination [32, 33]. Note that the A. niger genome has been predicted to
contain about 14,000 genes [34]. Interestingly, also a considerable amount of
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antisense transcripts (10 %) were detected, which are assumed to prevent expres-
sion of proteins that are not required during spore swelling [32].

The first stage of spore swelling is followed by the outgrowth of a germ tube.
This break in cell symmetry results from the establishment of a polarity axis. If this
polarity axis becomes maintained, sustained germ tube elongation and the forma-
tion of a hypha can be observed. In higher fungi, such as Ascomycetes and
Basidiomycetes, this hypha becomes compartmentalised by septa, which contain a
central pore that allows inter-compartmental streaming [35]. Lateral and/or apical
branch formation in this hypha eventually leads to the formation of an intercon-
nected hyphal network, the mycelium (Fig. 1, [36]). In consequence, the age of the
mycelium increases from the periphery towards the central zone, whereas substrate
concentrations decrease. This spatial heterogeneity results in profound differences
on the level of the transcriptome [37] and secretome [38] in different zones of
A. niger colonies and supports the idea that medium substrates become sequentially
degraded. Notably, a large fraction of the secreted proteins remains trapped in the
fungal cell wall from which they become only slowly released. In turn, a remark-
able fraction of proteins secreted within a more central zone of a mycelium was
synthesised earlier during growth, i.e. when the respective protein-producing
hyphae were at the periphery of the colony. As an example, partial degradation of
fungal cell walls in the central zones allowed the detection of *120 secreted

Fig. 1 The life cycle of Aspergillus niger. The different stages of spore swelling, germ tube
outgrowth, germ tube elongation and branch formation are schematically shown. These processes
lead to the formation of a true circular colony, which appears brownish black due to brownish-black-
coloured conidia. The conidia become constricted from a conidiophore (schematically shown)
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proteins, but of only *60 in the untreated control colony [38]. Such retention
phenomena bring additional complexity to the heterogeneous spatio-temporal
substrate degradation pattern observed in A. niger colonies and most likely also
occur in submerged pellet-forming mycelia of A. niger during industrial fermen-
tation processes.

Beside this interzonal heterogeneity, intrazonal hyphal heterogeneity is also a
characteristic attribute of A. niger. Although the periphery of A. niger colonies or
pellets is the active growth zone and the primary zone of protein secretion [39],
neighbouring hyphae differ with respect to RNA and protein levels [40–42]. Whilst
it may well be assumed that such heterogeneities could be beneficial for A. niger
under natural habitat conditions, an increase of the actively secreting hyphal pop-
ulation would be a constructive approach to improve the productivity of submerged
industrial processes [43]. However, heterogeneity of neighbouring hyphae is less
pronounced in submerged pellets compared to surface cultures, which is likely
linked to a more homogeneous substrate distribution in liquid compared to solid
media [42]. Last but not least, carbon starvation-induced heterogeneity can be
observed in dispersed mycelia of A. niger when cultivated under submerged con-
ditions. Two morphologically different hyphal populations appear when the carbon
source is depleted (Fig. 2), on the one hand thick but non-growing hyphae with
many empty compartments and on the other hand thin but growing hyphae. Growth
of the latter is likely fuelled by carbon recycling via autophagy of the older hyphae
[44, 45]. This is in fact an elegant strategy of filamentous fungi, to make use of
internal resources, i.e. degradation products, before a compartment collapses for the
survival of a neighbouring compartment [46].

3.2 Asexual Development and Product Formation

Surface cultures of Aspergillus start to form aerial hyphae and conidiophores after
achieving developmental competence (Fig. 1), a processwhich can be triggered by the
liquid–air interface, chemical signals and light. At the end of this developmental
process, conidia are formed via mitotic events. For details on key morphogenetic
genes and regulatory networks involved, the reader is directed to [47, 48]. Notably,
conidiophore structures are morphologically informative enough to distinguish
between the genera Aspergillus and Penicillium [49]. Although the process of coni-
diation is repressed under submerged conditions, it is possible to induce sporulation
by severe carbon limitation in retentostats, where growth rates approaching zero can
be adjusted [50].

Several studies analysed the transcriptomes of conidiating A. niger and T. reesei
cultures during liquid [44, 50] and solid-state cultivations [51, 52] and demonstrated
that nutrient starvation and conidiation are tightly linked. The fraction of differen-
tially expressed genes ranged between 10 and 50 %, depending on the platform and
statistics applied, and clearly highlighted that the transition from vegetative hyphae
to developmental structures is accompanied by complex physiological adaptations.
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A major starvation-induced response linked with asexual development is activation
of secondary metabolite genes and gene clusters, which are under control of different
signalling pathways including epigenetic control mechanisms [53–55]. These pro-
cesses can easily be tracked and studied in retentostat cultivations [44, 50].

Another major response during carbon starvation is induction of carbohydrate-
active enzymes (CAZymes), including enzyme classes degrading the fungal cell wall
and plant-derived polysaccharides. Both are of major interest for industrial applica-
tions. Whereas the first class is unwanted as it supposedly reduces the fraction of
actively growing hyphae, the second class contains (un)known candidate enzymes for
new biorefining strategies (see Chap. 1 and [17]). Delmas et al. [29] and VanMunster
et al. [56] uncovered that carbon starvation induces de-repression of genes encoding
sugar transporters and a comprehensive set of CAZymes, which become secreted as
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Fig. 2 Two hyphal populations can be observed during carbon starvation of A. niger when
cultivated under submerged conditions. Hyphal diameters can be used to distinguish both
populations: old hyphae (formed during exponential growth phase) and young hyphae (formed
during starvation). An image analysis algorithm developed by [44] analyses microscopic pictures
from samples of various cultivation time points (a, b) and plots probability density curves for the
distributions of hyphal diameters. Diameters from exponentially growing hyphae (a) display a
normal distribution with a mean of approximately 3 μm. The second population of thinner hyphae
with a mean diameter of approximately 1 μm start to emerge during starvation (b). During
prolonged starvation, the ratio of thin/thick hyphae gradually increases [44]. Bar, 10 μm
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‘scouting enzymes’. Depending on the actual polysaccharide(s) present in the
surroundings, they catalyse the liberation of specific sugar monomers, which in turn
trigger expression and secretion of the specific enzyme set necessary to fully
degrade the polysaccharide(s) present in the environment. The requirement of
complex enzyme mixtures for efficient saccharification of lignocellulosic biomass
underlines the importance of genome-wide and systematic approaches to compre-
hensively decipher the polysaccharide degradation potential of Aspergillus.
Recently, structural data from 16 major plant-derived polysaccharides have been
combined with a list of 188 predicted CAZymes from A. niger [57]. The resulting
analysis framework can now be queried systematically with data from genome-wide
expression profiling analyses such as obtained from A. niger cultivated on sugarcane
bagasse [58] or wheat straw [29].

4 Polarised Growth of Aspergillus and Its Link to Protein
Production

4.1 There Are More Ways to Make a Hypha

Although sustained polarised growth is the defining attribute of filamentous fungi,
hyphal filaments exhibit a striking diversity in organisation. In some fungi, the
nuclei are distributed dot-like along the hypha (e.g. Aspergillus nidulans); in others,
they appear in bulk (e.g. A. niger). Some fungi form filaments, which are dikaryotic
and largely composed of vacuoles (e.g. Ustilago maydis, [59]), some form hyphal
networks which are remarkably heterogeneous with respect to gene expression and
physiology as described in Chap. 2 (e.g. A. niger and Neurospora crassa, [60, 61]).
Recently, Woronin bodies, originally thought to be emergency patches which seal
septal pores of filamentous ascomycetes upon mechanical injury, were shown to
maintain hyphal heterogeneity in intact hyphae by impeding cytoplasmic streaming.
Cytoplasmic GFP expression was heterogeneous in neighbouring hyphae of
A. oryzae which formed Woronin bodies but was homogeneous in a strain that
could not form these organelles. Closure of septa is a dynamic and reversible
process, resulting on average in 40 % closed apical septa of exploring A. oryzae
hyphae [62].

4.2 Microscale and Macroscale Polarity

Why does a hypha grow in a polarised manner? Because of pressure! On the one
hand, cytoskeletal structures (microtubuli, actin) form the polarised architecture of
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growing hyphae. Along these, secretory vesicles, containing lipids, cell wall pro-
teins, building blocks and proteins destined for secretion, are actively transported
by motor proteins towards the hyphal tip (Fig. 3, [63]). On the other hand, internal
hydrostatic pressure (turgor) is created. Water flows into the growing hyphal tip due
to the uptake of solutes and the biosynthesis of osmotically active solutes within the
cell. According to the model after Lee [64], water inflow is greatest at the tip and
declines exponentially behind the tip, thus causing the cell wall to expand.
Stretching of the cell membrane and cell wall provokes a tip-localised calcium
gradient that eventually mediates vesicle fusion and thus cell expansion. Next to
this microscale polarity, macroscale polarity exists as well. Mycelia can be viewed
as ‘hydraulic networks’ because of a laminar mass flow of cytoplasm towards the
colony edge. The driving force for this cytoplasmic movement is thought to result
from maximum uptake of nutrients behind the foraging hyphae, leading to
increased water inflow and increased pressure [64]. It has been proposed that this
intrahyphal transport is regulated by the closure of septa, which become plugged by
Woronin bodies [65]. It is very likely that this pressure-driven long-distance
transport complements the short-distance transport mediated by cytoskeletal motor
proteins [66].

Fig. 3 Subcellular structures define and maintain the architecture of a growing hypha.
Cytoskeletal-based transport of vesicles and endosomes is realised by different motor proteins
(kinesins, dyneins and myosins) which move along microtubules and actin cables in different
directions. For the sake of brevity, the endocytotic actin ring is not shown. For details, see text
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4.3 Microscale Polarity and the Secretory Route
of Aspergillus

Our current knowledge on the implementation and regulation of vesicle flux
towards growing hyphal tips of filamentous fungi in general and Aspergillus in
particular has recently been reviewed [4, 67, 68] and will be summarised here in a
very condensed and simplified manner: Proteins and enzymes destined for a
function at the cell surface or for secretion into the environment become translo-
cated into the lumen of the endoplasmic reticulum (ER) (Fig. 3). Here, several
chaperons and foldases including the binding protein BipA, protein disulphide
isomerase PdiA and calnexin ClxA assist secretory proteins in their folding.
Many secretory proteins also become glycosylated, after which they are packed into
vesicles and transported to and through the Golgi complex via COPII-vesicles and
are then delivered to the Spitzenkörper via a microtubule-mediated transport. The
Spitzenkörper is a multi-component, vesicle-rich, pleomorphic structure at the
hyphal tip and viewed as the main choreographer of hyphal tip growth (for a
detailed review see [69]). It translocates secretory vesicles to actin cables, which
transport them to the plasma membrane. Vesicles fuse with the plasma membrane,
thus releasing their cargo. Whilst secretory proteins become released into the
environment, GPI-anchored proteins and cell wall-synthesising proteins (e.g. chitin
and glucan synthases) become retained at the membrane to catalyse cell wall
polymers such as chitin, glucans and galactomannans, which eventually expand the
cell wall (for see review [70]). The vectorial flux of vesicles from the Spitzenkörper
to the plasma membrane is orchestrated by the polarisome, which mediates the
nucleation of actin cables and together with cell end markers directs the vesicle flux
towards the apex (Fig. 3, [63, 68, 71]).

It is currently a matter of debate, whether exocytosis and endocytosis are spa-
tially coupled. Retrieval of excess membrane material resulting from vesicle fusion
with the membrane and removal of cell wall synthetising enzymes from subapical
membrane regions by endocytosis are thought to be essential to maintain the fungal
shape and its polarity [63, 72–74]. In A. nidulans, empty vesicles are proposed to
become recycled by endocytosis at a subapical actin collar, transported back to the
Golgi, where they become reloaded with new protein cargo destined for secretion
[63]. Hence, protein secretion should be viewed as a concerted and balanced
activity of exo- and endocytotic events. Furthermore, restriction of cell wall
enzymes to the very tip in C. albicans has been shown to ensure polarised cell wall
expansion as deduced from experimental and 3D modelling data [74]. However, a
mathematical model proposed for the vesicle flux to and from the Spitzenkörper in
Rhizoctonia solani predicts that removal of membrane material is not significant to
compensate a potential excess of membrane added by exocytosis [75]. Is this further
evidence that there are more ways to make a hypha? So far, experimental data from
industrial relevant Aspergilli are not available which do illuminate any potential
link between their exocytotic and endocytotic machineries and which could refute
or validate either model. Demonstrated so far is that tubulin and actin cytoskeletal
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elements are key for the transport of secretory vesicles to the hyphal tips of A. niger
and A. oryzae, whereby secretory vesicles were also occasionally observed at septa,
suggesting that secretion can also occur at sites of septa [6, 76].

In addition to protein and membrane turnover via endocytosis, pioneering work
in the model systems A. nidulans and U. maydis has shown that bi-directional
movement of early endosomes along actin cables and microtubuli actively disperses
mRNA and ribosomes, i.e. the protein translation machinery along hyphal com-
partments, thus also contributing to hyphal growth (Fig. 3, for details see reviews
[77, 78]). Hence, a complex interplay of cytoskeletal structures, polarity factors, cell
end markers, and exocytotic and endocytotic events assure the secretion of proteins
and polarised hyphal growth [68, 79].

4.4 A Holistic View on the Secretory Route of Aspergillus

Filamentous fungi are extraordinary in their capacities to secrete endogenous pro-
teins, whereby A. niger (up to 20 g/l) and T. reesei (up to 100 g/l) are outstanding
[80, 81]. We and others have most recently reviewed the current strategies to
exploit these capacities for the expression of heterologous proteins in Aspergillus
and the systems biology approaches that have been undertaken to study the
physiological and regulatory aspects related to homologous and heterologous
protein production. In order to not exceed the framework of this review, the reader
is directed to these reviews [4, 14, 25, 82]. What have we learnt so far? First,
A. niger and A. oryzae flexibly adapt the protein flux through the secretory pathway.
If genetically forced protein overexpression causes an overload of the secretory
route, both ER-associated degradation and the unfolded proteins response UPR aim
to restore cellular homeostasis. In addition, many genes become transcriptionally
down-regulated, which are obviously less important for growth and survival under
the specific growth condition. This phenomenon is called repression under secretion
stress (RESS) and was first observed in T. reesei [83]. Second, under identical
specific growth rates realised in chemostat cultivations, a glucoamylase-overpro-
ducing strain of A. niger has to modify the expression of about 1,500 genes
compared to the wild-type strain in order to secrete about seven times more glu-
coamylase. The up-regulated gene set contained statistically enriched genes func-
tioning in ER translocation, protein glycosylation, vesicle transport and ion
homeostasis [84]. A comparative transcriptomics analysis of six independent
overexpression and UPR stress studies in A. niger uncovered that a key set of about
40 genes is crucial for A. niger to overexpress a protein and cope with this cellular
burden. The complete gene list can be found in [84] and includes genes encoding
ER-resident chaperones and foldases (e.g. clxA, pdiA, bipA), as well as genes
important for ER translocation, protein glycosylation and COPII-based vesicle
trafficking to name but a few. Third, the amino acid sequence of secretory proteins
somehow affects the level of secretion. By comparing the extracellular protein yield
of about 600 homologous and 2,000 heterologous proteins in A. niger, van den
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Berg and colleagues identified a positive effect for tyrosine and asparagine, whereas
methionine and lysine hampered high protein yields [85]. Fourth, we are far away
from rationally and predictively designing A. niger or A. oryzae as cell factories for
protein production. Despite more than 30 years of research on these strains, the
quantitative biology behind protein secretion is completely unknown. For example,
how many vesicles can a hyphal tip of A. niger accommodate per unit of time? How
many vesicles are necessary to ensure maximum transport of the protein of interest
whilst not interfering with the transport of other vesicles carrying proteins and
building blocks for normal growth? How long does the protein of interest need to
become properly folded? What does this mean with respect to how many proteins
can be channelled through the secretory pathway in order to provide each protein
molecule sufficient time to become correctly folded? What would then be the
optimum transcription rate for the respective encoding gene and the half-life of its
mRNA? And finally, how is the capacity for protein secretion related to primary
metabolism which provides the secretory route with ATP, redox equivalents and
amino acids? Although Aspergillus already entered the post-genomic era, we are far
away from answering these questions and still work on the inventory of its secretory
machinery. We have no idea yet, who guides the secretory route, who keeps all
players in homeostatic balance and what might be the mechanistic explanation(s)
for the phenomenon that A. niger is such an outstanding protein secretor.

4.5 There Are More Ways to Secrete a Protein

There is accumulating evidence that filamentous fungi secrete proteins not only at
hyphal tips via the secretory pathway described above. These unconventional
secretion pathways (or ‘unconventional membrane trafficking pathways’) have also
been postulated for plant and mammalian systems (for reviews see [86–90]). The
first report for filamentous fungi goes back to 2011, where it was demonstrated that
exocytosis constitutively occurs in A. oryzae at hyphal septa [6]. Originally, it was
thought that cytoskeleton-mediated transport of enzymes and materials for cell wall
synthesis towards septa is required only during their formation. However, it was
shown that exocytosis continues to occur after septation. Although the represen-
tative secretory enzyme of A. oryzae α-amylase was mainly transported to the
hyphal apex, plasma membrane transporters involved in purine and amino acid
uptake were mainly transported to septa [6]. Similarly, a plasma membrane proton
pump of N. crassa is incorporated in distal hyphal regions independently of the
Spitzenkörper at the hyphal tip [91]. Although these observations were unexpected
and refute the dogma that ‘the key to the fungal hypha lies in the apex’, i.e. protein
secretion occurs exclusively at the hyphal apex [5], they basically link microscale
polarity with macroscale polarity. If nutrients are preferentially taken up in regions
more central in the colony, they will generate the small pressure gradient necessary
to establish the mass flow of cytoplasmic material. We are coming closer to unveil
the secret of fungal micro-fluidics!
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Other examples for unconventional secretion mechanisms in filamentous fungi
have been reviewed most recently in [86] and are schematically summarised in
Fig. 4. First, a brefeldin A-insensitive protein secretion pathway is likely to exist.
Brefeldin A is a compound which inhibits vesicle trafficking between the ER and
the Golgi. However, addition of brefeldin A does not inhibit chitin synthase
secretion in N. crassa [92], suggesting that secretory proteins can leave the ER and
reach the plasma membrane independently of the Golgi apparatus [86]. Another
example is secretion of proteins which do not contain a signal peptide and thus do
not enter the ER. This has for example been shown for an endochitinase from
U. maydis [93]. A third example for unconventional secretion is based on the multi-
vesicular bodies, which are late endosomal compartments which take up Golgi-
derived vesicles. Upon fusion with the plasma membrane, they release these
vesicles into the extracellular space [86]. Hence, secretion in filamentous fungi can
be realised by more than a single pathway, it would not be surprising if additional
routes will become uncovered in the future.

Fig. 4 Different protein secretion routes executed in eukaryotic cell systems including fungi (F),
plants (P) and mammalian cells (M). For details, see text
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5 The Genetics and Physiology Underlying Aspergillus
Morphology and Productivity

5.1 From Genomes to Gene Function

The Aspergillus Genome Database (AspGD; http://www.aspgd.org/) is a freely
accessible Web resource providing an outstanding comparative genomics toolbox
for the fungal community. AspGD houses sequence data from currently 20
Aspergillus genomes and improves gene annotation using publically available
transcriptomics data [94, 95]. As of September 2014, 14,056 genes have been
predicted for A. niger strain CBS 513.88 (232 of which have a verified function),
11,902 for A. oryzae (199 of which have a verified function) and 10,678 for the
model species A. nidulans (1,149 of which have a verified function). Hence, the
industrial species have 98 % uncharacterised genes. However, comparative
genomics in tandem with the reconstruction of genome-scale metabolic networks
can successfully be used for an initial assignment of gene functions as shown
for A. oryzae and A. niger. This resulted in the tentative assignment of gene
functions to 1,314 and 871 genes, respectively [96–98]. Comparative genomics
also revealed that Aspergilli have evolutionary well adapted for naturally per-
forming both lignocellulose degradation and utilisation of the pentoses xylose and
arabinose [99].

Genome-scale metabolic models are very useful for simulating maximum
growth rate with different carbon sources or for the analysis of -omics data [13].
Most recently, the functional protein secretory component list of A. oryzae was
compiled using the secretory model for conventional secretion in the yeast
Saccharomyces cerevisiae as scaffold to which known A. nidulans and A. niger
secretory genes were added [100]. Comparative analysis of transcriptomics data
from A. oryzae strains expressing different levels of amylase deciphered similar key
processes important for protein overexpression as reported earlier for A. niger ([84],
see Chap. 4). In addition, the secretome of A. oryzae was defined by using
the Fungal Secretome Database (FSD; [101]). More than 2,200 putative genes of
A. niger are predicted to become potentially secreted in this species [100].

Paradoxically, the majority of characterised genes in A. niger and A. oryzae
(50 and 80 %, respectively) are not in primary metabolism [98], although primary
metabolism defines the material and energetic foundation for growth, development
and reproduction. Instead, the majority of characterised genes in A. niger and
A. oryzae are related to products interesting for commercial exploitation: secondary
metabolites [54, 102] and extracellular enzymes (see above).
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5.2 Citric Acid or Protein Production—What Makes
the Difference?

The genome sequence of the A. niger strain CBS 513.88 used for industrial glu-
coamylase production was published in 2007 [34]. Four years later, the genome of
the acidogenic wild-type strain ATCC 1015 was made publically available and
compared to strain CBS 513.88 [27]. Comparative genomics and transcriptomics
uncovered a remarkable diversity between both strains. First, about 400/500 genes
are unique in CBS 513.88/ATCC 1015, the most notable difference is two alpha-
amylases which are only present in strain CBS 513.88. Both genes originate from
A. oryzae and were most likely acquired through horizontal gene transfer. Second, a
high number of polymorphisms were found (8 ± 16 SNPs/kb) between both strains,
many of which were clustered in hypervariable regions. Third, transcription
of about 4,800 genes differed in both strains (with an almost equal number
up-regulated in each strain) when cultivated under the same growth condition in
glucose-based batch cultures. Increased transcription of genes in strain CBS 513.88
was related to glycolysis, amino acid synthesis (including the entire biosynthetic
pathways of amino acids which are over-represented in the glucoamylase, i.e.
threonine, serine and tryptophan) and tRNA-aminoacyl synthase formation. In
contrast, the citric acid-producing strain ATCC 1015 displayed higher expression of
genes with a function in the transport of electrons, carbohydrates and organic acids.
Interestingly, nitrogen source utilisation is impaired in strain CBS 513.88, an
observation which could also be relevant to protein production. This study by
Andersen and colleagues thus elegantly showed the power of comparative -omics
analysis for the identification of factors contributing to the different product port-
folio of A. niger strains.

5.3 Moulding the Mould—The Genetic Basis of Aspergillus
Morphology

The number of genes functionally implicated in hyphal morphogenesis and
development of the model fungus A. nidulans has been estimated to be about 2,000
[36], a number which most likely can be assumed also for other filamentous fungi
including the industrial Aspergillus strains. However, the function of only about
5 % of the assumed morphogenetic genes has been understood so far, mainly from
studies in the model organisms A. nidulans, N. crassa or U. maydis. It is beyond the
scope of this review to provide a comprehensive overview on the function and
regulation of the morphogenetic genes and modifiers known so far. For the inter-
ested reader, we recommended the following most recent reviews for further
reading: polarity factors and cell end markers [67, 69], membrane trafficking
[78, 103], septum function [104], calcium regulation [104, 105], cytoskeletal
structures [68], cell wall formation [70, 106], asexual development [48, 49] and
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fungal microfluidics [64]. Instead, we will discuss in the following some recent
findings which could help to illuminate the connection between hyphal morphol-
ogy, vesicle trafficking and protein secretion in the industrial strains A. niger and
A. oryzae.

When cultivated under submerged conditions, filamentous fungi adopt two
macroscopic morphologies—a pelleted morphology or a dispersed morphology. As
both interfere with the productivity, rheology and downstream processing of
industrial fermentation processes (see Chap. 7), a mechanistic framework is sought
since a long time in order to describe and control the optimum macroscopic mor-
phology under industrial conditions. A so far unsolved problem as too many pro-
cess variables including type and concentration of carbon and nitrogen source, pH,
temperature, fermenter geometry, agitation systems, culture mode [107] as well as
biological parameters including conidial adhesion capacity [108] and branching
frequency [109] affect the macroscopic morphology of filamentous fungi. With
respect to the genetic basis of filamentous fungal morphology and its link to protein
secretion, two hypotheses are currently under discussion: (i) the higher the
branching frequency, the higher the probability that macroscopic pellets and not
dispersed mycelia will be formed. Often, the tendency to form pellets under sub-
merged conditions can be assessed during solid-state cultivations on agar plates—
the colonies formed are more compact, have a reduced colony diameter and are
sometimes delayed in sporulation (Fig. 5), (ii) the higher the number of hyphal tips,
the more the proteins become secreted. The latter hypothesis has been addressed in

Fig. 5 Branching frequency determines macroscopic morphology of A. niger. Shown are young
hyphae from a wild-type strain (wt) and from the conditional hyperbranching mutant ramosa-1 of
the same age. In this mutant, a point mutation within the TORC2 component RmsA provokes
excessive apical branching and increased septation under restrictive conditions, leading to
drastically reduced colony growth rate on agar plates and the formation of a very compact colony
[113]. Note that ramosa-1 is also impaired in sporulation—a defect, which is not a general feature
of hyperbranching mutants
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several studies in A. niger and A. oryzae; however, only contradictory results have
been reported. Some studies proposed a positive correlation between branching
frequency and protein secretion yield; others did not [110–114]. It is therefore still a
matter of debate which is the best macroscopic morphology of Aspergillus with
respect to productivity and rheology during protein production.

Hyphal branching is the basis for mycelial development. Whereas branches
usually arise from basal regions (lateral branching), branch formation can also occur
via tip splitting (apical branching). Tip splitting is thought to result from the
accumulation of secretory vesicles at the tip because the capacity for vesicle fusion
with the membrane has been exceeded. To accommodate the abnormal accumu-
lation of the vesicles, the tip divides into two new branches [115]. What, then, are
the underlying cellular events and signalling networks of (sub)apical branch for-
mation? Several transcriptomics and functional genomics approaches undertaken in
A. niger have shed some light on these processes. Central to these studies was
controlled manipulation of the actin cytoskeleton, which resulted in defined mutants
with a hyperbranching or apolar growth phenotype [109, 114, 116, 117]. The
transcriptomic signatures of these actin (hyper- or de-) polarisation mutants
uncovered that several regulatory and metabolic pathways likely participate in
morphogenetic events of A. niger: phospholipid signalling, sphingolipid signalling,
TORC2 signalling, calcium signalling and cell wall integrity signalling. These
pathways supposedly induce different physiological changes during branch for-
mation including changes in sterol metabolism, amino acid metabolism, ion
transport (Na+, K+, Ca2+, Fe2+, Zn2+, Co2+) and protein trafficking [109, 114]. A
key conclusion of these comparative transcriptomics analyses is the prediction that
lipid molecules such as phosphatidic acid, diacylglycerol, phosphatidylinositol-
4,5-bisphosphate, inositolphosphates and sphingosin-1-phosphate occupy a central
position in the polar growth control of A. niger. Their function as secondary
messengers has been proven for many model eukaryotes; however, almost nothing
is known about their cellular roles in Aspergilli. Thus, only an integrated systems
biology approach which combines transcriptomics data with lipidomics, proteomics
and metabolomics data is inevitable to comprehensively inventory the morphoge-
netic network of A. niger.

These recent studies in A. niger also carved out further very interesting findings:
First, the function of some molecular switches controlling actin polarisation (e.g.
Rho GTPases) differs in A. niger and A. nidulans [117, 118], giving further evidence
that members of the same genus employ alternative strategies to make a hypha and
that caution is thus required when extrapolating findings of one (model) organism to
another [119]. Second, simply increasing the number of hyphal tips does not per se
result in increased protein secretion. If the amount of secretory vesicles remains
unchanged, the vesicles become merely distributed to more tips, and the amount of
vesicles per individual hyphal tip lowers accordingly [114]. Third, it is possible to
generate hyperbranching mutants (e.g. by deleting the Rho GTPase gene racA)
which form a more compact macroscopic morphology but pellets and display the
same growth rate as the wild-type strain—thus representing ideal systems for future
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studies to investigate the relationship between intracellular protein secretion
capacities and rheological properties under controlled conditions [114].

What more is to come? Although comparative genomics and transcriptomics are
so far the dominant approaches studying the genetic basis of Aspergillus mor-
phology, we can soon expect more insights into the translatome and phosphopro-
teome of Aspergilli during polarised growth. First reports have already been
published which pave the way to a more holistic understanding of translational
control mechanisms during protein secretion stress [120] and which will help to
decode phosphorylation-mediated regulatory networks controlling fungal morpho-
genesis and secretion [121].

5.4 Moulding the Mould—Linking Aspergillus Morphology
with Primary Metabolism

Although we are far away from comprehensively deciphering transcriptomic sig-
natures of A. niger morphological mutants, it is apparent that they suggest a con-
nection between polar growth control and primary metabolism. For example, the
A. niger TORC2 complex is not only central for the polarisation of actin at the
hyphal tip but also of vital importance for energy metabolism, viability and salt
balance of A. niger [109, 116], the function of the Rho GTPase RacA lies not only
in the control of actin polarisation but is also somehow linked to carbon
and nitrogen source utilisation [114], the transcriptional repressor TupA links
morphogenesis, development and nitrogen metabolism [122]. What might be the
connection between these different processes?

Of course, cells do only grow if sufficient amount of nutrients are present in the
medium; hence, the most obvious interdependence lies between the nutritional/
energetic status of a cell which is the prerequisite for any kind of growth. Our
current understanding of the main fungal signalling pathways balancing growth
and nutritional status is based upon the paradigms established in the models
S. cerevisiae and A. nidulans. From these systems, we know that the cAMP-protein
kinase A and Snf1 signalling pathways are key for carbon sensing [123], whereas
TORC1 signalling is important for nitrogen sensing [124]. However, a very recent
publication on the regulation of dimorphism (i.e. the switch between a yeast-like
apolar growth mode to a filamentous polar growth mode) in U. maydis has provided
for the first time the evidence of a physical interaction of a high-affinity ammonium
transporter (Ump2) with a Rho GTPase (Rho1) at the plasma membrane of a
filamentous fungus. This interaction occurs under low-ammonium conditions and
inhibits Rho1 from negatively regulating Rac1 (the homologue of the A. niger Rho
GTPase RacA), thereby inducing the switch to filamentous growth [125]. This is a
very compelling study which without any doubt clearly demonstrates that the
nutritional status can also directly control polarised growth.
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6 Integration and Analysis of Aspergillus Genomic Data

The fungal scientific community witnessed a revolution during the last two decades.
Since the publication of the first fungal genome (S. cerevisiae) in 1996 [126], the
number of publically available fungal genome sequences increased exponentially
reaching more than 250 by 2014 [26, 127]. For the genus Aspergillus, the first
sequencing projects started in the late 1990s leading to the publication of the first
Aspergillus genome, namely A. nidulans in 2005 [128] followed by other milestone
publications for A. oryzae [129], Aspergillus fumigatus [130] and A. niger [34]. As
of 2014, the number of fully sequenced Aspergillus species reached 21, all being
publically accessible via the database MycoCosm (http://jgi.doe.gov/fungi; [26]).
Thanks to increased throughput, reduced cost and improved accuracy of next-
generation sequencing technologies, there is no end of this trend within sight. A
project with the ambitious title ‘1,000 Fungal Genomes’ is currently running at the
US Department of Energy Joint Genome Institute to sequence all major branches of
the entire fungal tree of life [26], an initiative which can only be successful if the
fungal scientific community continues to jointly develop powerful Web-based and
wet-lab tools and pipelines for gene annotation and gene function analyses [131].

6.1 Opportunities and Challenges of Computational
Genomics for Aspergillus

The availability of different genome sequences constitutes a rich resource for
comparative genomics that generates new knowledge linking genotypes with
phenotypic traits. Such comparative genomic studies have provided insights into
the genetic basis for citric acid or protein production of A. niger strains as discussed
in Chap. 5 [27]. Other comparative genomic studies disclosed CAZymes relevant
for lignocellulose degradation in A. nidulans, A. niger and A. oryzae [132] and the
closely related white-rot and brown-rot basidiomycetes Ceriporiopsis subvermis-
pora and Phanerochaete chrysosporium [133] or predicted secondary metabolite
gene clusters in Aspergilli and plant pathogenic filamentous fungi [134, 135].

The wealth of sequence data will without doubt further significantly enrich the
portfolio of proteins, enzymes and metabolites to become produced by industrial
Aspergilli or other industrial filamentous fungal production hosts. However, the
challenge for the next decade is definitely no longer in sequence generation but data
interpretation, data integration and methods for the high-throughput functional
characterisation of predicted genes [136]. In the near future, next-generation
sequencing approaches will be important for the correction of structural gene
annotations ‘just’ by sequencing fungal transcriptomes [95], in addition, micro-
array-assisted transcriptomics will continue to be a powerful technology for the
study or prediction of gene function as recently shown for the accurate assignment
of secondary metabolite gene clusters in A. nidulans [137].
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A list of currently available databases dedicated to the analysis of fungal gen-
omes with a focus on Aspergillus projects is summarised in Table 1. These
resources structure sequence information, provide annotations at different levels and
connect gene and protein predictions with functional genomics data. What is
important to make these databases sustainable? An important issue here is data
conformity, in particular for functional annotations, which should have been gen-
erated with the same annotation pipeline in order to provide meaningful results in
comparative genomics studies [26]. User-friendly intuitive interfaces are required to
extend the acceptance and frequent use of already existing resources. Clearly,
conversion of data types, identifiers and formats is a formidable task for scientists
with a limited computational background, which will of course limit the use of
existing powerful resources. Besides, a major risk for genomic resources can be
seen in funding reductions. Expiration of funded projects periods or the lack of
long-term community support will result in diversified and redundant resources,
which in turn makes data conformity difficult.

In order to move towards conceptual models describing and predicting the link
between Aspergillus growth, morphology and product formation, the integration of
multiple -omics data types is key. Examples of association studies linking transcript
profiles with proteomics, metabolomics data and genome-scale models have been
given in the chapters above, some of which also applied guilt-by-association and
enrichment/overrepresentation analyses to identify co-expression and gene regula-
tory networks in A. niger and A. oryzae. Further examples can be found in [14, 109,
138–141] to name but a few.

Computational methods guiding protein redesign have also been successfully
used to improve protein production levels in A. niger. The proof-of-concept study
was recently provided for two enzymes by van den Berg and colleagues [142, 143],
who applied a machine-learning approach to identify DNA and protein features
which discriminate between low- and high-level secretion rates based on the data
for over 2,600 homologous or heterologous proteins expressed in A. niger. Using
this strategy, both proteins were redesigned according to the calculated features of
high-level secreted proteins. Up to 45 mutations were introduced which eventually
led to a 10-fold increase in extracellular enzyme concentrations. A very impressive
work, which can certainly become transferred to other proteins or features as the
underlying methodology is generic [143].

6.2 Opportunities and Challenges of Functional Genomics
for Aspergillus

98 % of the A. niger and A. oryzae genes are uncharacterised [98], urgently calling
for high-throughput experimental techniques to elucidate their function. The
systematic inactivation of predicted open reading frames by gene deletion or gene
disruption and/or their controlled overexpression are two complementing
approaches to study the function of genes. A respective genome-wide deletion
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Table 1 Selected Web-based
resources for Aspergillus
genomics (as of 23
September 2014)

Genomics databases

• Aspergillus Genome Database (AspGD) [95]
– http://www.aspgd.org/
– Genome, orthology and transcriptome data for comparative
genomics of 20 Aspergillus species

– Comprehensive manually curation of Gene Ontology
annotation for selected Aspergillus species (A. niger, A.
nidulans, A. oryzae and A. fumigatus)

• Central Aspergillus Data REpository (CADRE) [196]
– http://www.cadre-genomes.org.uk/index.htm
– Genome, orthology and transcriptome data for comparative
genomics of nine Aspergillus genomes (eight species)

• Fungal genome initiative
– http://www.broadinstitute.org/scientific-community/science/
projects/fungal-genome-initiative/fungal-genome-initiative

– Including a comparative database for eight Aspergillus
species

• Ensemble fungi [197]
– http://fungi.ensembl.org/index.html
– Genome data for 52 fungal genomes including nine
Aspergillus genomes from eight species

• MycoCosm [26]
– http://genome.jgi-psf.org/programs/fungi/index.jsf
– Genomics resource for the US Department of Energy Joint
Genome Institute’s ‘1,000 fungal genome project’

– Comparative data for 394 fungal genomes including 21
Aspergillus genomes (19 species)

• FungiDB [198]
– http://fungidb.org/fungidb/
– Comparative data for 64 fungal organisms including ten
Aspergillus genomes from nine species

• Comparative fungal genomics platform [199]
– http://cfgp.snu.ac.kr
– 152 fungal genomes

• e-Fungi
– http://www.cs.man.ac.uk/*cornell/eFungi/

• Seoul National University Genome Browser (SNUGB): [200]
– http://genomebrowser.snu.ac.kr/
– A versatile genome browser supporting comparative and
functional fungal genomics

– 137 fungal genome datasets

• The Genomes OnLine Database (GOLD) [201]
– http://www.genomesonline.org/
– Comprehensive database for genomic and metagenomic
projects

– version 4.0 contains information for more than 11,000
sequencing projects

(continued)
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Table 1 (continued) Databases and tools focusing primarily on functional
annotation

• FungiFun version 2 [202]
– https://elbe.hki-jena.de/fungifun/fungifun.php
– Enrichment analysis of functional annotations including
KEGG, GO and FunCAT

– Comprises 321 species (functional annotation not available
for all)

• FetGOat [139]
– www.broadinstitute.org/fetgoat
– Gene Ontology Enrichment analysis for ten Aspergillus
strains from eight species

• Fungal secretome database [101]
– http://fsd.snu.ac.kr/index.php?a=view
– provides data for 217 fungal species

• Fungal secretome knowledge base [203]
– http://proteomics.ysu.edu/secretomes/fungi.php
– Prediction of secreted proteins applying different tools
including (SignalP, WolfPsort,—Phobius and others)

– 54 fungal species including eight Aspergilli

• Fungal transcription factor databases [204]
– http://ftfd.snu.ac.kr/index.php?a=view
– 178 fungal strains

• Fungal cytochrom P450 database [205]
– http://passport.riceblast.snu.ac.kr/?t=P450
– 213 fungal genomes

Databases and tools for metabolic network/model analysis

• KEGG pathway database
– http://www.genome.jp/kegg/pathway.html
– Pathway maps for diverse organisms including seven
Aspergillus species

– 114 pathway maps for A. niger ranging from glycolysis to
endocytosis

• BioMet toolbox version 2 [206]
– http://biomet-toolbox.org/
– Web-based resources for integrative analysis of metabolic
models and transcriptome data

– Repository contains models for A. nidulans, A. niger and
A. oryzae

• MEMOSys 2.0 [207]
– https://memosys.i-med.ac.at/MEMOSys/home.seam
– Database for genome-scale models and genomic data
– Repository contains models for A. nidulans, A. niger
and A. oryzae

• FAME [208]
– http://f-a-m-e.org/ajax/page1.php#top
– Flux analysis and modelling framework

(continued)
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project has been initiated for the model fungus N. crassa [144] and knockout
mutants have been developed for more than two-third of the 10,000 N. crassa genes
[145]. The basis for this achievement was high-throughput production of gene
deletion cassettes, high transformation rates via electroporation of conidia and
levels of homologous recombination equal or higher than 90 % [145]. In 2009, an

Table 1 (continued) • MetaCyc/BioCyc pathway database [209]
– http://metacyc.org/
– Exclusively experimentally determined pathways, curation
and tight integration of data and references, non-redundant

– Covers all domains of life
– So far no filamentous fungi included but it provides a
resource for network-based annotations

• Aspercyc
– www.aspercyc.org.uk
– Database for metabolic pathways for eight Aspergillus
species

Databases and tools for genome-wide expression profiling

• GEO [210]
– http://www.ncbi.nlm.nih.gov/geo
– Microarray and RNAseq datasets
– Web-based analysis of datasets with using the R interface
GEO2R

• ArrayExpress [211]
– http://www.ebi.ac.uk/arrayexpress/
– Microarray and RNAseq datasets

Tools for predicting secondary metabolism gene clusters

• SMURF [212]
– http://jcvi.org/smurf/index.php
– Prediction of secondary metabolite biosynthesis genes and
pathways in fungal genomes

– Based on protein domains and chromosomal position
– Precomputed results available for 27 fungal species

• AntiSmash [213]
– http://antismash.secondarymetabolites.org/
– Analysis platform for genome mining of SM biosynthetic
gene clusters

– Combination of protein domain searches and examination of
neighbouring regions

Other databases

• Fung-growth
– http://www.fung-growth.org/
– Surface growth profiles using 35 different carbon sources
including monosaccharides and crude plant biomass

• FANTOM [214]
– http://www.sysbio.se/Fantom/
– Functional and taxonomic analysis of metagenomes
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effort from within the Aspergillus community was initiated to generate deletion
constructs for all A. nidulans genes as well. Very recently, gene knockout con-
structs for about 93 % of the 10,560 predicted A. nidulans genes were provided to
the community [146]. To prove the utility if these constructs, gene deletion strains
were established for 128 predicted protein kinases which uncovered a function for
previously uncharacterised kinases in vesicle trafficking, polar growth, septation
and secondary metabolism [146].

Similar community-wide efforts for genome-deletion projects for other Asper-
gilli will hopefully become initiated soon as they are one of the most essential and
invaluable resources for comprehensively understanding the genetic basis of their
lifestyle. In fact, we have all necessary tools in hand for the industrial Aspergillus
strains: (i) fast molecular cloning methods including fusion PCR, bipartite, in vivo
yeast recombination, Golden Gate and Gibson assembly (for review see [147]),
(ii) a broad collection of suitable promoters, selection systems and transformation
methods including protoplast-mediated transformation, electroporation and shock
wave assisted transformation (for details see [1, 4, 148–153]), and (iii) recipient
strains with most efficient homologous recombination frequencies [154–158],
(iv) a promoter system with which the function of essential genes can be studied
[24]. The availability of these tools has made it now possible to lift functional
genomics approaches to the higher, i.e. high-throughput level.

7 Mathematical Modelling of Aspergillus Cultivations

7.1 What Good Are Models?

As in many other disciplines as well, mathematical modelling of Aspergillus culti-
vations offers a substantial benefit in various aspects. In the most ambitious
approach, the huge amount of physiological data obtained could be potentially
lumped together to draw a comprehensive picture of morphology elucidating
microscopic morphology, colony/pellet growth and interaction with the environ-
ment. This would finally allow for a directed control of morphology. Today, this
goal seems to be too ambitious not only for Aspergillus, but for all fungi. However,
less challenging objectives can be and have to be tackled with mathematical models.

By the very nature of living cells, experimental data are obtained from a highly
dynamical system where the behaviour of a cell does not only depend on the actual
stimuli but what had happened to the cell in the past. On a rational basis, such data
can only be interpreted and condensed in the context of a dynamical model. For
fungal organisms, interpretation of physiological data is even more challenging.
Besides the compartmentalisation of biological functions in distinct organelles,
space- and time-dependent distributions of organelles, other compounds of the
cytoplasm, and of stimuli in and around a mycelium occur (see Chap. 4). Models
may help here in analysing biochemical data which depends on spatial distribution
as well. For technical applications, morphology influences culture broth viscosity,
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productivity and downstream processing. With image analysis, data quantifying
morphology from A. niger can be linked to biomass-independent rheological data
see [159, 160]. In solid-state cultivation, aerial hyphae can give rise to a non-
uniform oxygen supply or an increased pressure drop in packed-bed cultivations of
A. oryzae or Rhizopus oligosporus [161]. In this area, mathematical models are
needed to predict rheological and other process data from morphology. If this is
possible, such rheological data could be estimated at a very early stage of a process
development before performing image analysis. Liu et al. [162] propose an inter-
esting approach for R. oryzae where they predict the probability of pellet formation
with a multiple logistic regression model. This method could be transferred to
Aspergillus. Details and recent approaches to control morphology and productivity
in liquid cultures by the addition of inorganic microparticles, changes of the conidia
adhesion capacity, spore concentration, osmolality, pH, mechanical stress, etc., with
A. niger, A. terreus and other strains can be found in [107, 108, 163–165].

In addition to the interpretation and compression of biological data, models can
be finally exploited in powerful and versatile methods for process design, optimi-
sation, closed-loop control and supervision. In this respect, cultivation processes
have not yet reached the same maturity as traditional chemical processes [166]. This
huge area of model-based applications, although very important, will not be con-
sidered in this short paragraph as it would deserve a separate review (see [167, 168]
for an introduction). Here, we rather focus on the challenges coming from an
interpretation of physiological data in light of a complex morphology. To this end,
some more general comments concerning modelling of mycelial organisms seem
appropriate before we direct our attention to some recent developments and nec-
essary future investigations. The references given in what follows mainly cover
publications of the last couple of years. Morphological modelling of fungi, however,
goes back, at least, to the year 1967 [169]. Excellent reviews of the period in between
can be found, e.g. in [107, 170, 171] or in [172] for filamentous bacteria such as
Streptomyces species. The cited newer articles, moreover, give credit to other
important results from literature which cannot be repeated here for sake of brevity.

7.2 What Can be Modelled?

Mathematical modelling of the morphology of mycelial organisms can focus on
scales ranging from nanometers to meters or more [173, 174]. A variety of
mechanisms and effects can be elucidated by means of mathematical models.
Examples, ordered by a growing length scale, could be the study of exo- and
endocytosis for polar growth, of tropism, the onset of new branches, anastomosis,
organelle distribution in hyphae, or growth of hyphae over long inert habitats by
intrahyphal translocation of nutrients, to name just a few potential applications.
Typically, processes involved on a biological level will depend on time- and space-
dependent environmental factors as well. A mycelium growing on a solid substrate
will deplete it after a while, leading, e.g. to autolysis. A submerged, pellet-forming
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organism such as A. niger will see in its pellet centres a reduced substrate con-
centration, especially with respect to oxygen, when the size reaches a certain level
[159, 172, 175–177]. This may lead to autolysis, enhanced susceptibility to
mechanical stress, or improved productivity due to favourable nutrient concentra-
tions inside the pellet. Here, mathematical models have to describe the particle, i.e.
pellet size distribution [175] to predict its effect on productivity [178], and, for
example, on viscosity, and, hence, on important parameters such as heat and mass
transfer coefficients (see, e.g. [163] and references therein).

All morphological details are the result of highly regulated biochemical reactions
on a metabolic level. Due to polarised, i.e. apical growth, and apical or subapical
branching, metabolic fluxes will be space-dependent. Additionally, in fungi, a
coordinated interplay between various organelles inside a hypha has to be con-
sidered to determine, e.g. the timing and location of branch initiation. This is far
beyond what has been tackled so far with mathematical models for Aspergillus or
other fungi. Even a comprehensive mathematical model of a subset of this multi-
scale problem is still out of reach although more and more biological details on a
molecular level are discovered.

7.3 Which Model When?

Before continuing this discussion, a classification of models seems necessary. In
contrast to unstructured models, structured approaches do not describe the biotic
phase by just one variable but by a number of selected compounds, real or hypo-
thetical compartments, morphological compartments, or by a detailed description,
e.g. of metabolic fluxes in the realm of systems biology [13]. For fungal cultiva-
tions, as for actinomycetes, growth and production described by unstructured or
structured models can be further refined accounting for the space-dependent
nutrient situation inside large mycelia and pellets [172, 179], and, equally impor-
tant, in non-ideally mixed large-scale fermenters [166, 180]. For fungi, rather very
few attempts with respect to morphologically structured approaches have been done
so far. An old example goes back to Megee et al. [181] who have built up a model
for hyphae of A. awamori including active, inactive hyphae, tips and substrates.
Based on it, refinements were formulated later from different researchers, for
example for P. chrysogenum, Geotrichum candidum and the actinomycete
S. hygroscopicus. Examples and more references are given in [182–185].

Micro- or macro-morphological models to describe growth, branching and
geometrical appearance of small and large mycelia and of pellets, respectively, can
be formulated in a continuous or discrete manner or a combination of both
(see [174, 183] for an extended discussion). Continuous models go back to the
work of Edelstein and co-workers [184] who combined discrete elements into a
continuous description of the evolution of the biomass density by the introduction
of a tip density and apical growth. This approach, leading to a set of partial
differential equations, is especially suited for studying larger mycelia or pellets in
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homogenous environments. It was subsequently refined by different researchers
[173, 174, 185, 186]. However, the inclusion of -omics data in this kind of con-
tinuous approach is hardly possible.

Discrete models, on the other hand, often start from predefined lattices along
which growth can occur (lattice-based models) [161, 185], from vector-based
approaches [187], or from a geometrically unconstrained description [175]. Discrete
models can be readily extended to hybrid ones to include continuous descriptions of
nutrient transport outside the mycelium. If stochastic elements are included,
appealing images are obtained from simulations that are almost indistinguishable
from real microscopic pictures. A first model including deterministic and stochastic
parts was already formulated in the year 1992 by Yang et al. [188]. It showed a
striking similarity to microscopic images after they had been processed by image
analysis algorithms. The model was calibrated with data from S. tendae and
G. candidum. Later, Lejeune and Baron used it as a basis for T. reesei [177]. More
recent examples describing the geometric form from different fungi or streptomy-
cetes can be found in [179, 183, 189], to name just a few. Typically, the rules and
kinetics used in these models do not have to rely on detailed biological knowledge
to still produce ’realistic’ images, i.e. they do not start from biological data from,
e.g. A. niger. To give an example, the simulations shown in Fig. 6 just use the
information that the apical growth rate in three dimensions is constant and that septa
and branches are formed when a critical length of a hyphal compartment is
obtained. Including a random growth direction in the simulation produces the
results shown. Such basic model structures can now be used to include biological
information to get more from the model than just a nice visual impression.
Moreover, such models are needed to predict the macroscopic implications with
respect to nutrient transport, rheology, etc. when, e.g. the branching rate is changed
by a genetic manipulation [179].

A last group of models concentrates on individual hyphae to more accurately
describe its growth rate or geometric form. Data from the -omics initiatives are
missing here as well. A well-known example goes back to Bartnicki-Garcia et al.

Fig. 6 2D projections of
four simulated 3D mycelia
using a very simple model.
All mycelia start as a spore,
grow with the same apical
growth rate and only differ
in age
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[190]. They describe the geometrical form of an apex of various fungi with a simple
model. It is based on a set of hypotheses how vesicles are transported from the
Spitzenkörper to the wall. The model has been refined later to better account for the
three-dimensional shape of a tip and the way vesicles are transported to the wall
(see, e.g. [72, 191–193]). Recently, a quantitative model to describe the growth of
an apex was introduced by Caballero-Lima et al. [74]. They assume that enzyme
carrying vesicles fuse with the plasma membrane at the apex proportional to the
local exocyst concentration. Realistic shapes of a hypha, however, are only
obtained when these enzymes, e.g. (1,3)-ß-glucan synthase, are removed from the
plasma membrane by endocytosis at some distance from the apex. This is one of the
very few models which are built upon well-established cell biological processes and
are supported by quantitative measurements. For the explanation of another micro-
morphological appearance, Sugden et al. [194] argue that the long-range transport
of material in hyphae is important for length growth. They explain it by a particle
transport along a single, hypothetical microtubule extending over the whole length
of a hypha. Monte Carlo simulation reveals an interesting result showing a raising
concentration of the particles towards the tip as it is observed by laser scanning
microscopy from other groups for organelles in fungi. In contrast, [195] explains
length growth of Phanerochaete velutina mathematically by a turgor driven
intrahyphal flow towards the tip. The model accounts for increasing radii of hyphae
when the flow increases which can be shown experimentally.

7.4 What More Is to Come?

As in these last examples, morphological models are mostly based on a very
simplified description of the underlying biochemical processes. It is our believe that
such unstructured or phenomenologically structured models of small size describing
individual hyphae, mycelia or pellets have already reached a high level of maturity.
One of the main challenges for future work, in contrast, lies in the exploitation and
explanation of Big Data information in view of space-dependent processes in
hyphae leading to specific morphologies. A gap exists today between what is
known and what can be used in mathematical models. When we proposed the first
‘mechanistic’ model more than 20 years ago [188], we had to assume hypothetical
compounds in a hypha to describe an initial exponential and then constant growth
rate of an individual branch as biological details for this process were unknown.
Today, for fungi and for actinomycetes, a whelm of data is available. Interpreting
this molecular and cell biological data on a mechanistic level and combining it with
a morphological description seems to be a promising, though intricate route to
follow. It is understood, however, that such a detailed description, for example on
an organelle-basis, cannot be used to describe growth of larger mycelia and address
process control issues. Therefore, as a next step, detailed models have to be reduced
again. This reduction, however, will be based on more detailed, biologically better
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founded models. In the long run, such an approach might help to replace heuristic
rules exploited today to model morphology by more physics- or bio-based
expressions and close the circle towards a rational control of morphology.

8 Conclusions

The Aspergillus Big Data era creates entirely new opportunities and challenges.
In order to make industrial Aspergillus strains completely transparent and
productive for us, we need to address the challenges on different levels: (i) the Big
Data analysis pipeline—data acquisition, extraction, integration, modelling and
interpretation [12]—has to be approached entirely not only with a focus on data
acquisition. We should not leave -omics data under-analysed but should constantly
re-analyse and re-interpret them in view of ‘old’ and newly incoming -omics data
from database repositories. Most importantly, data noisiness and heterogeneity of
Aspergillus populations have to be taken into account when analysing these data.
Likewise, co-regulation analyses are key to identify sub networks, to map tran-
scriptional networks or to identify connections between signalling pathways.
(ii) -Omics data have to be combined with in vivo life imaging studies to link time
with space. In addition, functional genomics studies and ‘good old’ enzyme assays
are key to ascribe functions to predicted proteins and enzymes. Furthermore, we
should not lose the use of electromobility shift assays out of sight, to study and
prove binding of predicted transcription factors to predicted promoter binding sites.
(iii) And finally, there is a clear bottleneck in the number of fungal scientists
working on Aspergillus and empowered to ask questions and finding the right
experiments to answer them. We thus need to get many more students—biologist,
bioinformaticians and engineers—interested and educated in fungal research. What
we can offer? Exciting times for gold diggers!
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Bioprocess Engineering Aspects
of the Cultivation of a Lovastatin Producer
Aspergillus terreus

Marcin Bizukojc and Stanislaw Ledakowicz

Abstract The aim of this work is to review bioprocess engineering aspects of
lovastatin (antihypercholesterolemia drug) production by Aspergillus terreus in the
submerged culture in the bioreactors of various scale presented in the scientific
literature since the nineties of the twentieth century. The key factor influencing the
cultivation of any filamentous species is fungal morphology and that is why this
aspect was treated as the starting point for further considerations. Fungal mor-
phology is known to have an impact on the following issues connected with the
cultivation of A. terreus reviewed in this article. These are broth viscosity in
conjunction with non-Newtonian behaviour of the cultivation broths, and multi-
stage oxygen transfer processes: from gas phase (air) to liquid phase (broth) and
diffusion in the fungal agglomerates. The latest achievements concerning the
controlling A. terreus morphology during lovastatin biosynthesis with the use of
morphological engineering techniques were also reviewed. Last but not least, some
attention was paid to the type of a bioreactor, its operational mode and kinetic
modelling of lovastatin production by A. terreus.

Keywords Lovastatin � Bioreactor � Fungal morphology � Kinetics � Broth
rheology � Oxygen transfer
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1 Introduction

Lovastatin is a polyketide secondary metabolite from filamentous fungi of high
industrial importance as a drug lowering the level of endogenous cholesterol in the
human blood serum. It acts as a competitive inhibitor of (S)-3-hydroxy-3-methyl-
glutaryl-CoA reductase. Its chemical (IUPAC) name is [8-[2-(4-hydroxy-6-oxooxan-
2-yl)ethyl]-3,7-dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-1-yl] 2-methylbutanoate.
Lovastatin is a lactone, water insoluble compound formed during the extraction
from the cultivation media of the actual metabolite: mevinolinic acid, which is, from
the chemical point of view, a β-hydroxy acid. The biosynthesis of lovastatin and its
action in the human organism is visualized in a condensed form for the purpose of
introduction in Fig. 1.

There are several fungal species capable of producing of this metabolite such as
Aspergillus terreus, Monascus ruber and Penicillium citrinum; nevertheless, it is
A. terreus that became the industrial producer of this metabolite. A. terreus pro-
duces lovastatin with good efficiency and, if cultivated under proper conditions, a
few other secondary metabolites (by-products) are formed. Much more by-products
can be found in P. citrinum and M. ruber, e.g. mycotoxin citrinin and red pigments,
respectively.

The quest to discover the inhibitors of (S)-3-hydroxy-3-methylglutaryl-CoA
reductase, later called statins, started in the early 1970s in two international phar-
maceutical companies Sankyo in Japan and Merck in the USA. This history was
described in detail by Endo [24]. Finally, it was Merck, who succeeded and
introduced lovastatin onto the market under the trade name Mevacor® in 1986. At
present, A. terreus mutant strains are employed to produce this metabolite on the
industrial scale and the most efficient mutant, about which some public data are
revealed comes from Metkinnen OY (Finland). It is capable of producing over 10 g
lovastatin per litre. Not only lovastatin but also the variety of semi-synthetic and
fully synthetic statins has been produced [65]. The leading global companies are
Pfizer Inc., AstraZeneca PLC, Merck & Co Inc. and Novartis AG. The value of the
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global market for statins was estimated to 20.5 × 109 dollars in 2011 with the
forecast to decline to 12.2 × 109 dollars in 2018 because of the expiry of the patents
(Source Research and Markets).

The basic strain of A. terreus has been denounced in American Type Culture
Collection as ATCC20542. In the scientific literature, often this strain, a recom-
binant ATCC74135 or other locally (in the lab of the research team) obtained
mutants and local strains are the objects of research.

The research on lovastatin production by A. terreus was conducted in several
universities all over the world. With regard to number of scientific papers published
in the last two decades, the team from University of Almeria (Andalusia, Spain) is
the leader (inter alia: [15, 62]). Fairly many publications come from Poland, from
Lodz University of Technology (inter alia: [8–11, 28, 58]). In Asia, Chaoyang
University of Technology in Taiwan leads (inter alia: [39–41]). Older but important
papers were published by the Italian team from University of Milan (inter alia:
[13, 44, 45]). Few papers were also published in the 1990s by scientists from
Technical University of Budapest [66] and University of Ljubljana [52]. Various
teams from India (inter alia: [30, 31, 38]) also joined to the research on lovastatin
production.

Out of all these teams, the research on lovastatin production is still continued in
Poland and recently appeared the Mexican team from two universities of Mexico
City specializing in solid-state cultivation for lovastatin production by filamentous
fungi (inter alia: 4, 5, 48]).

Fig. 1 Aspergillus terreus important metabolite lovastatin (mevinolinic acid) and its action in the
human organism
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All the works published so far connected with lovastatin biosynthesis by
A. terreus can be, in our opinion, subjectively divided into four groups: (1) the
earliest works, including patents, focused on the newly discovered substance, i.e.
lovastatin (or mevinolin or monacolin K, as this metabolite had more names in its
history) from the 1980s (inter alia: [1, 2, 49]), (2) the works on genetic and bio-
chemical mechanisms ruling the formation of lovastatin being a polyketide
metabolite (inter alia: [3, 36, 68, 71]) (3) microbiologically focused publications
mainly connected with media optimization and influence of media composition or
any other substances on lovastatin formation (inter alia: [7, 12–16, 32, 39, 40, 44,
45, 66, 67]) and (4) the works with bioprocess engineering approach. The latter
group is the subject of this review and the works belonging to it are collected and
shortly described in Table 1.

Lovastatin biosynthesis in the submerged culture consists of several steps, which
are each time applied by the scientists studying this process. For the sake of clarity
and better understanding of the further sections of the review, they are schemati-
cally presented in Fig. 2.

2 Fungal Morphology and Lovastatin Formation

Although the issues of fungal morphology do not seem to be, at first glance, closely
connected with bioprocess engineering but with mycology or, more generally,
microbiology, they are going to be discussed at the beginning. It is a common
knowledge that fungal morphology is one of the strongest factors influencing any
metabolite formation by filamentous fungi [55], so it is the case of lovastatin
production by A. terreus too. Furthermore, apart from a strong impact on lovastatin
formation, also other parameters and features of the culture, its viscosity and
oxygen transfer are extremely influenced by A. terreus morphology. Morphology of
A. terreus, as of any other filamentous fungi, can be affected by the hydrodynamic
conditions in the bioreactor and also can be controlled by means of the novel
morphological engineering techniques (see Sect. 5). There is no doubt that all
aforementioned issues are in the domain of bioprocess engineering.

In the submerged cultures of filamentous fungi, two morphological forms are
usually found, i.e. either hyphal aggregates (pellets) or dispersed hyphae (free
hyphae). It is connected with the mechanisms and stages of filamentous fungi
growth, i.e. spore swelling, hyphal tip extension, branching and finally mycelial
aggregation. All these mechanisms were thoroughly described by Papagianni [55].
The aggregation process may occur at different stages of fungal evolution and it
results with the formation of fungal aggregates (pellets). Different mechanisms of
mycelial aggregation are known. These are the agglomeration of spores in Asper-
gillus sp. and hyphal aggregation, which is characteristic for Penicillium sp. Non-
agglomerative mechanism (agglomerates formed from an individual spore) is found
in prokaryotic Streptomyces [47, 51].
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Table 1 Publications with bioprocess engineering approach concerning lovastatin production by
A. terreus in the chronological order

No. Reference Major findings

1 Gbewonyo et al. [26] Significance of A. terreus morphology (minimizing its
variations) for lovastatin production in conjunction with mass
transfer processes

2 Novak et al. [52] Evidence that fed-batch process is more efficient for
lovastatin production than the batch one provided the
overfeeding is avoided

3 Kumar et al. [38] Evidence that fed-batch process is more efficient for
lovastatin production than the batch one; determination of
kLa during lovastatin production

4 Liu et al. [43] Morphologically structured model for lovastatin biosynthesis

5 Hajjaj et al. [32] Starvation (lack of substrate) is required for lovastatin
production

6 Lai et al. [41] Oxygen vector (n-dodecane) increases lovastatin titre in
shake flask culture, but not in the bioreactor, and changes
fungal morphology

7 Casas Lopez et al.
[17]

Increased agitation in a stirred tank bioreactor strongly
decreases pellet diameter and lovastatin titre; there is a
maximum shear stress that can be tolerated in A. terreus
culture, independent of better or worse aeration conditions
(with air or oxygen-enriched air)

8 Lai et al. [42] Level of pO2 influences pellet morphology; optimum pO2 for
lovastatin production is 20 %, initial pH = 6.5 and should not
be controlled

9 Rodriguez Porcel
et al. [62]

Pellets formed by A. terreus in a fluidized bed bioreactor are
larger than those in a stirred tank bioreactor; the compactness
and fluffiness of pellets is affected by stirring intensity and so
is the size of pellets; rheological parameters of the broth are
affected by biomass concentration pellets size and pellet
fluffiness

10 Rodriguez Porcel
et al. [63]

In a fluidized bed bioreactor, aeration with oxygen-enriched
air is required to obtain high lovastatin titres at aeration rate
equal to 1 Lair L

−1 min−1; mass transfer coefficients
kLa depend on the morphological form of the hyphae:
dispersed or pelleted

12 Rodriguez Porcel
et al. [60]

Lovastatin formation is enhanced in fed-batch and semi-
continuous bioreactor (with biomass retention), if fed with
non-growth-promoting medium

13 Gupta et al. [30] Correlation between morphology and rheology of A. terreus
cultivation broths

14 Bizukojc and
Ledakowicz [8]

Unstructured kinetic model for A. terreus growth and
lovastatin formation on the single carbon substrate (lactose)

15 Bizukojc and
Ledakowicz [9]

Determination of lovastatin and (+)-geodin (by-product)
formation kinetics in conjunction with carbon substrate
uptake

(continued)
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With regard to the growth of A. terreus mycelium, all researchers dealt with the
agglomerates, namely fungal pellets. Thus, at the beginning, the quantitative
parameters concerning the pelleted morphology of A. terreus are going to be pre-
sented. These, who more or less thoroughly referred to A. terreus morphology in
their works, used above all the simplest parameter to describe it, i.e. pellet diameter.
[11, 17, 26, 28, 30, 34, 60, 62, 63]. This selection is fully justified as fungal pellets
are the most frequently of spherical shape.

Nevertheless, apart from the shape, a macroscopic structure of A. terreus pellets
may differ dependent on the conditions, under which they grow. The most often
used classification of fungal pellets comes from the review of Metz and Kossen
[47]. It distinguishes fluffy loose pellets (with a compact centre and a much looser
outer zone), compact smooth pellets (the whole pellet is compact, the surface of the
pellet is smooth) and hollow smooth pellets (the centre of the pellet is empty, due to
autolysis of hyphae and its surface is smooth). It can be without any doubts applied
to A. terreus.

Table 1 (continued)

No. Reference Major findings

16 Rodriguez Porcel
et al. [61]

Organic nitrogen-free media for feeding in fed-batch
bioreactors are the most optimum for lovastatin production by
A. terreus

17 Bizukojc and
Ledakowicz [10]

Too intensive aeration of the culture leads to the intensive
formation of (+)-geodin, instead of lovastatin; pH control
with carbonates is required for better lovastatin titres

18 Gupta et al. [31] The optimum dilution rate is found for lovastatin production
in a continuous bioreactor with free and immobilized biomass

19 Jia et al. [34] Type of carbon source influences the properties (diameter and
structure) of A. terreus pellets during lovastatin biosynthesis

20 Bizukojc and
Ledakowicz [11]

Lovastatin and (+)-geodin formation depends on the fraction
of actively growing filaments in A. terreus pellets (the
quantitative correlation given); first work on the intrastructure
of A. terreus pellets

21 Gonciarz et al. [29] Mineral microparticles (morphological engineering
technique) should be added to the preculture in order to
increase lovastatin titre; talc powder is better than aluminium
oxide microparticles

22 Pawlak et al. [59] Lovastatin formation strongly depends on the scale of
bioreactor

23 Pawlak and Bizukojc
[57]

Unstructured kinetic model for A. terreus growth and
lovastatin formation on two carbon substrates (lactose and
glycerol)

24 Pawlak and Bizukojc
[58]

Apart from feeding profile, also the level of redox potential
and utilization rate of inorganic carbon influence lovastatin
formation in the fed-batch bioreactor

25 Gonciarz and
Bizukojc [28]

Addition of talc microparticles enhances lovastatin formation
in the shake flask culture even by 50 %
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The quantitative measure of the filamentous growth in the A. terreus pellets,
describing their hairiness was proposed by Rodriguez Porcel et al. [62] and Casas
Lopez et al. [17]. Their concept was based upon the work of Cui et al. [18] and
comprised two measures. First, they used the diameter corresponding to a circular
area equivalent to the total pellet-projected area, as a one-dimensional measurement
of the pellet size. Second, they measured the mean projected area of the whole
pellet and the area of the hairy region. Upon this, they introduced the filament ratio
that can be upon their description defined as:

filament ratio ¼ AZ

AZ þ AC
ð2:1Þ

where AZ—projected area of the core of pellet kernel, AC—projected area of fila-
ments. The definition of filament ratio is presented in Fig. 3 too.

Fig. 2 General flow chart to biosynthesize lovastatin by A. terreus in the submerged culture
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All these above-described morphological parameters, being the quantitative
measure of A. terreus morphology, should be connected with lovastatin formation.
Unfortunately, the study of literature revealed that most of the authors did not do
this explicitly.

Gbewonyo et al. [26] were the first who noticed the fact of lovastatin production
by dispersed (it is not a frequent case) and pelleted hyphae of A. terreus without
making any detailed morphological measurements. They only wrote that they had
pellets of 100–300 μm. No data on lovastatin concentration were given in this
paper.

Relatively large amount of data about A. terreus morphology were published by
the research team from University of Almeria (Andalusia, Spain). Nevertheless,
most of them are only the presentation of the data (no doubt that valuable)
concerning the change of morphological parameters in time for various process
conditions and bioreactors. Upon them hardly can any direct quantitative correla-
tion between A. terreus morphology and lovastatin production be found as the
quantitation of A. terreus morphology was not the main aim of most of these works.

Casas Lopez et al. [17] studied the influence of agitation speed on lovastatin
production and thereby showed the difference between pellets formed under high
(800 rpm) and low (300 rpm) agitation conditions in a 5-L stirred tank bioreactor
(STB). In the first case, pellet diameters were below 1,500 μm and in the second
one they achieved even 2,500 μm. Interestingly, they found that filament ratio is not
so strongly influenced by the agitation. In all cases it decreased from about 0.9 at
the beginning of the process to about 0.4 after 100 h. Casas Lopez et al. [17] did not
show any direct mathematical correlation between pellet diameter and lovastatin
formation. Nevertheless, they obtained higher titres of lovastatin for lower agitation
speed, i.e. in the system with bigger pellets. Quantitative data concerning the
mechanical properties of the formed A. terreus pellets, for example the correlation
between specific energy dissipation rate and fungal morphology, as it had been
done for A. awamori by Cui et al. [18], were not presented either.

Another work from this team by Rodriguez Porcel et al. [62] did not bring many
new data. That time a different bioreactor, i.e. a 17-L fluidized bed bioreactor
(FBB), was used. Its application led to obtaining bigger pellets compared to the

Fig. 3 Definition of filament
ratio (upon the description
from [62])
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STB. Their diameter was in the range from 2,000 to 3,000 μm. But filament ratio
remained insensitive to the change of bioreactor. Similar findings were reported in
Rodriguez Porcel et al. [63]. Here, the effect of various aeration gas compositions
and organic nitrogen source concentration was studied. In the article concerning
various feeding strategies for lovastatin production in a FBB [60], no new findings
concerning A. terreus morphology, compared to the previous articles, can be found
again.

There are also some data concerning A. terreus morphology from other research
teams. Lai et al. [40] showed several distributions of pellet diameter in the optimum
media (obtained by means of statistical medium design) for lovastatin production.
Lai et al. [42] made the classification of the hyphal objects and presented pellet size
distribution in two types of cultures: shake flasks and a 5-L STB. The pellets from
shake flask culture were bigger and their diameter ranged from 750 to 1,600 μm
with the maximum frequency for 1,200 μm pellets, while in the bioreactor, from
650 to 1,350 μm with the maximum frequency for 1,000 μm pellets. They claimed
that stirring velocity is the strong factor influencing pellet size; however, lower
shearing stress and consecutively bigger pellets are more useful for lovastatin
formation. They also concluded that A. terreus pellets with a uniform size distri-
bution (950 μm in average) aided lovastatin production largely. In the earlier work,
Lai et al. [39, 41] observed the effect of addition of water-immiscible organic
oxygen carrier (n-dodecane) on A. terreus morphology. Above all, it decreased
pellet diameters (from 1,200 to 800 μm at 2.5 % n-dodecane) and changed their size
distribution. Also the structure of pellets was altered. The pellets became less hairy.
It increased lovastatin production. In the experiment made in a 5-L STB with the
organic solvent added, the star-shape (diffused) pellets were undesirably formed,
namely there was a transformation from compact pellets to extremely fluffy loose
pellets. To this morphology, together with the elevated oxygen concentration,
undesired pH effects and organic solvent droplet formation the aggravation of
lovastatin production was attributed [41].

Gupta et al. [30] also traced the changes of A. terreusmorphology in time in a 2-L
STB. Describing methods, they declared the complex quantification of fungal
morphology, including the measurement of mean projected area, diameter and cir-
cularity. Unfortunately, they did not show these data. They only observed the growth
in pellet diameter within the 10-day cultivation from 3,500 μm (on average) in
3rd day up to 5,650 μm (on average) in 10th day. They postulated the deceleration of
the process after 8th day to be connected with the breakage of the pellets formed.
They also claimed, although they did not show any correlation, that neither very
small pellets nor large hollow pellets are suitable for lovastatin production. Only
medium-sized pellets 1,800–2,000 μm with the high ratio of filaments to core,
actually they can be called fluffy pellets, optimally produced lovastatin at high
oxygenation conditions. This study contains the interesting images from the electron
microscopy to visualize the destruction of pellets in the late stages of lovastatin
production.

Jia et al. [34] characterized A. terreus morphology during lovastatin production
in shake flasks in terms of pellet core diameter (i.e. the equivalent diameter of the
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measured core area) and the width of the hairy zone in relation to the used carbon
source. In their opinion, regular and compact pellets with slender spongy of outer
hyphae and sporangia on the tips of pellet outer hyphae, (the latter is quite unusual
opinion, not found in any other sources) were beneficial for A. terreus secondary
metabolism. Larger pellets were formed on fast utilizable substrates (glucose or
sucrose), while smaller ones on lactose, glycerol or starch assuring higher lovastatin
titres.

The effect of fungal pellet size and the differentiation of hyphae in A. terreus
pellets on lovastatin production were studied by Bizukojc and Ledakowicz [11] in
the 150-mL shake flask culture. They confirmed the agglomerative mechanism of
pellet formation in the 24-h preculture of A. terreus. Using various numbers of
spores 1.39 × 109 to 2.56 × 1010 L−1 in the preculture, and using these precultures
for the inoculation of the production medium, they generated smooth pellets of
various sizes from about 1,000 to 3,500 μm in the production medium. About
10,400 spores capable of germination were found to form an individual pellet of
A. terreus. Pellets once formed were not very prone to divide or agglomerate in the
later stages of cultivation and their number remained more or less constant with
the cultivation [11]. What is the most important, these authors directly found that
the smallest pellets occurred to be the most efficient for lovastatin production,
while the largest one effectively biosynthesized (+)-geodin, an octaketide
by-product of A. terreus. Above all, only in this article, the differentiation of hyphae
was visualized, quantified and associated with lovastatin formation (Fig. 4). Using
microscopic stained slides and, if required, thin cross sections of pellets, two zones
of various metabolic activity were distinguished: external active and internal less
active or dead.

The specific lovastatin formation rate πLOV was proved to be dependent on the
fraction of the active hyphae in the external regions of pellets in accordance with
the equation:

pLOV ¼ 0:117 � Z1 þ 0:047 ð2:2Þ

where Z1 is active external zone fraction and πLOV is specific lovastatin formation
rate (related to biomass concentration expressed in mg LOV g X−1 h−1).

In Table 2, the most important issues concerning A. terreus morphology and
lovastatin formation are summarized.

Although there is insufficient amount of data aiming at finding of the direct
correlations between A. terreus morphology and lovastatin production in the sub-
merged culture, the importance of fungal morphology in these cultivations shall be
confirmed in the next sections. Almost all engineering aspects concerning lovastatin
production in bioreactors, e.g. broth viscosity and its rheological properties, oxygen
transfer in the system, operational parameters of the bioreactor and even its type are
stronger or weaker affected and/or correlated with the morphological form of
A. terreus. Thus, it is not an accident that the articles mentioned in this section will
be cited again, as all these engineering aspects were almost always studied and
discussed together with the morphology of A. terreus mycelium.
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3 Rheology of A. terreus Cultivation Broths

At the beginning, it is worth mentioning that all data which concern rheology of
A. terreus broths available in literature are the time changes of rheological
parameters of the broth in time.

In one of the earliest works containing information on hydrodynamic properties of
A. terreus broths, Gbewonyo et al. [26] showed the changes of apparent viscosity of
the broth in relation to the morphological form of the fungus evolved during the
cultivation in a pilot-scale 500-L STB. In the case of filamentous suspension (no
pellets formed), apparent viscosity changed from about 50 cP (0.05 Pa s) at the
beginning of the cultivation to about 700 cP (0.7 Pa s) for the dispersed morphology
and 300 cP (0.3 Pa s) for the pelleted morphology after 100 h of the process.
Furthermore, the increase in the apparent viscosity had a permanently increasing

Fig. 4 Visualization of A. terreus pellets evolution from spore aggregation to the growth and
differentiation of pellets of pellets (from a to m) and (n) changes of fractions of zones Z1 (active)
and Z2 in time; negative values of time indicate the time of preculture in the reversed order and
t = 0 h is the inoculation time [11]; reproduced with permission granted from Springer
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trend for the dispersed morphology, while in the case of pellets it stabilized on the
aforementioned level after about 40 h. No rheological model was proposed in this
study.

The more detailed research on the rheological properties of A. terreus broths was
only conducted by the team from University of Almeria, whose works dominate in
the scientific literature with regard to this subject. Nevertheless, only a few of these

Table 2 A. terreus morphology versus lovastatin formation

Bioreactor type
and working
volume

Factor(s) influencing
fungal morphology

Pellet size
(μm)

Lovastatin
titre (mg L−1)

Reference

500-L STB None (pO2 controlled) 100–300 Not given Gbewonyo
et al. [26]

5-L STB Stirring Casas et al.
[17]300 rpm 2,500 40

800 rpm <1,500 20

Bioreactor type Rodriguez
Porcel et al.
[62]

5-L STB 300–800 rpm; vvm = 1
Lair L

−1 min−1
500–1,500 Not given

17-L FBB vvm = 1 Lair L
−1 min−1 2,000–3,000

Oxygen vector Lai at al. [41]

25-mL shake
flask

200 rpm, no C12H26 1,200 300

200 rpm, 2.5 % C12H26 800 >400

2.5-L STB 2.5 % C12H26 Diffused
pellets

100

25-mL shake
flask

Response surface
methodology (RSM)
medium optimization

850–1,050 1158 Lai at al. [40]

Culture type Lai at al. [42]

125-mL shake
flask

750–1,600
(mean 1,200)

>400

3-L STB pO2 = 20 % 650–1,350
(mean 1,000)

>400

2-L airlift None
(vvm = 1.5 Lair L

−1 min−1)
3,500–5,650 900 Gupta et al.

[30]

20-mL shake
flask

Carbon source type Jia et al. [34]

Glucose 400–750 112.5

Sucrose 218.8

Starch 501.3

Lactose 212.5

Glycerol 937.5

150-mL shake
flask

Spore number in the preculture Bizukojc and
Ledakowicz
[11]

1.39 × 109 to
2.56 × 1010 L−1

1,000–3,500 30–70
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works were more directly aimed at the testing of the rheological properties of A.
terreus broths. In most of them, the measurements of the rheological parameters
were only the additional data included in these works.

Generally, in all these works it was assumed that A. terreus broth rheology can
be described by the power law, i.e. Ostwald-de Waele equation. Using this law, the
apparent viscosity of the broth can be expressed as

lapp ¼
s
_c
¼ K � _cn�1 ð3:1Þ

where K—consistency (N m−2 sn); n—flow behaviour index (−); _c—shear rate (s−1)
and τ—shear stress (N m−2).

In the light of the common knowledge on fungal suspensions, the use of the
power law was justified as these suspensions satisfy this law being usually shear
thinning liquids. These authors did not make any deeper insight into rheology of
A. terreus cultivation broth than the determination of the parameters for Ostwald-de
Waele law throughout the whole duration of the process, namely at various sam-
pling times. No yield stress was described either. They always used the same
rheometric measurement device, i.e. rotational viscometer with standard vane
spindle of 21.67 mm diameter and 43.33 mm height.

The work from by Casas Lopez et al. [17] was the most detailed and comprised
the determination of the rheological parameters satisfying Ostwald-de Waele
equation for A. terreus broth cultivated in a 5-L STB agitated with Rushton turbines
at various speeds, i.e. 300 and 800 rpm at various aeration conditions: with air and
oxygen-enriched air. The values of consistency K and flow behaviour index n were
determined within cultivation time and, irrespective of the aeration gas, consistency
remained unchanged (0.01 N m−2 sn) within the time of cultivation, if the higher
rotation speed of the impeller was used. At the lower rotation speed of the impeller
(300 rpm), the increase in consistency from the initial 0.01 to 0.5 N m−2 sn was
observed. Changes of flow index were different starting from about 1 (Newtonian
fluid): at the beginning of the cultivation, it went towards 1.5 for the higher rotation
speed of the impeller (shear thickening fluid) or towards 0.5 (shear thinning fluid)
for the lower rotation speed of the impeller. It was also reflected in the apparent
viscosities, which were higher for the strongly agitated broth (0.03–0.065 Pa s) and
lower for the weaker agitated broth (0.01–0.035 Pa s). Cultivation broths aerated
with oxygen-enriched air were usually more viscous. It is the only work, in which
the changes of apparent viscosity along the culture time were graphically presented.
In all studied runs, the increase of apparent viscosity in time by 0.01–0.03 Pa s
within 200 h of the experiment was observed.

The untypical effect of the formation of shear thickening broth the authors
explained by the formation of very small pellets (between 500 and 1,500 μm, as
shown in the graphs) at the higher rotation speeds of the impeller. Taking the size of
the pellets into account, this explanation seems not to be probable as these pellets
are not extremely small, compared to other literature data. No correlation between
lovastatin formation and broth rheology was explicitly shown. Any positive or
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negative effects regarding lovastatin yield were rather attributed to the varying
process conditions.

Rodriguez Porcel et al. [62] made a comparative study on A. terreus broth rhe-
ology for two types of bioreactors: a 5-L STB and 17-L FBB. The interesting in this
study was that the flow behaviour of the broth in the fluidized bed bioreactor was
shear thickening with flow behaviour index value of around 1.2 throughout the
whole duration of the cultivation (initially declined from 1.7 to 1.4), despite fairly
large pellets (up to 1,500 μm). The reference data for the STB were the same as in
Casas Lopez et al. [17]. The consistency index for FBB was more than one mag-
nitude lower (0.005–0.025 Pa sn) than for STB agitated at 300 rpm (up to 0.5 Pa sn).
In the opinion of the authors, the various values of flow behaviour index were
associated to biomass concentration and fungal morphology, namely pellets diam-
eter and, to the lesser extent, fluffiness of pellets. The correlation between lovastatin
concentration and broth rheology was here again indirect, via fungal morphology.

Rodriguez Porcel et al. [63] continued their study in the FBB. They again tried to
find the correlation between broth rheology and biomass concentration together with
pellet size. The experiments were made in the media with varied organic nitrogen
concentration. The clear correlation between nitrogen concentration and consistency
was then described. Nitrogen-limited conditions (nitrogen initial level 0.15 g N L−1)
led to aggravated biomass formation (less than 5 g L−1), which contributed to lower
K values around 0.05 Pa sn. Generally, consistency increased with time of the
cultivation until the moment, when pellets ceased growing and retained the same
diameter, which happened around 100 h. Consistency was found to be insensitive to
the increase in the concentration of pellets of a fixed diameter. As both pellets and
filaments were observed in the broths, the correlation between these two morpho-
logical forms of biomass and rheological properties was also noted. The filament-
rich culture broth was more viscous (K > 0.5 Pa sn) than in the case of pelleted
growth (K = 0.2–0.4 Pa sn dependent on the hour of the run). In these cultures, they
observed the varying flowing pattern, indicating the change in the properties of the
broth from shear thickening (n = 1.2–1.8) in the initial stages of the cultivation to
strongly shear thinning liquid (n = 0.5–0.6) around 100 h of the run. It took place in
the nitrogen-rich system, with high amount of biomass. In nitrogen-limited condi-
tions, flow index was usually close to 1. No clear explanations about higher than 1
flow indices were given. Lovastatin yield was to the high extent correlated with high
biomass concentration and fungal morphology, but again no direct correlation
between the rheological properties of the broth and lovastatin titre was found.

Another work by Rodriguez Porcel et al. [60] was generally focused on estab-
lishing a complicated cultivation strategy (batch and semi-continuous operational
mode bioreactor in the FBB). The rheological measurements were only the addi-
tional data. Here, the broth from the initial shear thickening became shear thinning
together with the growth of biomass (n = 0.4–0.9) and the consistency index K was
of similar level as for the slowly stirred STB as shown in Casas Lopez et al. [17].
Nevertheless, it was lower for the semi-continuous runs (around 0.05). In these
runs, 90 % of biomass existed as fluffy small pellets (the rest were filaments) and
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this value decreased to 70 % in the end of the cultivation. In the work by Rodriguez
Porcel et al. [61], a novel bioreactor strategy was proposed and rheological data
actually confirmed the previous findings.

The only source, which may allow for the critical comparison of the above-
presented data, is the publication of Gupta et al. [30]. They also used Ostwald-de
Waele model to describe the rheology of A. terreus broths. They showed the
changes of apparent viscosity1 in time. It increased from the value of about
0.01 Pa s at 24 h to 0.06 Pa s at 144 h and subsequently decreased down to
0.035 Pa s. Consistency increased from 0.00978 to 0.06685 Pa sn (its maximum)
and flow behaviour index n changed from 0.694 to 0.48. These authors also cor-
related the flow behaviour index with biomass concentration introducing an
exponent of biomass denounced as α, whose value was actually constant to 2.0.
They presented this correlation only in the form of a graph, giving no equation.

All most important data concerning the rheology of A. terreus broths for lova-
statin production were collected in Table 3.

Table 3 Rheological parameters of cultivation broth with A. terreus in lovastatin biosynthesis

Type of
fluid

Rheological parameters Apparent
viscosity Pa
s/shear rate
(s−1)

Varied process
conditions

Bioreactor Literature

Consistency,
K, N m−2 sn

Flow
behaviour
index, n

Ostwald-de
Waele

About 0.01 1–1.5 0.05–0.04/a n = 800 rpm 5-L STB Casas
Lopez et al.
[17]

0.05–0.65 1–0.3 0.0065–0.04/a n = 300 rpm

Up to 0.5 0.4–1.6 N/A Stirred tank 5-L STB;
17-L FBB

Rodriguez
Porcel et al.
[62]

0.005–0.025 1.2–1.4 N/A Fluidized bed

0.05–0.55 0.5–1.5 N/A Initial nitrogen
conc. and
oxygen conc. in
the aeration gas

17-L FBB Rodriguez
Porcel et al.
[63]

0.05–0.35 0.5–1.5 N/A Various
bioreactor
operational
mode strategy

Rodriguez
Porcel et al.
[60]

0.05–0.25 0.4–10.8 N/A Rodriguez
Porcel et al.
[61]

From
0.00978 to
0.06685

0.694–0.48 0.010–0.060/b – 2-L
internal
loop
airlift

Gupta et al.
[30]

– – – 0.05–0.7/0.17 Dispersed and
pelleted
mycelium

Pilot-scale
500-
L STB

Gbewonyo
et al. [26]

a Shear rate value not given; only equation from which it was calculated
b Apparent viscosity estimated from the power law; shear rate value not given

1 Upon other literature data, it can be concluded that these authors the most probably made the
error in viscosity units attributing Pa s to the values expressed in cP. Here, it was corrected. Also
the units of rheological parameters of Ostwald-de Waele equation were incorrect and changed here
to be consistent with the data from other authors.
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Despite many data available, it would be still useful to seek for the quantitative
correlations between lovastatin titre and rheological properties of the broth and fungal
morphology. Probably a kind of the multivariate correlation would be useful for this
purpose. In our subjective opinion, also the existence of the range, in which A. terreus
broth is shear thickening, requires the confirmation from the other scientific teams.

4 Role of Oxygen Transfer in Lovastatin Biosynthesis

The main operational parameter that reflects the presence and influence of oxygen in
the bioreactor process is dissolved oxygen saturation level, usually denounced as DO
or pO2. Holding its level constant is a convenient and very practical way to assure the
required amount of this electron acceptor to the fungal culture. However, the varying
composition of the cultivation broth and, above all, the varying fungal morphology
in conjunction with broth rheology does not allow for detailed conclusions to be
exclusively drawn from its levels. Thereby, the effect of oxygen on fungal culture
has to be more thoroughly investigated, especially with regard to its transfer.

Due to the variety of morphological forms in filamentous fungi, the study of
mass transfer in the bioreactors, in which filamentous fungi grow, is far more
complicated than in the case of such microorganisms as yeasts or bacteria. Its main
reason is the formation of macroscopic agglomerates, namely pellets (see Sect. 2),
in which several stages of oxygen transfer might be potentially limiting (Fig. 5).
Normally, oxygen transfer in biological systems is limited in the liquid film sur-
rounding the air bubbles (stage 3 in Fig. 5). If pellets are formed, both the liquid
film surrounding the pellets and diffusion in the pellets alone should be considered.
There are three physical parameters to quantify these potentially limiting mass
transfer processes, i.e. convective mass transfer coefficients, kLa and kSa, and
effective diffusion coefficient, Deff. However, not all these steps of oxygen transfer
in the fungal cultures were studied with same engagement. It is clearly seen in the
detailed review by Garcia-Ochoa and Gomez [25]. At the beginning, they presented
all these steps, but further the review dealt with the gas-liquid phase transfer (kLa),
about which the literature is really rich.

Similarly, with regard to lovastatin-producing A. terreus, the values of kLa were
presented in several papers, while the process of oxygen diffusion inside A. terreus
pellets has been rarely studied. Nowhere can any data concerning the values of con-
vective mass transfer coefficient in the liquid film surrounding the pellet kSa be found.

4.1 Impact of Oxygen Saturation

There are few studies concerning directly the impact of oxygen saturation on
lovastatin formation by A. terreus. The most detailed study was made by Lai et al.
[42] in a 5-L STB. They tested four levels of pO2, i.e. 10, 20, 30 and 40 %
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concluding that the optimum level was 20 %. Higher pO2 level was in their opinion
not favourable for lovastatin formation. This finding is to a certain extent in the
contradiction with someworks fromUniversity of Almeria. These researchers used in
their several works the oxygen-enriched (80 % O2) air for the aeration of A. terreus
broths. It allowed for holding the oxygen saturation level at 400 %with vvm between
0.5 and 1.5 Lair L

–1 min–1 [17, 60, 63]. On the other hand, Bizukojc and Ledakowicz
[10] claimed that high constant aeration rate (above 1 Lair L

−1min−1) led to (+)-geodin
formation (an octaketide by-product) rather than to lovastatin. Earlier works con-
cerning lovastatin formation were less focused on the issue of oxygen. Only Novak
et al. [52], testing the following three levels of oxygen saturation, i.e. 35, 70 and 80%,
found that pO2 = 70 % assured the highest lovastatin titres (in this publication
lovastatin concentrations are not openly given inmg L−1 but in “units”). Analysing all
these data, it is also important to check what the initial carbon source concentration in
the culture was. It is the common biochemical knowledge that more carbon source
requires more final electron acceptor for its catabolism. That is why the conclusions
about the optimum oxygen saturation level were different. In the works cited above,
lactose (C-source concentration) varied from 20 g L−1 [10], via 70 g L−1 [42] up to
114 g L−1 [17, 60, 63]. It certainly influenced the conclusions drawn by all these
authors.

Fig. 5 Oxygen transfer stages in the bioreactor during the cultivation a filamentous fungus:
1 convection in the turbulent bulk gas of the air bubble, 2 diffusion through gas–liquid interface,
3 convection in the liquid film, 4 convection in the turbulent bulk liquid 5 convection through the
liquid film surrounding the fungal cells (filaments) or agglomerates (pellets) 6 diffusion through
the liquid–solid interface 7 diffusion inside the pellet 8 biological reaction site (inspired and based
upon Doran [19])
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The most interesting idea of oxygen supply facilitation in A. terreus cultivation
was proposed in the earlier mentioned work of Lai et al. [39, 41]. They used a water
non-miscible organic oxygen carrier (n-dodecane) to increase lovastatin titre. They
succeeded in shake flask culture, while in the bioreactor, the results were not
satisfactory mainly due to undesired morphology of mycelium (see Sect. 2) and too
high, in their opinion, oxygen saturation level in the broth.

4.2 Convective Mass Transfer Coefficients in Various
Bioreactor Systems

The issue of mass transfer from the bubbles into the broth in A. terreus cultivation
was the object of studies already in the early 1990s. Nevertheless, these data are
usually scarce and, as it was with regard to broth rheology, no explicit correlation
between kLa and lovastatin production were given. The aforementioned Gbewonyo
et al. [26] studied in the limited range the interactions between A. terreus mor-
phology (pelleted and dispersed) and mass transfer (kLa) during lovastatin bio-
synthesis. These measurements concerned the behaviour of their fungal system in
response to the changes in agitation (between 100 and 250 rpm) in a STB. Con-
vective mass transfer coefficient was usually lower for the systems with dispersed
morphology (Table 4).

Casas Lopez et al. [17] also determined oxygen mass transfer coefficients in their
culture. These values are given in Table 4 too. In their STB, pelleted growth of
A. terreus dominated and they studied the time changes of kLa dependent on the
rotation speed of the impeller.

Table 4 Values of convective mass transfer coefficient for A. terreus cultivations

kLa values Fungal
morphology

Process conditions Type of
bioreactor

Literature

Below 75 h−1

(0.014 s−1)
Dispersed Response to changes in

agitation between 50–75 h
of the run

Pilot-scale
500-L STB

Gbewonyo
et al. [26]

Up to 200 h−1

(0.056 s−1)
Pelleted

About 0.04 s−1

(144 h−1)
Pelleted O2-enriched air at 800 rpm 5-L STB Casas Lopez

et al. [17]
0.002–0.003 s−1

(7–10 h−1)
Pelleted O2-enriched air at 400 rpm

0.004–0.008 s−1

(14–28 h−1)
Pelleted Superficial air velocity

UG = 0.014 m/s aerated
with O2-enriched air (80 %)

17-L FBB Rodriguez
Porcel et al.
[63]

0.006–0.015 s−1

(21–54 h−1)
Pelleted UG = 0.021 m/s

280 h−1 (0.0778 s−1)–
100 h−1 (0.0278 s−1)

Pelleted Changes of kLa in time
without studying the
influence of any process
condition

1,000-L STB Kumar et al.
[38]
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Casas Lopez et al. [17], using a classical chemical engineering approach, showed
the experimental correlation for the A. terreus lovastatin-producing system between
energy dissipation/circulation function EDCF (kW m−3 s−1) defined as:

EDCF ¼ Pg

kcD3tc
ð4:1Þ

where Pg is gassed power input (kW m−3), kc—geometric constant, D—impeller
diameter (m), tc—gassed circulation time (s), and convective mass transfer coeffi-
cient kLa, achieving the following equation:

kLa ðs�1Þ ¼ 7:0� 10�4 � ECDFð Þ0:76 ð4:2Þ

For Pg/VL ratio (VL—broth volume), the similar correlation was as follows:

kLa ðs�1Þ ¼ 2:24� 10�2 � Pg=VL
� �0:92 ð4:3Þ

Rodriguez Porcel et al. [63] determined kLa values (Table 4) in a 17-L fluidized
bed bioreactor and determined experimentally the exponents and constants of the
following correlation for kLa in the function of broth viscosity and biomass
concentration:

kLa ¼ a � Ub
g � lceff � cdb ð4:4Þ

where Ug—superficial gas velocity (m s−1), μeff—apparent broth viscosity (Pa s)
and cb—biomass concentration (kg m−3). As it was in the case of broth rheology,
neither direct correlation between kLa and lovastatin titre was given nor any explicit
conclusions drawn. Only general comment confirming that higher aeration is
profitable for lovastatin formation and more biomass in the system results in higher
lovastatin titre was given.

Kumar et al. [38] determined several values of kLa in a large 1,000-L bioreactor
operating in the discontinuous fed-batch mode. It was maximally 280 h−1

(0.0778 s−1) in 24 h of the run. It gradually decreased in time achieving the
minimum values below 100 h−1 (0.0278 s−1) in 288 h of the run (Table 4).

4.3 Effective Diffusivities in A. terreus Pellets

The determination of the effective diffusivities in the immobilized biocatalysts, as
fungal pellets can be treated as a form of immobilized biocatalyst, is not an easy
task. Precise measurements of oxygen profile in the pellet are required and the tools
for this purpose are available since the 1980s [69]. Nevertheless, it must be
remembered that these measurements can never be made directly in the bioreactor.
Pellets must be withdrawn from the bioreactor or located in the special measuring
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tube connected to the bioreactor. It is the strong experimental limitation that has an
impact on the number and quality of the obtained results.

A very good and detailed analysis how to measure and determine Deff in the
individual fungal pellet under various flow conditions was described by Hille et al.
[33] for another fungal species A. niger AB.1.13 (α-amylase producer). For this
purpose, the second Fick’s law was used:

dcO2

dt
¼ Deff � d

2cO2

dr2
ð4:5Þ

where r is pellet radius and Deff-effective diffusivity.
The scarce data, as this paper generally concerned morphological engineering

techniques to maximize lovastatin production, on the values of effective diffusivities
in A. terreus pellets were only obtained by Gonciarz and Bizukojc [28]. Under
quiescent flow conditions, the oxygen profiles in at least three A. terreus pellets of
various diameters in each sampling time from the shake flask culture were made in
this work. Effective diffusivities were found from the following oxygen balance
(so-called shell model for a biocatalyst) with the assumed Michaelis-Menten
kinetics for oxygen utilization rO2 in the pellets.

d2cO2 rð Þ
dr2

� r2 þ 2 � r � dcO2 rð Þ
dr

� 1
Deff

� rO2 � r2 ¼ 0 ð4:6Þ

Some exemplary data, i.e. an oxygen profile and the values of effective diffu-
sivities, are shown in Fig. 6.

The determined values for A. terreus pellets from about 1,700 to 500 μm2 s−1

were similar to the ones as in other fungal systems, although they were found as the
parameters of model equation and determined in the stationary pellets motionlessly
submerged in the cultivation broth. To compare, the relative Deff for A. niger pellets
ranged from 1,960 to 2,799 μm2 s−1. Dependent on pellet density, it decreased even
down to 1,120 μm2 s−1 [33].

5 Controlling Fungal Morphology: Application
of Morphological Engineering Tools

5.1 Morphological Engineering with Regard to Filamentous
Organisms

There are several techniques to influence fungal morphology in the cultivation of
filamentous organisms (both fungi and prokaryotic Streptomyces). They can be
divided into the classical approach and morphological engineering techniques [37]
The classical approach covers the following methods: spore suspension preparation
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(manipulating with number of spores), changing of process parameters (e.g. pH and
pO2 shifting), changing of medium compositions (varying carbon and/or nitrogen
source) and, above all, changing of hydrodynamic conditions in the bioreactor
(shear stress induced by the impeller and aeration). The newer morphological
engineering approach seems to be more subtle with regard to microorganisms as it
acts on the level of the formation of pellets.

Filamentous fungi (and Streptomyces) cultures are evolved from spores. It often
leads to obtaining various morphological forms of them. The importance of the
morphological form of thefilamentous fungi was already discussed in Sects. 2, 3 and 4
and strongly emphasized in the review by MacIntyre et al. [46]. What is the most
important, in this work, the phrase “morphological engineering” is used as a keyword
for the first time and defined as “tailoring morphologies for specific bioprocesses”
[46].

The controversy, which morphological form is more useful for the formation of
the given metabolic product, is always the matter of many discussions. Here, a good
example was citric acid produced by A. niger. Never was it unequivocally said,
which form is better [54].

There are two mechanisms of spore agglomeration in filamentous fungi
dependent on their genera. In Penicilli, one observes the agglomeration of filaments
and in Aspergilli the agglomeration of spores. In the case of prokaryotic Strepto-
myces, the pellet is formed from the individual spore [47, 51, 55].

1600 1700 1800 1900 2000 2100
400

600

800

1000

1200

1400

1600

1800

E
ffe

ct
iv

e 
di

ffu
si

vi
ty

 (
µm

2  s
-1
)

Pellet diameter (µm)
0 500 1000 1500 2000

0

2

4

6

8

10

O
xy

ge
n 

co
nc

en
tr

at
io

n 
(m

g 
O

2
L

-1
)

Disntance from pellet centre (µm)

pellet boundary
layer

bulk 
liquid

(a) (b)

Fig. 6 Diffusion of oxygen inside A. terreus pellets: a measurement of oxygen profile in an
individual pellet; solid line represents the solution of Eq. 4.6 (selected data from [28]) and b the effect
of pellet diameter on effective diffusivity in A. terreus pellets (upon tabularized data from [28])
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In filamentous fungi, the size of pellets to be formed is the issue of the number of
spores used. The higher number of spores is introduced to the preculture medium,
the smaller pellets are formed. It is also possible that the dispersed mycelium
occurs, if the number of spores is high enough [47]. This observation most likely
became the foundation of morphological engineering. Various methods can be then
applied to influence the process of spores agglomeration and this way to change the
fungal morphology. There are several morphological engineering tools that can
be used to act on the formation of fungal agglomerates. These are the following:
(1) addition of mineral microparticles to the broth at the various stages of culti-
vation [20–23, 28, 29], called a microparticle-enhanced cultivation (MPEC) by
[35], (2) change of broth osmolality [70] and (3) change of broth viscosity [53]. The
applications of morphological engineering techniques to the filamentous microor-
ganisms are collected in Table 5.

In all cases, the authors declared better productivity of the desired metabolite
owing to the application of the morphological engineering technique. Generally, the
mechanism of action was similar in all cases. The agglomerates of biomass obtained
in the submerged culture, namely fungal pellets, had their structure changed
because of the undertaken actions. The pellets got smaller and looser, what must
have facilitated transport of nutrients into the cells and it was reflected in the
productivity of a given metabolite.

5.2 Morphological Engineering for Lovastatin Production

The studies concerning the application of morphological engineering techniques for
lovastatin production by A. terreus are limited (see Table 5). Actually, there are two
publications, in which this issue was studied [28, 29] and all the conclusions were
drawn upon shake flask culture of A. terreus (Table 3). The authors tested the
addition of microparticles: talc and aluminium oxide. It was a two-stage cultivation:
24-h preculture and main culture. Talc powder occurred to be more efficient in
A. terreus cultivation system. Also due to the fact that the microparticles act on the
level of spore agglomeration, they had to be added to the preculture. It was the most
important finding of these works, i.e. the stage, at which the microparticles should
be added to the process. Only then, both the size and structure of A. terreus pellets
were significantly changed and the positive effect on lovastatin titre was observed.
Pellets once formed are not quite sensitive towards the action of microparticles, and
in the case of A. terreus, the process of pellet formation was actually finished within
24 h in the preculture as earlier claimed by Bizukojc and Ledakowicz [11]. The
increase of lovastatin titre with the decrease of fungal pellets diameter in the
morphologically engineered culture confirmed the previous findings dealing with
the relation of pellet diameter and lovastatin production [11]. The level of 12 g L−1

talc powder in the preculture occurred to be optimum for further evolution of the
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mycelium and lovastatin production in the shake flask culture (even a 50 % increase
of its titre) [28]. The experiments are being continued by these authors and their
preliminary results indicate that the scale-up of lovastatin production by A. terreus
with the use of talc microparticles to the 5.3-L working volume bioreactor was easy.
It is due to the fact that the action of the microparticles takes place in the shake flask
preculture step. Thereby, the inoculum was somewhat modified and further evo-
lution of the fungus in the production medium either in shake flask or STB was
influenced by its physiological and morphological state. In the bioreactor, the
increase of lovastatin titre occurred to be even higher than that in shake flasks.
Comparing to the control runs, it was doubled in the batch mode and even 2.5-fold
increase was observed in the glycerol-fed fed-batch mode (publication in
preparation).

It can be concluded from the statements above that MPEC of the lovastatin
producer A. terreus is effective and future prospects are very promising.

Table 5 Selected most important approaches to use morphological engineering tools in the
cultivation of filamentous organisms

Filamentous
species

Metabolite Morphological engineering
technique

Type and
working
volume of
bioreactor

Literature

Caldariomyces
fumago

Chloroperoxidase Aluminium oxide and talc
microparticles (<42 μm) added to the
preculture (0.05–25 g L−1)

100-mL
(preculture)
and 300-mL
shake flasks

Kaup et al. [35]

A. niger AB
1.13 and its
mutants

Fructofuranosidase
α-amylase

Microparticles (<10 μm) of hydrous
magnesium silicate (talc powder) in
cultivation medium at conc. from
0.01 to 30 g L−1

50-mL shake
flasks and
3-L STB

Driouch et al.
[21]

A. niger
SKAn1015

Fructofuranosidase Microparticles (<10 μm) of hydrous
magnesium silicate (talc powder)
5 g L−1 added to cultivation media
prior inoculation

50-mL shake
flasks and
2.2-L STB

Driouch et al.
[22, 23]

A. niger
SKAn1015

Fructofuranosidase Titanium silicate oxide (8 μm) added
to cultivation media prior inoculation

50-mL shake
flasks and
2.2-L STB

Driouch et al.
[20]

Streptomyces
hygroscopicus
var. geldanus

None Xanthan gum addition (up to
5 g L−1) to increase medium
viscosity and make it more non-
Newtonian

100-mL
shake flasks

O’Cleireigh
et al. [53]

A. niger AB
1.13

Fructofuranosidase
α-amylase

Osmolality from 0.35 osmol/kg
(standard medium) to 3.6 osmol/kg
by sodium chloride addition

3-L STB Wucherpfennig
et al. [70]

A. terreus
ATCC20542

Lovastatin Aluminium oxide and talc
microparticles (<10 μm) added to the
preculture and growth culture

150-mL
shake flask

Gonciarz et al.
[29]

A. terreus
ATCC20542

Lovastatin Talc microparticles (<10 μm) added
to the preculture (1–20 g L−1)

150-mL
shake flask

Gonciarz and
Bizukojc [28]
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6 Various Types and Operational Modes of Bioreactors
to Produce Lovastatin

A bioreactor is the basic tool for bioprocess engineering research and the equipment
without which there would not be any industrial production of useful metabolites.
With regard to lovastatin biosynthesis byA. terreus in the submerged culture, there are
quite many works, in which the experiments were conducted in bioreactors. Referring
to the construction, actually type of bioreactor, mainly STBs of various working
volume were used. A fluidized bed bioreactor was applied by only one research team
[60–63]. One publication deals with an internal loop airlift bioreactor [31].

The majority of experiments were conducted in two operational modes of
bioreactors, i.e. batch mode and various fed-batch modes. In the latter ones, higher
metabolite titres are usually obtained. As there are several fed-batch modes of
bioreactor operation and sometimes various names are used for it, here the classifi-
cation of Moser [50] is going to be used irrespective of the fact how the authors of the
given publication named it. In almost all cases of lovastatin production, two fed-batch
modes have been used so far: either discontinuous fed-batch (feeding as an impulse
flow in the set intervals) or continuous fed-batch mode, in which the feeding solution
is pumped continuously with a constant or not constant rate to the bioreactor.

One of the earliest scientific works, in which lovastatin biosynthesis was studied
in the bioreactor, was performed by Novak et al. [52]. They used a 15-L STB and
two operational modes of the bioreactor: batch and discontinuous fed-batch at the
initial glucose concentration of 100 g L−1. Their lovastatin titres in the batch mode
were different dependent on the set oxygen saturation but fast glucose utilization
and its deficiency (below 10 g L−1) signalized by dissolved oxygen level made
these authors to apply discontinuous feeding with glucose solution at 150 h. The
authors called their process as repeated fed-batch, but they did not write, whether
during the feeding event a portion of broth was pumped out of bioreactor. Feeding
allowed for regaining the activity of the fungus and higher lovastatin titre compared
to the batch run. Next feeding step at 250 h occurred to be ineffective.

The work of Hajjaj et al. [32] was only aimed at testing various types of media,
complex and synthetic ones, for lovastatin production by A. terreus ATCC 74135,
but they applied 7- and 15-L STBs in the batch mode. They used constant aeration
rate (vvm = 1 Lair L

−1 min−1) and agitation (400 rpm). In the discussion, they did
not refer to process conditions in the bioreactor.

The experiments of Kumar et al. [38] were made in the largest bioreactor of all
discussed here. They cultivated a mutant originated from A. terreus ATCC20541 in
an indigenously designed 1,000-L STB. It was equipped with four baffles, and three
six-bladed Rushton turbines (tank diameter was 780 mm and impeller diameter
320 mm). Due to the scale of the bioreactor, they had to use a two-stage preculture
preparation (the second stage in a smaller bioreactor). Using a highly complex
media (containing three carbon sources: glucose, maltodextrin, starch and three
nitrogen sources: corn steep liquor, yeast extract and peptonized milk), they carried
out the batch and discontinuous fed-batch experiments (they actually named it
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repeated batch, although no medium was withdrawn from the bioreactor) fed with
maltodextrin solution. They claimed the increase in lovastatin titre from 1,270 to
2,000 mg L−1 in the fed-batch run.

Two types of bioreactors and various operational modes can be found in the
publications from University of Almeria [17, 60, 61, 63].

Casas Lopez et al. [17] applied a 5-L STB in the batch mode for A. terreus
ATCC20542. They studied the influence of various agitation speed (300, 600,
800 rpm) on the run of lovastatin formation in conjunction with the issues of fungal
morphology, broth rheology and aeration of the broth (see Sects. 2, 3 and 4). Various
aeration gases were used by them, i.e. air and oxygen-enriched air. They concluded
that the highest speed of impeller 800 rpm irrespective of the aeration gas led to
smaller pellets andworse lovastatin titre (below 40mgL−1). In their next work, a 17-L
FBB (bubble column) for lovastatin production in the batch mode was applied [63].
Here, they studied the effect of various organic nitrogen levels and aeration for the
process. In 2007, the same authors proposed a three-stage operational mode of the
same FBB. The process started with the batch mode lasting from 4 to 7 days; next, it
was fed with a fresh medium (2.4 L), and after 24 h, the semi-continuous phase
occurred, in which the filtered broth was pumped in and out of the bioreactor (biomass
was retained in the system). Batch runs were used to get reference data; nevertheless,
the positive effect of the new strategy was not very significant. This strategy was
repeated in another publication [61], but this time, the fed-batch stagewas omitted and
the feeding media in the semi-continuous mode were different. These were the
complete initial medium, the medium without nitrogen source and the medium
without carbon and nitrogen source. Feeding with the complete medium gave the
worst results. The positive effects of the other two feeding strategies for lovastatin
production were similar. All the works from this team are difficult to evaluate with
regard to the positive effects of fed-batch or semi-continuous strategies, as theses
authors never supplied data concerning carbon source (lactose) utilization.

Bizukojc and Ledakowicz [10] studied lovastatin formation by A. terreus
ATCC20542 in a 2-L STB in batch and discontinuous fed-batch mode. What
is interesting, apart from lovastatin, they traced for the first time the formation of
(+)-geodin in the bioreactor. Their important finding concerning the operation of the
bioreactor for lovastatin production in the batch mode was the introduction of pH
control, never suggested in the previous works, with concentrated carbonates solution
at the levels 7.6 and 7.8. It depressed by-product (+)-geodin formation and enhanced
lovastatin production. They also confirmed that feeding of the batch culture with a
carbon substrate led to the increase in lovastatin titre as lovastatin is believed to be
strongly dependent on carbon substrate availability. There it was the discontinuous
fed-batch mode and the bioreactor was fed with concentrated lactose solution. The
solution was added when lactose concentration in the broth started to be deficient.

The work of Gupta et al. [31] is to a highest extent different from all the works
presented above and below. They used strain A. terreus NRLL255. The authors
proposed the continuous mode of bioreactor operation for lovastatin production.
The biomass was either in the form of fungal pellets or immobilized hyphae on siran
particles. They used an internal loop airlift bioreactor of 5-L working volume.
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On the contrary to the previous works (Rodriguez Porcel et al. [60, 61]), biomass
was not retained in the bioreactor, but continuously withdrawn from the bioreactor.
The continuous mode started after 72 h of the batch process, and the effect of varied
of dilution rates from 0.01 to 0.05 h−1 was studied. The optimum value of dilution
rate at about 0.02 h−1 and wash-out rate at 0.045 h−1 was found. The authors claimed
that they obtained steady states at each studied dilution rate. It may be discussible as
fungal species differentiate and their cells are never identical. The most important
achievement of this work is that these researchers successfully ran their continuous
cultivation system for 45 days. Lovastatin productivity (volumetric formation rate)
in the continuous mode was equal to 0.022 g L h−1 and 0.0255 g L−1 h−1 (at the most
optimum vvm = 0.6 Lair L

−1 min−1) for pellets and immobilized biomass, respec-
tively, and its concentration between 1.1 and 1.2 g L−1 [31]. It is clearly seen that
immobilized system did not occur much better.

The only work that focused on the impact of bioreactor scale on lovastatin
production was reported by Pawlak et al. [59]. The variety of cultivation data is
presented there. They come from 150-mL shake flasks, 2-L and 5-L STBs. At first
glance, it seemed that shake flasks were generally a better “bioreactor” for lovastatin
production by A. terreus than a “real” bioreactor, even when the same medium
composition was used. Thus, there was a need to tune cautiously the conditions of
the cultivation in the bioreactor to achieve similar titres as in shake flasks. To these
factors belong the valid aeration to achieve comparable substrate utilization rate and
pH control, which was previously applied by Bizukojc and Ledakowicz [10].

The latest work from Pawlak and Bizukojc [58] proved upon the continuous fed-
batch experiment in a 5-L STB that feeding profile is not the sole factor that may
influence lovastatin formation by A. terreus. No direct and clear correlation between
the feeding profile, either constant or varied, nor feeding substrate (lactose and/or
glycerol) was found and the hypothesis about the other factors influencing lova-
statin formation in the bioreactor was proposed. Much attention in this article was
for the first time devoted to the issue of redox potential of the culture broth and
assimilation of bicarbonate ions from the pH correction solution. The authors
concluded that the best lovastatin titres correlated with steep decrease of redox
potential in the first hours of the process and high rate of inorganic carbon
assimilation. These two process parameters were shown to have the association
with the biochemical mechanism of lovastatin production [58].

7 Kinetic Modelling of Lovastatin Biosynthesis

7.1 Lovastatin Formation Kinetics

The issue of product formation kinetics is not an easy task, especially with regard to
secondary metabolites as there is a plethora of kinetic expressions in literature to
describe the formation of a metabolic product. In the most classical approach,
product formation kinetics can be divided into four types upon the correlation
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between product specific formation rate and specific biomass growth rate. These are
(1) growth-associated product formation, (2) mixed growth-associated product
formation (two phase are then present growth-associated and non-growth-associ-
ated phase, described usually by Luedeking-Piret equation, (3) non-growth-asso-
ciated product formation and (4) negative correlation between product formation
and biomass growth [50]. Nevertheless, in some cases metabolite formation
mechanism is complicated and none of these cases can be attributed to them.

With regard to lovastatin, this aspect was also considered; however, practically no
articles were exclusively devoted to it. Various authors rather expressed their
opinions about this fact discussing the other issues connected with lovastatin pro-
duction by A. terreus. Furthermore, the opinions are to a certain extent divided. They
are all collected in Table 6 (articles concerning kinetic models are not included).

The opinion that lovastatin formation is mixed associated with biomass growth
dominates (Table 6). It is the most difficult to agree with the opinion of Hajjaj et al.
[32] that starvation is required for lovastatin formation, as all other authors associate
lovastatin production with the sufficient amount of carbon source in the culture (see
Sect. 6 too).

Quantitative data concerning lovastatin formation kinetics, e.g. the values of
specific lovastatin formation rate, are not frequently met in literature. Hajjaj et al.
[32] found that in the late phase of cultivation, when the complex medium was used,
it was equal to 0.034 mg LOV g X−1 h−1, while in the chemically defined medium
(with sodium glutamate as the N-source) it was higher reaching
0.093 mg LOV g X−1 h−1). In the articles coming from Lodz University of Tech-
nology team several times, lovastatin formation rate was estimated and it reached
even 0.25 mg LOV g X−1 h−1 in the medium with lactose and yeast extract (Bizukojc
and Ledakowicz [9, 11]. It was twice higher (up to 0.5 mg LOV g X−1 h−1), when the

Table 6 Types of association of lovastatin formation with biomass growth

Type of lovastatin formation
association

Reference Comments

Mixed growth association Szakacs et al. [66]

Mixed growth association Kumar et al. [38]

Mixed growth association Lai et al. [42]

Mixed growth association Jia et al. [34]

Non-growth association Hajjaj et al. [32] Starvation is required for lovastatin
formation

Non-growth association Casas Lopez et al.
[15]

Lack of nitrogen and excess carbon
is required

Non-growth association Rodriguez Porcel
et al. [64]

Production of lovastatin in the
stationary phase (age of spores and
its influence on lovastatin
formation was discussed here)

Mixed growth
association (dominates
growth association)

Bizukojc and
Ledakowicz [9]

Correlation between biomass
growth rate and lovastatin
formation rate shown
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mixture of glycerol and lactose was used as the carbon sources in the discontinuous
fed-batch system [56]. In this work, the changes of specific lovastatin formation rate
in time were also shown and its highest values were always observed in the
trophophase.

7.2 Mathematical Models to Describe Lovastatin Production
by A. terreus

In this section, a critical review of the so-far-published mathematical model for
lovastatin biosynthesis is going to be presented. The advantages and drawbacks of
these models are going to be discussed.

The oldest model for lovastatin formation by A. terreus can be found in Liu et al.
[43]. This model belongs to the class of morphologically structured models. It
means that the hyphae were divided into compartments of various morphological
and physiological properties. The differentiation of hyphae was also taken into
account. Nevertheless, this model is not fully original as these authors adopted the
model for penicillin production by Penicillium chrysogenum. At the same time,
they also used several model parameters for P. chrysogenum, especially the part of
the model concerning the differentiation of hyphae was directly taken from
P. chrysogenum model. It can be regarded as a certain drawback as Liu et al. [43]
did not show any evidence that the differentiation process in Penicilli and Aspergilli
is the same. Furthermore, the morphology of these two genera can be different due
to mechanism of pellet formation (see Sects. 2 and 5).

Some parameters were estimated upon their own experimental data from a 10-L
bioreactor. Finally, they verified it upon the experimental data from an industrial
scale 1,000-L bioreactor. The main assumptions and equations of the model are as
follows. There were three zones of the mycelium distinguished, i.e. zone M (zM) to
denounce actively growing hyphae, zone N (zN) to denounce non-growing hyphae
and zone D (zD) of deactivated cells. Zone M could be transformed with rate rN into
zone N in accordance with the equation:

rN ¼ kD1
cS þ KD1

� zM ð7:1Þ

where kD1 and KD1 are the constants, and zone N with rate rD into zone D in
accordance with equation:

rD ¼ kD2 � zN ð7:2Þ

where kD1 and kD2 are rate constants of this process and KD1 is the saturation
constant.
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Carbon substrate (hydrolysed starch denounced as cS) was assimilated by zone
M for growth

rM ¼ lmaxAT
cS

cS þ KS
� zM ð7:3Þ

where μmaxAT—maximum specific biomass growth rate and KS is Monod constant.
Nitrogen substrate was not taken into account, which can be regarded as another

drawback due to its inhibitive action with regard to lovastatin formation [16].
The most important equation for lovastatin production (cP) with rate rP was

presented in the form:

rP ¼ kP � cS

KP þ cS � 1þ cS
K1

� � � zN þ c � zMð Þ � kD � cP ð7:4Þ

where kP is product (lovastatin) formation rate constant, kD lovastatin decay rate and
γ takes the participation of zone M in product formation into account.

The participation of both growing and non-growing hyphae in lovastatin for-
mation indicates that these authors assumed mixed growth-associated product
formation. It is here not understandable why glucose is regarded to be inhibitive in
this system, as actually no other authors ever postulated it. The term of lovastatin
decay is a good idea to describe frequently observed phenomenon of decreasing
lovastatin concentration.

Substrate was assumed to be consumed by the actively growing zone to form
biomass (XAT) in accordance with Eq. 7.5, in which also the maintenance term
(m) was included.

rSC ¼ � 1
YM=S

� lmaxAT �
cS

KS þ cS
� zM � m � XAT ð7:5Þ

where YM/S is a yield of actively growing zone on substrate.
The fit of this model to the experimental data occurred to be very good.
The other model was proposed by Bizukojc and Ledakowicz [8]. This model

was unstructured. It was formulated for the growth of A. terreus on an individual
carbon substrate, lactose (LAC). Apart from lactose, organic nitrogen (N), lova-
statin (LOV) and biomass (X) were balanced. It made four equations to describe
both batch and fed-batch bioreactor.

The assumptions of this model were as follows. Lactose was regarded as a sole
carbon source in the studied system. Amino acids originated from yeast extract
were not utilized as a carbon source irrespective of lactose and yeast extract con-
centrations. Contois model (saturation constants KLAC and KN) which takes the
amount of biomass into account was used as the limitation term in all rate
expressions. Yeast extract was the sole nitrogen source. The excess of nitrogen
exerted an inhibitive effect (KI,N and KLOV

I;N ) on lovastatin biosynthesis and lactose
uptake. Mevinolinic acid (lovastatin) biosynthesis was mixed growth-associated.
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Lactose was both utilized for biomass formation (yield coefficient YX/LAC) and
biosynthesis of lovastatin (yield coefficient YLOV/LAC). Therefore, two terms for
these phenomena (growth-associated qLOVmax and non-growth-associated kLOV product
formation and substrate utilization) were applied in lactose and lovastatin balance.
All that resulted in the following forms of equations to express the specific rates of
lactose uptake (σLAC), nitrogen uptake (σN),, lovastatin formation (πLOV) and bio-
mass growth (μ):

rLAC ¼ � 1
YX=LAC

� lmax �
cLAC

cLAC þ KLAC � cX � cN
cN þ KN � cX � K1;N

K1;N þ cN

� 1
YLOV=LAC

� qLOVmax � cLAC
cLAC þ KLOV

LAC � cX � KLOV
1;N

KLOV
1;N þ cN

ð7:6Þ

rN ¼ � 1
YX=N

� lmax �
cLAC

cLAC þ KLAC � cX � cN
cN þ KN � cX ð7:7Þ

pLOV ¼ qLOVmax � cLAC
cLAC þ KLOV

LAC � cX � KLOV
1;N

KLOV
1;N þ cN

þ kLOV � cLAC ð7:8Þ

l ¼ lmax �
cLAC

cLAC þ KLAC � cX � cN
cN þ KN � cX ð7:9Þ

where KLAC, KN and KLOV
LAC are Contois-type saturation constants and cLAC, cN, cLOV

and cX are concentrations of lactose, organic nitrogen, lovastatin and biomass,
respectively.

The parameters of the model were either directly determined from the experi-
mental data, namely μmax and yield coefficients, or identified with the use of the
optimization algorithm. The data from shake flask experiments (of 150 mL working
volume) performed at various concentrations of carbon and nitrogen were used to
find all model parameters. A separate set of data (also from shake flask culture) was
used for its verification. Additionally, the model was tested on the set of experi-
mental data coming from the discontinuous fed-batch process (in shake flask).
Ultimately, another verification of this model with the use of the experimental data
from the bioreactor runs was later published by Bizukojc [6]. The main drawback of
this model is its simplicity, which hardly represent the biological phenomenon
during A. terreus growth, moderately good fit of the simulated curves with
experimental data. It especially concerned the character of biomass curve.

This model was later extended by Pawlak and Bizukojc [57] for a two carbon
substrates system. Most symbols used in it are the same as above. The assumptions
of the model were very similar. The main difference was that two carbon sources
were used, i.e. lactose and glycerol (GLC). Due to the experimental observations
that these substrates were utilized consecutively, first glycerol (with yield YX/GLC),
then lactose, it was assumed that glycerol inhibits lactose uptake. Lovastatin for-
mation was assumed to be mixed growth-associated (expressed by yields YLOV/X,
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YLOV/LAC and rate constant qLOVmax ). The equations of this model, expressed as above,
in the forms of specific rates σLAC, σGLC, σN, πLOV and μ, were as follows:

rLAC ¼ � 1
YX=LAC

� lmax �
cGLC

cGLC þ KX
GLY � cX � cN

cN þ KX
N � cX � KI;GLC;1

KI;GLC:1 þ cGLC

� 1
YLOV=LAC

� qLOVmax � cLAC
cLAC þ KLOV

LAC � cX � KLOV
I;N

KLOV
I;N þ cN

� KI;GLC;2

KI;GLC;2 þ cGLC

ð7:10Þ

rGLC ¼ � 1
YX=GLC

� lmax �
cGLC

cGLC þ KX
GLY � cX � cN

cN þ KX
N � cX

� 1
YLOV=GLC

� qLOVmax � cGLC
cGLC þ KLOV

GLC � cX þ KLOV
I;N

KLOV
I;N þ cN

ð7:11Þ

rN ¼ � 1
YX=N

� lmax �
cLAC

cLAC þ KX
LAC � cX � cN

cN þ KX
N � cX ð7:12Þ

pLOV ¼ YLOV=X � lmax �
cGLC

cGLC þ KX
GLY � cX � cN

cN þ KX
N � cX

þ qLOVmax � cLAC
cLAC þ KLOV

LAC � cX � KLOV
I;N

KLOV
I;N þ cN

ð7:13Þ

l ¼ lmax �
cN

cN þ KX
N � cX ð7:14Þ

where KX
LAC;K

X
GLY;K

LOV
LAC and KX

N are Contois-type saturation constants, and KI,

GLC,1 and KI,GLC,2 are inhibition constants referring to glycerol.
It is important to notice here that in this model, several limitation Contois terms

were eliminated. It was done for the sake of better robustness of this model [57].
The latest approach to modelling of lovastatin production, but with the partici-

pation of another microorganism A. flavipes was shown by Gomes et al. [27].
Although it was not A. terreus, few comments should be added about it. First of all,
this model was formulated for the fed-batch system with glucose, lactose (C-sources)
and sodium glutamate (N-source). Also lovastatin, biomass, oxygen were balanced.
The expressions for the reaction rates were as follows. Biomass growth on glucose
was assumed to be influenced by dissolved oxygen level and expressed as

l1 ¼ lM
g

KG þ g
� cL
c�L

ð7:15Þ

where μM is maximum biomass growth rate, g—glucose concentration, and cL and
c�L oxygen concentration, actual and saturation, respectively.
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Biomass growth on lactose was expressed by Eq. (7.16)

l2 ¼ lM
l

KL þ l
� 1� jð Þ ð7:16Þ

and product formation on lactose by Eq. (7.17)

p ¼ pM
l

KL þ l
� j ð7:17Þ

where πM—maximum lovastatin formation rate and l—lactose concentration, and at
the same time, dependent on ratio κ

j ¼ n
nþ g

ð7:18Þ

which expressed the presence of sodium glutamate n (N-source) in the medium.
The interesting thing is that the structure of this model was checked with the use of
control theory methods for its correctness. The authors also claimed that it was
found to be suitable for process control applications [27]. Its undoubtful advantage
is taking of the oxygen level in the culture broth into account.

7.3 Linear Growth of Biomass in A. terreus. Returning
to Fungal Morphology

One of the most important issues connected with A. terreus growth kinetics is
usually its untypical growth curve. It can be found in the variety of publications. In
the growth phase, namely trophophase, as it is traditionally named for filamentous
fungi, the character of growth is hardly exponential (inter alia: [27, 42]).

Some authors, like Casas Lopez et al. [17], did not show biomass concentration
points from the beginning of the process but after 50 h of the cultivation. All in all,
it is unlikely to find in literature the exponential growth curve for A. terreus. A
linear biomass growth observed also by Bizukojc and Ledakowicz [8–10] and
Pawlak and Bizukojc [57] seems to be untypical. Lack of typical exponential phase
may make it difficult to model A. terreus growth as the existence of this phase is
often assumed in the kinetic models, including the ones described above. A closer
look to this phenomenon was made by Pawlak and Bizukojc [57]. They thoroughly
studied the very early stages of A. terreus growth in the shake flask culture and
found that the exponential growth phase lasted not longer than 12 h since the
inoculation with the 24-h preculture (Fig. 7).

Later, it changed into the linear growth phase. This change was easily correlated
with the size of pellets formed, as they were usually not bigger that 500 μm in the
exponential growth phase. As long as the pellets remained small enough, no
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additional growth limitations were present in the system and the sine qua non
condition, evolving from the definition of exponential growth phase about unlim-
ited growth was fulfilled. Further increase in pellet diameter and change of its
structure led probably to the decrease of oxygen effective diffusivities (see
Sect. 4.2) in the pellets and oxygen limitation. These findings remain also in
agreement with the observation of Pawlak and Bizukojc [58]. A strong peak of
oxygen utilization (increasing air flow rate in the bioreactor to hold the set 20 %
dissolved oxygen level) was observed within the first 12 h of cultivation in the 5-L
STB.

To conclude, the linear growth of A. terreus shows how important for the
investigations of lovastatin biosynthesis is to take the issue of fungal morphology
into account.

8 Future Prospects

The bioprocess engineering aspects of lovastatin biosynthesis by A. terreus were
studied, in our subjective opinion, at the various levels of details. There are many
studies in literature concerning lovastatin production in bioreactors of various types,
sizes and, what is the most important, of various operational modes (from batch,
through the variety of fed-batch, up to continuous). The fairly clear image of the
most optimum bioreactor set-up to produce lovastatin by A. terreus can be drawn
upon them. Also a lot of rheometric and viscosity data for A. terreus broths
obtained at various process conditions and bioreactors supply the sufficient
knowledge to associate the run of lovastatin production process with varying
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rheological properties of the fungal broth. Also there are numerous data concerning
A. terreus morphology.

However, there are several engineering issues with regard to lovastatin bio-
synthesis by A. terreus that in our opinion still require thorough studies. These are
(1) issue of culture aeration with regard to mass transfer, (2) application of
morphological engineering techniques for enhancing of lovastatin production and
(3) lovastatin formation kinetics.

The first point should be studied at the following three levels, i.e. oxygen
transfer from gas to liquid phase, from liquid phase to solid (mycelium) phase and
at the level of oxygen diffusion inside fungal agglomerates (pellets). The issues
connected with oxygen transfer from gas to liquid phase seemed to be studied in
detail in many papers as the values of convective mass transfer coefficients for
A. terreus broths were determined and a variety of aeration strategies to hold the
desired pO2 levels were applied. Nevertheless, lack of direct correlations and clear
conclusions associating the amount of carbon substrate introduced to the culture
with oxygen concentration levels and lack of the correlations between oxygen
uptake rate (OUR), kLa and lovastatin formation makes this area of knowledge still
incomplete. Also the changes of apparent viscosity and rheological parameters of
the cultivation broth may have their contribution in these correlations. Furthermore,
due to the strong experimental limitations, the studies on oxygen transfer into
fungal pellets (film surrounding the pellet and intrapellet diffusion) were just began.
In our opinion, the hypothesis can be propounded that these steps of oxygen
transfer in A. terreus culture may have the predominant influence on the overall
efficiency of the lovastatin biosynthetic system. It awaits the verification.

With regard to the second point, i.e. the application of morphological engi-
neering techniques for enhancing of lovastatin production, there are very limited
data. As generally, the application of morphological techniques is extremely
promising upon the example of other filamentous fungi species and metabolites and
at the same time the application of these techniques is not expensive even in the
large scale, the research regarding lovastatin production by A. terreus should be
directed into this route. Analysing literature data and own experiences the most
significant factor that undoubtedly influence lovastatin production to the highest
extent is fungal morphology. It cannot but have the effect on oxygen supply to the
fungus, which connects this point with the issues above. That is why morphological
engineering techniques shall prove successful in increasing the productivity of
A. terreus for lovastatin biosynthesis.

Referring to the third point, it is known that the association of product formation
kinetics with biomass growth can be fairly complicated. But it does not exclude
thorough studies on this subject, although the elegant kinetic correlation would not
be found. But the discrepancy in the opinions about lovastatin formation kinetics is
at least anxious. It can be supposed that it is more dependent on growth conditions
than one expects and the changes in medium composition or bioreactor processes
conditions influence on it. It should be verified too.
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Modeling the Growth of Filamentous
Fungi at the Particle Scale in Solid-State
Fermentation Systems

Maura Harumi Sugai-Guérios, Wellington Balmant,
Agenor Furigo Jr, Nadia Krieger and David Alexander Mitchell

Abstract Solid-state fermentation (SSF) with filamentous fungi is a promising
technique for the production of a range of biotechnological products and has the
potential to play an important role in future biorefineries. The performance of such
processes is intimately linked with the mycelial mode of growth of these fungi: Not
only is the production of extracellular enzymes related to morphological charac-
teristics, but also the mycelium can affect bed properties and, consequently, the
efficiency of heat and mass transfer within the bed. A mathematical model that
describes the development of the fungal mycelium in SSF systems at the particle
scale would be a useful tool for investigating these phenomena, but, as yet, a
sufficiently complete model has not been proposed. This review presents the bio-
logical and mass transfer phenomena that should be included in such a model and
then evaluates how these phenomena have been modeled previously in the SSF and
related literature. We conclude that a discrete lattice-based model that uses differ-
ential equations to describe the mass balances of the components within the system
would be most appropriate and that mathematical expressions for describing the
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individual phenomena are available in the literature. It remains for these phenomena
to be integrated into a complete model describing the development of fungal
mycelia in SSF systems.

Keywords Hyphae � Mycelium � Mass transfer � Discrete models � Lattice-based
models
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A Cross-sectional area of the hypha (µm2)
AL Area of contact of the plasma membrane with the extracellular medium

(µm2)
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c2 Proportionality constant (L g-transporter g-biomass−1)
c3 Proportionality constant (g-nutrient g-transporter-substrate-complex−1 s−1)
CO2

��
j

O2 concentration around tank j (g-O2 L
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O2

O2 concentration in the biofilm (g-O2 L
−1)

DE Effective diffusivity of the enzyme in the solid particle (µm2 s−1)
Df

O2
Effective diffusivity of O2 in the biofilm layer (µm2 s−1)

DS Diffusivity of maltose inside the hypha (µm2 s−1)
De

S Effective diffusivity of the soluble nutrient or hydrolysis product in the
solid particle (µm2 s−1)

E Enzyme concentration (g-enzyme L−1)
H(x) Heaviside function
j Number of the tank
JEjz¼0 Flux of enzyme across the surface of the particle (g-enzyme µm−2 s−1)
kc Maximum rate of vesicle consumption (g-vesicles s−1)
KC Saturation constant for vesicle consumption (g-vesicles L−1)
kcat Catalytic constant of the enzyme (g-polymeric-nutrient g-enzyme−1 s−1)
Km Saturation constant for the hydrolysis of the polymeric carbon and energy

source (g-polymeric-nutrient L−1)
kmax Maximum specific transport rate of soluble nutrient or hydrolysis product

across the plasma membrane (g-nutrient g-transporter−1 s−1)
KO2 Saturation constant for O2 (g-O2 L

−1)
kp Maximum rate of vesicle production (g-vesicles L−1 s−1)
KP Saturation constant for vesicle production (g-nutrient L−1)
Ks Saturation constant for glucose in growth rate expression (g-nutrient L−1)
Kt Saturation constant for the absorption of soluble nutrient or hydrolysis

product across the membrane (g-nutrient L−1)
L Length of the tip-tank (µm)
m Maintenance coefficient (g-nutrient g-biomass−1 s−1)
n Tank number of the tip-tank
r Radial position in the biofilm (µm)
ra Rate of absorption across the plasma membrane (g-nutrient s−1)
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rE Rate of secretion of enzyme (g-enzyme µm−2 s−1)
rEP Rate of production of extracellular products (g-extracellular-products s−1)
rIP Rate of production of intracellular products (g-intracellular-products s−1)
rLI Rate of production of lipids (g-lipids s−1)
rN Rate of consumption of alanine (g-alanine s−1)
rO2 Rate of consumption of O2 (g-O2 s

−1)
rs Rate of consumption of glucose (g-glucose s−1)
rX Rate of biomass growth [g-biomass L−1 s−1 for Eq. (12); g-biomass s−1 for

Eq. (15)]
S f Concentration of soluble nutrient or hydrolysis product in the biofilm (g L−1)
Se Concentration of extracellular soluble nutrient or hydrolysis product (g L−1)
Si Concentration of intracellular soluble nutrient or hydrolysis product (g L−1)
Sijj Concentration of maltose in tank j (g-maltose L−1)
Sp Concentration of polymeric nutrient (g-polymeric-nutrient L−1)
SSF Solid-state fermentation
t Cultivation time (s)
T Transporter concentration per area of the plasma membrane (g-transporter

µm−2)
tE Time when the secretion of enzyme ceases (s)
v Velocity of cytoplasmic flow (µm s−1)
X Concentration of biomass (g-biomass L−1)
YE Yield of glucose from starch (g-glucose g-polymeric-nutrient−1)
YL Extension of hyphal length per mass of vesicle consumed (µm g-vesicle−1)
YX=O2 Yield of biomass O2 (g-biomass g-O2

−1)
Y/ Yield coefficient for production of vesicles from maltose (g-vesicles g-

nutrient−1)
z Depth within the solid particle (µm)
η Membrane coordinate (µm)
Δz Length of a “normal” tank (µm)
θ Concentration of the transporter–substrate complex (g-transporter-sub-

strate-complex L−1)
µmax Maximum specific growth rate constant (s−1)
ρX Biomass dry weight per volume (g-biomass L−1)
/jj Concentration of vesicles in tank j (g-vesicles L−1)
ψ Velocity of active transport of vesicles (µm s−1)
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1 Introduction

Solid-state fermentation (SSF) processes involve the growth of microorganisms on
moist solid substrate particles, in situations where the spaces between the particles
are filled with a continuous gas phase. Although there are some SSF processes that
involve bacteria and yeasts, most SSF processes involve filamentous fungi [32]. For
example, the filamentous fungi Rhizopus oligosporus, Aspergillus oryzae, and
Monascus purpureus are used to produce tempe, soy sauce koji, and red rice koji,
respectively, in SSF processes that have been practiced for many centuries in Asia.
Filamentous fungi are also involved in several commercial processes of SSF that
have been developed over the last few decades and also in many potential appli-
cations that are being studied [39, 44]. Additionally, SSF processes involving fil-
amentous fungi will be important processing steps in biorefineries [11].

Mathematical models are useful tools for guiding the design, scale-up, and
operation of bioreactors and various models that describe heat and mass transfer
within SSF bioreactors have been developed with this purpose [35, 36]. Models can
also be used as tools for gaining insights into how phenomena that occur at
microscopic scales control system performance. This review evaluates the state of
the art in the development of such models for SSF processes that involve filamentous
fungi. We address key issues that are important during the initial steps of developing
any mathematical model. Firstly, it is important to know what one wants to achieve
with a model, as this will determine the type of model to be developed. Secondly,
with the intended use in mind, it is necessary to express ones understanding of the
functioning of the system, at an appropriate level of detail, detailing subsystems and
phenomena that occur within and between these subsystems. Thirdly, before writing
the equations and building the model, it is appropriate to study previously published
models, as these can give insights into how the system might be represented and how
specific phenomena might be described mathematically. By addressing these issues,
we aim to provide a basis for the continued development of mathematical models of
fungal growth at the particle scale in SSF systems.
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2 The Appropriate Scale for Describing Growth
of Filamentous Fungi in SSF Processes

This review deals with models that can provide insights into how the growth of
filamentous fungi at the particle scale affects SSF bioreactor performance. This
section shows that a model with this purpose must describe the mycelial mode of
growth, since not only can the characteristics of the mycelium influence the per-
formance of the bioreactor, but also the manner in which the bioreactor is operated
can affect the development of the fungal mycelium. It then concludes that, among
the models that have been used to describe the growth of filamentous fungi,
“mesoscale” models are the most appropriate to describe how the mycelium
develops to produce a complex spatial arrangement in the heterogeneous bed of
solid particles.

2.1 The Importance of Mycelial Growth in SSF Processes

The performance of an SSF process that involves a filamentous fungus is deter-
mined by a complex interplay between the morphological and physiological
characteristics of the fungus and the factors that determine the conditions in the
local environment that the fungus experiences. These factors include the design and
operating variables of the bioreactor that is used, the transport phenomena that
operate across the whole substrate bed, and the transport phenomena that operate at
the level of a single particle and the inter-particle spaces around it (Fig. 1). Details
of the design and operating variables that are available for the various SSF biore-
actor types and the heat and mass transfer phenomena that occur across the sub-
strate bed in these bioreactors are discussed in depth elsewhere [35].

Before considering the interaction between fungal mycelia and SSF bioreactors, it
is useful to classify the hyphae present in SSF processes into surface hyphae, biofilm
hyphae, penetrative hyphae, and aerial hyphae, according to the specific physical
environment in which they are located [50] (Fig. 2). Surface hyphae are located at
the air–solid interface and grow horizontally on top of the surface of the solid
particle; they are in intimate contact with both the air phase and the solid phase.
Biofilm hyphae represent those hyphae in the part of the mycelium that is above the
substrate surface but is bathed in a liquid film. The biofilm may be several hundred
micrometers in depth [43]. Penetrative hyphae grow below the surface of the solid
particle and are therefore surrounded by the moist solid matrix of the particle. Aerial
hyphae are those hyphae that are located in the inter-particle spaces or at the exposed
surface of the substrate bed and are surrounded on all sides by a gas phase.

This review deals with aerobic SSF processes. The various bioreactor designs
that have been proposed for such processes can be classified on the basis of the
strategies that are used with respect to the aeration and the agitation of the substrate
bed [32] (Fig. 3). In SSF processes that involve filamentous fungi, the agitation
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strategy that is used will affect the spatial arrangement of the hyphae in the system.
In some processes, the bed needs to remain essentially static, such as is the case in
the production of fungal spores for use as biopesticides, since agitation may damage
aerial reproductive structures or even prevent them from forming. If the bed is left

Biofilm

Gas phase

Particle

Aerial hyphae

may be vegetative
may be reproductive

Biofilm hyphae
(moisture held between 
closely packed hyphae)

Penetrative hyphae
(may be restricted to 
intercellular spaces in 
substrates with a cellular
substructure)

Surface hyphae

LATER ON
(transverse cut 

through particles)

EARLY ON
(top view of 

particle surface)

FERMENTATION BED

growth over time

Fig. 2 Classification of hyphae in SSF systems based on the physical environment. This
classification is similar to that of Rahardjo et al. [50], except that it also includes surface hyphae,
which grow across the surface of the substrate particle early on in the process
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completely static or mixed very infrequently, then hyphae can extend into the
inter-particle spaces, becoming aerial hyphae. Aerial hyphae originating from
several different particles can intertwine, thereby binding the particles into
agglomerates. If the bed is left static for a long time and then mixed, then this mixing
may tear the agglomerates apart and squash the aerial hyphae onto the particle
surface, forming a biofilm. On the other hand, if the bed is mixed frequently or
continuously, then aerial hyphae will simply not develop, as any hyphae that begin
to extend into the air spaces will quickly be squashed onto the particle surface.

The aeration strategy that is used in the bioreactor is also important, because it
will affect the delivery of O2 to the inter-particle spaces within the substrate bed.
The bed may not be forcefully aerated, but rather placed in an environment in which
air is circulated around the bed. In this case, if the bed is static, then gas transport in
the bed will be limited to diffusion, although some natural convection may occur if
there are significant temperature gradients across the bed [56]. If the bed is agitated,
as occurs for horizontal stirred drums and rotating drums, then the effectiveness
with which the gas phase within the inter-particle spaces is replenished with O2

depends on the effectiveness of the mixing. Since the mixing will squash any aerial
hyphae into the biofilm on the surface of the particle, then the supply of O2 to the
fungus itself will depend on diffusion of O2 in this biofilm.

On the other hand, a static bed may be forcefully aerated, meaning that the air is
forced to flow through the inter-particle spaces of the bed in order to leave the
bioreactor. In order to obtain uniform aeration over the whole bed, it is important
that the air is not able to flow preferentially through regions of lower resistance. The
growth of filamentous fungi can have important consequences with respect to the
airflow in the bed. Firstly, the growth of aerial hyphae into the inter-particle spaces
increases the resistance to airflow through the bed, affecting the efficiency of the
aeration system [1]. Secondly, the tensile forces exerted by the network of aerial
hyphae can contribute to contraction of the bed, causing it to crack or pull away
from the bioreactor walls, leading to the phenomenon of channeling, where the air
flows preferentially around the bed or through the cracks and not through the inter-
particle spaces. If this occurs, then the bed can be agitated in an attempt to reseat it.
However, some particles may be bound together strongly by the aerial hyphae, such
that large agglomerates of particles resist being broken up. In fact, it has been
suggested that the bed should be agitated early during the process to disrupt the
aerial hyphae and prevent the formation of agglomerates in the first place, at least
for fungi that produce abundant aerial hyphae [55].

Although there are many studies of the relationship between the morphology and
productivity of filamentous fungi in submerged culture systems [20, 45], this topic
has received much less attention in SSF systems, with only two studies. In the first
study, the production of acid protease and acid carboxypeptidase in rice koji by
A. oryzae was correlated with the degree of mycelial penetration into the grain:
At low degrees of penetration, the activities of these two enzymes were high [26].
In the second study, mutant strains of A. oryzae with increased branching frequency
in their aerial hyphae produced significantly higher amylase and protease levels
than the wild-type strain, despite producing similar overall biomass levels [61].
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2.2 Appropriate Models for Mycelial Growth at the Particle
Scale in SSF

It is clear from the above discussion that for a mathematical model to be a useful
tool for elucidating how particle-scale phenomena influence the performance of
SSF bioreactors in processes that involve filamentous fungi, it must describe the
growth of the mycelium at an appropriate scale. Current models of fungal growth in
SSF can be classified as being microscale models, mesoscale models, or macroscale
models, based on the scale at which the fungal mycelium is described (Table 1).
This classification is similar to that proposed by Davidson [10] and Boswell and
Davidson [5], but applied to models for SSF.

Microscale growth models are those concerned with phenomena occurring in a
single hypha and often do not describe an entire hypha. They are most commonly
used to study growth and morphology of the hyphal tip and usually include a
description of the functioning of the Spitzenkörper [19].

Mesoscale growth models describe a network of hyphae, although, as will be
discussed later (Sect. 4.1), they may or may not describe these hyphae as distinct
entities. Some models focus on describing how a colony arises from a single spore
or single inoculation point; such models are often referred to as single-colony
models. Other models describe how a mycelium develops from many points of
inoculation over the substrate surface, a situation that is more common in SSF
systems and which has been referred to as “overculture” [34]. Mesoscale models
may include some of the phenomena that are described in microscale models, but at
a lesser degree of detail, and they include other phenomena related to the formation
of the mycelium, such as branching. When mesoscale models are used to describe
growth in SSF systems, they may recognize the substrate particles, but, if so, they
will only describe one or a few particles. They may describe the presence of
concentration gradients for key components within these particles.

Macroscale growth models describe the growth of the fungus in a bed containing
a very large number of particles and are typically used to describe the growth
kinetics within models of heat and mass transfer within bioreactors. These models
rarely describe the gradients of components inside particles. Rather, they focus on
temperature and gas concentration gradients across the fermentation bed. No
attempt is made to describe individual hyphae [37]. Rather, empirical equations are
fitted to data of biomass concentrations (often expressed as “grams of biomass per
gram of total dry solids”), which will typically be obtained from measurements
made on homogenized preparations obtained from samples containing hundreds or
even thousands of substrate particles [67].

Mesoscale growth models are most appropriate for the purpose of elucidating
how the mycelial mode of growth of filamentous fungi influences the performance
of SSF systems. This review focuses on this type of model.
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3 How the Fungal Mycelium Grows and Interacts with Its
Environment in SSF

In the development of any mathematical model, before writing the equations, it is
essential to understand the various phenomena that occur within the system. This
section provides an overview of our knowledge about how the fungal mycelium
grows and interacts with its environment in SSF, at a level of detail that would be
appropriate for the purposes of modeling mycelial development in SSF processes.
A mesoscale model of SSF would concern itself with transport phenomena, but
would not attempt to describe phenomena that occur at the cellular and molecular
levels in detail. Detailed descriptions of these cellular and molecular processes can
be found elsewhere [3, 46, 53, 57, 59].

In this section, it is assumed that the filamentous fungus is growing within a bed
of solid particles that is initially static. Section 3.1 focuses on what the hyphae
themselves do; Sect. 3.2 explores the intracellular and extracellular reactions and
transport phenomena that are involved.

3.1 Development of the Mycelium in an SSF System

It is not necessarily the case that all four types of hyphae identified in Sect. 2.1,
namely surface, biofilm, penetrative, and aerial hyphae, will be present at the same
time in an SSF process. Rather, there is a developmental sequence [25].

Typically, the substrate will be inoculated by mixing a spore suspension in with
the substrate, although mycelial fragments are sometimes used. If spores are used,
initially they will be distributed over the surface of each substrate particle (Fig. 4).
The spores swell and produce a germ tube, in a process that may take several hours.
This process is not completely synchronized, so different spores can germinate at
different times. Also, some spores may fail to germinate. After extending a certain
length, typically 60–200 μm, across the surface of the substrate, this germ tube will
branch to produce two daughter hyphae [64]. In turn, these daughter hyphae will
extend across the surface and branch, with this extension and branching process
being repeated several times. The hyphal tips tend to grow into unoccupied space,
in other words, away from other extending hyphae and already established hyphae.
This leads to the development of microcolonies around each germinated spore, with
these microcolonies being composed essentially of surface hyphae, although pen-
etrative hyphae may also form if the O2 level in the medium is high [50]. At this
stage, it may be difficult to see the fungus with the naked eye, although the texture
of the surface of the substrate particle may have changed. Additionally, the biomass
level may be so low that it is difficult to measure either components of the biomass
(such as ergosterol or glucosamine) or the respiratory activity of the biomass.

As the microcolonies expand, the surface hyphae from different microcolonies
begin to approach one another. As they do so, they may change direction to avoid
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Fig. 4 How the presence of the various types of hyphae varies during the development of the
mycelium in an SSF system that is initially left static and then agitated later in the process
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one another, cross one another, or stop extending [24]. Once all the available space
on the substrate surface is occupied by surface hyphae, the density of the mycelium
increases with the production of penetrative and aerial hyphae.

Penetrative hyphae tend to move perpendicularly away from the substrate sur-
face if the substrate matrix is homogeneous and does not contain significant
physical barriers [41, 42]. However, many substrates derived from plants will have
a cellular substructure. In this case, the penetrative hyphae will tend to follow the
path of least resistance, which means that they often grow in the extracellular matrix
between the cell walls within the substrate particle [27]. However, if the fungus has
the ability to digest the cell walls within the substrate, it may penetrate into the
interior of the cells, through the combined action of mechanical force and enzy-
matic degradation, obtaining access to the nutrients in the cell lumen [7].

Aerial hyphae can be of two types, vegetative or reproductive. Vegetative aerial
hyphae typically appear before reproductive aerial hyphae. Reproductive aerial
hyphae are normally specialized structures, such as sporangiophores or conidio-
phores. There are significant differences between different fungi with respect to the
degree to which vegetative and reproductive aerial hyphae are produced and the
growth patterns of these hyphae. As mentioned in Sect. 2.1, these aerial hyphae
occupy part of the inter-particle space that was present in the original substrate bed.

The physical environment of a hypha, and therefore its classification, can change
over the course of an SSF process. For example, if the aerial hyphae form a
sufficiently dense mat above the substrate surface, a film of water may be drawn up
from the substrate by capillary action into the spaces between these aerial hyphae,
thereby changing the physical environment, such that these aerial hyphae and the
original surface hyphae would now be classified as biofilm hyphae [50]. Biofilm
hyphae will also be formed if the substrate bed is mixed, since this will squash
aerial hyphae, forming a mat on the substrate surface. Also, as the mycelium
becomes denser, it may become difficult to distinguish particular types of hyphae.
For example, if the solid material at the substrate surface is consumed during the
process, then it may be very difficult to identify where the biofilm ends and the
penetrative hyphae begin.

3.2 Phenomena Occurring During Growth of a Filamentous
Fungus on a Solid Substrate

In this section, it is assumed that the carbon and energy source is a polymer. This is
commonly the case in SSF processes, but not always. Also, in different SSF sys-
tems, polymeric carbon and energy sources that are consumed by the microor-
ganism may or may not contribute directly to the structural integrity of the particle.
If they do, then the particle can shrink significantly during the process, causing
changes in the bed structure and properties. However, this aspect will not be
explored in this review. Further, it will be assumed that the bed is forcefully aerated,
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such that O2 is freely available in the inter-particle spaces. However, it should be
noted that, even with forced aeration, there will be a stagnant gas film attached to
any surface present in the system.

3.2.1 Intracellular Transport and Other Phenomena Involved
in Hyphal Extension

Hyphae grow by apical extension in a process involving the fusion of vesicles at the
tip. These vesicles are produced in a subapical zone, which will be referred to here
as the “vesicle-producing zone” and transported to the tip along microtubules
within the cytoplasm (Fig. 5) [3, 46, 53, 57, 59]. In order to produce these vesicles,
the cytoplasm in the vesicle-producing zone needs to receive nutrients. If the
vesicle-producing zone of the hypha is not in contact with an external source of
nutrients, then these nutrients must be supplied from more distal parts of the hypha.

Pumping 
of water 
out of tip

Production of vesicles and transport 
along microtubules to the tip

Cytoplasmic flow towards the tip

Hyphal 
tip

Vesicle-producing 
zone

Non-vesicle-
producing zone

Production and transport of vesicles 

Cytoplasmic flow

(The spacing between septa is NOT TO SCALE with the hyphal diameter)

NONSEPTATE FILAMENTOUS FUNGUS

SEPTATE FILAMENTOUS FUNGUS

Pumping 
of water 
out of tip

“tip extension machinery”

apical 
pole

Fig. 5 A simplified representation of the intracellular phenomena involved in extension of the
hyphal tip. Riquelme and Bartnicki-García [53] report that according to the classical model for
hyphal tip growth, the tip growth machinery is within 1–5 μm of the “apical pole” and the vesicle-
producing zone is up to 20 μm long. However, the lengths of these regions are likely to vary
between different fungi
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The vesicles are surrounded by a membrane and contain enzymes involved in
cell wall synthesis, both cell-wall-lysing enzymes and cell-wall-synthesizing
enzymes. As the vesicles fuse with the plasma membrane at the tip, their mem-
branes contribute to the extension of the plasma membrane. Cell wall precursors are
probably supplied in the cytosol [54]. In fact, the cytosol flows from more distal
parts of the hyphae to the extending tip, in a phenomenon called “cytoplasmic
streaming” or “cytoplasmic flow.” This cytoplasmic flow is driven by the high
osmotic pressure in the tip due to the high concentrations of calcium that are
maintained there [28]. The velocity of cytoplasmic flow can be higher than the rate
of extension of the tip, which is only possible if there is active efflux of water at the
hyphal tip. In older regions of septate hypha, the septa may close, preventing
cytoplasmic flow in these regions. In some fungi, the septum does not close
completely; rather, a central pore is maintained. This pore has a Woronin body
beside it, which plugs the pore if the adjacent hyphal segment is damaged [30].

As the hypha extends, the length of the vesicle-producing zone remains essen-
tially constant [63]. In other words, the length of the fungal hypha that contributes
directly to the extension of the tip remains constant. Consequently, the physiology of
a particular section of a hypha at a certain location in space changes over time. The
particular section is “created” when that location is first occupied by the extending
tip. As the tip extends ever onward, this section becomes part of the vesicle-pro-
ducing zone, then loses its ability to produce vesicles, and later undergoes an aging
process in which the proportion of the cytoplasm occupied by vacuoles increases
significantly [47]. Later still, this section may undergo autolysis [47].

Branching of hyphae can be either apical or lateral or both, depending on the
fungus and hyphal type. In apical branching, the tip itself divides. In lateral
branching, a new branch appears some distance behind the tip. Apical branching
occurs when the rate of supply of vesicles to the tip is greater than the maximum
rate at which vesicles can fuse at the tip [21]. Lateral branches often emerge where
vesicles accumulate behind septa in septate hyphae, but aseptate hyphae can also
branch laterally and the role of vesicle accumulation in triggering lateral branching
is not totally clear [21]. It is also possible for the hyphae of some fungi to fuse by
anastomosis. This can be tip to tip or tip to hypha [17]. It is not clear to what degree
anastomosis occurs in SSF processes.

3.2.2 Extracellular Phenomena Involved in the Growth of Surface
Hyphae

Surface hyphae are present during the early stages of expansion of a microcolony.
The germination of the spore and the initial stages of extension of the germ tube are
supported by the internal reserves contained in the spores, but soon it is necessary
for the extending germ tube and the new hyphae to obtain nutrients from the solid
particle.

In order to utilize a polymeric carbon and energy source, the hyphae must secrete
hydrolytic enzymes (Fig. 6). Once secreted, these enzymes may remain attached to
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the hypha or may be liberated into the surrounding medium. If liberated, then their
diffusion in the matrix of the substrate particle will be influenced by the microscopic
porosity of the matrix and by the presence of impenetrable barriers, such as intact
cell walls. Once they encounter and hydrolyze polymers, then the resulting soluble
hydrolysis products will diffuse through the substrate matrix. As the soluble
hydrolysis products are taken up at the plasma membrane, their concentration next
to the hypha decreases, leading to the formation of concentration gradients in the
extracellular medium. Similar diffusion phenomena will occur for any soluble
nutrients that are taken up by the hypha. In the early stages of the process, when the
microcolonies are expanding across the particle surface, it is likely that the poly-
meric carbon and energy source will be present very close to the substrate surface,
such that the distances over which the extracellular enzyme and soluble hydrolysis
products need to diffuse are quite small. In fact, if hydrolysis is faster than uptake,
the concentration of the soluble hydrolysis product at the surface can rise signifi-
cantly [33]. In a forcefully aerated system, at this stage, the supply of O2 to the
surface hyphae will not be limiting. CO2 will be produced and diffuse away from
the hypha into the gas phase and also, in dissolved form, into the substrate particle.
Any secreted metabolites will also diffuse away from the hypha. These secreted
metabolites can be important in mediating interactions between hyphae.

Enzyme 
secretion 

Diffusion 
of soluble 
nutrients 

Diffusion of O2
across membrane

Transport across 
membrane

Diffusion of 
hydrolysis 
products

Diffusion 
of enzyme

Hydrolysis 
of polymer

Diffusion of 
secreted 
metabolites 

Diffusion of CO2
across membrane

Diffusion of O2 in 
stagnant gas layer 
at particle surface

Diffusion of CO2 in 
stagnant gas layer 
at particle surface

Transport across 
membrane

SUBSTRATE 
PARTICLE

GAS 
PHASE

Pumping 
of water 
out of tip

Water 
uptake

Fig. 6 Phenomena involved in the growth of surface hyphae during the initial stages of the
process. Long triangles represent diffusion down concentration gradients. Dotted arrows represent
flow of water or cytoplasm. Dashed arrows represent transport of vesicles
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3.2.3 Extracellular Phenomena Involved in the Growth of Hyphae
Within Biofilms

By the time that a biofilm has been produced in an SSF process, there are also likely
to be aerial and penetrative hyphae in the system. The processes influencing the
growth of aerial and penetrative hyphae are described below; here, we focus spe-
cifically on what happens in the biofilm.

As the fermentation process advances, it is quite likely that the polymeric carbon
and energy source will be exhausted in the region near the surface (Fig. 7). Any
enzyme that has not diffused out of this region will not contribute to the liberation
of soluble hydrolysis products. Since the diffusion of enzymes in the matrix of the
substrate can be quite slow, this can lead to a significant decrease in the rate of
liberation of soluble hydrolysis products within the substrate particle [33]. This, in
conjunction with high uptake rates by the hyphae in the biofilm at the surface, can
lead to steep concentration gradients of these soluble hydrolysis products within the
particle, with very low concentrations at the interface between the biofilm and the
particle. As the soluble hydrolysis products and other soluble nutrients diffuse into
the biofilm, they are taken up by the hyphae. If the rate of uptake is sufficiently high
and the biofilm is sufficiently thick, then these soluble hydrolysis products and
nutrients can be totally consumed by the hyphae in the parts of the biofilm close to
the particle–biofilm interface, with the parts of the biofilm that are further from this
interface being starved of essential nutrients [31, 52].

Additionally, even if high O2 concentrations are maintained in the gas phase in
the inter-particle spaces, the fact that O2 transport within the biofilm is limited to
diffusion means that the respiration of the hyphae in the biofilm can lead to the
dissolved O2 concentration falling to essentially zero within 100 μm depth below
the interface between the biofilm and the air phase [43]. In other words, the parts of
the biofilm closer to the surface of the substrate particle can become anaerobic.

3.2.4 Extracellular Phenomena Involved in the Growth of Penetrative
Hyphae

Penetrative hyphae are in intimate contact with the solid substrate. The matrix into
which they grow will typically be moist, but with high concentrations of solids and
solutes, such that much of the water will be adsorbed or complexed. These hyphae
therefore need to exert turgor pressure in order to penetrate into the matrix [38].
There may also be physical barriers, such as the cell walls of plant materials from
which the solid particles were derived. Not all fungi are capable of penetrating such
barriers.

It is quite probable that the penetrative hyphae contribute to the release of
enzymes into the substrate matrix [66] (Fig. 7). Since penetrative hyphae are located
in deeper regions within the substrate particle, when compared to biofilm hyphae,
they will experience higher concentrations of soluble hydrolysis products and
nutrients, but lower concentrations of O2, at their plasma membranes. In fact, once
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Fig. 7 Phenomena involved in the growth of biofilm, penetrative, and aerial hyphae. “Long
triangles” represent diffusion down concentration gradients. “Dotted arrows” represent flow of
water or cytoplasm. “Dashed arrows” represent transport of vesicles
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an actively metabolizing biofilm is established at the substrate surface, the pene-
trative hyphae can be left in an anaerobic environment.

3.2.5 Transport Phenomena Involved in the Growth of Aerial Hyphae

Aerial hyphae are in intimate contact with the air phase and can take up O2 directly
from the air (Fig. 7). However, the degree to which they do this varies significantly
among different fungi [51]. On the other hand, the vesicle-producing region behind
the extending tip of an aerial hypha must receive material from the distal part of the
hypha. Since aerial hyphae can be several millimeters or even several centimeters
long, depending on the fungus and the growth conditions, material for tip extension
may need to be transported within the aerial hyphae over large distances. This
transport probably involves cytoplasmic flow. In fact, although studies are limited,
in Aspergillus niger, cytoplasmic flow occurs from the biofilm hyphae into the
aerial hyphae, with cytoplasmic flow rates in the aerial hyphae being of the order of
10–15 μm s−1 [4].

4 Mathematical Models of Phenomena Involved
in the Growth of Fungal Hyphae on Solid Surfaces

Based on the qualitative description presented in Sect. 3, a “complete” mathe-
matical model that proposes to describe the development of fungal mycelia in SSF
systems should recognize the four different types of hyphae, namely penetrative,
aerial, surface, and biofilm, enabling prediction not only of growth over the particle
surface, but also of the biomass distribution above and below the particle surface. It
should also describe the following phenomena: physiological differentiation within
the mycelium; tip extension based on the production, transport, and incorporation of
vesicles; nutrient and O2 uptake and also mass transfer outside and inside the
hyphae; the secretion and the hydrolytic activity of extracellular enzymes; apical
and lateral branch formation, with angles similar to those found in real mycelia; and
septation, in the case of septate fungi.

At present, there is no mathematical model of the growth of filamentous fungi in
SSF systems that incorporates, simultaneously, all of these biomass types and
growth-related phenomena. On the other hand, most of these phenomena have
already been described in various fungal growth models, and the mathematical
approaches used in these models could be integrated, in a modified form if nec-
essary, into a complete model. This section describes the most appropriate math-
ematical approaches, from a selection of mesoscale and microscale fungal growth
models. Key features of these selected models are summarized in Table 2.
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4.1 Classification of Mesoscale Mathematical Models

It is useful to classify mesoscale models that describe the growth of filamentous
fungi on the basis of which components they describe and how they treat the
distribution of biomass within the spatial domain (Table 2). With respect to the
components that are described, some models only describe the development of the
fungal biomass itself, such as hyphae and tips, while other models, in addition to
describing fungal biomass, recognize the contribution of other components to the
growth process, such as nutrients, enzymes, and vesicles. With respect to the dis-
tribution of biomass within the spatial domain, models may be classified as being
either “pseudohomogeneous models” or “discrete models” (Fig. 8). Pseudoho-
mogeneous models, which have also been referred to as “continuum models” [5,
10], “reaction–diffusion models” [50], and “whole-population models” [14], do not
recognize fungal hyphae individually and therefore do not specify their exact
position in space; rather, they describe hyphae in terms of an average biomass
concentration that may vary continuously along one or more dimensions within the
spatial domain (Fig. 8a). Conversely, discrete models, which have also been
referred to as “individual-based models” [14], specify a particular location in the
spatial domain for each hyphal element and tip and distinguish this hyphal biomass
from its surroundings in space; in other words, the biomass is “spatially discrete”
(Fig. 8b, c). Obviously, if the intention is to produce a model that can generate
multidimensional images of fungal networks, similar to those that would be seen in
a micrograph, this can only be achieved with discrete models and this review
focuses on this type of model. However, where relevant, approaches used to
describe particular phenomena in pseudohomogeneous models will be mentioned.

Discrete models often treat the hyphae in a stochastic manner. For example, in
the case of an extending tip that is capable of changing growth direction or
branching apically, probabilities are assigned to these actions. At certain times
during the simulation, a random number is generated to see whether the tip will
undertake one of these actions; the action being evaluated will happen for the tip
only if the random number is lower than the probability assigned to that action. This
feature confers a degree of variability on the results of the simulation, such that two
simulations that start with the same initial conditions give different final mycelial
morphologies.

Discrete models can be further classified according to two criteria. Firstly, they
can be classified as “smooth” or “stepwise,” based on how time is treated in the
model: Time progresses continuously in a smooth model but in discrete steps in a
stepwise model, with these time steps normally being of the same size, although this
is not essential. Secondly, they can be classified as being “lattice based” or “lattice
free,” on the basis of whether the hyphae are restricted to specific geometries or are
free to grow in any position and direction in space [23]. These two classifications
are discussed in the following subsections.
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Fig. 8 Typical results that can be obtained with mesoscale models. a Plots of the concentrations
of biomass and tips as a function of distance from the solid surface, generated by a
pseudohomogeneous model. b Images generated by a discrete 2D lattice-based model at different
times of growth. c Images generated by a discrete 2D lattice-free model at different times of
growth. The images used to illustrate the discrete models correspond to the marked area of the
graph for the pseudohomogeneous model
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4.1.1 Smooth and Stepwise Models

In a smooth model, state variables change continuously with time. The rates of
change in these state variables, such as hyphal length or vesicle concentration, are
typically expressed in the form of continuous differential equations. Conversely, in
a stepwise model, state variables change abruptly with each time step, with the
changes being expressed in the form of algebraic equations. In the specific case of
hyphal extension, in smooth models, the hyphal length increases in a continuous
manner over time. In stepwise models, new “units” of biomass are incremented in
each time step. These “units” are often of a defined length, but it is also possible to
add units of varying lengths.

There are three important considerations with respect to this classification. Firstly,
these model types are often referred to in the general mathematical modeling liter-
ature as “continuous change and discrete change models” or “continuous time and
discrete time models.” In the context of the current review, where we have used the
word “discrete” in relation to the spatial domain, we prefer to use a different pair of
words with relation to the temporal domain. Secondly, the distinction between
smooth and stepwise models is based on the formulation of the model equations, not
on the mathematical methods used to solve them. This consideration is important,
since the set of differential equations that is written in a smooth model is usually too
complex to be solved analytically and is therefore solved using numerical methods.
These methods may involve discretization of the temporal domain; however, the use
of discretization as a mathematical tool to obtain an estimate of the solution of a
smooth function does not make the function itself stepwise. Thirdly, even though the
use of a very small time step may allow a stepwise model to make predictions that
resemble smooth functions, the equations, as formulated, are not smooth.

4.1.2 Lattice-Based and Lattice-Free Models

In lattice-based models (Fig. 8b), hyphae are only allowed to occupy positions within
a previously defined lattice, which may consist of a network of segments or of a grid
of “cells” (the latter being the case of cellular automata models, where the “cells” do
not necessarily represent cells in the biological sense). The status of each segment or
“cell” can change during the course of the simulation. For example, in a cellular
automata model of fungal growth, when the simulation is initiated, a “cell” in a given
location may have the status of “active tip.”As the hyphal tip extends away from this
location, the status of the “cell” (which now represents a part of the hypha behind the
tip) changes to “active hypha” and a previously “empty” neighbor “cell” receives the
status “active tip” (Fig. 8b). Since the hyphae are constrained to be within these
“cells,” the images generated are restricted by the geometry of the lattice, which
might not allow the model to represent the true geometry of a fungal mycelium. On
the other hand, since the position of each hypha is registered, it is a simple matter to
detect when a hyphal tip tries to occupy a “cell” that is already occupied by an
existing hypha and thereby describe avoidance reactions or anastomosis.
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In lattice-free models (Fig. 8c), hyphae are described as line segments that can
have any position and orientation within the spatial domain. Hyphal extension is
represented by adding a new line segment at the tip of a previous segment, while
branching is represented by adding two line segments at the tip (apical branching)
or a new line segment at some position along an already existing segment (lateral
branching). The added segments may have variable lengths and directions. In this
manner, it is possible to generate images in which there are varying angles between
hyphae and branches. The main disadvantages of lattice-free models are, firstly, that
they do not describe the volume or area occupied by the hyphae, and secondly, it is
computationally much more difficult, compared to lattice-based models, to check
whether an extending hypha will try to occupy a space that is already occupied by
an existing hypha.

The degree to which these two model types generate images that resemble a real
mycelium depends on the size of the lattice for a lattice-based model and the rules
that are used, for a lattice-free model. For example, a lattice-based model that uses
lattice divisions of the same scale as the diameter of the hypha and allows various
angles of growth and branching may result in a more realistic image than a lattice-
free model with branching angles being restricted always to 90°.

4.2 The Representation of the Physical System

4.2.1 The Representation of the Hyphae

For a mesoscale model to be useful for describing the morphology of a fungal
mycelium in SSF, the manner of representing hyphae must comply with three
requirements. Firstly, it must be possible to reproduce the morphology of the
mycelium in a three-dimensional environment with branching distances and angles
that are similar to those seen under the microscope. Secondly, it must be possible to
combine the physical representation with the mathematical equations that determine
the rates of growth and other internal processes. Thirdly, it must be possible to
represent different physiological states, not only in different regions of the hyphae at
the same time, but also in the same hyphal segment, but at different times during the
simulation. Table 3 lists various manners in which the hyphae have been physically
represented in the selected models.

The representation used by Coradin et al. [9] provides the basis for a model that
can comply with all three requirements (Table 3). These authors used a stochastic
and discrete lattice-based model to describe the distribution, in three dimensions, of
vegetative and reproductive aerial hyphae within the space above a solid surface.
This space was divided into cubes, with each cube having the same cross-sectional
area as a hypha. A cube could be empty or occupied by a hyphal segment, a hyphal
tip, or a spore. Active hyphae extended through the addition of new cubes at their
tips. The hyphae grew upward, downward, horizontally, or diagonally. Vegetative
hyphae could branch apically, with the daughter hyphae choosing directions of
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growth stochastically, among the available empty spaces around the branching
tip. The number of cubes added per iteration was chosen so that the average
distance between branches was of the same order as that reported by Trinci [64].
After a certain period of growth, all vegetative hyphae stopped growing and some
active tips differentiated into reproductive hyphae. The reproductive hyphae also
branched, but contrary to vegetative hyphae, they only grew upward.

Table 3 Approaches used in previous models to represent hyphae and their environment

Model Type of lattice Size of
hyphal
lattice

How extension occurs Type of
environment

Ideal
approach

Any geometry with
volume (i.e., 3D)

At the
scale of
the
hyphal
diameter

Based on the rate of
vesicle fusion at the tip

Gas phase,
biofilm layer,
and solid
particle

Coradin
et al. [9]

Cubic 10 µm – Gas phase
(as empty
cubes)

Balmant [2] Cubic 10 µm Uses mass balance
equations for
intracellular maltose and
vesicles, with the
extension rate being
proportional to the rate
of fusion of vesicles at
the tip

Gas phase
(as empty
cubes)

Boswell
et al. [6]

Triangular for biomass
and hexagonal for
environment

100 µm Extension depends on
the probability of the
hypha extending to an
adjacent part of the
lattice; this probability is
proportional to the
intracellular nutrient
concentration

Solid particle,
without
penetration
of hyphae

Tunbridge
and Jones
[65]

Lattice free – The size of the
mycelium is calculated
first, without defining its
distribution in space,
with the extension rate
being proportional to the
rate of fusion of vesicles
at the tip

No
interactions
with or
descriptions
of the
surroundings

Fuhr et al.
[15]

Segments positioned
randomly for biomass
and rectangular
parallelepiped for
environment

50 µm Extension depends on
probabilities of the
hypha extending to
another pit, which is
related to the nutrient
concentration at the pit

Solid particle
with
penetration
of hyphae
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The main advantage of the model of Coradin et al. [9] is that the small lattice size
allows a realistic representation of hyphal morphology and biomass distribution in
space, while facilitating the localization of hyphae. Further, although the model
does not contain expressions for mass balances on intracellular components, it was
designed for later incorporation of these expressions. This was done by Balmant
[2], who treated the series of cubes that represented a hypha in the model of Coradin
et al. [9] as a series of well-mixed tanks, with transport of intracellular material
between adjacent tanks. Balance equations were written for two components,
maltose and vesicles, over each tank. In this well-mixed tank approach, these
balance equations have the form of ordinary differential equations, unlike the partial
differential equations that arise when balance equations are written over a hypha as
a single continuous entity. The tanks forming the hypha were divided into three
types: a “tip-tank” at the end of the hypha, vesicle-producing tanks, and non-
vesicle-producing tanks. A different set of equations was used for each type of tank,
representing the physiological differences between them (more details on the
equations used are provided in Sect. 4.3.1). Growth occurred through the addition
of new tanks at the tip, with this addition depending on the rate of fusion of vesicles
to the membrane within the tip-tank.

Although Balmant [2] only modeled the extension of a single aerial hypha, with
maltose being supplied at the base of the hypha, the well-mixed tank approach has
the flexibility to be extended to describe phenomena involved in the development of
a hyphal network in an SSF system, such as branching, nutrient absorption across
the sides of the hypha (i.e., across the plasma membrane), and enzymatic hydrolysis
of polymeric carbon and energy sources within the solid matrix, as will be dis-
cussed in later subsections. For convenience, from this point on, this approach will
be referred to as the “Coradin–Balmant approach.”

A model that can produce a realistic mycelial morphology, while describing
internal processes, is that of Tunbridge and Jones [65] (Table 3). It is a discrete,
lattice-free model describing the growth of surface hyphae from a single spore. It
incorporates the earlier model of Prosser and Trinci [48], in which the hyphae are
divided into sections. Vesicles are transported between adjacent sections, with the
extension rate being proportional to the rate at which vesicles fuse at the tip (more
details on the internal processes are provided in Sect. 4.3.1). Since Prosser and
Trinci [48] did not aim to reproduce the morphology of the mycelium, they used
90° angles between branches and did not include changes in the direction of growth
of extending hyphae. Tunbridge and Jones [65] added random changes in growth
directions and different angles between branches, by dividing the simulation into
two parts. The first part uses the model of Prosser and Trinci [48] to determine the
final size of the mycelium, namely the position of each branch and the overall
number of tips. In the second part, hyphal segments and branches are drawn in two-
dimensional space, with random variations in growth direction and branch angles.

There would be two main problems with any attempt to adapt the Tunbridge and
Jones [65] model for the modeling of SSF systems. Firstly, it is lattice free; therefore,
the hyphae have no volume. Consequently, if this approach were to be extended to
describe growth in a three-dimensional environment, it would be difficult to track the
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position of each hypha and thereby avoid two hyphae occupying the same position in
space. Secondly, since growth is calculated before the spatial distribution of the
mycelium is determined, it would not be possible to include inactivation of hyphae
due to high local biomass concentrations or to include the effects of the variation in the
concentrations of nutrients in the local surroundings.

Another approach is that of Boswell et al. [6] (Table 3). In this discrete model of
the colonization of soil particles by a fungus, both the mycelium and the medium are
represented by two-dimensional lattices. The medium is divided into a hexagonal
lattice, with homogeneous concentration of nutrient within each hexagon. This is
overlaid with a triangular lattice of 100-μm line segments that connect the centers of
adjacent hexagons. Hyphae grow along these line segments, such that angles between
adjacent hyphal segments are restricted to either 120° or 180°. The advantage of this
model is that it already considers the interactions with the extracellular environment,
while this still needs to be incorporated into the Coradin–Balmant approach. Also, the
superposition of hyphae is prevented, since only a single hypha is allowed to enter
each hexagon of the substrate lattice. On the other hand, the 100-µm-long segments
would not be appropriate for SSF systems, since a hyphal segment of this length could
contain significant gradients of internal compounds and experience significant gra-
dients of external compounds. Further, the two-dimensional triangular lattice only
allows representation of surface hyphae, and even then, it does not even allow a
proper representation of observed morphologies of these hyphae.

4.2.2 The Representation of the Surroundings

In SSF, a hypha can be in contact with one or more of three phases: the gas phase,
the liquid of the biofilm layer, and the matrix of the solid particle. The processes
occurring in these phases should be described by mass balance equations that
include mass transfer and the consumption and release of key compounds, such as
O2, soluble nutrients, and enzymes.

In discrete models, the extracellular environment is also divided into a regular
lattice. In the Coradin–Balmant approach, it would be divided into well-mixed
tanks of the same size and shape as the ones used for the hyphae. This would
facilitate the representation of the hyphae extending into their surroundings: As the
hyphal tip extends into a tank, the status of that tank would change from “sur-
rounding phase” to “hyphal tip.” Further, appropriate mass balances for enzymes,
their hydrolysis products, and other nutrients would be written over those tanks that
represent the matrix of the substrate particle.

The two-dimensional hexagonal lattice that is used to represent the substrate in
the model of Boswell et al. [6] would not be appropriate for describing SSF sys-
tems: It would not be possible to describe how part of the volume within the solid
particle is occupied by penetrative hyphae, nor to represent properly the concen-
tration gradients that occur with depth below the particle surface.

Various models for growth of fungi over solid surfaces have treated the solid
matrix as a homogeneous environment, without any physical barriers to diffusion,
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such as is the case when an artificial medium composed of a nutrient solution and a
solidifying agent (e.g., agar or κ-carrageenan) is used [6, 33]. However, in SSF, the
substrate particle is often composed of plant tissues, with cellular divisions, and the
cell wall structure must be degraded in order for the hyphae to reach the nutrients
contained within. The only model that describes penetrative growth of fungal
hyphae in a plant tissue was developed by Fuhr et al. [15]. It is a three-dimensional
discrete lattice-based and stochastic model for the growth of penetrative hyphae of a
white-rot fungus in wood. The wood cells are represented by rectangular paral-
lelepipeds (Table 3), the walls of which contain randomly distributed pits. These
pits are locations of the cell wall that are easily degraded by the fungus, allowing
hyphae to invade adjacent cells. In the model, hyphae extend from one pit to
another, forming straight lines connecting the pits. All nutrients necessary for
growth are considered to be concentrated at these pits. This model represents cell
wall penetration well but presents some limitations; for example, it represents
hyphae as segments without volume and it does not describe the occupation of the
cell lumen by the hyphae nor does it describe the consumption of the nutrients
inside the lumen.

The division of the extracellular space into cubes, as was done in the model of
Coradin et al. [9], allows for the representation of cellular substructures in particles.
Agglomerations of cubes could be designated as substrate particles, with particular
divisions between cubes representing cell walls. These particular divisions would
be barriers to the diffusion of components, and it would be made difficult for the
hyphal tip to cross them.

4.3 Intracellular Phenomena Supporting Growth at the Tip

The production of new fungal biomass requires the supply of several different
nutrients. However, for simplicity, it is common to assume that the carbon source is
limiting and that all other nutrients are in excess; this section will focus on models
that make this assumption. However, it should be noted that the models of Georgiou
and Shuler [16] and Meeuwse et al. [31] describe the metabolism of both a carbon
source and a nitrogen source, which enabled them to relate key events to the
absence of nitrogen, such as the formation of reproductive structures or the pro-
duction of intracellular carbohydrate reserves. The supply of molecular oxygen (O2)
can also be limiting; this aspect is discussed in Sect. 4.6.

4.3.1 Appropriate Mass Balance Equations for Nutrients and Vesicles

Given the key roles of vesicles in tip extension and in initiation of branching
(Sect. 3.2.1), a morphological model should describe their production, translocation,
and consumption within the hyphae. This should be done in a simplified manner, but
the model should have at least three features. Firstly, vesicle production should be
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described as being limited to a specific region of the hypha (the vesicle-producing
zone) and as depending on the concentration of a limiting nutrient. Secondly,
translocation of vesicles to the tip along the cytoskeleton should be at a rate different
from cytoplasmic flow. Thirdly, the tip extension rate should be proportional to the
rate of vesicle consumption at the tip. Also, since the extension rate of a new hyphal
branch increases exponentially with time until it reaches a maximum value and then
remains constant, even if the vesicle concentration increases behind the tip mem-
brane [48], the rate of vesicle consumption at the tip should be described using
saturation kinetics. Saturation kinetics would also be appropriate to describe vesicle
production. Finally, a single type of vesicle should be sufficient for mesoscale
models, instead of trying to describe subpopulations of different types of vesicles.
Among the mesoscale models for fungal growth, the only model to incorporate all of
these characteristics is that of Balmant [2], and as a result, it is the only one to have
predicted the vesicle concentration peak at the tip that occurs experimentally: Of all
the vesicles in the 50 µm nearest to the tip, about 60 % are present in the first 10 µm
behind the tip, decreasing to 17 % in the region between 10 and 20 µm behind the tip
and to less than 11 % in each of the remaining 10-µm segments [8, 18].

The model of Balmant [2] describes the extension of a single unbranched aerial
hypha, using a series of well-mixed tanks (Fig. 9). Mass balance equations for
maltose and vesicles were written over each of the three different types of tanks. In
non-vesicle-producing tanks and vesicle-producing tanks, maltose is transferred
between adjacent tanks by convective flow of the cytoplasm and diffusion, while
vesicles are actively transported along the cytoskeleton toward the tip. Maltose is
consumed for maintenance and, in the vesicle-producing tanks, also for vesicle
production. The mass balance for maltose in the vesicle-producing tanks is given by

dSijj
dt

¼ v
Dz

ðSijj�1�SijjÞ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
convection

þ DS

Dz2
ðSijj�1�2SijjþSijjþ1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

diffusion

� mqX|{z}
maintenance

� 1
Y/

kpSijj
KP þ Sijj|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

vesicle production

ð1Þ

where Sijj is the concentration of maltose in tank j, t is the cultivation time, v is the
velocity of flow of the cytoplasm, Δz is the length of a tank, DS is the diffusivity of
maltose inside the hypha, m is the maintenance coefficient, ρX is the mass of dry cell
material per unit of volume occupied by the hypha, Y/ is the yield coefficient for
production of vesicles from maltose, kp is the maximum rate of vesicle production,
and KP is the saturation constant for vesicle production.

The balance for vesicles in the vesicle-producing tanks is given by

d/jj
dt

¼ w
Dz

ð/jj�1�/jjÞ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
activetransport

þ kpSijj
KP þ Sijj|fflfflfflfflffl{zfflfflfflfflffl}

vesicle production

ð2Þ
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where /jj is concentration of vesicles in tank j and ψ is the velocity of active
transport of vesicles.

As a new tank is formed at the tip, the vesicle-producing tank that is furthest
from the tip is converted into a non-vesicle-producing tank. The balances on the
non-vesicle-producing tanks are similar to Eqs. (1) and (2), but without the terms
related to vesicle production.

Vesicle consumption occurs only in the tip-tank, increasing the length (L) of this
tank at a rate that is proportional to the rate of vesicle consumption. Thus, the
velocity of extension of the tip-tank is given by

dL
dt

¼ YL
kc/jn

KC þ /jn
ð3Þ

where YL is the extension of hyphal length per mass of vesicles consumed, kc is the
maximum rate of vesicle consumption, and KC is the saturation constant for vesicle
consumption. When the length of the tip-tank reaches double that of a normal tank

diffusion

1i j
S − i j

S
1i j

S +

(a)

(b)

cytoplasmic flow

diffusion

consumption for 
maintenance and 
vesicle production

1j
φ − j

φ
1j

φ +

active transport

production

Fig. 9 Mass balances over vesicle-producing tank j in the model of Balmant [2]. a balance for
maltose and b balance for vesicles
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(i.e., when L = 2Δz), it divides. The two new normal-sized tanks (i.e., each with
L = Δz) each have concentrations of maltose and vesicles equal to the values for the
double-sized tip-tank immediately before division. This approach to tip extension
results in a continuous increase in hyphal length. This contrasts with various
stepwise models, in which a new segment of hypha of a fixed size is added per
growth step, thus resulting in instantaneous production of new segments.

The tip-tank only consumes vesicles; it does not produce them. Thus, the bal-
ances on maltose and vesicles in this tank are, respectively:

dSijn
dt

¼ � Sijn
L

� �
dL
dt|fflfflfflfflfflffl{zfflfflfflfflfflffl}

tankextension

þ v
L
Sijn�1|fflfflffl{zfflfflffl}

convection

þ DS

L LþDz
2

� � ðSijn�1�SijnÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
diffusion

� mqX|{z}
maintenance

ð4Þ

d/jn
dt

¼ � /jn
L

� �
dL
dt|fflfflfflfflfflffl{zfflfflfflfflfflffl}

tank extension

þ w
L
/jn�1|fflfflfflffl{zfflfflfflffl}

active transport

� 1
AL

� �
kc/jn

KC þ /jn|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
consumption

ð5Þ

where A is the cross-sectional area of the hypha. The first term on the right-hand
side of each equation describes the dilution that occurs due to the increase in the
tank volume caused by tip extension.

Two other models that describe vesicles are those of Prosser and Trinci [48] and
López-Isunza et al. [29]. In the model of growth of surface hyphae of Prosser and
Trinci [48], processes involving nutrients are not described. The vesicle production
rate is constant, and vesicle production occurs throughout the entire mycelium,
instead of being limited to the vesicle-producing zone. The rate of tip extension is
proportional to the rate of vesicle fusion at the tip, which is described by saturation
kinetics. The model of López-Isunza et al. [29] describes the extension of a single
germ tube, across the substrate surface, before the formation of the first branch.
Two types of vesicles are described: Macrovesicles are produced throughout the
germ tube, while microvesicles are produced at the tip from macrovesicles; pro-
duction rates for both vesicles follow Michaelis–Menten-type kinetics. Partial dif-
ferential equations describe the diffusion of nutrients and macrovesicles in both the
axial and radial dimensions of the tube. Tip extension depends on the rate of vesicle
fusion at the tip, which is directly proportional to both the concentration of micr-
ovesicles and the length of the germ tube and follows saturation kinetics with
respect to the concentration of macrovesicles. However, this model would not be
appropriate for SSF, since the description of both radial and axial diffusion would
be unnecessarily complex for the modeling of a whole mycelium. Another major
drawback of this model is that it is not predictive, as the final length of the germ
tube is used, at the start of the simulation, to calculate key parameters, namely the
Damköhler numbers for vesicle production and cell wall synthesis at the tip.
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4.3.2 Nutrient Absorption Across the Membrane

The absorption of soluble nutrients across the plasma membrane of the hypha is
often included in mathematical models for fungal growth. Since the transport of
polar molecules across this membrane is mediated by carriers, it exhibits saturation
kinetics and should be described by an expression similar to the following:

ra ¼ kmaxSe
Kt þ Se

TAL ð6Þ

where ra is the rate of transport, Se is the concentration of nutrient in the extracellular
medium, T is the transporter concentration per area of the plasma membrane, AL is
the area of contact of the plasma membrane with the extracellular medium, kmax is
the maximum specific transport rate, and Kt is the saturation constant. The term
T could be removed from the equation if the transporters were assumed to be evenly
distributed across the area of contact along the hypha, as done by Edelstein and Segel
[13], who also considered that the area of contact was proportional to the biomass
concentration. Transport could be included in the model of Balmant [2] by adding an
expression similar to Eq. (6) to the balance equations for intracellular maltose for
those tanks in contact with extracellular nutrients [i.e., to Eqs. (1) and (4)].

Some kinetic expressions that have been used in models to date do not allow for
saturation, for example, that of Boswell et al. [6], in which the uptake rate is first
order in the external substrate concentration (Table 4). On the other hand, López-
Isunza et al. [29] described, individually, the extracellular uptake by the transport
protein, the diffusion of the transporter–substrate complex across the membrane,
and the release of substrate into the cytosol. However, this added complexity does
not bring any tangible advantages over Eq. (6) for mesoscale models.

4.3.3 Consumption of Intracellular Substrate for Cellular Maintenance

During the development of the mycelium, intracellular substrate is required to
produce energy for other processes besides the production of vesicles, such as for
active transport of nutrients across the membrane, transportation of vesicles along
the cytoskeleton, and enzyme production. It is not necessary for a model to describe
the rates of intracellular substrate consumption for all of these processes individ-
ually; they can be combined in a single maintenance term. This maintenance term is
usually expressed as the product of the biomass concentration and a constant
maintenance coefficient, as in the models of Balmant [2] and Meeuwse et al. [31].

On the other hand, Boswell et al. [6] explicitly described the substrate con-
sumption associated with active transport across the membrane (Table 4). In their
model, the substrate absorption rate (ra) was expressed as follows:

206 M.H. Sugai-Guérios et al.



ra ¼ c1SiSeX ð7Þ

where c1 is a proportionality constant, Si is the concentration of intracellular sub-
strate, Se is the concentration of extracellular substrate, and X is the concentration of
biomass participating in the absorption process. This expression is included in the

Table 4 Approaches used by previous models in the description of intracellular substrates

Model Consumption of
substrate

Intracellular
transport

Absorption rate

Ideal
approach

For vesicle production
and cellular
maintenance

Axial diffusion and
cytoplasmic transport
toward the tip

A function of the
concentration of
extracellular substrate
through saturation
kinetics and proportional
to the absorption area
[see Eq. (6)]

Balmant [2] For vesicle production
and cellular
maintenance

Axial diffusion and
cytoplasmic transport
toward the tip

No absorption, rather
supply of maltose from a
source tank representing
vegetative mycelium in
the biofilm, from which
the single unbranched
aerial hypha that was
modeled extended

Boswell
et al. [6]

For biomass
production, cellular
maintenance and
absorption and active
transport costs

Axial diffusion and
active transport
toward the highest
concentration of tips

ra ¼ c1SiSeX

Edelstein
and Segel
[13]

For biomass production
and cellular
maintenance

Axial diffusion and
cytoplasmic transport
toward the highest
concentration of tips

ra ¼ c2 kmaxSe
KtþSe

X

López-
Isunza et al.
[29]

For microvesicle and
macrovesicle
production

Axial and radial
diffusion and axial
convection toward
the tip

Rate for nutrient uptake
by the transporter: kmaxSeT

KtþSe
Rate for diffusion of the
transporter–substrate
complex in the
membrane: / @2h

@g2

Rate for intracellular
release: c3h

Meeuwse
et al. [31]

Glucose: for biomass
production, cellular
maintenance, and
product formation.
Alanine: for biomass
production

Diffusiona Free diffusiona

a In the model of Meeuwse et al. [31], the biofilm layer is described as a homogeneous layer,
without distinguishing the biomass and the liquid film individually
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balance equations for both the intracellular and the extracellular substrate, but with
different values for the proportionality constant (c1), such that more nutrients are
removed from the external medium than are added to the intracellular space. The
difference between the rates therefore represents the amount of substrate needed to
provide the energy for the active transport across the membrane. This approach
requires an additional parameter to be determined, related to the energy cost of
nutrient transport across the plasma membrane, and, at the moment, it is unclear
whether these energy costs are so high that they should be accounted for separately
from the maintenance coefficient. For simplicity, it seems better to subsume all the
processes for nutrient consumption that are not associated directly with growth
within a general maintenance coefficient with a constant value.

4.3.4 Considerations About Cytoplasmic Flow and Transport
of Vesicles

Once inside the hypha, nutrients diffuse and are transported toward the tip by the
cytoplasmic flow, while vesicles are transported actively along the cytoskeleton, at
a rate that is different from the rate of cytoplasmic flow. Although intracellular
diffusion of nutrients is commonly described in models, cytoplasmic flow has only
been included in the models of López-Isunza et al. [29] and Balmant [2]. Further,
only the latter model allowed for different rates of cytoplasmic flow and vesicle
transport (Table 4).

The models of López-Isunza et al. [29] and Balmant [2] describe a single non-
septate hypha and, hence, do not allow for changes in the cytoplasmic flow or the
rate of vesicle transport when septa or branches are formed. In fact, adequate data
about how these phenomena affect intracellular transport are not available, although
some considerations can be made. For example, unplugged septa, such as those in
Aspergillus, would not prevent cytoplasmic flow, but might reduce the flow rate.
Additionally, the formation of new branches would increase the total cross-sec-
tional area of flow after a branch; thus, if the flow rate in the mother hypha were to
remain constant, the flow rate in each daughter branch would decrease. On the other
hand, branching increases the number of tips, which is where the driving force of
the cytoplasmic flow is generated [28]; thus, the flow rate per tip might remain
constant, with an increase in the flow rate in the mother hypha. At the very least, the
cytoplasmic flow needs to be high enough to supply cytoplasm to the growing tips:
The cytoplasmic flow in a given hyphal segment should be equal to or higher than
the sum of the extension rates of the tips that are connected to it [22].

For vesicles, the rate of transport depends on the cytoskeleton and on motor
proteins; hence, it is influenced by the formation or interruption of these structures.
Therefore, the rate of transport of vesicles may not be affected by an unplugged
septum if its formation does not interrupt the cytoskeleton. On the other hand, it will
be influenced by the formation of apical branches, which divides the vesicle flow
between the two daughter hyphae.
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Once an adequate understanding of these phenomena is obtained, descriptions
can easily be incorporated into discrete models. One possible approach has already
been implemented by Prosser and Trinci [48] for vesicle transport: During the
formation of an unplugged septum, the flow rate of vesicles decreased, linearly, to
10 % of the flow rate that was present before septation began. For lateral branches,
90 % of the vesicles continued in the direction of the main hypha, while 10 %
entered the lateral branch. On the other hand, the consequences of branching for
cytoplasmic flow were not described in their model.

4.3.5 Septation

In septate hyphae, it is important to model septation because it influences intra-
cellular transport of vesicles and nutrients and may be related to the formation of
lateral branches. The only two models to have described septation have related it to
the duplication of nuclei in the apical compartment. The first model, of Prosser and
Trinci [48], was applied to the growth of surface hyphae of Aspergillus nidulans
and Geotrichum candidum. In this model, the apical compartment initially has four
nuclei. This compartment extends, in very small steps; when the volume-to-nuclei
ratio within it reaches a critical value, the number of nuclei starts to increase
exponentially. When there are eight nuclei, a septum is formed in the middle of the
apical compartment, dividing the nuclei equally on the two sides of the septum. The
second model, of Yang et al. [70], describes the formation of pellets of Strepto-
myces tendae and G. candidum in submerged fermentation. This model also starts
with four nuclei in the apical compartment. New nuclei are formed constantly, at a
rate that is inversely proportional to the number of nuclei. Septation also occurs
when the number of nuclei in the apical compartment reaches eight, dividing this
compartment in half.

At the moment, there is no advantage to be gained in modeling the kinetics of
formation of nuclei in mesoscale models of fungal growth in SSF. Septation could
be modeled deterministically, by triggering septum formation at the moment the
apical compartment reaches a certain length. This would lead to uniform spacing
between septa. Alternatively, a stochastic expression could be used, leading to
variable distances between septa. In both cases, the formation of the septa could be
instantaneous or it could last for a certain period of time, in the manner of Prosser
and Trinci [48]. In the model of Balmant [2], particular interfaces between adjacent
tanks could be designated as being septa, with appropriate changes in the diffu-
sivities between the two tanks. Since both the distance behind the tip at which
septum formation occurs and the time taken for the septum to form vary from
fungus to fungus, any model will need to be calibrated with the use of microscopic
observations of the particular fungus being modeled.
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4.3.6 Formation of Branches

Branching can be triggered in a model using either a deterministic or a mechanistic
approach (Table 5). The deterministic approach would be used in a model that does
not describe vesicles. It is based on the principle that the ratio of the total hyphal
length to the number of tips within the mycelium, a parameter called the hyphal
growth unit (HGU), remains almost constant during development of the mycelium
[64]: Whenever the HGU surpasses a chosen value, then branching occurs, either at
the tip or at a randomly selected position within the subapical zone. In the mech-
anistic approach, branching occurs when there is accumulation of vesicles behind a
septum (lateral branching) or at a tip (apical branching) [64]. This could be done
either by establishing a critical concentration of vesicles above which branching
would occur or by expressing the probability of branching as being proportional to
the concentration of vesicles.

The mechanistic approach could be incorporated into the model of Balmant [2],
since vesicles are already described to determine the extension rate. However,
before incorporating branching, it is important to verify which type of branching
occurs for each type of hypha for the fungus being modeled. For example,
R. oligosporus grown on agar seems to form both apical and lateral branches in
penetrative hyphae, but only apical branches in aerial hyphae [41, 42]. The choice
of direction of growth of the new branch is discussed in Sect. 4.5.

4.3.7 Physiological Differentiation Within the Mycelium

Many mathematical models for fungal growth on solid particles consider only the
growth of surface hyphae. However, as explained in Sect. 3.1, growth of micro-
colonies over the substrate surface is only important in the initial stages of an SSF
process. During much of the process, biofilm, aerial, and penetrative hyphae are
present simultaneously, with each hyphal type interacting with its environment in a
different way. Another important characteristic of a mycelium is physiological
differentiation: Active hyphae can become inactive (i.e., losing the ability to
extend), vegetative hyphae can give rise to reproductive hyphae, and a particular
region of the hypha that is originally producing vesicles can stop producing them as
the tip and the accompanying vesicle-producing zone extend away from it.
A mesoscale model of SSF should be able to describe these changes.

The importance of describing differentiation of vegetative hyphae into repro-
ductive hyphae was demonstrated by Coradin et al. [9]. These authors simulated
density profiles for aerial hyphae of R. oligosporus, as a function of height above
the surface of a solid substrate, and compared them with experimental results of
[42]. Nopharatana et al. [42] obtained an “early profile,” before sporangiophores
appeared, and a “later profile,” after sporangiophores appeared. In the work of
Coradin et al. [9], a model including only vegetative hyphae could only describe the
early profile; it was only possible to describe the later profile by incorporating
reproductive hyphae, with different extension and branching rules than those of the
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vegetative hyphae, into the model. This would explain why the pseudohomoge-
neous model of Nopharatana et al. [40], which considered only vegetative hyphae,
gave biomass profiles that were similar to the early profile of Nopharatana et al.
[42], but not to the later profile.

The simplest approach to describing different physiological states within a single
hypha is that used by Balmant [2]. The model recognizes three separate regions with
different physiologies: first, a non-vesicle-producing zone, which only consumes
substrate for cellular maintenance and therefore does not contribute to tip extension;
second, a vesicle-producing zone, where substrate is consumed for maintenance and
vesicle production; and third, a tip, in which vesicles are incorporated, driving
hyphal extension. This approach could be further adapted to describe other types of
physiological differentiation, for example, the production of hydrolytic enzymes
being limited to the tip-tank. In addition, it is possible to have different maintenance
coefficients for each type of tank, reflecting their different physiologies.

The trigger used for each differentiation process varies. Inactivation of a hyphal
tip should occur when there is either no available internal substrate or no empty
space to extend to. For example, in the model of Boswell et al. [6], inactivation of a
hyphal segment occurs when the concentration of intracellular substrate is less than
the value that is required for cellular maintenance. On the other hand, in the model
of Coradin et al. [9], who did not include substrate-related phenomena, inactivation
of a tip occurs when it tries to extend, for the second time, into a cube in the lattice
that is already occupied by biomass.

A simple way to describe differentiation of vegetative hyphae into reproductive
hyphae is to use the age of the mycelium as the trigger, as done by Coradin et al.
[9]. However, the formation of reproductive structures can also be triggered by
growth conditions, such as a low nutrient concentration or a low water activity in
the surroundings. A combination of triggers was used by Georgiou and Shuler [16]
in their pseudohomogeneous model for growth of surface and aerial hyphae in a
single colony: Reproductive hyphae were only formed from vegetative hyphae that
were older than 24 h (representing the time required to accumulate the intracellular
carbohydrates used to support the growth of reproductive structures) and only when
the concentration of nitrogen was lower than a critical value.

4.4 Phenomena Occurring Within the Matrix of the Substrate
Particle

The most important phenomena that occur within the matrix of the solid particle
and which, therefore, should be included in a mesoscale model for fungal growth in
SSF are as follows: enzyme secretion near the hyphal tip, enzyme diffusion in the
matrix of the solid particle, hydrolysis of polymeric carbon and energy sources into
soluble hydrolysis products and diffusion of these soluble hydrolysis products,
soluble nutrients, and O2 in the matrix of the solid particle.
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Mitchell et al. [33] incorporated several of these phenomena into a pseudoho-
mogeneous model for fungal growth on the surface of a solid medium. Experi-
mentally, formation of penetrative biomass was prevented by a membrane placed
directly on the surface of the solid, while nutrients and enzymes could diffuse across
the membrane [34].

In the model, processes involving the components within the solid particle (i.e.,
starch, glucose, and glucoamylase) are described with mass balance equations,
forming a system of partial differential equations. The mass balance equation for
glucose (Se) includes diffusion in the medium and formation through the hydrolysis
of starch by glucoamylase, following Michaelis–Menten kinetics:

@Se
@t

¼ De
S
@2Se
@z2|fflfflfflffl{zfflfflfflffl}

diffusion

þ YE
kcatESp
Km þ Sp|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
formation

ð8Þ

where z is the depth in the substrate matrix, De
S is the effective diffusivity of glucose

in the matrix of the particle, YE is the yield of glucose from starch, kcat is the
catalytic constant of glucoamylase, Sp is the concentration of starch, and Km is the
saturation constant.

Starch is considered to be immobile; thus, its mass balance equation describes
only its hydrolysis by glucoamylase:

@Sp
@t

¼ � kcatESp
Km þ Sp

ð9Þ

The mass balance equation for glucoamylase within the matrix of the particle
includes only diffusion:

@E
@t

¼ �DE
@2E
@z2

ð10Þ

where DE is the effective diffusivity of the glucoamylase in the solid particle and
E is the glucoamylase concentration.

Secretion of glucoamylase occurs only at the surface of the solid medium, so that
the secretion rate is used as a boundary condition:

JEjz¼0¼ DE
@E
@z

����
z¼0

¼ rEHðtE � tÞ ð11Þ

where JEjz¼0 is the flux of glucoamylase across the surface of the particle, rE is the
rate of secretion of glucoamylase (which has a constant value, while glucoamylase
is being secreted), H(tE− t) is a Heaviside function, which is equal to 1 when t ≤ tE
and 0 when t > tE, and therefore, tE is the time when the secretion of glucoamylase
ceases. Equation (11) is a simple empirical description of the experimentally
observed secretion profiles: In real SSF systems, enzyme production depends on
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complex induction and repression mechanisms that are, as yet, not sufficiently
understood for incorporation into mesoscale mathematical models.

This model was able to describe a key experimental observation, namely the
clearing of starch from the region near the surface of the substrate particle due to the
action of the glucoamylase. Once this happened, only the glucoamylase that
managed to diffuse past the cleared zone could contribute to the release of glucose
from the starch within the substrate matrix. As a result, the rate of supply of glucose
to the biomass at the surface limited the growth rate for most of the cultivation [33].

This approach to modeling the processes that occur within the matrix of the
substrate particle could be incorporated into a discrete model, such as that of
Balmant [2]. The extracellular matrix would be divided into well-mixed tanks, of
the same size as the tanks used to describe the hypha. Mass balance equations
similar to Eqs. (8)–(11) would be written for the extracellular components, except
that all equations would be ordinary differential equations in time, since there is no
spatial coordinate. It would be necessary to limit enzyme secretion to the tanks
representing the hyphal tips, as this is the site at which it occurs [68]. Of course, it
would also be necessary to describe the growth of penetrative hyphae, as enzyme
secretion from these hyphae reduces the distance over which the enzyme must
diffuse in order to reach the polymeric carbon and energy source [50, 66].

4.5 Choice of Hyphal Growth Direction

A mathematical model that proposes to reproduce the morphology of the fungal
mycelium in SSF in a realistic manner must allow for changes in the direction of
growth of an extending unbranched hypha and also for realistic angles between
branches, similar to those observed in micrographs. The direction of growth of
hyphae results from a combination of many factors, such as the substrate compo-
sition, the fungal species under study, the type of hypha, and tropisms.

In a model, the direction of hyphal extension could be chosen stochastically or
deterministically. The stochastic approach was used by Hutchinson et al. [24] and
Yang et al. [69, 70], who showed, experimentally, that the angles formed between
daughter and mother hyphae followed a normal distribution (Table 5). They then
developed lattice-free models in which the angles between branches followed a
normal distribution with a mean of 56° and a standard deviation of 17°, for surface
hyphae of Mucor hiemali [24], and with a mean of 90° (i.e., perpendicular to the
direction of the parent hypha) and a standard deviation of 29.1°, for pellet growth of
S. tendae in submerged liquid fermentation [69].

For an extending unbranched hypha within a pellet, Yang et al. [69] observed
that although the hypha does deviate, the overall growth direction changes little. In
their model, an extending hypha intermittently changed its growth direction
according to a normal distribution centered at 0°, with a standard deviation of 10.1°.
Hutchinson et al. [24] did not incorporate changes in growth direction of an
extending unbranched hypha in their model.
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The advantages of this stochastic approach are its simplicity and its ability to
generate patterns that appear similar to real mycelia. The drawback is that these angles
must bemeasured experimentally for each type of hypha. Also, for this approach to be
used in a lattice-based model, the measured angles need to be distributed among the
limited number of angles that are available in the particular lattice used.

The deterministic approach to controlling branch angles and growth directions of
hyphae is based on tropisms. It requires identification of the factors that influence
growth direction and the explicit incorporation of these factors in the model. Such
factors might include the concentrations of nutrients or inhibitory compounds in the
surroundings, but it is difficult to identify all the influences, especially since most
studies on tropism are for surface hyphae. As a result, our current knowledge is
insufficient for incorporating the deterministic approach into mesoscale SSF models.

4.6 Availability of O2 and Respirative or Fermentative
Metabolism

As the mycelium develops on the particle surface, producing an ever thicker bio-
film, a stage will be reached when the supply of O2 into the interior of the biofilm is
lower than the rate of consumption of O2 by the biomass (Sect. 3.2.3). The lack of
O2 will affect growth of hyphae in the anaerobic regions of the biofilm and of
penetrative hyphae within the substrate particle. O2 diffusion in the extracellular
environment and consumption for hyphal growth and maintenance must therefore
be incorporated into a mesoscale mathematical model of SSF. As O2 diffuses freely
across the plasma membrane, it is not necessary to include special expressions [i.e.,
expressions for carrier-mediated transport similar to Eq. (6)] to describe O2 trans-
port into the hypha; however, a mass balance of O2 within the hypha should be
included. Intracellular phenomena that rely on O2 can be expressed as functions of
the local intracellular O2 concentration.

The main question is which biological phenomena should be expressed as
depending on the concentration of O2 and how this dependence should be expressed
mathematically. The two phenomena that are the most affected by the O2 concen-
tration are the growth rate and the type of metabolism, which can be “respirative” or
“fermentative.” The only model to relate the growth rate to O2 concentration in SSF
was that of Rajagopalan and Modak [52], a pseudohomogeneous model that
describes the growth of a fungal biofilm around a spherical particle, without hyphal
penetration into the particle. The rate of biomass growth (rX) was expressed as
depending on the concentrations of glucose and O2 in the biofilm layer, according to
a double Monod expression:

rX ¼ lmaxS
f

Ks þ Sf
Cf

O2

KO2 þ Cf
O2

X ð12Þ
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where µmax is the maximum specific growth rate constant, Sf is the concentration of
glucose in the biofilm, Ks is the saturation constant for glucose, Cf

O2
is the O2

concentration in the biofilm, and KO2 is the saturation constant for O2. In a model
that describes hyphal tip extension as depending on the production and consump-
tion of vesicles, the influence of O2 concentration could be incorporated into the
expression for vesicle production. In the model of Balmant [2], this could be done
by using the expression of Rajagopalan and Modak [52] within the term for vesicle
production in the mass balance of maltose [i.e., within Eq. (1)]. With this modifi-
cation, the mass balance of maltose would be

dSijj
dt

¼ v
Dz

ðSijj�1�SijjÞ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
convection

þ DS

Dz2
ðSijj�1�2SijjþSijjþ1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

diffusion

� mqX|{z}
maintenance

� 1
Y/

kpSijj
KP þ Sijj

CO2 jj
KO2 þ CO2 jj|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

consumption for growth

ð13Þ

where CO2

��
j
is the O2 concentration in tank j.

As some fungi can switch to fermentative metabolism in regions of the myce-
lium where O2 is limiting, the local intracellular O2 concentration could be used in
the model as a trigger for a metabolic shift between respirative and fermentative
metabolism. In other words, fermentative metabolism would occur at O2 concen-
trations lower than a critical value. In fermentative metabolism, the mass balance
equations for nutrient or vesicles would have the same form as in respirative
metabolism, but the parameters related to rates and yields would have different
values. However, we currently know little about fermentative metabolism in fila-
mentous fungi and this is probably the reason that fermentative metabolism has
never been included in a mesoscale model for SSF. In the few models that do
include a balance for O2, such as those of Rajagopalan and Modak [52] and
Meeuwse et al. [31], whenever the O2 concentration reaches zero, biomass growth
and any other biological reactions stop completely.

A balance equation for O2 will include consumption terms. Typically, there will
be two consumption terms, one related to the production of biomass or vesicles and
the other related to maintenance metabolism. Rajagopalan and Modak [52] con-
sidered that O2 was used only for biomass growth, so that the mass balance for O2

in the biofilm was

@Cf
O2

@t
¼ Df

O2

r
@

@r
r2
@Cf

O2

@r

 !
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

diffusion

� 1
YX=O2

lmaxS
f

Ks þ Sf
Cf

O2

KO2 þ Cf
O2

X|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
consumption for growth

ð14Þ
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where Df
O2

is the effective diffusivity of O2 in the biofilm layer, r is the radial
position in the biofilm, and YX=O2 is the yield of biomass based on O2 consumption.

A different approach was adopted by Meeuwse et al. [31]. Their pseudoho-
mogeneous model describes the growth of a fungal biofilm over the surface of a
substrate particle, without hyphal penetration. In this model, the rate of O2 con-
sumption (rO2) is calculated based on the rates of biomass growth, nutrient con-
sumption, and metabolite production:

rO2 ¼ 1:1675rX þ 1:4325rLI þ rIP þ 1:5rEP þ 3:75rN þ rS ð15Þ

where rLI is the rate of production of lipids, rIP is the rate of production of storage
carbohydrates, rEP is the rate of production of extracellular products, rN is the rate of
consumption of alanine, and rS is the rate of consumption of glucose. However, other
than a cessation of O2-consuming processes in the absence of O2, the rates of growth
and production of metabolites were not influenced by the O2 concentration itself.

There are at least three important questions, the answers to which might influence
future model development. Firstly, does the growth rate really depend on the O2

concentration? Above a certain O2 concentration, growth is fully respirative, and it
may not be useful to express the growth rate as a function of O2 concentration if KO2

is very low [49]. Of course, if fermentative metabolism does occur in the absence of
O2, then it is still necessary to describe the effect of the type of metabolism on the
growth rate. Secondly, how would the shift to anaerobic conditions change the
kinetic and yield parameters used for calculating the maintenance coefficient and
vesicle production rate? It would be important to determine these parameters for both
respirative metabolism and fermentative metabolism, before incorporating fermen-
tative metabolism in the model. Thirdly, do hyphae that are in aerobic regions supply
O2 or metabolites derived from respirative metabolism to the penetrative hyphae?
This possibility was raised by Nopharatana et al. [41], who suggested that hyphae
penetrating into deep regions of the substrate particle might receive ATP or other
precursors from hyphae closer to the surface. Later, te Biesebeke et al. [60] showed
that the genomes of Aspergillus species contain several genes that code for domains
of hemoglobin and that the superexpression of one of these domains in A. oryzae
resulted in a higher growth rate and greater enzyme production compared to the
parent strain. If there is such a transport system for intracellular O2 or precursors of
biosynthesis, then a segment of hypha surrounded by an anaerobic environment
might not turn to fermentative metabolism if it receives these precursors. This would
affect how the fermentative metabolism is triggered.

5 Concluding Remarks

Many SSF processes involve filamentous fungi and a mathematical model
describing what happens at the particle scale could be an important tool for
understanding not only how the mycelial mode of growth of these fungi affects
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bioreactor performance but also how bioreactor operation affects the development
of the mycelium. However, there is currently no model that describes, at an
appropriate level of detail, all of the relevant mass transfer and biological processes
that occur in the spatially heterogeneous bed of solid substrate particles. Not-
withstanding, we have shown that many of the individual phenomena that would be
included in such a model have been adequately represented in models that have
already been developed to describe fungal growth in various systems. Further, we
have argued that the Coradin–Balmant approach to representing the system, which
involves treating the hyphae as series of well-mixed tanks, has several advantages.
First, it allows a realistic representation of the network of hyphae in the mycelium.
Second, it can readily be extended, through the incorporation of new expressions, to
describe phenomena that one may desire to include in the model. Third, it involves
only ordinary differential equations, expressed in terms of time; in other words, the
spatial coordinate does not appear in the balance equations, and consequently, there
is no need to solve partial differential equations. Fourth, as a consequence of the
division of hyphae into tanks, it becomes a simple matter to represent different
physiologies along a single hypha. In conclusion, it is our opinion that the current
knowledge that is available in the literature can underpin the development of a
suitable mesoscale model for describing the growth of filamentous fungi in SSF.
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Better One-Eyed than Blind—Challenges
and Opportunities of Biomass
Measurement During Solid-State
Fermentation of Basidiomycetes

Susanne Steudler and Thomas Bley

Abstract Filamentous fungi, especially basidiomycetes, produce a wide range of
metabolites, many of which have potential biotechnological and industrial appli-
cations. Solid-state fermentation (SSF) is very suitable for the cultivation of
basidiomycetes since it mimics the natural habitat of these fungi. Some of the major
advantages of SSF are the robustness of the process, the use of low-cost residual
materials as substrates, and the reduced usage of water. However, monitoring key
variables is difficult, which makes process control a challenge. Specifically, it is
very difficult to determine the biomass during SSF process involving basidiomy-
cetes. This is problematic, as the biomass is normally a key variable in mass and
energy balance equations. Further, the success of fungal SSF processes is often
evaluated, in part, based on the growth of the fungus. Direct determination of the
dry weight of biomass is impossible and indirect quantification techniques must
be used. Over the years, various determination techniques have been developed for
the quantification of fungal biomass in SSF processes. The current review gives an
overview of various direct and indirect biomass determination methods, discussing
their advantages and disadvantages.
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IR Infrared
L Length of hypha (cm/gsample)
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mRNA Messenger ribonucleic acid
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r Radius of hypha
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SIR Substrate-induced respiration
SmF Submerged fermentation
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1 Introduction

For centuries, filamentous fungi have been used to produce enzymes, organic acids,
antibiotics, pigments, and flavorings and have also been consumed as food, in the
form of mushrooms and fermented foods [1]. This review focuses on one group of
filamentous fungi, the basidiomycetes, which produce a wide range of metabolites,
many of which have potential biotechnological and industrial applications, for
example, lignocellulose-degrading enzymes, such as laccases, cellulases, and
xylanases [1, 2]. Basidiomycetes are highly developed fungi and the second-largest
group of fungi, after the ascomycetes [2].

Solid-state fermentation (SSF) is very suitable for the cultivation of basidio-
mycetes, since it reproduces the natural habitat of these fungi. In this fermentation
technique, the microorganism is grown in a bed of solid particles, with the spaces
between the particles forming a continuous gas phase. Although some droplets of
free water can be present in the inter-particle spaces, the majority of the water in the
system is bound within the matrix of the solid particles. This traditional fermen-
tation technique is used at industrial scale in Asia for the production of fermented
foods, such as miso or soy sauce [3]. In Western countries, SSF was used for the
production of penicillin until 1940, when it was replaced by submerged fermen-
tation (SmF). Over the last few decades, the potential and the possibilities of this
fermentation method have been rediscovered. Some of the major advantages of the
SSF are the robustness of the process, the use of low-cost residual materials as
substrates, and the reduced usage of water [4].

Although SSF has been used for centuries, it still presents significant challenges
with respect to process control and monitoring. One of the key variables in any
fermentation process is the amount of microbial biomass, which not only appears in
mass and energy balance equations but also is used as a criterion for evaluating the
success of the process. Direct determination of the biomass of basidiomycetes in
SSF by gravimetric techniques is impossible: The fungal hypha penetrate into the
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matrix of the solid substrate, binding the mycelium so tightly to the solid particles
that the two cannot be separated from each other. During growth, the overall mass
of dry solids decreases, since the production of new fungal biomass is supported by
the consumption of nutrients from the solid substrate. However, due to the complex
range of nutrients present in most solid substrates, it is not possible to correlate the
decrease in total dry weight directly with fungal growth.

As a result of the impossibility of the direct measurement of fungal biomass in
SSF, indirect quantification techniques must be used. Various indirect determina-
tion techniques have been developed, which can be classified as follows: (I) optical
detection using digital imaging or microscopy; (II) measurement of cell components
(which might be specific to fungi or not), such as ergosterol, glucosamine or nucleic
acids; and (III) measurement of metabolic activities, such as formation of carbon
dioxide, release of metabolic heat, consumption of oxygen, or production of
enzymes. Each different types of technique have its own advantages and disad-
vantages. Some problems that may be faced are masking, sorption, precipitation,
inactivation of the compound that is to be measured, the presence of interfering
substances, and poor extraction efficiencies [2]. This review evaluates the advan-
tages and disadvantages of various indirect biomass quantification techniques that
have been used in SSF, grouped according to the classification above.

2 Optical Determination Methods

The oldest and simplest method to assess the growth of basidiomycetes is direct
optical detection. This can be carried out subjectively by direct observation with the
naked eye or by digital imaging and analysis using a camera and appropriate software.

Optical determination methods need to take the filamentous mode of growth into
account. Basidiomycetes are dikaryotic organisms with vegetative and reproductive
growth stages. During the vegetative stage, they produce filamentous mycelia
through the apical growth and branching of hyphae. During the reproductive stage,
which is triggered by an acute lack of nutrients, they undergo sexual reproduction,
forming fruiting bodies. The vegetative mycelium, which is usually of interest for
the production of metabolites, consists of branched hypha, normally with a diameter
of 2–7 µm, although there can also be microhyphae, from 0.1 to 0.4 µm in diameter
or mycelia strands (cords) of up to 60 µm in diameter. The surface area covered by
a mycelium can vary from a few mm2 to several km2. Depending on the limit of
resolution that is desired or the accuracy that is required, the detection can be
carried out solely by digital imaging, as is the case for the determination of colony
diameters, or with the use of additional magnification, which allows investigations
of samples at the hyphal level, as is the case with the various microscopy techniques
that are described in detail below.

Optical methods are nondestructive direct techniques for biomass determination,
but can only be used if observation is unhindered. In the case of transparent sub-
strates such as agar-based media, the sample can be detected from all sides. In the
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case of the nontransparent solids that are typically used in SSF systems, only the
particle surface can be observed. Here, a good contrast between the background
(usually the substrate) and the fungal mycelium is important.

2.1 Determination of the Diameter and Area of Fungal
Colonies

The growth of fungal colonies on soft surfaces, such as agar, is often used for
estimating growth rates and even for obtaining correlations that can be used later in
measuring biomass in real SSF systems. A simple and fast method of optical
determination of fungal biomass is the detection of colony diameter and area (see
Fig. 1a). An increase in colony diameter correlates with the increase of fungal
biomass, as more hyphae are present.

Fig. 1 Optical methods for biomass detection. Digital image of fungal colonies for diameter
determination (a); Calculation of hyphal length and branching angle using a fluorescence
microscopy image of Trametes hirsuta (b); Determination of fungal surface area of Trametes
hirsuta on pine wood chips using a digital image (c); Three-dimensional image of hyphae of
Trametes hirsuta obtained using confocal laser scanning microscopy (d)
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A digital image of the corresponding surface is recorded for the determination of
the biomass and converted to grayscale using an image editing software [5]. Sub-
sequently, a fixed threshold value is selected to differentiate the biomass and the
background from each other. Usually, the pixels are coded as 1 (white) for biomass
and as 0 (black) for background, such that a clear black-and-white image is created
for calculation of colony diameter and area. In order to follow colony growth, this
can be done at several different times. Li and Wadsö [5] used this simple and non-
destructive method to follow successfully the growth of the ascomycete Penicillium
brevicompactum at various temperatures from 15 to 30 °C. This method can be easily
adapted to basidiomycetes. However, Li and Wadsö [5] were not able to differentiate
clearly between the growth phase and the stationary phase. The detection of the
density of the myceliumwithin the colony and the height of the colony is not possible
using this technique, which may lead to considerable errors in the biomass deter-
mination [5]. Also the reflection of incident light at the substrate surface diminishes
the quality of the results and requires good image analysis software to minimize
interferences. There are also problems in detecting the start of growth due to the poor
contrast between the substrate and the young mycelium. Furthermore, it is not
possible to differentiate between surface mycelium and hyphae penetrating into the
substrate. For this reason, this simple method has been enhanced by various
microscopy techniques, for example, stereomicroscopy and epifluorescence
microscopy, that enable a more accurate determination of parameters, but require a
lot of experience and effort to achieve reproducible results [2]. These techniques are
time-consuming, difficult to automate, and susceptible to interference [6].

2.2 Simple Optical Microscopy and Stereomicroscopy

A stereomicroscope is a light microscope with separate beam paths for each eye.
A spatial impression is created due to the different angles of the two beams. Stere-
omicroscopy can help in separating the overlying hyphae in a dense mycelium from
each other, enabling determination of key parameters for modeling, such as hyphal
length, hyphal diameter, branching points, tip number, branch angle and suchlike (see
Fig. 1b), although a sparse mycelium is better suited for estimating key parameters.

Couri et al. [7] and Dutra et al. [8] used stereomicroscopy to determine the
biomass of the ascomycete Aspergillus niger cultivated on wheat bran, using a
procedure similar to that used by Li and Wadsö [5] to determine colony area. The
samples were magnified tenfold using a Nikon SMZ 800 [7] or Carl Zeiss STEMI
2000-CS [8] stereomicroscope, and digital images were recorded. Each image was
converted into a black-and-white image, as described above, and the fungal surface
area was determined (see Fig. 1c). On such heterogeneous substrates, it is important
not only have a good illumination of the sample, but also to obtain the right focus
plane, in order to obtain a good contrast between background and mycelium [7].

Only surface mycelium is detected using stereomicroscopy. It is not possible to
obtain a three-dimensional depiction of the complete mycelium, since hyphae

228 S. Steudler and T. Bley



penetrating into opaque substrates are not visible. This makes it difficult to obtain an
accurate determination of biomass.

An additional method for determining the fungal surface area is based on the
estimation of fungal hyphal length used in the field of soil biology. In this method,
the mycelium is stained and analyzed under a microscope with a suitable magni-
fication. Stahl et al. [9] used a magnification of 600X (40X objective, 10X ocular,
and 1.5X magnifier) and evaluated 25 randomly selected fields per object slide. The
fungal biomass Bf (g/gsample) was then calculated assuming a tubular structure,
according to Paul and Clark [10].

Bf ¼ p� r2 � L� e� Sc ð1Þ

where r is the radius of the hypha (an average value of 1.5 µm was used), L is the
observed total hyphal length in the sample (cm/gsample), e is the density of the hypha
(1.3 g/cm3), and Sc is the solids content (reported to be 0.3) [9]. Observed hyphal
length can be very different in different samples. For example, Stahl et al. [9] detected
lengths of 146 m per gram of sample, corresponding to 0.06 mg fungal biomass per
gram of sample, in an agricultural soil in Iowa, while Sönderström and Bååth [11]
detected hyphal lengths of 66.9 km per gram of soil sample, with a resultant biomass
of 35.1 mg per gram of sample, in a soil sample of a Swedish coniferous forest.

2.3 Epifluorescence Microscopy

In order to avoid the problem of the lack of contrast between background and
mycelium, the hypha can be stained with dyes. One possibility is the use of fluo-
rescent dyes.

Fluorescence microscopy has been used since 1970 [5] and is, like stereomi-
croscopy, a special form of light microscopy. The sample is stained with a fluo-
rescent dye that binds specifically to fungal biomass. The stained sample is excited
with light of a specific wavelength and emits light of a different wavelength. The
emitted light is detected using special filters, so, in general, a good contrast is
obtained between the bright sample and the dark background. Suitable and fre-
quently used dyes are acridine orange, which has a high affinity for nucleic acids
(under excitation with UV-light, acridine orange bound to DNA emits green light,
while acridine orange bound to RNA emits orange light) [5, 6], 4′,6-diamidino-2-
phenylindole (DAPI), the fluorescence of which correlated well with the fungal
biomass according to Madrid and Felice [6], propidium iodide (PI), europium
chelate and ethidium bromide, which stain DNA, and also fluorescein isothiocya-
nate (FITC), which stains proteins [5]. In the particular case of staining fungal
hyphae, suitable fluorescent dyes include phenol blue [5], calcofluor-white (also
called fluorescence brightener, FB) [9, 12] and Mykoval [13]. It is also possible to
use so-called vital fluorescent stains, such as fluorescein diacetate (FDA). This
compound does not fluoresce itself, but when cleaved by the fungus, producing
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fluorescein and acetate, the fluorescein fluoresces and is therefore detectable [2]. In
addition, the use of specific fluorescent antibodies (i.e., antibodies coupled with
fluorescent dye) is possible [6]. Methods can be combined in order to obtain
additional information: For example, if both a general stain and FDA are used, then,
in addition to determining morphological parameters, it is possible to distinguish
metabolically active and inactive hyphae from one another.

Additives, such as immersion oil, or the substrate should not autofluoresce,
which would reduce the quality of the images [6]. In any case, the conversion of
fluorescence microscopy data into fungal biomass remains problematic due to
difficulties in estimating the hyphal volume [2]. This can be rectified by the use of
confocal laser scanning microscopy.

2.4 Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy involves pointwise scanning of the sample by
a laser beam and scan mirrors. A three-dimensional image can be generated by
assembling the various focus planes (see Fig. 1d). This enables the accurate
detection of the three-dimensional hyphal geometry, and thus an accurate deter-
mination of the volume occupied by the fungal biomass. Nopharatana et al. [14]
used this nondestructive microscopy technique to determine hyphal density within
the mycelium of the zygomycete Rhizopus oligosporus on potato dextrose agar.
Density profiles were obtained both for the growth of the aerial hyphae, as a
function of height above the surface, and the growth of penetrative hyphae, as a
function of depth below the surface. The conversion of the volume occupied by the
biomass into an estimate of dry biomass of the fungus was successfully imple-
mented. Nevertheless, this conversion can be problematic, because different parts of
the mycelium can require different conversion factors, due to differences in water
content, mycelium age, and hyphal cell wall thickness [14]. Also, it should be noted
that this technique can only generate three-dimensional images of penetrative
hyphae if the solid substrate is transparent.

2.5 Scanning Electron Microscopy

In order to improve the degree of magnification of the microscopy images, scanning
electron microscopy can be used, although this method is expensive and time-
consuming. Osma et al. [12] used this technique to quantify the biomass of the
basidiomycete Trametes pubescens on banana peels and sunflower seed shells.
The image analysis software is very important [12], because the software converts
the image to gray scale and differentiates the fungal mycelium from the background
based on a suitable threshold value. In order to calculate the area and volume, a
comparison with structures of known height and width, for example defined tubular
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structures, was used for the calibration of the height of the hyphae in the sample
[12]. Nonetheless, the calculation of the biomass of complete colonies was not
possible using this method: Due to limited ability to penetrate into the dense
mycelium, the hyphae at the colony bottom were not visible. Furthermore, in order
to obtain information that can be used in differentiating mycelium from the back-
ground, a position with low density is needed, usually in the peripheral region of the
colony [12]. However, this noninvasive technique can be used for studies on agar
with individual hypha or for simple detection of fungal contamination [15].

3 Measurement of Fungal Cell Components

It is possible to measure cell components that are found in the fungal biomass, such
as ergosterol or glucosamine, but, unfortunately, sometimes also in the solid sub-
strate, such as nucleic acids. However, these cell components can vary significantly,
depending on the fungal species, the age of the mycelium, the cultivation tem-
perature, and other growth conditions [16].

Figure 2 gives an overview of the structure of the mycelium of a basidiomycete,
indicating the various cell components that can be used for the quantification of the
fungal biomass.

The cell wall of the hypha is multilamellar. The inner layer consists mainly of
chitin, which contains glucosamine residues, and has a thickness of 10–20 nm. The
outer layer consists of a protein layer (thickness 10 nm), a glycoprotein layer
(thickness 50 nm) and a 75–100-nm-thick slime layer, which contains a number of
carbohydrates, fats, and proteins. The cytoplasm of the hypha contains not only
nuclei and other organelles but also glycogen vesicles for storage of carbon, vac-
uoles for fat storage, as well as amino acids and proteins for nitrogen storage. This
cytoplasm is enclosed by the plasma membrane. In order to quantify a particular

Fig. 2 Schematic depiction of the mycelium structure of a basidiomycete, indicating the various
biomass components that can be measured
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cell component, it is usually necessary to hydrolyze the sample and extract the
target component [17]. The variety of detection methods presented in this section
for different cellular components differ with respect to the time required, the cost of
the measurement, as well as the interferences that occur [16].

3.1 Ergosterol

One of the most commonly used methods for the quantification of fungal biomass is
the determination of the ergosterol content of the sample. Ergosterol is the most
abundant sterol in the plasma membrane of hyphae and can represent from 0.7 to
1 % of the dry matter of the fungus [2, 18–21].

Ergosterol is not found in plants, animals, or other organisms and is found only
in minimal amounts in some bacteria, protozoa, cyanobacteria, and other micro-
algae [2, 18–22], so that no interference is expected during biomass determination
[18]. The method for determining the ergosterol content is very accurate and
reproducible, but it is also very time-consuming and labor-intensive [17, 23, 24].
The analysis is carried out in three steps: (I) hydrolysis and saponification of the
sample to liberate the ergosterol from the plasma membrane, (II) extraction of the
ergosterol, and (III) quantification of the ergosterol by HPLC [15–18, 20–22, 25],
with detection at 282 nm, which is made possible by the shift of UV absorption due
to the double bond of ergosterol [18].

There are efforts to reduce the time and cost of this method. In particular,
accelerated extraction by microwave treatment gives good results [15, 23, 26]. With
this treatment, Zhang et al. [23] obtained extraction efficiencies of over 99 %, while
conventional extraction methods have lower efficiencies, ranging from 33 to 83 %.
Similarly, Muniroh et al. [26] reduced the saponification and extraction time to 30 s
(compared to a normal time of 30 min to 1 h) at 70 °C using microwave treatment
during the biomass determination of the basidiomycete Ganoderma boninense.

Ergosterol has proven to be a suitable and sensitive indicator for the quantifi-
cation of biomass of filamentous fungi, especially basidiomycetes [20–22, 25]. It is
an indicator of living cells and is reduced relatively quickly (days to weeks) after
the death of the cell [18, 27]. On the other hand, ergosterol is somewhat labile,
being degraded by oxidizing substances and light [18]. Also, the content of
ergosterol in the biomass varies, depending on the growth phase [16, 17, 22], the
growth conditions (such as the cultivation temperature and the substrate used)
[16, 17, 19], and the species [19, 22].

In our own experiments with the basidiomycete Trametes hirsuta, the ergosterol
content depended on both the cultivation temperature and the mycelium age (see
Fig. 3). In order to determine the extent of the influence of the cultivation tem-
perature and the mycelium age, the biomass determined gravimetrically was
compared to the biomass calculated from the ergosterol content using a constant
conversion factor. The two biomass values converge with increasing temperature
and mycelium age, so that a separate calibration curve must be prepared for each
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combination of culture temperature and mycelium age. The calibration curves
showed a very good correlation between the biomass and ergosterol content (e.g.,
calibration curve for 7 days and 28 °C: R2 = 0.98).

An influence of the mycelium age on the ergosterol content was also observed
for the basidiomycetes Phanerochaete chrysosporium and Schizophyllum com-
mune; furthermore, the extent of the influence varied with the fungal species [22].
In studies with fungi of other divisions, different results have also been found. The
ergosterol content did not vary with the mycelium age for the ascomycete Phae-
ocryptopus gaeumannii [19], but it did for the ascomycete Beauveria bassiana [17],
various other ascomycetes [22], and the deuteromycete Coniothyrium minitans
[16]. In the last of these cases, the ergosterol content increased, but then remained
constant after the beginning of sporulation, so that the ergosterol content can be
used as an indicator of conidia formation. For all these fungi (independent of the
division), the ergosterol content of the biomass was affected by the nutritional
composition of the medium used.

3.2 Glucosamine and Chitin

The measurement of glucosamine is also commonly used for estimating fungal
biomass [7, 8]. Chitin, which contains residues of N-acetyl-β-D-glucosamine, is an
essential cell wall component of most fungi, representing from 2 to 24 % of the dry
weight of the biomass [28–30]. Glucosamine residues also occur in the murein of
bacteria and in the chitin of insects and invertebrate soil animals (such as earth-
worms, nematodes, and snails) [2], but not in plant materials that are commonly
used as substrates in SSF processes [21]. Chitin is much more stable than ergosterol
and thus is an indicator of both living and dead biomass [30]. In fact, it remains in
the cell walls of empty ghost hyphae [16].

Fig. 3 Comparison of the biomass determined gravimetrically (black) and calculated by
ergosterol content using a constant conversion factor (gray) of Trametes hirsuta during
fermentation on malt extract agar at different temperatures for 7 days (a) and at 28 °C for
different cultivation times (b) (n = 3)
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The time that it takes to determine the glucosamine content varies, depending on
the particular method that it used [20], but the methods tend to be labor-intensive
and complex [17, 20, 21]. The analysis is carried out in two steps: (I) the hydrolysis
and deacetylation of the chitin to liberate the glucosamine residues and (II) the
detection of glucosamine, most commonly using the staining protocol of Ride and
Drysdale [31]. Interference will occur if there are any other sources of glucosamine
or other hexosamines [7, 20, 30].

As with the ergosterol content, the glucosamine content of the dry biomass may
vary, depending on the cultivation conditions, the strain, and the physiological state
of the culture [20, 21, 30]. Also, for the same sample of biomass (i.e., with the same
underlying glucosamine content), different methods for glucosamine determination
will give different results [20, 21, 30]. The glucosamine content of the biomass did
not vary with mycelium age for the ascomycetes B. bassiana [17] and A. niger [29],
as well as the zygomycete Cunninghamella elegans [32], although it did for the
ascomycete C. minitans [16]. In the case of C. elegans [32], the glucosamine
content of the biomass did not vary with cultivation type (SSF or SmF); however, it
was influenced by the composition of the growth medium, especially the carbon
source used. For the brown rot fungus Neolentinus lepideus (a basidiomycete) and
the soft rot fungus Phialophora sp. (an ascomycete), Nilsson and Bjurman [30]
showed that the glucosamine content was affected not only by the carbon and
nitrogen source but also by the mycelium age, initial nutrient content, and tem-
perature. Similarly, the glucosamine content of 11 Ceuteromycotina species was
influenced by the nitrogen content of the substrate [33].

Although Matcham et al. [20] showed that the chitin content of the biomass of
the basidiomycete Agaricus bisporus was constant, they found it impractical to use
glucosamine determinations to estimate biomass in samples consisting of fungi
growing on composted wheat straw, due to the high background levels caused by
endogenous hexosamines in the compost. Also, in our own investigations with the
basidiomycete T. hirsuta, a good correlation between biomass and glucosamine
content was obtained (R2 = 0.98); however, this method also proved unsuitable
during the analysis of real samples obtained during the growth of this fungus on
corn silage, pine wood chips, straw or orange peel, due to the poor reproducibility
and sensitivity of the results.

3.3 Nucleic Acids and Genomic DNA

Nucleic acids and genomic DNA can be quantified rapidly, and it is possible to use
high-throughput methods. Of course, DNA and RNA are not fungal-specific cell
components [34]; they exist in all organic material and thus will be present in the
solid substrates that are typically used in SSF processes. However, specific species
can be detected using real-time PCR and specific primers.

Basidiomycetes contain the smallest genome of eukaryotes, with a genome size
between 20 and 40 Mbp. In fact, the DNA content of the biomass of basidiomycetes
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is a tenth of that found in bacteria and higher eukaryotes. Consequently, they also
have a high ratio of RNA to DNA. Most of the RNA (approximately 80 %) is
bound with ribosomes in the cytoplasm or is present in the form of ribonucleo-
protein (RNP) or in small quantities in the form of sRNA. The remaining 20 % is
also located in the cytoplasm: around 5 % as mRNA and 15 % as tRNA [28].

Determination of the total nucleic acid content is simple and rapid. The nucleic
acids are extracted using hot and cold extraction with perchloric acid and then
measured photometrically at 260 nm [16]. However, the nucleic acid content of
the fungal biomass is not always constant. For example, with the ascomycete
C. minitans, the content decreased with increasing cultivation time and depended
strongly on the medium [16]. In our own investigations using the basidiomycete
T. hirsuta, the content of nucleic acids in the fungal biomass was constant for
biomass of the same mycelium age. As in the studies of Ooijkaas et al. [16], a
decrease of the nucleic acid content with increasing mycelium age was observed. In
addition, an independence of the cultivation temperature was found.

It is also possible to determine genomic DNA content specifically. Commercial
extraction kits are now available for the extraction of genomic DNA, such as the
FAST DNA® SPIN Kit for Soil [35] and the “NucleoSpin® Plant II Mini” extraction
kit (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany), which we have
used in our experiments. The extracted genomic DNA is measured at 260 nm and
quantified. A second measurement is carried out, usually at 280 nm, in order to
assess the purity of the DNA by calculation of the quotient “260 nm/280 nm.” A
ratio of 1.8 would be ideal, indicating pure DNA. A ratio of 2.0 implies the existence
of pure RNA and a ratio smaller than 1.8 indicates a contamination with proteins.
May et al. [36] used this method to determine the biomass of the oomycete
Lagenidium giganteum on wheat bran at different temperatures (24–35 °C). A linear
relationship was obtained between the concentration of dry biomass of the fungus,
which was collected from liquid cultivation, and extracted DNA (R2 = 0.91). This
linear relationship was used to quantify the fungal biomass from solid cultures;
however, representative sampling was problematic, so the dry biomass estimated by
DNA measurement showed a high standard deviation. Further, there was an influ-
ence of the mycelium age, as well as interference from the medium. In our studies,
we obtained a linear relationship between the dry biomass of the basidiomycete
T. hirsuta, which was collected from agar culture, and the extracted genomic DNA
(R2 = 0.93), but the biomass values estimated by genomic DNA were far above those
estimated using reference methods (e.g., ergosterol), probably due to the interference
from the organic solid substrate. Also, Blagodatskaya et al. [34] showed that the
genomic DNA content of fungal biomass is not constant and depends on the nitrogen
content of the substrate.

Another method to quantify fungal biomass is PCR, especially real-time PCR.
This technique requires not only appropriate equipment (a thermal cycler), but also
a lot of know-how and optimization, as well as a good primer selection [37].
However, after successful establishment of this method, a species-specific quanti-
fication of fungal biomass is possible. In order to quantify the biomass of a specific
fungus, it is important that the nuclei content of the target organism does not
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change: Any change of the genomic DNA content with mycelium age or growth
conditions will lead to an erroneous determination of the biomass content [38].

Voegele and Schmid [38] successfully used reverse transcription (RT) real-time
PCR for rapid, specific, and highly sensitive quantification of the basidiomycete and
plant pathogen Uromyces fabae within its host plant, using three constitutively
overexpressed genes. Also, Tellenbach et al. [39] used locus-based quantitative
PCR (qPCR) and obtained a strong linear relationship between the pure dry bio-
mass of the fungus and the qPCR estimates (i.e., DNA amount) of the ascomycetes
Acephala applanata (R2 = 0.965), Phialocephala fortinii (R2 = 0.963), and Phi-
alocephala subalpina (R2 = 0.936). For Tellenbach et al. [39], currently no better
method of quantification exists, due to the speed and very high specificity.

The high sensitivity of quantitative real-time PCR was also confirmed by Pilgård
et al. [40] during a study of the biodegradation of wood by basidiomycetes. As
control methods, the ergosterol and glucosamine contents were determined and
samples were also evaluated microscopically. In addition to the good correlation of
biomass and quantified DNA content by qPCR, this method is much more sensitive
than the determination of ergosterol and glucosamine and therefore is suitable for
the determination of biomass in the early growth phase.

While the determination of nucleic acids and the genomic DNA using photo-
metric detection is limited due to various interferences, quantitative real-time PCR,
after optimization, is an appropriate and sensitive method for quantification of
fungal biomass during SSF, provided the content of genomic DNA is independent
of the culture conditions.

3.4 Counting of Fungal Nuclei by Flow Cytometry

Flow cytometry is a simplemeasurement technique that enables a quick quantification
of cells, cell components, and particles. For this, the particles pass a laser beam in
single file. In addition to pure counting, certain properties of the particles can also be
detected, based on fluorescence and light scattering (forward and side scatter).

This method works well with unicellular organisms. Costa-de-Oliveira et al. [41]
used it to quantify the glucosamine content of the yeast Candida spp. by staining
the cells with calcofluor-white. In principle, this approach could be applied to
basidiomycetes growing on solid substrates, after sample grinding, but dyes that
stain chitin often also stain cellulose, which is present in large amounts in many
SSF substrates and would therefore interfere with the measurement. Spores are
easily counted by flow cytometry [42]. However, basidiomycetes only form spores
in the fruiting bodies, while most SSF processes with basidiomycetes involve only
pure mycelium.

In our own work, we have developed a flow cytometry method for quantifying
fungal biomass by counting the fungal nuclei [43]. The sample is homogenized
and the nuclei are extracted. The nuclei are then stained with a fluorescent dye
(SYTOX® Green) and analyzed in the flow cytometer. A linear correlation between
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the pure dry biomass of the basidiomycete T. hirsuta and the counted nuclei was
obtained (R2 = 0.93). The content of nuclei within the biomass depended on both
the culture conditions and the mycelium age. This variation was taken into account
by the construction of different calibration curves for different cultivation temper-
atures and times.

With the use of different calibration curves, good agreement was found between
the fungal biomass of T. hirsuta determined gravimetrically and biomass estimated
by nuclei counting (see Fig. 4a) during a cultivation on malt extract agar at 28 °C
for 7 days. The method was also used to monitor SSF of corn silage in a reactor
with a working volume of 10 L (developed by the Research Center for Medical
Technology and Biotechnology (fzmb GmbH)). Useful and reproducible results
were obtained with this novel method. Furthermore, the accuracy of biomass values
determined by flow cytometry was similar to that of the values obtained by the
reference method (ergosterol content, see Fig. 4b).

The use of flow cytometry to quantify fungal biomass by nuclei counting rep-
resents a new, rapid, and simple method of biomass determination during SSF and,
when used in combination with other methods, provides additional information
about the physiology of the culture.

3.5 Lipids and Phospholipid Fatty Acids

The mycelium of basidiomycetes contains various glycerolipids, which, in turn, can
contain both saturated and unsaturated fatty acids. These glycerolipids are located
mostly in lipid bodies in the cytoplasm and in the plasma membrane and the
membranes of organelles, in the form of acylglycerols and phosphoglycerides [44].
However, the lipid content of the biomass varies greatly, especially due to the fact
that the amount of storage lipids varies greatly, depending on the growth phase
[22]. Therefore, phospholipid fatty acids (PLFAs) can be used as a biomass

Fig. 4 Comparison of the biomass determined gravimetrically (black) and calculated by nuclei
counting (gray) of Trametes hirsuta during fermentation on malt extract agar at 28 °C (a) (n = 10)
and of the biomass determined by measurement of the ergosterol content (white circles) and by
nuclei counting (black circles) during SSF of Trametes hirsuta at 28 °C on corn silage (b) (n = 5)
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indicator. PLFAs are used for rapid and inexpensive determination of microbial
diversity in soils [45], but can also be used during SSF. This method is sensitive and
highly reproducible, and gives an indication of living biomass [45, 46].

In addition to determine the total PLFA content, it is possible to determine
separately the contents of special PLFAs that are contained by certain fungi, such as
the PLFA 18:2ω6,9 and the PLFA 18:2ω9 [22, 35, 45]. In basidiomycetes, the main
PLFA, 18:2ω6,9, represents from 45 to 57 % of the total PLFA content [22].
This PLFA also occurs in small amounts in bacteria, as well as in plants and
animals [22, 45, 46].

Frostegård and Bååth [46] correlated the content of PLFA 18:2ω6,9 in soil
samples with the ergosterol content (R = 0.92), although influences of the substrate
and cultivation conditions were observed [45]. A decrease of PLFA concentration
in an SSF sample can imply either cell death or degradation of specific membrane
phospholipids due to changes in environmental conditions [45].

It is problematic to use PLFA measurements to estimate fungal biomass since the
conversion factor varies greatly. Despite this, Frostegård and Bååth [46] did use this
method as a qualitative indicator of fungal biomass in 15 different soil samples,
while Klamer and Bååth [22] used PLFA contents during an investigation of the
levels of 11 fungi in compost. Klamer and Bååth [22] found a linear correlation
between the content of the PLFA 18:2ω6,9 and the content of ergosterol within the
samples (R2 = 0.782), although both the ergosterol content and the PLFA 18:2ω6,9
content varied considerably among the tested species. The total PLFA content in
fungal biomass grown on potato dextrose agar showed large interspecific variations.
It does not depend significantly on the mycelium age, but does depend on the
substrate and on the fermentation type (SSF and SmF). A perfect PLFA marker
does not exist [45], but the determination of PLFA content (total and specific) is a
suitable indicator of fungal biomass, so that this method is also suitable for the
quantification of living biomass.

3.6 Protein Content

Proteins are ubiquitous in biomass and the protein content is often used as an
indicator of fungal biomass. Protein measurement assays are usually sensitive,
simple, and reproducible [29, 47]. In order to determine the insoluble protein in the
fungal biomass, it is first necessary to disrupt the sample using, for example,
phosphoric acid [47, 48] or sodium hydroxide [16, 29]. The protein that is released
can then be determined by a colorimetric method, such as that of Bradford [47] or
that of Lowry [29].

Protein determination can be useful when the solid substrate that is used in the
process does not contain high protein levels. This method has been used to follow
the growth of the ascomycete A. niger on various substrates, including sugar cane
bagasse and palm kernel cake [29, 47, 48]. The protein content of the biomass of
A. niger was found to remain constant [28].

238 S. Steudler and T. Bley



Protein determination cannot be used for estimating fungal growth when the
solid substrate that is used has a high protein content. This problem occurred in
studies involving the ascomycete C. minitans [16] and in our studies with the
basidiomycete T. hirsuta. In both cases, the protein content of early samples was
high, but, due to consumption of the protein in the substrate, it decreased to a
constant level in later samples, although a linear relationship between the pure
fungal biomass and the protein content was found. However, the protein content
depended on the substrate and the mycelium age [16].

3.7 Carbohydrate Content

Carbohydrates are located in fungi as sugars, sugar alcohols, polysaccharides, and
derivatives. Pure sugars exist only in small amounts in hyphae and are present
usually as phosphorylated derivatives [28].

Ooijkaas et al. [16] obtained a total carbohydrate content of up to 9.7 % of the
dry biomass of the ascomycetes C. minitans. However, the content varied
depending on the medium and mycelium age. Also Desgranges et al. [17] observed
a variation in the sugar content of the biomass of the ascomycete B. bassiana
depending on the medium and growth phase.

This method can be used only for special cases, because many substrates that
will be used in SSF contain carbohydrates, so the carbohydrate content is inap-
propriate as an indicator of fungal biomass.

4 Measurement of Metabolic Activity

Normally, measurements of metabolic activity are simple and can be used for
continuous monitoring of culture performance. As a result, they are suitable for
on-line monitoring of mycelium growth in large-scale bioreactors. Figure 5 indi-
cates the various techniques that will be discussed in this section.

4.1 Respiration and Gas Composition

The measurement of respiratory activity is simple to implement and is quite con-
venient for use at large scale. Determination of the oxygen (O2) and carbon dioxide
(CO2) contents in the gas phase enables calculation of O2 uptake rates and CO2

evolution rates (CERs). It is also possible to integrate the values to obtain cumu-
lative O2 consumption and CO2 formation. The measurement techniques are non-
destructive, performable in real time and online [36, 49, 50]. An advantage of
measuring both O2 and CO2 is that this gives additional information about the
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physiology and the state of the culture [49]. Fungi not only respire actively in the
growth phase, but also in the stationary phase. Since it is impossible to differentiate
the origin of the respiratory activity, the cultivation should be axenic.

CO2 evolution was used to follow the growth of the ascomycetes Penicillium
roqueforti [51] and B. bassiana [52] in SSF. A good correlation between the
formation of CO2 and the glucosamine content was obtained. However, although
the method is sensitive, it is not suitable for comparing different processes since the
relation of CO2 evolution with growth depends on the medium [52].

May et al. [36] used the CER to follow growth of the oomycete L. giganteum. In
SmF, the CER increased exponentially, similarly to the fungal biomass, until the
stationary phase. Here, the fungal biomass leveled off at a constant value, while the
CERpeaked and then decreased. However, it is not always the case that CO2 evolution
and O2 consumption are related to biomass production in a simple manner; therefore,
the conversion into an amount of fungal biomass and thus themonitoring of the fungal
biomass remain difficult [16, 50, 53]. In fact, Ikasari and Mitchell [50] noted that
biomass estimation from O2 uptake was problematic in fermentations involving the
zygomycete R. oligosporus, since neither the yield coefficient for O2 nor the main-
tenance coefficient for O2 was constant. However, they did recommend the use of O2

measurements for online monitoring of overall bioreactor performance, since O2

consumption is a useful indicator of the metabolic activity of fungal biomass [50, 53].
In our own studies, the CO2 content and the O2 content in the gas phase were

measured continuously during the fermentation of the basidiomycete T. hirsuta on
corn silage. A linear relationship between the daily O2 consumption and CO2

formation and the fungal dry biomass was found (O2: R
2 = 0.68; CO2: R

2 = 0.76)
and was used to convert the respiratory activity into fungal biomass during the SSF

Fig. 5 Schematic depiction of the mycelium structure and metabolic activity of a mycelium, as
well as the related determination methods
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process. The biomass estimated from the daily O2 consumption and CO2 formation
was quite similar to that estimated through measurement of the ergosterol content of
the solids (see Fig. 6a).

According to our studies, the measurement of the respiratory activity is a simple
and rapid method of determining the biomass of T. hirsuta until the stationary
phase. Furthermore, it provides additional information about the physiological state
of the culture, for example the type of metabolism (calculating respiratory quotient).

4.2 Enzyme Activity

The use of measurements of enzymatic activity to estimate fungal growth presup-
poses that the enzymes are fungal-specific, growth-associated, and, usually, extra-
cellular. A few enzymes satisfy these criteria: Most enzymes are not suitable
candidates for this approach, since their production is not related to growth in a
simple manner; further, production levels can vary with the environmental condi-
tions, such as pH, temperature, and water content [2]. Despite these potential
problems, since determining enzyme activity is usually fast and easy, many workers
have used this technique to estimate the biomass.

Dutra et al. [8] determined the activity of lipases of the ascomycete A. niger and
correlated the results with glucosamine contents and microscopic observations.
There was a good correlation between the area occupied by the hyphae, the glu-
cosamine content of the solids and the lipase activity (R > 0.9). Similarly, for the
growth of A. niger on palm kernel cake, the activity of β-mannanase correlated well
with the biomass based on measuring the protein concentration (R2 = 0.941) [29].
For the ascomycetes Stachybotrys chartarum and Aspergillus versicolor growing
on gypsum board, the activity of β-N-acetylhexosaminidase correlated well with the
biomass, which was estimated by measuring the ergosterol content, with R2 values

Fig. 6 Comparison of the biomass determined by the measurement of the ergosterol content
(black circles, n = 5) and the corresponding daily O2 consumption (dotted line) and CO2 formation
(solid line) (a), enzyme activity of laccase (black circles) and peroxidase (white circles) (n = 3)
(b) and glucose content in the leached liquid phase obtained after extraction of the extracellular
enzymes (gray squares, n = 3) (c) during SSF of Trametes hirsuta at 28 °C on corn silage
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of 0.935 and 0.968, respectively [24]. On the other hand, the activity of extracel-
lular proteases of Aspergillus tamarii was unsuitable as a biomass indicator due to
the strong influence of the substrate and physical factors, such as temperature,
aeration, and hyphal density [54].

Basidiomycetes produce interesting extracellular enzymes such as laccases,
peroxidases, cellulases, and xylanases. Matcham et al. [20] used the laccase activity
of the basidiomycete A. bisporus to estimate the biomass during SSF on cereal
grains. Although the laccase activity increased in direct proportion to the fungal
biomass, it was problematic to determine the conversion factor, because the
absolute enzyme activities were highly dependent on the substrate used. The
determination of the enzyme activity was recommended as a qualitative indicator of
biomass. In our studies of the SSF of the basidiomycete T. hirsuta, the maximum
activities of laccases and peroxidases also varied with the substrate and cultivation
conditions, but the activity profiles were proportional to the biomass level as
determined using the ergosterol method (see Fig. 6b). On the other hand, the
activities of xylanases and cellulases were unsuitable as indicators of biomass.

The usefulness of enzyme activity as a biomass indicator depends on the selected
enzyme and the fermentation conditions. Enzyme activities can only be used as
indicators under the same conditions as the correlation was originally determined.

4.3 Nutrient Uptake

The uptake of nutrients or the current nutrient concentration has been used in SmF
as an indicator of growth and also has the potential to be used in SSF. Often the
carbon source is used, such as glucose or other sugars.

Desgranges et al. [17] used the uptake of sucrose as an indicator of growth
during the fermentation of the ascomycete B. bassiana. The amount of sucrose
consumed correlated well with the content of ergosterol and glucosamine of the
fungal biomass (R > 0.81) and was independent of the C/N ratio of the substrate. In
contrast, the glucose uptake was not suitable for biomass estimation during the
studies of Larroche and Gros [51] with the ascomycete P. roqueforti. They deter-
mined the glucose content of wheat starch after hydrolysis with amyloglucosidase
using the dinitrosalicylate method. The glucose was taken up into both the myce-
lium and spores, so that only a portion of the glucose consumption was used for
mycelium growth. Further, in studies undertaken with A. niger, Favela-Torres et al.
[48] found that the amount of glucose taken up depended on the initial concen-
tration in the medium and on the fermentation type (SmF or SSF). In SSF, higher
initial glucose concentrations could be tolerated, and higher glucose uptake rates
were obtained. In our own investigations with the basidiomycete T. hirsuta,
extracellular enzymes were leached from the solid substrate daily with water. The
glucose concentration of the leachate was also determined, in order to obtain an
indication of growth. The amount of glucose extracted decreased as the fermen-
tation progressed (see Fig. 6c). It also depended on the substrate that was used. For
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example, over the first days of the SSF process, the amount of glucose extracted
was around 2 g/L when corn silage was used, but around 0.3 g/L when pine wood
chips were used.

It is usually fast and simple to determine the concentrations of sugars or other
nutrients, enabling the use of nutrient uptake as a biomass indicator. However, the
method must be carefully calibrated for each specific application.

4.4 Production of Antigens

Immunological methods for the detection of fungal antigens can be used to obtain an
indication of growth. The enzyme-linked immunosorbent assay (ELISA) is often
used. In this method, an antibody against a fungal antigen is added to a sample in a
microtiter plate. A second antibody is then added; this antibody, which has an enzyme
linked to it, reacts with the first antibody. Finally, a substrate for the enzyme is added,
such that a colorogenic reaction occurs. The intensity of the color produced depends
on the original amount of fungal antigen. The development of this method requires a
lot of know-how, but, once it is optimized, it is very sensitive and quite specific.

Anand and Rati [55] used ELISA to quantify the biomass of the ascomycete
Aspergillus ochraceus on coffee bean extract, chili extract, and poultry feed. The
sensitivity was 0.2 mg biomass per gram substrate. The results were influenced by
the particular substrate used and by the moisture content, such that a new calibration
curve had to be established for each substrate. The background signal of the
uninoculated substrate was much lower than the lower detection limit, so it did not
cause any problems [55]. In a similar manner, Dubey et al. [56] used ELISA to
monitor growth of the ascomycete A. niger. The suitable choice of a fungal cell wall
antigen, which was not present in the substrate, meant that the biomass could be
determined quickly in a substrate-independent manner. Furthermore, the fungus
was detectable at all morphological stages.

Several factors make the use of ELISA to determine biomass interesting: not only
is it rapid, reliable, and sensitive, but also it is inexpensive and requires only small
amounts of substrate [56]. However, it does require a suitable antigen to be available,
and the development of the assay requires a lot of know-how and optimization.

4.5 Primary Metabolites (ATP)

The quantification of fungal biomass based on primary metabolites, especially ATP,
is often used in soil analysis. ATP is an indicator of living biomass. After sample
drying, ATP is extracted and quantified by bioluminescence using the luciferin–
luciferase system [57]. The method is sensitive, but reports about the contents of
ATP in actively growing biomass and live but nongrowing biomass are inconsistent
[57]. Also, the amount of ATP extracted is highly dependent on the extracting
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agent. An internal standard is advisable, since a certain proportion of ATP is
hydrolyzed during the extraction or adsorbed on the substrate matrix [57]. A further
factor to consider is that the substrate can also contain ATP, which will interfere
with the measurement of the ATP from microbial biomass [57, 58]. West et al. [58]
used the determination of the ATP content for quantification of the microbial
biomass in soil samples, but this method was only suitable for biomass estimation at
equal cultivation conditions (e.g., same substrate, temperature, and cultivation time)
due to the variable ATP content in the biomass.

The usefulness of ATP as a biomass indicator depends on many factors,
including the physiological state of the culture. The determination is simple and
fast; nevertheless, this method is unsuitable for the determination of fungal biomass
during SSF due to the many influencing factors and fluctuations.

4.6 Changes of Dielectric Permittivity

A simple and rapid method for general biomass quantification is the measurement of
the dielectric conductivity. This measurement is continuous, noninvasive and can be
performed in situ and on-line [6, 59]. Living biomass is polarized by low radio fre-
quencies with the degree of polarization depending on the cell structure in a phe-
nomenon called beta-dispersion. The degree of beta-dispersion is linearly proportional
to the volume of the biomass. Since the biomass volume changes during microbial
growth, the dielectric conductivity will also change. It can be measured and subse-
quently correlated with the amount of biomass in the sample or bioreactor [6, 59].

Davey et al. [59] analyzed the change of the conductivity, capacitance, and pH
during SSF of the zygomycete R. oligosporus on soy beans, lupine, and quinoa. The
conductivity of the fungal biomass increased linearly with the total hyphal length,
which was measured microscopically, during the growth phase and did not change
during the death phase. The capacitance was also related to growth: It increased
during the growth phase and dropped during cell death.

The measurement of the dielectric conductivity is simple and fast, which means
that it has good potential to be used online for biomass quantification during SSF.
However, this method requires a liquid film at the particle surface in order to ensure
a proper contact with the electrode. Consequently, this method can only be used
conditionally, due to the poor contact of the electrode with many of the porous
substrates and substrate beds that are used in classical SSF.

4.7 Metabolic Heat Production

The release of waste metabolic heat from respiration and maintenance metabolism
will affect the ambient temperature of the bed of solids within which the fungus is
growing, and consequent temperature changes can be measured online in a
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continuous and nondestructive manner. However, although it is theoretically pos-
sible to quantify biomass from measured temperature changes, such “calorimetry”
is rarely used for biomass estimation in bioreactors [5] since the temperature is also
affected by many other phenomena that occur in the bed (i.e., conduction, con-
vection, and evaporation) [5, 54].

Li and Wadsö [5] used heat production, measured by isothermal calorimetry, as
an indicator of the activity of the ascomycete Penicillium brevicumpactum. During
the growth phase, the total heat produced correlated well with the colony area, which
was recorded digitally [5]. According to Li and Wadsö [5], the method is suitable for
all substrates and organisms and is usually very sensitive. Dhandapani et al. [54]
used heat measurement to observe the growth of the ascomycete A. tamarii and
described this method as a robust and suitable reference technique for the monitoring
of fungal activity during SSF.

The measurement of heat production can be done rapid and continuously in a
calorimeter. However, the quantification of the production of waste metabolic heat
by calorimetry is more suitable for academic studies than for online monitoring of a
bioreactor.

5 Other Determination Methods

There are other techniques that can be used to quantify fungal biomass in the
laboratory or at large scale. They will briefly mention in this section.

5.1 Plate Count Technique

The plate count technique is a routine procedure in industry and research laboratories
for determination of colony-forming units [2, 55]. However, for fungi the number of
colony-forming units varies greatly depending on medium composition and culti-
vation conditions, which makes it difficult to compare the results with other studies.
This method is only suitable for cultivable fungi, does not detect dead fungi, and is
time-consuming [2, 55]. Only the level of sporulation is represented, instead of
the current biomass. Therefore, this method is unsuitable for the determination of the
biomass of basidiomycetes, as well as other filamentous fungi [12, 55].

5.2 Agar Film Technique

The agar film technique is an optical identification method that was developed
in 1948 by Jones and Mollison [60]. The sample is mixed with agar after several
washing steps, heated, and poured into a counting chamber (hemocytometer).
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The piece of agar with uniform volume is released after solidification, dried, and
analyzed after staining by microscopy. Subsequently, the biomass concentration is
calculated using a conversion factor. Since 1948, the method has been further
developed and optimized, conversion factors improved, and handling simplified, so
that important biomass structures are not destroyed [61]. The conversion factor is
influenced by the hyphal length, density, magnification, and substrate [62]. Usually,
this method is used in parallel with other determination methods, because it is very
complicated and requires expertise [63].

5.3 Light Reflectance and IR-Spectroscopy

Fungal biomass can be estimated using light reflectance and infrared spectroscopy
(IR-spectroscopy).

Murthy et al. [64] used the light reflection method to measure the color change
of the medium during production of koji with A. niger. The substrate (rice) took on
a darker color during the fermentation. The principle of trichromatic generalization
(i.e., that each color consists of 3 primary colors) was used to detect the color
change. The reflection, absorption, and scattering of the light that is incident on the
sample vary, depending on the color. Visible light (360–800 nm) was used as the
incident light and the total color difference in the reflected light between the sample
and the white standard (barium sulfate powder) was calculated. The total color
difference correlated well with biomass in an experiment in which pure biomass
was mixed with dried and autoclaved wheat bran in different proportions (R = 0.98),
until a biomass concentration of 20 % in the sample.

IR-spectroscopy uses infrared light (800 nm–1 mm) and can be used to quantify
known substances or for structural analysis. The IR-radiation is absorbed by certain
bonds, which lead to a vibration of the bond. Different types of bonds give vibration
peaks at different wavelengths in the IR spectrum. The interpretation and assign-
ment of the individual spectra and absorption bands requires a lot of experience, but
this method is an interesting technique for the determination of fungal biomass,
because it is noninvasive and can also be used to quantify several components
simultaneously.

Desgranges et al. [52] used IR-spectroscopy for the direct determination of
the cell components, ergosterol and glucosamine, of the ascomycete B. bassiana
and the medium components, sucrose and nitrogen. The values determined by
IR-spectroscopy correlated well with contents determined in chemical assays. In the
case of glucosamine, the nutrient medium interfered partially. The differentiation
of the growth stages was possible. However, the accuracy of the measurement
decreased with increasing biomass content in the sample being analyzed.

Zornoza et al. [65] used near-infrared (NIR) spectroscopy in an attempt to quantify
fungal biomass, by detecting fungal-specific PLFAs in leaf litter. The values of the
PLFAs predicted by NIR reflectance correlated well with the PLFA values that were
determined by a standard chemical assay. However, the interpretation of the spectra
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that was obtained during the measurement of the leaf litter, and thus, the estimation of
the fungal biomass content was not directly possible due to interferences and
superposition of spectra from various sample components.

In contrast to Zornoza et al. [65] and Desgranges et al. [52], Brandl [66] used
IR-spectroscopy for qualitative determination of the ascomycete Neotyphodium lolii
in perennial ryegrass and not for quantification. The detection limits were too high,
so that small amounts of biomass remained undetected.

The use of IR-spectroscopy requires a lot of experience for proper interpretation
of the spectra, and it is also time-consuming to calibrate the method properly.
Additionally, the method does not differentiate between live and dead biomass.
Nevertheless, it is an interesting alternative for the quantification of biomass during
SSF since it is robust and nondestructive and the measurement itself is rapid. Also,
sample preparation is easy and does not require the use of additional chemicals,
thereby avoiding the generation of hazardous waste [52]. IR-spectroscopy is already
used routinely in chemistry and can be used with relatively small samples. It might
even be possible to use this method online for transparent reactors. On the other
hand, the determination of the color change of the substrate as a biomass indicator
is suitable only for special cases.

5.4 Substrate-Induced Respiration (SIR)

Biomass quantification using substrate-induced respiration (SIR) is a commonly
used standardized method (ISO 14240-1) from soil biology and can be carried out
with fresh samples. In this method, active biomass is estimated based on the
determination of the CO2 that is formed after the addition of a readily available
carbon source, such as glucose. A conversion factor, obtained through calibration,
is used to convert the CO2 formed into biomass [57]. After optimization, this
method is very sensitive, highly reproducible, automatable, and performable with
large sample throughput [2, 67].

There are two general approaches. In the Heinemeyer approach, the CO2 for-
mation is measured continuously throughout the lag phase of the microbial growth
using infrared gas analysis (measurement of the maximum initial respiratory
response). In the Isermeyer approach, the CO2 is absorbed in a sodium hydroxide
solution. After 4 h of incubation, the carbonate is precipitated and the unused
sodium hydroxide is determined by titration. The SIR method is commonly used
and inexpensive, but only detects active fungi that are capable of metabolizing the
added glucose. It is not suitable for samples with a high content of young cells due
to the higher CO2 formation compared to older cells, which leads to an overesti-
mation of the fungal biomass [57]. Furthermore, this method is highly influenced by
the humidity of the sample and the pH value [68]. When nonsterile samples are
used, the percentage of fungal biomass can be quantified by the addition of
streptomycin [67, 68]. However, the inhibitor concentration must be optimized for
the particular conditions since it greatly affects the results.
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6 Conclusions

Various biomass determination methods are available for the quantification of fungal
biomass in SSF processes. Each method has its advantages and drawbacks. A perfect
method does not yet exist, but some methods are more suitable than others.

Optical methods enable a deeper understanding of morphology and, with the use
of appropriate staining techniques, a deeper understanding of the physiological state
of the fungus. It is also possible to distinguish active and inactive hypha and
quantify them separately. However, quantification of the biomass by imaging
techniques is difficult during SSF, because usually only surface mycelium can be
detected and the methods are very time-consuming.

The determination of cell components is commonly used to quantify fungal
biomass. Fungal-specific components can be used in nonsterile processes, as well as
in mixed cultures. New techniques, such as real-time PCR, enable a species-specific
determination of the biomass. Most of these methods are very complicated and
time-consuming, and require invasive sampling. However, the use of alternative
measurement techniques, such as IR-spectroscopy, enables the nondestructive and
online detection of certain components of the fungus and even of the substrate.
Most methods involving measurement of cell components require careful calibra-
tion, and it is crucial to check whether the conversion factors depend on mycelium
age and the cultivation conditions.

Measurement of the metabolic activity of the fungal biomass is usually suitable
for continuous and online monitoring and is therefore appropriate for industrial
bioreactors. However, it is usually difficult to convert the measured metabolic
activities into reliable estimates of the biomass, so these methods should be used as
qualitative indicators of the biomass and its physiological state. Also, species-
specific differentiation of the biomass is usually not possible, so these methods are
less suitable for nonsterile processes.

In most cases, it would be advantageous to use a combination of different
methods. This has two advantages. Firstly, it can increase the reliability of the
results. Secondly, it can provide additional information about the state of culture.

In our own work, we tested a variety of different methods to monitor growth of
the basidiomycete T. hirsuta in cultivation systems that included a reactor of up to
10-L working volume. We obtained good results for the measurement of ergosterol
content, the counting of cell nuclei, the measurement of respiratory activity, and
the determination of the activity of lignolytic enzymes. The determination of the
ergosterol content is expensive, but the results are accurate and reproducible. The
specially developed method of counting the fungal cell nuclei by flow cytometry is
influenced by many factors, but this can be resolved by the use of different cali-
bration curves. The results correlated well with the biomass calculated by ergosterol
measurement and were also reproducible. Furthermore, this method is characterized
by rapidity, straightforward handling and enables additional information about
the physiology of the culture. The measurement of respiratory activity was very
suitable for continuous and online biomass estimation until the stationary phase.
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The activities of lignolytic enzymes, such as laccases and peroxidases, were useful
as qualitative indicators of biomass and gave additional information about the state
of the culture. The enzyme activity assays were rapid and easy to perform.

To conclude, the most suitable methods for quantification of fungal biomass in
SSF depend on the particular requirements for accuracy, cost, and throughput: We
have given you some advice, now you must make your choice!
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Ramified Challenges: Monitoring
and Modeling of Hairy Root Growth
in Bioprocesses—A Review

Felix Lenk and Thomas Bley

Abstract The review presents a comprehensive overview on available solutions
for the monitoring and modeling of various aspects of hairy root growth processes.
Several online and offline measurement principles get explained exemplary and are
being compared. It was found that no direct online measurement principle for hairy
root biomass in submerged and solid-state culturing environment is available.
However, certain indirect methods involving one or more measurement values have
been developed for biomonitoring of hairy roots especially in bioreactors. In the
field of modeling of hairy root growth processes, four independent architectures
(continuous models, metabolic flux analysis, agent-based models, and artificial
neural networks) are described and compared including literature references. The
discussion is structured into microscopic model approaches, addressing only certain
aspects of growth, and macroscopic model approaches, describing the hairy root
network as a whole. An agent-based macroscopic model based on phenomeno-
logical data acquired with systematic imaging of hairy roots on culture dishes
together with a 3D visualization of simulation results is presented in detail.
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1 Introduction

Plants offer a wide range of secondary metabolites which are not primarily nec-
essary for growth and cell division but rather act as, e.g., protective agents. For
centuries these active agents are used as food additives, in phyto-therapeutics and in
the cosmetics industry [1].

Beside the extraction of phyto-products from conventionally cultivated full plants
the in vitro cultivation of plant tissue cultures such as hairy roots cultures (HRC) is
considered a promising alternative and is nowadays a main research focus. Advan-
tages with the use of in vitro cultures are the independence from seasonal and
metrological influences and the traceability and control of the whole production
process necessary for regulatory approval by the FDA or EFSA for many substances.
Additionally higher concentrations in the bulk material and a higher space-time yield
can be achieved together with a simplified down-streaming process [2, 3].

The naturally occurring hairy root disease resulting in tissue-like growth of root
networks of infected plant cells has been adapted by the directed infection of
untreated plant cells with Agrobacterium rhizogenes. With the transfer of plasmids
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from the agrobacterium into the plant cells the uncontrolled proliferation of distinct
root hairs, the so-called hairy roots, gets induced [4]. Interestingly to know that the
name hairy does not refer to the finely structured network itself but rather to the tiny
hairs on the tips of the hairy root network assumingly used for nutrient detection.
The advantages of hairy roots consist especially in the specifically simple separation
of biomass from the nutrient medium after the cultivation is finished and that no
phyto-hormones are needed to stabilize the cultures during the cultivation [1].

Prominent examples using plant in vitro tissue cultures on an industrial scale are
the production of medically active Ginsenosides using hairy roots of Panax ginseng
and shikonin with Lithospermum erythrorhizon by the Nitto Denko Corporation,
Osaka, Japan [5, 6]. Other promising applications of the active agent production
with hairy roots in pilot scale have been compiled by Curtis et al. [7]. For the
production of α-Tocopherol (Vitamin E) from hazel, rosmarinic acid (anti-inflam-
matory) from lavender and basil as well the betalains (pigments) from red beet
(Beta vulgaris) auspicious results have been obtained [8–12].

Consequently, beside the necessity to provide tailored bioreactor systems for the
cultivation of hairy root cultures [1, 13, 14], the topics of monitoring of growth and
metabolic processes as well as the mathematical modeling of all growth and pro-
duction related processes need to be investigated and addressed. The lack of
solutions for monitoring and modeling of hairy root growth currently hinders the
implementation of production processes with hairy root plant in vitro cultures on an
industrial scale despite that a broad variety of different types of hairy root cultures is
already available from a research perspective [11, 15]. In order to outline the
progress and the current state of the art in terms of hairy root growth monitoring and
modeling, this review has been compiled.

2 Monitoring of Hairy Root Growth

For an effective development and optimization of hairy root culturing conditions,
robust and reliable solutions for monitoring of growth processes and the production
processes of the target metabolites are essential. Due to the nature of inhomoge-
neous distribution of biomass and the root-like structure, conventional methods for
the biomonitoring of hairy roots are often insufficient (see Fig. 1 and [16]).

Generally, the development process of a new hairy root type can be divided into
two elementary stages. After the infection and co-cultivation with Agrobacterium
rhizogenes in Erlenmeyer shaking flasks, each proliferating new hairy root line gets
transferred onto a culture dish with solid MS-medium. In the following steps, vital
and productive lines should be identified and first optimizations of medium com-
position are carried out. For the second stage, only a few productive and stable lines
get transferred from the solid medium cultivation environment into the liquid
medium. Comparable to the first-stage medium composition and cultivation con-
dition, optimizations take place before the scale-up into a higher cultivation volume
need to be performed.
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2.1 Monitoring and Screening on Culture Dishes (Solid
Medium) and in Erlenmeyer Flasks (Liquid Medium)

Starting point for culture line development is a successfully transformed and stable
in vitro tissue culture of a certain plant species. In order to narrow down the
selection of available line, all of them are screened for highest productivity of the
target metabolites and for their general growth behavior. This multi-stage process
takes places firstly in culture dishes on solid nutrient medium and secondly on
Erlenmeyer flasks with a working volume of up to 250 mL [1]. Generally, the
growth monitoring of hairy roots on solid medium can be divided into invasive, off-
line, and non-invasive, on- and at-line methods. In particular, with cultivation
cycles of 14–21 days and effective dry weights of under 1 g per sample line, non-
invasive methods are superior to invasive methods. However, invasive methods are
more common and only a couple of non-invasive methods exist.

A fundamental invasive approach to biomass measurement and metabolic pro-
filing is the harvesting of hairy roots after a distinct cultivation period, disrupting
them for a homogeneous release of cell components followed by a freeze drying or
other storage method. Consequently, measurements with PCR for verification
purposes or HP-LC, GC-MS, and spectrophotometry for metabolite analysis or flow
cytometry to determine, e.g., the ploidy level are carried out. Typically, detection
targets need to be stained or extracted with appropriate solvents beforehand. In
order to determine culture development over time, parallel experiments with, e.g.,
daily harvesting need to be set up from one initial sample. Considering the need for
replicate determinations under the same cultivation conditions (minimally 3–6 fold
to derive statistically significant results), this approach results in an extensive
number of experiments while exhibiting the disadvantage that the precise course of
growth of one single hairy root line cannot be investigated.

As an initial step mainly to verify the insertion of the Ri-plasmid but also for
further characterization and monitoring of plasmid stability, PCR methods are used,

Fig. 1 Hairy roots of Devil’s
claw (Harpagophytum
procumbens) in a bubble
column bioreactor [16]
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e.g., by Zhang et al. [17] to investigate the biosynthetic pathway in Hyoscyamus
niger hairy root cultures. The genetic stability of Salvia miltiorrhiza hairy roots has
been studied with a PCR method by Yuan et al. [18]. High-performance liquid
chromatography (HP-LC) is commonly used for metabolite profiling with hairy root
cultures such as presented by Zhi et al. [19] for the monitoring of diterpenoid pro-
duction in hairy root cultures of S. miltiorrhiza based on a protocol initially derived
by Kamada et al. [20]. The detection of target metabolites such as the very popular
flavonoids an HP-LC method for their determination in Scutellaria baicalensis
Georgi hairy roots has been developed by Kovács et al. [21]. Sugar concentrations
were determined by a HP-LC method presented by Lanoue et al. [22] to compare the
growth properties and alkaloid production of two Datura hairy root lines.

The application of GC-MS for target metabolite screening is also a common
method such as presented by Bais et al. [23] using solid-phase microextraction
sample preparation to detect volatile compounds in hairy root cultures of Cichorium
intybus L. For the optimization of the culture medium composition and to improve
the production of hyoscyamine, hairy roots of Datura stramonium L. were analyzed
by Amdoun et al. [24] using GC-MS.

A spectrophotometrical method for the detection of silymarin in Silybum
marianum hairy root cultures has been developed by Rahimi et al. [25]. Weber et al.
investigated diploid and tetraploid hairy root cultures of Datura stramonium,
H. niger, and B. vulgaris with a novel flow cytometry method [26, 27] based on the
findings of Neumann et al. [28]. A very effective method of screening plant in vitro
cultures is presented by Geipel et al. [29], however, not for hairy root cultures but
for suspension cultures of Helianthus annuus producing α-tocopherol using the
RAMOS® for continuous monitoring of oxygen and carbon dioxide transfer rates.

Non-invasive monitoring methods with only a small delay from sampling to
result evaluation are a highly relevant topic also in the field of biomonitoring with
hairy root cultures. Inspired by monitoring solutions composed from an imaging
unit and an image post-processing method in the field of plant root investigation
such as the WinRhizo [30, 31] or the GiARoots [32] solution, Lenk et al. [33]
proposed the manual imaging method PetriCam (see Fig. 2) together with an

Fig. 2 Image taken with
PetriCam of a hairy root
network of Beta vulgaris in a
culture dish [33]
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automated image analysis algorithm to investigate the growth process and sec-
ondary metabolite accumulation of B. vulgaris hairy roots on culture dishes with
solid medium. Unique advantage of the method is due to the non-invasive imaging
through the cover of the sealed culture dish, the continued monitoring of the same
hairy root line over the whole cultivation period. Currently, images consist of planar
2D representations orthogonally taken from the top of the culture dish which do not
provide any information on the distribution of the hairy root culture in the z-axis.
Therefore, a unit for stereo imaging which offers a complete new range of post-
processing solutions needs to developed.

Once systematic imaging of the culture dishes is finished such as described by
Lenk et al. [34] which also offers the opportunity of automatic imaging of culture
dishes for high sample throughput [35, 36], images need to be post-processed in
order to extract numerical information such as, e.g., segment length values,
branching point distribution, or information on local secondary metabolite accu-
mulation. For such applications, numerous open-source and commercial solutions
such as presented by Clark et al. [37], Leitner et al. [38], or Lobet et al. [39] are
available. To assess the herbicidal toxicity of photoautotrophic hairy roots of Ip-
omoea aquatica, Ninomiya et al. [40] developed a non-destructive measurement
method of the local chlorophyll content using color image analysis.

2.2 Monitoring on Bioreactor Scale (Liquid Medium)

Once a specific hairy root line is cultivated in a bioreactor system, the main focus
lies in a continuous monitoring of growth [1, 41]. Analysis on target metabolite
contents is typically carried out after the cultivation for comparison to the screening
stage. For the continuous monitoring of biomass growth in the cultivation vessel,
two methods of measurement need to be divided: indirect and direct measurement.

While direct measurement is the desired method due to the inhomogeneous
distribution of the hairy root network, a direct quantification of biomass accumu-
lation is often impossible. In fact in order to precisely measure the biomass con-
centration directly, the whole cultivation vessel would needed to be scanned by,
e.g., a tomographic device. However, several indirect methods for biomass mea-
surement and estimation exist but their accuracy depends on the complexity of the
underlying mathematical model. Typically, the trend of one or several global
process variables such as the carbon source concentration (e.g., glucose), the CO2/
O2 transfer rates, the electrical conductivity, dissolved oxygen, the culture broth
level, or the pH gets monitored continuously and the observed gradients are inserted
into mathematical models in order to determine the actual biomass concentration.

Already in the late 1980s, Taya et al. [42, 43] developed a comprehensive model
based on conductivity measurements to determine the biomass concentration of
hairy root cultures of horseradish and carrot in stirred tank and airlift loop
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bioreactors. The effects of oxygen, carbon dioxide, and ethylene on growth and
bioactive compound production with P. ginseng hairy roots have been directly
measured and studied by Jeong et al. [44, 45] in various cultivation environments.
As the level of the culture broth changes during the cultivation period as nutrients
are consumed especially during high-density cultivations, Jung et al. [46] proposed
to use the change in biomass volume as a new parameter for biomass estimation as
a deviation of about 20 % from the actual biomass concentration was observed
during experiments with Catharanthus roseus hairy roots applying a model solely
considering the electrical conductivity.

Huang et al. [47] have measured the electrical conductivity, pH, and dissolved
oxygen tension in the culture broth to elucidate the kinetic response of essential
constituents along with the growth of the hairy roots of the L-DOPA producing
strain Stizolobium hassjoo.

Madhusudanan et al. [48] developed an at-line direct analysis in real-time
(DART) mass spectrometric technique to determine two nitrogen-containing
compounds in Rauvolfia serpentina hairy roots. An offline flow cytometry method
has been developed by Homova et al. [49] for Devil’s claw hairy roots in a stirred
tank bioreactor to investigate the relationship between the different cell division
stages and the production of phenylethanoid glycosides.

A comprehensive working biomass estimation system based on the refractive
index or the electrical conductivity of the liquid medium along with liquid medium
osmolality has been established by Ramakrishnan et al. [50]. The derived model
gives an accurate online estimation of dry weight, fresh weight, and liquid volume
of hairy root cultures and was validated with experiments in 125-mL shaking flasks
and 2-L bioreactor cultivations.

3 Hairy Root Growth and Biosynthesis Modeling

While there are several mathematical models to describe the growth of suspended
plant single-cell cultures [51, 52], only very few global, macroscopic descriptions
for the growth of hairy root plant tissue cultures exist due to their complexity. In the
field of modeling yeast growth behavior, several models to describe mycelial
growth, which can be compared to hairy roots, have been proposed [53–55].
Available models for hairy roots are typically limited to certain parts and are
referred to as microscopic models. Modeling efforts follow the aim to understand
processes scientifically and in order to optimize culturing conditions and the
composition of the nutrient medium. However, practically until now, cultures are
only investigated experimentally but in a very systematic way resulting in a huge
number of experiments. The following two sections outline an overview on
available microscopic and macroscopic models which have been applied to hairy
root growth and other metabolic processes.
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3.1 Microscopic Models

Efforts in modeling, simulating, and consequently understanding the metabolism of
hairy root cultures have increased significantly over the last years. In particular,
methods of the MFA have been applied to hairy root cultures of C. roseus. Sriram
et al. [56] determined the biomass composition of C. roseus hairy roots in order to
perform a MFA to improve the alkaloid production rate. The resulting flux quan-
tification in the central carbon metabolism of C. roseus hairy roots is presented in
[57] and introduced the application of “bondomers” for flux evaluation in plants.
Bondomers are a computationally efficient and intuitive alternative to the com-
monly used isotopomer concept. A metabolic model including a MFA was also
developed for C. roseus hairy roots by Leduc et al. [58] which included a primary
metabolic network consisting of only 31 metabolic fluxes and 20 independent
pathways. Experiments for model calibration were performed on culture dishes and
comparisons showed that the model is efficient for growth rate estimation. In hairy
root cultures of H. niger, Zhang et al. [17] showed the engineering of the tropane
biosynthetic pathway to enhance the scopolamine yield. A biogenetic organiza-
tional approach for the quantification of metabolic fluxes in the plant secondary
metabolism is presented by Morgan et al. [59]. The main idea was to group
metabolites of similar biosynthetic origin. The proposed model was then again
validated toward metabolic pathways of hairy roots of C. roseus. A comparable
approach for the plant primary metabolism is outlined by Cloutier et al. [60] who
defined a dynamic flux model which includes nutrient uptakes (phosphate, sugars,
and nitrogen sources), the glycolysis and pentose phosphate pathways, the TCA
cycle, amino acid biosynthesis, the respiratory chain, and biosynthesis of cell
building blocks (see Fig. 3).

Lan et al. [61] address in his work an approach to engineer the salidroside
biosynthetic pathway in hairy root cultures of Rhodiola crenulata based on the
metabolic characterization of tyrosine decarboxylase which plays an important role
in thesalidroside biosynthesis. It was found that the overexpression of only the
RcTYDC gene resulted in an increased production of the end product salidroside.
All presented MFA approaches had the aim to improve the overall target metabolite
production and showed that MFA is a powerful tool for hairy root growth and
biosynthesis characterization and even small changes to metabolic pathways can
lead to significantly higher production yields.

A structured model for the growth of C. roseus and Daucus carota hairy roots
has been derived by Cloutier et al. [62]. The model describes the growth rates taken
the intracellular nutrient concentrations of, e.g., sugars, nitrogen, and phosphate
into account. Michaelis–Menten kinetics describes the nutrient uptake, and for
model calibrations, data from batch cultures were used. A distinct cellular growth
model for root tip elongation has been developed by Chavarría-Krauser et al. [63],
and its simulation results have been compared to measurements of Arabidopsis
thaliana, Nicotiana tabacum, and Pisum sativum roots. Han et al. [64] proposed a
population balance model that provides a better understanding of the increase in
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biomass of hairy root cultures. The model was calibrated with six different hairy
root types, and experimental results could be reproduced by model simulations.
Another investigation by Asplund et al. [65] focused on the intrinsic oxygen
kinetics in Hyoscyamus muticus, Solanum tuberosum, and Brassica juncea hairy
roots. Palavalli et al. [66] derived an unstructured model for the growth and oxygen
transfer in Azadirachta indica hairy roots. The model enables simulations taking the
effect of oxygen transfer limitations into account and is able to predict the begin-
ning of an oxygen transfer limitation in the center of the growing hairy root matrix
which is a major bottleneck during high-density cultivations. This indicator can
then be used to increase the aeration of the medium or to end the cultivation cycle.

A model for tanshinone synthesis and phase distribution in S. miltiorrhiza hairy
root cultures is presented by Yan et al. [67] including a parameter sensitivity
analysis showing that the tanshinone accumulation in the resin heavily depends on
the transport rate of tanshinones from the hairy roots to the medium. The specific
symbiosis of Daucus carota hairy roots and the arbuscular mycorrhizal fungus
Glomus intraradices has been investigated and transformed into a structured growth
model by Jolicoeur et al. [68] revealing through the model that the fungus competes
for soluble root sugars with the hairy roots itself. Comparison experiments with
cultures on cultures dishes and in Erlenmeyer flasks showed confirmed the model
simulation findings.

Fig. 3 Schematic view of the dynamic flux model for Catharanthus roseus by Cloutier et al. [60]
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3.2 Macroscopic Models

While distinct aspects of the growth and biosynthesis processes in hairy root cul-
tures are an important field of research, also macroscopic models need to be
developed in order to describe the overall hairy root morphology formation and
their interaction with the cultivation environment. This chapter addresses the
importance to find macroscopic descriptions for hairy root growth in various
environments in order to improve biomass yield, culturing conditions, and culturing
environment. Three major architectures have been identified to be suitable for hairy
root modeling and will be discussed:

• Artificial neural networks (ANN),
• Continuous models based on differential equations with kinetics,
• Agent-based modeling (ABM) approaches.

ANN appears to be a feasible method for the modeling of the growth as well as
biomass estimation and have been applied in the field of plant in vitro cultures for
the first time already in 1992 by Albiol et al. [69] and seem to fit also for modeling
purposes for hairy root networks. An extensive overview on the applications and
the potentials of ANN in plant tissue culture has been compiled by Prasad et al.
[70]. Osama et al. [71] studied the growth of Artimisia annua hairy roots in a
nutrient mist bioreactor and developed an artificial neural network based on the
inoculum size, mist on/off time, initial packing density, media volume, initial
sucrose concentration in media, and time of culture to describe and to predict the
final biomass. By training the ANN with three different algorithms, it was found
that the Levenberg–Marquardt algorithm fits best with a correlation coefficient of
above 96 %. A slightly different approach with an ANN is presented by Prakash
et al. [72] who consider the inoculum density, pH, and volume of growth medium
per culture vessel and sucrose content of the growth medium in 50-mL shaking
flasks to estimate biomass concentration over the cultivation period for Glycyrrhiza
hairy root cultures. It was found that the regression neural network fits better than
the back propagation neural network for the prediction of optimal culture conditions
for maximum hairy root biomass yield.

Many approaches to model the macroscopic and morphological development of
hairy root networks are derived from mycelia or roots itself as they altogether
comprise of filamentous growth processes. Already in the late 1960s, Lindenmayer
developed a mathematical model—the so-called L-systems—to describe filamen-
tous growth processes and processes related to the formation of filaments [73, 74].
Fundamental idea was that cell changes their state during the mitose and forms
apical and band-like structures. Based on that mathematical composition of agents
to form a specific geometry, it was for the first time possible to reproduce plant-like
structures [75, 76] (see also Fig. 4).

Comparable to other systems in nature (e.g., blood vessels or filamentous fungi),
HRC is part of a dense network which can be characterized through growth and
branching. Important for modeling and simulation according to Dupuy et al. [77] is
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distinct knowledge on the growth processes itself and on metabolic and transport
processes. Bastian et al. [78] demonstrated that the growth of dense root networks
and their morphology can be described as a response to external chemical stimuli.

Nevertheless, there are certain approaches to model hairy root networks as a
whole system. One so-called multi-scale approach is presented by Bastian et al. [79]
where on the macroscopic scale, a continuous model is in place that handles growth
and nutrient transport. The water transport is considered on the microscopic scale.
The permeability of the root segments is computed by a Galerkin scheme which
effectively links the microscopic with the macroscopic scale. The derived model
simulations were compared with experimental results of flask cultivations of hairy
roots of Ophiorrhiza mungos.

Another macroscopic approach is presented by Mairet et al. [80] to describe the
growth of hairy roots of Datura innoxia in a bioreactor. The derived kinetic model
enables to improve the feeding strategy and has been validated during bioreactor
cultivations.

A typical approach toward macroscopic modeling of the mentioned problems is
the description with balances and kinetics and applying the states on homogeneous
grids for deriving the differential equations and the consequent numerical solution
as outlined above with various references [77]. However, as experimental data
material for modeling is typically taken in discrete intervals, a matching model
architecture needs to be found. Final step of the modeling and simulation process
should be the aim for an optical comparison of experimental results and simulation
output as well as to derive a macroscopically description of the whole hairy root
network. Therefore, a completely different approach needs to be used: ABM
approaches seem to fit for these challenges.

Fig. 4 Examples for plant-like structures resolved with L-systems [76]
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Hjortso et al. [81] firstly discussed basic approaches toward the modeling of
hairy root cultures and outlines that basically from a kinetic standpoint, only two
types of cells exist in a hairy root network:

1. Cells in the apical meristem which perform the tip elongation through contin-
uous cell division.

2. The remaining cells that are non-dividing. However, these cells elongate and
differentiate into root tissue.

Due to the ability of the meristematic cells to form new branches also outside,
the initial tip to form new tips allows the formation of lateral branches. Models of
the kinetics of branching point formation are therefore an important aspect with
macroscopic modeling of hairy root network. This issue gets also addressed by Kim
et al. [82] who proposed a set of verbal rules describing the branching kinetics in
detail and then converts these verbal rules into a mathematical model (see Fig. 5). In
the timed simulation, the developing hairy root network also gets correlated with an
age distribution. An implementation of the branching model is compared with
experimental results of hairy roots of T. erecta.

The application of classical grid- or state-based models is limited due to the high
complexity and the inconstancy of the carriers of the properties. That means that the
carrier of the property—in this case, the hairy root network itself—changes its
appearance constantly from one step to another when branching and elongating.
Due to this fact, the possible occurring constellations would need a practically
infinite high resolution of the grid together with a very complex analysis of the step
calculations to accurately reflect the structure and morphology of a hairy root
network. The steps could be forecasted within defined borders, but it would not be
possible to derive a descriptive model for the whole problem.

Consequently, another approach should be investigated: The carrier of the
properties, the so-called agents, should only describe the organism in parts and are
designed to change their appearance. An object-oriented implementation of such an

Fig. 5 Schematic drawing of a hairy root network. Old tips are denoted by arrows, and newborn
tips are denoted by filled circles. The newborn tip can form either as the first tip on a branch, the
event marked A, or as a “sibling” tip on a parent branch that has branched previously, the event
marked B [82]
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agent-based approach is a viable solution toward such a problem. The fundamental
equivalents are described in classes—in the presented case, the hairy root network
itself and the underlying vessel (e.g., culture dish or bioreactor) as a reservoir for
nutrients. These classes are identical in terms of their structure as only their
instances differ in the defined properties and values assigned. This approach is a
consequent advancement of the work presented in [74, 82] and includes finding
from the field of the behavior of microbial communities presented by Lardon et al.
[83] to be incorporated in the agent-based model for hairy root networks. Fur-
thermore, it allows the efficient reproduction of a real hairy root structure and a
discrete evolution from TIME-STEP T to TIME-STEP T + 1. The refinement for a verifiable
iterative modeling needs to be variable in terms of time and the structure of the
objects.

The agent-based character of the model showed several advantages during the
development process. Typically, the number and the cross-linking are not that
variable as in the described hairy root model. At first the description seems to be
complex, as the object-oriented approach uses unified modeling language (UML)
diagrams to express a static class structure. However, as several parts of a hairy root
network can be interpreted as agents, the overview-design concept-details ODD-
approach proposed by Grimm et al. [84, 85] can be used. This approach basically
consists of three blocks: OVERVIEW, DESIGN CONCEPT, and DETAILS.

3.2.1 Overview

In the case of modeling and simulation of complex root networks, three indepen-
dent growth processes can be observed [38, 81]:

1. Formation of new root tips and new branching points,
2. Tip elongation,
3. Secondary thickening of existing root parts.

To macroscopically model the growth processes of hairy root networks, a timely
discrete, recursive description system was used by Lenk et al. [34] that only
depends on the previous TIME-STEP (one-step procedure). Figure 6 shows this pro-
cess flow for TIME-STEP T toward TIME-STEP T + 1 horizontally. Vertically the agent-
based approach gets expressed as a single-way state machine which describes the
phases of an agent in states. Another information exchange and interaction between
two agents are implemented using the interaction of resources through the
environment.

3.2.2 Design Concept

Starting point of the modeling process was sets of images of hairy root cultures
placed on solid nutrient medium in standard culture dishes. The growth charac-
teristics and the evolution of the morphology should be described mathematically.
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Beginning with these experimental images treated with a tailored image analysis
algorithm [33], every initial counterpart of a hairy root segment, defined as the
connection between two branching points or the connection between a branching
point and the root tip, can be mapped to the class ROOTELEMENT (see Fig. 7). To
derive a model architecture and a closely connected representation in a data
structure, the hairy root network was fragmented into small parts, where the
smallest part is representing cell conglomerates (see Fig. 7d, e). Figure 7a shows a
small hairy root sample, while in Fig. 7b, a typical branching point situation is
outlined and magnified in Fig. 7c.

The instances of ROOTELEMENT are equipped with several properties such as
length, width as physical parameters as well as oxygen-, pigment- and nutrient-
concentrations. With calculated values such as the surface area, volume, and dif-
fusion pressures of the agents, properties can be retrieved easily.

Many cross-linked ROOTELEMENTS compose of the hairy root network. There are
numerous methods to calculate meta-data similar to the results from the image
analysis solution. An information exchange can be achieved by the use of transient

Fig. 6 Fundamental model scheme showing the time-step horizontally and the state machine
vertically [34]

Fig. 7 Derivation of the agent-based architecture from the whole hairy root network (a) to the
single agent (e) with its properties (f1 and f2) [34]
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processes, e.g., for the nutrient concentrations as long as there is a connection
between the two agents. There is also information exchanged regarding the
geometry as every agent gets displayed as adjoining bi-frustums which diameters
need to be matched between the instances (see Fig. 7f).

The arrangement of the instances or agents, respectively, corresponds to a cross-
linked, incomplete binary tree into both directions. For the implementation of a
branch and the aligned formation of branching points, two levels of ROOTELEMENTS

are defined: BRANCH1 is the progressive main strand, while BRANCH2 refers to a
potential offshoot. The group of nutrient concentrations is managed as cumulative
capacity and is used as the consumption reservoir for biomass formation. Addi-
tionally, oxygen is necessary which is supplied unlimited above the solid nutrient
medium in the virtual culture dish but is available only very limited in the nutrient
medium. The transport processes between those phases are part of the implemen-
tation. Calling different methods, results in gathering of relevant information on
every instance or even the whole network, get assessed. The TIME-STEP-method
pushes the simulation one step further.

3.2.3 Details

Due to the nature of the used iterative simulation approach, it is necessary to start
the simulation under defined starting conditions. Originating from an initial agent
with defined properties concerning, e.g., length that is placed on the virtual nutrient
medium, the simulation can be started at TIME-STEP T0. Lenk et al. [34] in line with
Palavalli et al. [66] described also that the supply of the hairy roots with nutrients
and oxygen is crucial for the growth processes. Therefore, the class representing the
environment contains a scalar 3D field as a carrier for nutrients. Using linear
interpolation on this 3D grid agents absorb nutrients and oxygen. The complexity
within the agents due to the high affinity of parameters is simplified by a single-way
state machine to meet the idea of an agent-based simulation. The complexity should
be achieved through the interaction of simple entities. A comprehensive overview
on the transition of the agents from one state to another can be found in [34].

Important part of every modeling and simulation task is the visualization of the
simulation results to get a visual impression of the calculation results. Very illus-
trative visualizations of hairy root morphology simulations are also shown by
Bastian et al. [79]. The advantages an object-oriented program allows the design of
a very efficient visualization engine. In the presented ABM for hairy roots of
B. vulgaris [34], only one visual counterpart for each class needs to be constructed
as its properties parameterized in the instances. Therefore, it is possible to display
the properties of each agent individually and rapidly. Another important advantage
of implementing the visualization together with the agents is that it results in a faster
redevelopment and allows for a rapid parameterization. Simple programming errors
do not need to be analyzed using debug tools keeping in mind that the recursive
structure of the agents produces an excessive number of instances in a very short
computation time (see Fig. 8a). It is obvious that the simulation approach
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implemented in Java 1.7 is able to generate millions of single agents within seconds
on a commercial personal computer. Consequently, a high-performance strategy to
visualize this amount of data to the user is necessary. Considered by Lenk et al.
[34], the most efficient solution was the hardware-based OpenGL interface. The
agents itself get displayed as frustums between the respective agent and its parental
agents. The color gradients were derived directly from the concentration of sec-
ondary metabolites, in the case of hairy roots of B. vulgaris, the red pigments from
the group of betalains, and also have been parameterized through the orientation of
the light source. Basically, such a free implementation with only a couple of fixed
interfaces principally allows a very efficient simulation and display of the computed
data. The compiled framework is open source and runs universally of a device with
JavaTM support. For the user, there is no need to care, e.g., the movement in space
or the pacing as the linear programming of OpenGL gets translated into the object
orientation. With this solution, the visualization of about 105 agents with more than
6 × 106 surfaces (polygons) could be achieved with a frame rate of 30 fps on a
commercial decided graphics adapter.

The developed visualization engine allows completely free movement
throughout the described space. Additionally, the engine is capable of displaying
the underlying nutrient matrix (see Fig. 8b). The local nutrient concentration dis-
tribution (e.g., for the carbon source) within the nutrient matrix is documented in
tiles that change their color from red (high concentration available) to dark blue
(depleted). These functions allow the directed, model-based investigation of growth
limitation effects through an even locally resolved shortening of necessary
resources. Consequently, in silico experiments of a certain experimental setup of an
entire cultivation can be carried out before doing in vitro implementations [1, 34].

4 Conclusions

It becomes clear that innovative strategies for biomonitoring and modeling of
growth and biosynthesis processes of hairy root cultures are an emerging and
challenging field of research and development. Driven by the demand for

Fig. 8 Examples for the 3D visualization of Beta vulgaris hairy roots (a) and the nutrient matrix
(b) [34]
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productive, robust and stable hairy root cultures for the production of active agents
for the food, cosmetics, and pharmaceutical industry, the development of a direct
online measuring method for the biomass concentration of hairy root cultures in
liquid medium still does not exist. However, certain indirect measurement princi-
ples are well established and thoroughly investigated. The necessary underlying
mathematical models for calculation of the desired target measuring values (e.g.,
biomass) are in the main focus and have been refined over the course of the last
25 years. A promising direction of development is the increasing interlinking of
different measurement value and incorporation in mathematical models with high
complexity. The investigation of hairy roots and their properties with well-estab-
lished methods such as PCR, HP-LC, GC-MS, or flow cytometry is very common
but bears the disadvantage of being typically an offline or at least at-line measuring
principle which does not provide the user with real-time data necessary, e.g.,
a dynamic process control.

The description of detailed aspects related to the growth and biosynthesis of
hairy root cultures is challenging topic with several exciting research findings
published which can be rooted back into the 1960s when early description models
for the formation of root networks emerged. From an architectural standpoint,
descriptive continuous models based on differential equations, metabolic flux
analysis, models based on ANN, and agent-based models are applied to derive
actions to improve the culture medium composition, the applied culturing condi-
tions as well as the target metabolite concentrations. Efforts to describe the growth
of hairy root cultures completely are right now limited to phenomenological
descriptions of the macroscopic morphology that can be observed experimentally.

Main goal for future research should not only be an integration of the available
detailed models, e.g., for nutrient uptake or root tip elongation into a full-scale
model but also the transition of the simulated cultivation environment from the
culture dish to, e.g., shaking flasks or STRs incorporating models for turbulent
mixing and aeration (CFD). Ideally, this creates a framework which is available to
culture development and optimization for different stages in the upscaling process.
Consequently, this approach would certainly speed up culture line developments
significantly, would reduce the need for systematic experiments, and would enable
the sustainable use of hairy root plant in vitro cultures for a broader variety of
applications.

References

1. Steingroewer J, Bley T, Georgiev V, Ivanov I, Lenk F, Marchev A, Pavlov A (2013)
Bioprocessing of differentiated plant in vitro systems. Eng Life Sci 13(1):26–38

2. Hanson JR (2003) Natural products: the secondary metabolites. Royal Society of Chemistry,
Cambridge

3. Srivastava S, Srivastava AK (2007) Hairy root culture for mass-production of high-value
secondary metabolites. Crit Rev Biotechnol 27(1):29–43

Ramified Challenges: Monitoring and Modeling of Hairy Root … 269



4. Chilton M-D, Tepfer DA, Petit A, David C, Casse-Delbart F, Tempé J (1982) Agrobacterium
rhizogenes inserts T-DNA into the genomes of the host plant root cells. Nature 295
(5848):432–434

5. Lenk F (2012) Innovative Zusatzstoffe aus dem Bioreaktor—hairy roots als Produktionssysteme:
Maßgeschneiderte Lösungen vom Screening bis zur Produktionsumgebung. Food-Lab
12(5–6):26–28

6. Misawa M (1994) Plant tissue culture: an alternative for production of useful metabolites.
FAO, Rome

7. Curtis WR (2010) Hairy roots, bioreactor growth. In: Encyclopedia of industrial
biotechnology. Wiley, Hoboken

8. Giri A, Narasu ML (2000) Transgenic hairy roots—recent trends and applications. Biotechnol
Adv 18(1):1–22

9. Matkowski A (2008) Plant in vitro culture for the production of antioxidants—a review.
Biotechnol Adv 26(6):548–560

10. Yesil-Celiktas O, Gurel A, Vardar-Sukan F (2010) Large scale cultivation of plant cell and
tissue culture in bioreactors. Transword Res Netw 1(1):1–54

11. Guillon S, Tremouillauxguiller J, Pati P, Rideau M, Gantet P (2006) Hairy root research:
recent scenario and exciting prospects. Curr Opin Plant Biol 9(3):341–346

12. Eibl D, Eibl R, Poertner R, Catapano G, Czermak P (2009) Cell and tissue reaction
engineering. Springer, Berlin

13. Choi Y, Kim Y, Paek K (2006) Types and designs of bioreactors for hairy root culture. In:
Gupta SD, Ibaraki Y (eds) Plant tissue culture engineering, vol 2. Springer, Dordrecht,
pp 161–172

14. Eibl R, Eibl D (2007) Design of bioreactors suitable for plant cell and tissue cultures.
Phytochem Rev 7(3):593–598

15. Doran PM (ed) (1997) Hairy roots: culture and applications. Harwood Academic Publishers,
Amsterdam

16. Ludwig-Müller J, Georgiev M, Bley T (2008) Metabolite and hormonal status of hairy root
cultures of Devil’s claw (Harpagophytum procumbens) in flasks and in a bubble column
bioreactor. Process Biochem 43(1):15–23

17. Zhang L, Ding R, Chai Y, Bonfill M, Moyano E, Oksman-Caldentey K-M, Xu T, Pi Y, Wang
Z, Zhang H, Kai G, Liao Z, Sun X, Tang K (2004) Engineering tropane biosynthetic pathway
in Hyoscyamus niger hairy root cultures. Proc Natl Acad Sci 101(17):6786–6791

18. Yuan Y, Liu Y, Lu D, Huang L, Liang R, Yang Z, Chen S (2009) Genetic stability, active
constituent, and pharmacoactivity of Salvia miltiorrhiza hairy roots and wild plant.
Z Naturforsch C J Biosci 64(7–8):557–563

19. Zhi BH, Alfermann AW (1993) Diterpenoid production in hairy root cultures of Salvia
miltiorrhiza. Phytochemistry 32(3):699–703

20. Kamada H, Okamura N, Satake M, Harada H, Shimomura K (1986) Alkaloid production by
hairy root cultures in Atropa belladonna. Plant Cell Rep 5(4):239–242

21. Kovács G, Kuzovkina IN, Szoke É, Kursinszki L (2004) HPLC determination of flavonoids in
hairy-root cultures of Scutellaria baicalensis Georgi. Chromatographia 60(1):81–85

22. Lanoue A, Boitel-Conti M, Dechaux C, Laberche J, Christen P, Sangwan-Norreel B (2004)
Comparison of growth properties, alkaloid production and water uptake of two selected
Datura hairy root lines. Acta Biol Cravoviensia Ser Bot 46:185–192

23. Bais HP, Dattatreya B, Ravishankar G (2003) Production of volatile compounds by hairy root
cultures of Cichorium intybus L. under the influence of fungal elicitors and their analysis using
solid-phase micro extraction gas chromatography-mass spectrometry. J Sci Food Agric 83
(8):769–774

24. Amdoun R, Khelifi L, Khelifi-Slaoui M, Amroune S, Asch M, Assaf-Ducrocq C, Gontier E
(2010) Optimization of the culture medium composition to improve the production of
hyoscyamine in elicited Datura stramonium L. Hairy roots using the response surface
methodology (RSM). Int J Mol Sci 11(11):4726–4740

270 F. Lenk and T. Bley



25. Rahimi S, Hasanloo T, Najafi F, Khavari-Nejad RA (2011) Enhancement of silymarin
accumulation using precursor feeding in Silybum marianum hairy root cultures. J Plant Biol
Omics 4(1):34–39

26. Weber J, Georgiev V, Pavlov A, Bley T (2008) Flow cytometric investigations of diploid and
tetraploid plants and in vitro cultures of Datura stramonium and Hyoscyamus niger. Cytom
Part J Int Soc Anal Cytol 73(10):931–939

27. Weber J, Georgiev V, Haas C, Bley T, Pavlov A (2010) Ploidy levels in Beta vulgaris (red
beet) plant organs and in vitro systems. Eng Life Sci 10(2):139–147

28. Neumann P, Lysák M, Doležel J, Macas J (1998) Isolation of chromosomes from Pisum
sativum L. hairy root cultures and their analysis by flow cytometry. Plant Sci 137(2):205–215

29. Geipel K, Socher ML, Haas C, Bley T, Steingroewer J (2013) Growth kinetics of a Helianthus
annuus and a Salvia fruticosa suspension cell line: shake flask cultivations with online
monitoring system. Eng Life Sci 13(6):593–602

30. Himmelbauer M, Loiskandl W, Kastanek F (2004) Estimating length, average diameter and
surface area of roots using two different Image analyses systems. Plant Soil 260(1/2):111–120

31. Zobel RW (2008) Hardware and software efficacy in assessment of fine root diameter
distributions. Comput Electron Agric 60(2):178–189

32. Galkovskyi T, Mileyko Y, Bucksch A, Moore B, Symonova O, Price CA, Topp CN, Iyer-
Pascuzzi AS, Zurek PR, Fang S, Harer J, Benfey PN, Weitz JS (2012) GiA roots: software for
the high throughput analysis of plant root system architecture. BMC Plant Biol 12(1):116

33. Lenk F, Vogel M, Bley T, Steingroewer J (2012) Automatic image recognition to determine
morphological development and secondary metabolite accumulation in hairy root networks.
Eng Life Sci 12(6):588–594

34. Lenk F, Sürmann A, Oberthür P, Schneider M, Steingroewer J, Bley T (2014) Modeling hairy
root tissue growth in in vitro environments using an agent-based, structured growth model.
Bioprocess Biosyst Eng 37(6):1173–1184

35. Lenk F, Vogel M, Lauterbach T, Stange R, Bley T, Boschke E (2014) Innovative lab-
automation solution for culture dish handling and imaging using the petrijet technology
platform. Chem Ing Tech 86(9):1375–1375

36. Lenk F (2014) Automatic handling of culture dishes. Food-Lab 14(1):7–9
37. Clark RT, Famoso AN, Zhao K, Shaff JE, Craft EJ, Bustamante CD, Mccouch SR,

Aneshansley DJ, Kochian LV (2013) High-throughput two-dimensional root system
phenotyping platform facilitates genetic analysis of root growth and development: root
phenotyping platform. Plant Cell Environ 36(2):454–466

38. Leitner D, Schnepf A (2012) Image analysis of 2-dimensional root system architecture. In:
Proceedings of algoritmy 2012, Vysoké Tatry—Podbanské, vol 1, pp 113–119

39. Lobet G, Pagès L, Draye X (2011) A novel image-analysis toolbox enabling quantitative
analysis of root system architecture. Plant Physiol 157(1):29–39

40. Ninomiya K, Oogami Y, Kino-Oka M, Taya M (2003) Assessment of herbicidal toxicity based
on non-destructive measurement of local chlorophyll content in photoautotrophic hairy roots.
J Biosci Bioeng 95(3):264–270

41. Eibl R, Brandli J, Eibl D (2012) Plant cell bioreactors. In: Doelle HW, Rokem S, Berovic M
(eds) Encyclopedia in life support systems, vol 6. EOLSS Publishers, Oxford, pp 33–51

42. Taya M, Hegglin M, Prenosil JE, Bourne JR (1989) On-line monitoring of cell growth in plant
tissue cultures by conductometry. Enzyme Microb Technol 11(3):170–176

43. Taya M, Yoyama A, Kondo O, Kobayashi T, Matsui C (1989) Growth characteristics of plant
hairy roots and their cultures in bioreactors. J Chem Eng Jpn 22(1):84–89

44. Jeong C-S, Chakrabarty D, Hahn E-J, Lee H-L, Paek K-Y (2006) Effects of oxygen, carbon
dioxide and ethylene on growth and bioactive compound production in bioreactor culture of
ginseng adventitious roots. Biochem Eng J 27(3):252–263

45. Jeong G-T, Park D-H, Hwang B, Woo J-C (2003) Comparison of growth characteristics of
Panax ginseng hairy roots in various bioreactors. Appl Biochem Biotechnol 107(1–3):
493–504

Ramified Challenges: Monitoring and Modeling of Hairy Root … 271



46. Jung K-H, Kwak S-S, Liu JR (1998) Procedure for biomass estimation considering the change in
biomass volume during high density culture of hairy roots. J Ferment Bioeng 85(4):454–457

47. Huang S-Y, Hung C-H, Chou S-N (2004) Innovative strategies for operation of mist trickling
reactors for enhanced hairy root proliferation and secondary metabolite productivity. Enzyme
Microb Technol 35(1):22–32

48. Madhusudanan KP, Banerjee S, Khanuja SPS, Chattopadhyay SK (2008) Analysis of hairy
root culture of Rauvolfia serpentina using direct analysis in real time mass spectrometric
technique. Biomed Chromatogr BMC 22(6):596–600

49. Homova V, Weber J, Schulze J, Alipieva K, Bley T, Georgiev M (2010) Devil’s claw hairy
root culture in flasks and in a 3-L bioreactor: bioactive metabolite accumulation and flow
cytometry. Z Naturforsch C J Biosci 65(7–8):472–478

50. Ramakrishnan D, Luyk D, Curtis WR (1999) Monitoring biomass in root culture systems.
Biotechnol Bioeng 62(6):711–721

51. Bley T (2010) From single cells to microbial population dynamics: modelling in
biotechnology based on measurements of individual cells. In: Müller S, Bley T (eds) High
resolution microbial single cell analytics, vol. 124 Springer, Berlin, pp 211–227

52. Maschke RW, Geipel K, Bley T (2015) Modeling of plant in vitro cultures—overview and
estimation of biotechnological processes: modeling in plant biotechnology. Biotechnol Bioeng
112(1):1–12

53. Walther T, Reinsch H, Grosse A, Ostermann K, Deutsch A, Bley T (2004) Mathematical
modeling of regulatory mechanisms in yeast colony development. J Theor Biol 229(3):327–338

54. Walther T, Reinsch H, Weber P, Ostermann K, Deutsch A, Bley T (2011) Applying dimorphic
yeasts as model organisms to study mycelial growth: part 1. Experimental investigation of the
spatio-temporal development offilamentous yeast colonies. Bioprocess Biosyst Eng 34(1):13–20

55. Walther T, Reinsch H, Ostermann K, Deutsch A, Bley T (2011) Applying dimorphic yeasts as
model organisms to study mycelial growth: part 2. Use of mathematical simulations to identify
different construction principles in yeast colonies. Bioprocess Biosyst Eng 34(1):21–31

56. Sriram G, González-Rivera O, Shanks JV (2006) Determination of biomass composition of
Catharanthus roseus hairy roots for metabolic flux analysis. Biotechnol Prog 22(6):
1659–1663

57. Sriram G, Fulton DB, Shanks JV (2007) Flux quantification in central carbon metabolism of
Catharanthus roseus hairy roots by 13C labeling and comprehensive bondomer balancing.
Phytochemistry 68(16–18):2243–2257

58. Leduc M, Tikhomiroff C, Cloutier M, Perrier M, Jolicoeur M (2006) Development of a kinetic
metabolic model: application to Catharanthus roseus hairy root. Bioprocess Biosyst Eng 28
(5):295–313

59. Morgan J (2002) Quantification of metabolic flux in plant secondary metabolism by a
biogenetic organizational approach. Metab Eng 4(3):257–262

60. Cloutier M, Perrier M, Jolicoeur M (2007) Dynamic flux cartography of hairy roots primary
metabolism. Phytochemistry 68(16–18):2393–2404

61. Lan X, Chang K, Zeng L, Liu X, Qiu F, Zheng W, Quan H, Liao Z, Chen M, Huang W, Liu
W, Wang Q (2013) Engineering salidroside biosynthetic pathway in hairy root cultures of
Rhodiola crenulata based on metabolic characterization of tyrosine decarboxylase. PLoS ONE
8(10):e75459

62. Cloutier M, Bouchard-Marchand É, Perrier M, Jolicoeur M (2008) A predictive nutritional
model for plant cells and hairy roots. Biotechnol Bioeng 99(1):189–200

63. Chavarría-Krauser A, Schurr U (2004) A cellular growth model for root tips. J Theor Biol 230
(1):21–32

64. Han B, Linden JC, Gujarathi NP, Wickramasinghe SR (2004) Population balance approach to
modeling hairy root growth. Biotechnol Prog 20(3):872–879

65. Asplund PT, Curtis WR (2001) Intrinsic oxygen use kinetics of transformed plant root culture.
Biotechnol Prog 17(3):481–489

272 F. Lenk and T. Bley



66. Palavalli RR, Srivastava S, Srivastava AK (2012) Development of a mathematical model for
growth and oxygen transfer in in vitro plant hairy Root cultivations. Appl Biochem Biotechnol
167:1831–1844

67. Yan Q, Wu J, Liu R (2011) Modeling of tanshinone synthesis and phase distribution under the
combined effect of elicitation and in situ adsorption in Salvia miltiorrhiza hairy root cultures.
Biotechnol Lett 33(4):813–819

68. Jolicoeur M, Bouchard-Marchand E, Bécard G, Perrier M (2002) Regulation of mycorrhizal
symbiosis: development of a structured nutritional dual model. Ecol Model 158(1–2):121–142

69. Albiol J, Campmajo C, Casas C, Poch M (1995) Biomass estimation in plant cell cultures: a
neural network approach. Biotechnol Prog 11(1):88–92

70. Prasad VSS, Gupta SD (2006) Applications and potentials of artificial neural networks in plant
tissue culture. In: Gupta SD, Ibaraki Y (eds) Plant tissue culture engineering, vol 6. Springer,
Dordrecht, pp 47–67

71. Osama K, Somvanshi P, Pandey A (2013) Modelling of nutrient mist reactor for hairy root
growth using artificial neural network. Eur J Sci Res 97(4):516–526

72. Prakash O, Mehrotra S, Krishna A, Mishra BN (2010) A neural network approach for the
prediction of in vitro culture parameters for maximum biomass yields in hairy root cultures.
J Theor Biol 265(4):579–585

73. Lindenmayer A (1968) Mathematical models for cellular interactions in development.
I. Filaments with one-sided inputs. J Theor Biol 18(3):280–299

74. Lindenmayer A (1968) Mathematical models for cellular interactions in development. II.
Simple and branching filaments with two-sided inputs. J Theor Biol 18(3):300–315

75. Prusinkiewicz P, Lindenmayer A (1990) The algorithmic beauty of plants. Springer, New
York

76. Böttcher A (2014) Grundlagen der Lindenmayer-Systeme; Einfache pflanzliche Strukturen.
Available Online: http://olli.informatik.uni-oldenburg.de/lily/LP/flow1/page8.html. Accessed
14 Aug 2014

77. Dupuy L, Gregory PJ, Bengough AG (2010) Root growth models: towards a new generation
of continuous approaches. J Exp Bot 61(8):2131–2143

78. Bastian P, Chavarría-Krauser A, Engwer C, Jäger W, Marnach S, Ptashnyk M (2008)
Modelling in vitro growth of dense root networks. J Theor Biol 254(1):99–109

79. Bastian P, Bauer J, Chavarría-Krauser A, Engwer C, Jäger W, Marnach S, Ptashnyk M,
Wetterauer B (2008) Modeling and simulation of hairy root growth. In Krebs H-J, Jäger W
(eds) Mathematics—key technology for the future. Springer, Berlin, pp 101–115

80. Mairet F, Villon P, Boitel-Conti M, Shakourzadeh K (2010) Modeling and optimization of
hairy root growth in fed-batch process. Biotechnol Prog 26(3):847–856

81. Hjortso M (1997) Mathematical modelling of hairy root growth. In: Hairy roots: culture and
applications Amsterdam. Harwood Academic Publishers, The Netherlands

82. Kim S, Hopper E, Hjortso M (1995) Hairy root growth models: effect of different branching
patterns. Biotechnol Prog 11(2):178–186

83. Lardon LA, Merkey BV, Martins S, Dötsch A, Picioreanu C, Kreft J-U, Smets BF (2011)
iDynoMiCS: next-generation individual-based modelling of biofilms. Environ Microbiol 13
(9):2416–2434

84. Grimm V (2005) Pattern-oriented modeling of agent-based complex systems: lessons from
ecology. Science 310(5750):987–991

85. Grimm V, Berger U, Bastiansen F, Eliassen S, Ginot V, Giske J, Goss-Custard J, Grand T,
Heinz SK, Huse G, Huth A, Jepsen JU, Jørgensen C, Mooij WM, Müller B, Pe’er G, Piou C,
Railsback SF, Robbins AM, Robbins MM, Rossmanith E, Rüger N, Strand E, Souissi S,
Stillman RA, Vabø R, Visser U, DeAngelis DL (2006) A standard protocol for describing
individual-based and agent-based models. Ecol Model 198(1–2):115–126

Ramified Challenges: Monitoring and Modeling of Hairy Root … 273

http://olli.informatik.uni-oldenburg.de/lily/LP/flow1/page8.html


Using Hairy Roots for Production
of Valuable Plant Secondary Metabolites

Li Tian

Abstract Plants synthesize a wide variety of natural products, which are tradi-
tionally termed secondary metabolites and, more recently, coined specialized
metabolites. While these chemical compounds are employed by plants for inter-
actions with their environment, humans have long since explored and exploited
plant secondary metabolites for medicinal and practical uses. Due to the tissue-
specific and low-abundance accumulation of these metabolites, alternative means of
production in systems other than intact plants are sought after. To this end, hairy
root culture presents an excellent platform for producing valuable secondary
metabolites. This chapter will focus on several major groups of secondary metab-
olites that are manufactured by hairy roots established from different plant species.
Additionally, the methods for preservations of hairy roots will also be reviewed.

Keywords Hairy roots � Secondary metabolites � Preservation � Terpenoid �
Phenolic � Alkaloid

Contents

1 Introduction........................................................................................................................ 276
2 Production of Valuable Secondary Metabolites................................................................ 300

2.1 Terpenoid Production in Hairy Roots ...................................................................... 300
2.2 Alkaloid and Glucosinolate Production in Hairy Roots .......................................... 304
2.3 Phenolic Production in Hairy Roots......................................................................... 306
2.4 Fatty Acid, Polyacetylene, Thiophene, and Polyketide Production

in Hairy Roots........................................................................................................... 309
2.5 Natural Dye and Biopesticide Production in Hairy Roots....................................... 310

3 Preservation of Hairy Roots .............................................................................................. 312
4 Future Perspectives ............................................................................................................ 313
References ................................................................................................................................ 314

Adv Biochem Eng Biotechnol (2015) 149: 275–324
DOI 10.1007/10_2014_298
© Springer International Publishing Switzerland 2015
Published Online: 13 January 2015

L. Tian (&)
Department of Plant Sciences, University of California, Davis, CA 95616, USA
e-mail: ltian@ucdavis.edu



1 Introduction

Roots play many important roles in plants—they anchor plants to the ground, take
up minerals and water from the soil, store nutrients for perennial plants, and pro-
duce a diverse array of chemicals for symbiotic interactions or defensive with other
plants or microbes in the rhizosphere. These plant-produced chemicals have tra-
ditionally been referred to as secondary metabolites and more recently tagged as
specialized metabolites. Many secondary metabolites not only protect plants from
pathogens, insects, and environmental stresses, but also are invaluable for animal
and human health. However, plant cultivation is often time-consuming and
metabolite extraction from plant roots is destructive to plant growth. To this end,
hairy roots induced from different plant tissues generally grow fast, are genetically
stable, and often, but not always, simulate the biochemical profiles of plant roots,
which makes hairy roots an attractive system for producing valuable secondary
metabolites.

Agrobacterium rhizogenes can infect wounded plants and play a fundamental
role in hairy root induction. As tallied in 1991, 463 plant species of 109 families
had already been transformed by A. rhizogenes [129]. To date, hairy roots estab-
lished from at least 155 plant species of 41 families, by A. rhizogenes strains of
diverse host ranges and virulence levels, reportedly produce secondary metabolites
(Table 1; Fig. 1). However, a systemic comparative analysis of A. rhizogenes strains
on effective induction of hairy root growth and secondary metabolite yield has not
been performed. It should be noted that, though most of the hairy root cultures
resulted from A. rhizogenes transformation, high-quality hairy roots were also
obtained for Atropa belladonna, Catharanthus roseus, Kalanchoe diagremontiana,
and Nicotiana tabacum plants infected by A. tumefaciens harboring rolABC genes
[18, 60, 158].

There have been many excellent reviews in the literature on a wide variety of
hairy root applications, such as metabolite or therapeutic protein production, bio-
transformation of core skeletons of secondary metabolites into novel compounds,
gene discovery and metabolic pathway characterization, and phytoremediation [13,
20, 39, 45, 47, 54, 52, 53, 124, 150] (and many other reviews). This chapter focuses
specifically on production of different classes of secondary metabolites in hairy
roots, their bioactivities, and preservation of hairy roots. Modeling and monitoring
of hairy root production of valuable compounds will be reviewed and discussed in
Chap. “Ramified challenges: Monitoring and Modeling of Hairy Root Growth in
Bioprocesses – A review” of this book.
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Fig. 1 Chemical structures of selected plant secondary metabolites produced in hairy root cultures
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2 Production of Valuable Secondary Metabolites

2.1 Terpenoid Production in Hairy Roots

Terpenoids (also known as isoprenoids) are synthesized from the dimethylallyl
diphosphate (DMAPP) and isopentenyl diphosphate (IPP) precursors, and consti-
tute the largest group of secondary metabolites in plants. Based on the number of C5

isoprene units in their structures, terpenoids can be divided into hemiterpenes (C5),
monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25),
triterpenes (C30), sesquarterpenes (C35), and tetraterpenes (C40). Polymers of iso-
prenes are also found in plants, such as natural rubber. In addition, terpenoids can
conjugate with molecular structures derived from other biochemical pathways to
form additional groups of secondary metabolites; for instance, isoprene units are
transferred to phenolic compounds to obtain prenylated phenolics.

Iridoids are monoterpenes that arise from geraniol through cyclization reactions;
cleavage of iridoids leads to the formation of secoiridoids. Iridoids and secoiridoids
often accumulate in plants in the glycosylated forms. The root extracts of the
Gentianaceae family plants have been used for treating many diseases and disorders
due to the bioactivities (e.g., hypoglycemic, anti-inflammatory) of secoiridoid
glycosides and the active principles of the root tissue [168]. Explants of several
Gentiana species, including Gentiana macrophylla, Gentiana punctate, Gentiana
scabra, were transformed with A. rhizogenes, and in general, the hairy roots grew at
a faster pace than the non-transformed control roots [63, 109, 173]. The increase in
hairy root biomass also correlated with an average of 2.5-fold higher accumulation
of the secoiridoid gentiopicroside in hairy roots than the non-transformed roots [63,
173]. A similar elevated production of iridoids glycosides was also observed for a
Picrorhiza kurroa hairy root clone, which manufactured 4-fold higher kutkoside
and picroside in liquid culture than roots of 3-year-old plants [182]. Besides gly-
cosylation, (seco)iridoids can also conjugate with alkaloids to form (seco)iridoid
alkaloids, which are classified as terpene indole alkaloids (TIAs). The TIA valep-
otriates are valued for their sedative and spasmolytic activities and are mainly found
in roots of plants that produce these compounds [36, 183]. It was shown that
A. rhizogenes transformed Centranthus ruber, Valeriana officinalis, and V. wallichii
hairy roots grew rapidly and produced significantly more concentrated valepotriates
than the non-transformed roots [12, 49, 50]. In addition, valepotriates were retained
in the hairy roots, unlike the cell cultures of these plants that released them into the
growth medium. Overall, the above-mentioned hairy root clones provide an alter-
native means for isolating the valuable TIAs other than the more destructive plant
root extraction method, which facilitates the preservation of these endangered
medicinal plant species.

Plant essential oils are often used for fragrances, flavoring, and toning. Bioac-
tivities have also been found for various classes of essential oils [34]. While the
parent Anethum graveolens (dill) plant contains monoterpenes as the major essential
oil components in roots and fruits, its hairy roots produced essential oils that had the
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signature of phenylpropanoid derivatives [140]. Additional examples can be drawn
from Pimpinella anisum (anise), Artemisia absinthium, and Levisticum officinale
(lovage) where the hairy roots exhibited different essential oil profiles than that of
the parent plants [118, 141, 142]. Although not suitable for synthesizing the
characteristic essential oils from the parent plants, these hairy roots could still be
employed, in the future, for producing the hairy root-type essential oils.

The tropical disease malaria is caused by parasitic infections. According to the
World Health Organization (WHO), there were over 200 million cases of malarial
illness reported worldwide and more than 600,000 people died from malaria in
2012 [192]. Artemisinin, a sesquiterpene derivative, is the only Food and Drug
Administration (FDA)-approved antimalarial drug on the market, and an artemisi-
nin-based combination therapy (ACT) is currently being used for treating malaria.
Artemisinin has traditionally been extracted from leaves and flowers of the annual
herb Artemisia annua where low concentrations of artemisinin are found. Total
chemical synthesis of artemisinin, though possible, poses high costs to patients.
Complementary to the whole-plant extraction, semi-chemical synthesis, and syn-
thetic biology approaches, hairy root cultures of A. annua were established to
provide year-round production of this valuable antimalarial metabolite [70, 131,
189]. Additionally, gas-phase and liquid bioreactors have been designed, imple-
mented, and improved for large-scale, hairy root-based production of artemisinin. A
1-L mist (gas phase) bioreactor was modified with a flexible-wall growth chamber,
which allowed a dense inoculum bed at the early stage of culture growth and
resulted in more proliferative hairy root growth than shake flasks [157]. When the
growing A. annua hairy roots were separated from the impeller of a 3-L stir tank
liquid bioreactor, damage of the growing roots was avoided. A combination of this
improved stir tank bioreactor design and application of the elicitor methyl jasmo-
nate (MeJA) led to an enhanced yield of 10.33 mg L−1 artemisinin [128]. However,
despite these technological advancements, to date, commercial production of ar-
temisinin from hairy root cultures has not been realized.

Although the ACT has been effective in combating malaria, artemisinin-resistant
plasmodium parasites were reported recently [35] and there is an immediate need
for the discovery of new antimalarial drugs. The seed extracts of Bixa orellana are
commonly used in food coloring and cosmetics. Ethnopharmacy records showed
that several Bixa species were also among a few indigenous plants adopted for
treating malaria by Amazonians [135]. In contrast to a previous report where
in vitro antiplasmodial activity assays were negative for crude Bixa extracts [135], a
recent study indicated that crude extracts and purified compounds (e.g., stigmas-
terol) from Bixa hairy roots exhibited EC50 values on a micromolar scale against
two plasmodial strains [200]. The discrepancy in antiplasmodial activities reported
in these two studies could be due to different metabolite profiles, chemical
extraction methods, assay procedures, and parasite strains that were used. Further
studies are necessary to verify the observations made by Zhai et al. [200] and
identify the antiplasmodial compounds from the hairy root extracts. As documented
by Kaur et al. [74], there are continuous efforts in the search for additional anti-
malarial drugs from natural sources; many of the lead compounds have already
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been identified from hairy roots induced from various plant species (Table 1), and
hairy roots will find great utility in the development of new antimalarial drugs.

The dimeric sesquiterpene compound gossypol is uniquely localized in the
specialized glandular tissues of cotton plants. Gossypol could inhibit the growth of
several types of cancer cells, while antiviral, antiamoebic, and antiprotozoan effects
were also ascribed to this compound [186]. Hairy roots induced from Gossypium
hirsutum and Gossypium barbadense were highly productive, with an average yield
of 15 mg g−1 and a maximum yield of over 40 mg g−1 gossypol on a dry culture
mass basis [175]. Gossypol-related compounds that contain additional functional
groups were also present in these hairy root clones. Between 60 and 95 % of
gossypol and derivatives were retained in the hairy roots, which allows for targeted
extraction of these valuable compounds from hairy root tissues.

The renowned diterpene anticancer drug paclitaxel was directly extracted from
the bark of pacific yew trees (Taxus brevifolia). The lengthy growth cycle of the
trees, the destructive extraction procedure, and the low yield (0.01 %) of paclitaxel
prompted the use of a cell culture system for paclitaxel production (0.6 % yield).
Complementary to the cell culture-based approach, hairy roots of T. brevifolia were
induced and could synthesize 69–210 μg g−1 paclitaxel (i.e., up to 0.02 % yield)
upon elicitation by MeJA [43]. Though the hairy roots are twice as productive as
the tree bark, there is still much less paclitaxel being made in hairy roots than in cell
cultures. Nevertheless, this T. brevifolia hairy root culture could be useful for
biochemical pathway characterization and possibly biotransformation studies.

The Salvia species contain diterpenes with diverse structures, such as the lab-
dane, abietane, clerodane, and pimarane types of diterpenes, which were reported to
possess antioxidant, anti-inflammatory, antimicrobial, antitumor, and anticancer
activities [41]. These diterpene compounds have been identified from hairy roots
induced from various Salvia plants [41, 90, 91, 148]. Fraga et al. [41] also analyzed
the biogenetic relationships of the abietane diterpenoids from S. broussonetii hairy
roots and determined their antifeedant and toxic properties, thus providing new
insights into this group of bioactive compounds. Hypotensive, positive inotropic,
and chronotropic activities were shown for a labdane diterpenoid, forskolin, pro-
duced by the roots of Coleus forskohlii [27]. The hairy root culture of C. forskohlii
yielded high concentrations of forskolin, and this production appeared to be affected
by the A. rhizogenes strains and the culture media being used [143]. Diterpene
lactones ginkgolides can be extracted from leaves and roots of Ginkgo biloba.
Previous studies of differentiated G. biloba cell cultures produced ginkgolides [94],
suggesting that the differentiated hairy roots could possibly be a source of these
health-beneficial diterpenoids. Hairy roots of G. biloba were established; however,
chemical analysis of hairy roots was not described in that study [7].

Triterpene saponins (C30) are amphiphilic compounds with glycosidic chain(s)
conjugated to the triterpene aglycone core structures. A group of triterpene saponin
compounds, namely saikosaponins, contribute to the anti-inflammatory, antipyretic,
and antitussive activities of the root extracts of the traditional Chinese herbal plant
Bupleurum falcatum (Apiaceae) [2]. In consideration of the slow natural root
growth, hairy root cultures of B. falcatum were established for speedy production of

302 L. Tian



saikosaponins [2]. Sucrose and mineral contents in the growth medium showed
differential impacts on hairy root growth and saikosaponin yield [2]. Further
optimization of the culturing conditions is still needed for commercially viable
production of this valuable metabolite. Another plant of the Apiaceae family,
Centella asiatica, accumulates saponins, such as centellasaponin, asiaticoside,
madecassoside, and sceffoleoside, mainly in leaves. These triterpene saponins are
recognized for their antipyretic and anti-inflammatory properties [185]. Non-
transformed roots and hairy roots of C. asiatica did not show significant accu-
mulation of saponins. However, upon elicitation by MeJA, 7.12 mg g−1 asiaticoside
accumulated in hairy roots [75]. This encouraging result suggested that saponin
production could potentially be further enhanced in C. asiatica hairy roots using
elicitors and additional manipulations.

The roots of Panax ginseng are rich in saponin ginsenosides, which are
appreciated for their toning, immunomodulatory, adaptogenic, and antiaging
activities. The lengthy cultivation time and various problems involved in culturing
stimulated the development of Panax hairy root cultures. Interestingly, 2-fold more
ginsenosides were achieved in P. ginseng-derived hairy roots than the wild-type
roots [197]. Another important Panax species, P. quinquefolium, was subjected to
hairy root induction, and the ginsenoside content reached 0.2 g g−1 dry weight at
10 weeks of hairy root growth [105]. The hybrid plant between P. ginseng and
P. quinquefolium was more vigorous in ginsenoside production than either parent
[83]. However, since the hybrid plant is sterile, hairy roots of the hybrid were
developed to maintain this elevated biosynthetic capacity [188]. The promising
finding from this work was that the 8-week-old hairy roots contained comparable
amounts of ginsenosides to the roots of field-grown parental plants, suggesting that
the biosynthetic potential of the parent plants was maintained in the hairy roots
[188]. Structural analogs of ginsenosides, gypenosides, are produced by Gy-
nostemma pentaphyllum (Cucurbitaceae) and are noted particularly for their anti-
diabetic effects [119]. A maximum of 280 mg L−1 gypenoside accumulation was
reached at day 49 of G. pentaphyllum hairy root growth, and kinetic evaluations
revealed an intriguing concomitant production of gypenosides with the primary
metabolites [26]. It will be interesting to understand how G. pentaphyllum hairy
roots partition carbons between the primary and secondary metabolism.

The leaves and infusions of Gymnema sylvestre are valued in traditional Indian
medicine for their antidiabetic properties. The active principles of G. sylvestre,
triterpene saponins (e.g., gymnemic acid), were also reported to have additional
health-promoting benefits. As with many other medicinal plants, overexploration of
this herb caused concerns for a sustainable supply of these antidiabetic compounds.
The G. sylvestre hairy roots generated almost 5-fold more gymnemic acid than the
non-transformed roots [116]. The highly productive G. sylvestre hairy roots hold
great potential for producing gymnemic acid. However, it remains to be determined
whether the hairy root extracts exhibit comparable efficacy to that shown for the leaf
and whole-plant extracts.

A special group of triterpene compounds are phytoecdysteroids, which are
synthesized from the mevalonic acid pathway with cholesterol as a biosynthetic
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intermediate. These plant-produced ecdysteroid analogs are purposed to mimic the
action of ecdysteroids (steroidal hormones) from insects and other anthropods to
interfere with their molting processes (ecdysis). On the other hand, immunostim-
ulatory effects of phytoecdysteroids have been described in humans [21]. High
levels of phytoecdysteroids accumulated in the hairy roots of Serratula tinctoria, to
an extent of 0.1–0.2 % of dry weight [31]. Biosynthesis of phytoecdysteroids in S.
tinctoria hairy roots was supported by feeding of radiolabeled cholesterol and
mevalonic acid and incorporation of the isotope into phytoecdysteroids [31]. The
hydrolysis product of saponins, sapogenins (i.e., the aglycone, e.g., diosgenin), can
be used for commercial synthesis of the human steroidal hormones. Fenugreek
(Trigonella foenum-graecum) hairy roots were shown to produce diosgenin [110].
Cholesterol supplementation (i.e., precursor feeding) largely decreased the biomass
of T. foenum-graecum hairy roots and only led to a moderately increased diosgenin
content (5 %). However, addition of chitosan to the growth medium induced
diosgenin production by 5-fold [110]. Further optimization of biomass growth and
diosgenin yield could improve the prospect of using fenugreek hairy roots as human
steroidal hormone “feedstocks”.

2.2 Alkaloid and Glucosinolate Production in Hairy Roots

Alkaloids are nitrogen-containing (N-containing) compounds found in plants,
microorganisms, and animals. The current classification of alkaloids is based on the
N-containing structures, such as indole or quinoline alkaloids. The nitrogen atom in
alkaloids is derived from an amino acid either directly or indirectly through a
transamination reaction. Tropane alkaloids are likely synthesized from the mo-
nomethylated polyamine putrescine. Many solanaceous plants produce tropane
alkaloids, particularly hyoscyamine and scopolamine, specifically in the root tissue.
Tropane alkaloids can counteract the function of the neurotransmitter acetylcholine
in the brain (i.e., anticholinergic) [100]. The pharmaceutical properties and the root-
enriched accumulation of tropane alkaloids inspired hairy root studies in solana-
ceous plants (Table 1). A survey of Datura and Hyoscyamus species revealed large
variations in the quantity of tropane alkaloids produced by hairy roots [86]. Most of
the tropane alkaloids accumulated in Datura candida hairy roots, while only a small
portion were released to the growth medium [28]. However, Sáenz-Carbonell and
Loyola-Vargas [162] noticed that the use of ammonium as the nitrogen source for
hairy root growth stimulated secretion of tropane alkaloids. It was found that UV B
irradiation and acetylsalicylic acid elicitation could enhance tropane alkaloid pro-
duction in Anisodus luridus hairy roots [132]. Interestingly, in addition to hyo-
scyamine and scopolamine, a novel polyamine cadaverine was detected in the hairy
roots, but not the whole plant, of Brugmansia candida [22].

Indole alkaloids originate from the aromatic amino acid tryptophan. The terpene
and indole alkaloid conjugates (TIAs) constitute one of the largest groups of alkaloids
in plants. TIA biosynthesis presents an excellent example of highly complex and
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coordinated secondary metabolic pathways that encompass multiple distinct bio-
synthetic routes, diverse cell types, and different subcellular compartments. The
rhizomes and roots of Rauvolfia species are rich sources of TIAs that have been used
for treating nervous system disorders due to their anxiolytic activities. Hairy roots
established from Rauvolfia serpentine produced ajmaline and serpentine in both solid
and liquid cultures [14], while targeted analysis of ajamaline and ajamalicine in
Rauvolfia micrantha hairy roots indicated that this hairy root system could synthesize
both TIAs [160]. Development of hairy roots as sources of Rauvolfia TIAs will help
alleviate overharvest of these endangered species.

C. roseus (Madagascar periwinkle) reportedly produces over 130 TIAs and is
valued for its many health-beneficial activities. Two major alkaloids from Catha-
ranthus, vinblastine and vincristine, are structurally very similar—each is composed
of two alkaloid monomers, with vinblastine possessing an N-methyl group and
vincristine possessing an N-formyl group at the corresponding position. In principle,
both vinca alkaloids bind to tubulins, disrupt microtube functions, and terminate cell
divisions. Yet, these dimeric TIAs exhibit distinct bioactivities and are components of
cancer therapies. Since the yield of vincristine and vinblastine from whole plants is
extremely low (0.0002%), these chemicals are currently obtained from semisynthesis
using intermediates isolated from C. roseus. Alternative methods are desirable for
economic production of these valuable vinca alkaloids. Hairy root cultures of C.
roseus were established, and various environmental, chemical, and biotic factors
were applied to the hairy roots for yield increase [149]. In addition, biosynthetic and
regulatory genes were also employed for manipulation of alkaloid content in hairy
roots. To this end, the transcription factor octadecanoid-derivative-responsive cath-
aranthus AP2 domain (ORCA3) and one of the biosynthetic genes geraniol 10-
hydroxylase (G10H) were overexpressed in C. roseus hairy roots and resulted in
enhanced accumulation of catharanthine, but not vindoline, vinblastine, and vin-
cristine [187]. It remains to be explored how the enzyme organization (e.g., whether
metabolons are involved and delineation of the regulons) and the subcellular local-
ization of the biosynthetic enzymes affect the production of vinca alkaloids.

The TIA camptothecin (CPT) contains a quinoline-type alkaloid and is obtained
from the Chinese happy tree Camptotheca acuminata [99]. CPT can bind to DNA
and DNA topoisomerase I; the formation of such a complex blocks the activity of
DNA topoisomerase I, which contributes to the antitumor, anticancer, and antiviral
activities of CPT [85]. Synthetic analogs of CPT have already been approved by the
FDA for treating cancers. Both C. acuminata and Ophiorrhiza pumila hairy roots
produced quantities of CPT that were similar to the wild-type roots [99, 136]. The
CPT produced in hairy roots was released to the liquid growth medium. It was
shown that addition of polystyrene resins to the growth medium of O. pumila hairy
roots absorbed CPT and further stimulated its secretion. These promising results
bode well for hairy root production of this bioactive chemical. One may envision
that high levels of CPT could be achieved by a combined elicitation, absorbent
addition, and metabolic engineering of hairy roots.

Additional groups of alkaloids with piperidine or indolizidine structures were
also identified from hairy root cultures. Piperidine alkaloids from Lobelia inflata
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(e.g., lobeline) have been used as antiasthmatic agents. Hairy roots of L. inflata
produced similar or higher levels of lobeline when cultured in different growth
media as compared to the soil-grown non-transformed roots [196]. Swainsonine, an
indolizidine alkaloid derived from lysine, is produced from the hairy roots of the
legume plant Swainsona canescens [113]. Its concentration in hairy roots was
further increased by feeding biosynthetic precursors, lowering the pH of the growth
medium, and supplementation of copper sulfate. These various treatments also
stimulated the secretion of swainsonine to the growth medium [113]. Though
release in the medium may facilitate downstream recovery of swainsonine, it is
unclear whether swainsonine remains stable in the growth medium. One possible
solution is adding absorbents to the growth medium to prevent degradation, assist in
extraction, and stimulate further release of swainsonine.

Steroidal alkaloids are conjugates of a steroidal saponin and an alkaloid, such as
solasodine found in solanaceous plants, and are often glycosylated to form steroidal
glycoalkaloids. Steroidal alkaloids can impart toxicity to humans, particularly when
accumulated at high concentrations in food crops. On the other hand, these steroidal
alkaloids share similar structures to steroidal saponins and can serve as the biosyn-
thetic precursors of steroid drugs and synthetic human hormones. Though these
compounds are generally more concentrated in the photosynthetic and reproductive
tissues of the plants, low concentrations of steroidal alkaloids were also detected in
roots. Bymanipulating the composition of the growthmedium, 6.2mg g−1 solasodine
was obtained in Solanum aviculare hairy roots and the solasodine-containing gly-
coalkaloids accounted for 0.3–1 % of the dry weight of Solanum laciniatum hairy
roots [84, 122]. The yield of steroidal glycoalkaloids could be further improved in
hairy roots by treatment with elicitors and feeding of biosynthetic precursors.

Besides alkaloids, another group of N-containing compounds in plants is known
as glucosinolates, which are amino acid-derived thioglycosides. Hydrolysis of
glucosinolates by myrosinase releases isothiocyanate that could be toxic to humans
when ingested in large quantities. Conversely, cancer chemopreventive activities
have been found in several glucosinolate compounds [58]. Hairy roots of Arabis
caucasica, Barbarea verna, Nasturtium officinale, and Tropaeolum majus were
obtained and produced gluconasturtiin, glucotropaeolin, and glucoiberverin [190,
191]. When amino acid precursors were added to the growth medium of the hairy
roots, the yield of the corresponding glucosinolates was enhanced [190]. While the
glucosinolate profiles varied in different plant species, these studies indicated that
hairy roots can be used as sources of glucosinolates in addition to the parent plants.

2.3 Phenolic Production in Hairy Roots

Phenolic compounds contain at least one hydroxylated benzene ring in their
chemical structures, including simple phenolics, such as coumarins, flavonoids,
isoflavonoids, and anthocyanins, and more complex polymers, such as lignins and
tannins. A majority of the plant phenolic metabolites are derived from the aromatic
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amino acids that are synthesized from the shikimate pathway. Phenolics are col-
lectively valued for their wide variety of health-promoting activities. Some of the
phenolic compounds, such as flavone glycosides from citrus, isoflavones from soy,
and flavonoids and tannins from tea, were formerly referred to as vitamin P which
are linked to antioxidant, cardioprotective, and cancer chemopreventive activities.

Coumarins originate from the orthohydroxylation of the cinnamic acid precursor
and the subsequent lactone formation. Substitutions of the simple coumarin ring
lead to the formation of furanocoumarins (a five-membered furan ring attached to
the coumarin backbone) and pyranocoumarins (a six-membered pyran ring attached
to the coumarin backbone). A plethora of pharmacological properties have been
ascribed to coumarins, such as anti-inflammatory, antiviral, anticancer, and anti-
hypertensive activities [180]. Coumarins are commonly found in the families of
Umbelliferae and Rutaceae. Fruits of Ammi majus are rich in coumarins and fur-
anocoumarins. Umbelliferone and furanocoumarins were identified from methanol
extracts of hairy roots induced from A. majus stalk and leaf explants [88]. Ruta
graveolens is also an abundant source of coumarins and furanocoumarins [155].
Unexpectedly, the hairy roots of R. graveolens synthesized novel coumarins, ost-
hole and osthenol, which do not normally accumulate in the parent plants [155].
Another interesting observation was that the dark-grown hairy roots accumulated
more coumarins than those grown under a light–dark regime. It was unclear why
depletion of light may enhance the coumarin levels, which could result from an
increase in coumarin biosynthesis, a decrease in its turnover, or a combination of
these two processes.

The efficacy of flavonolignans in treating liver disorders is presumably due to
their abilities to scavenge free radicals produced from the detoxification reactions in
the liver. The flavonolignan silybins found in Silybum marianum are the oxidative
coupling products of dihydroquercetin and coniferol alcohol. Hairy roots were
induced from seeds of S. marianum in an attempt to produce silybins [3]. Although
silybins and other variants of flavonolignans were identified from the non-trans-
formed plant roots, isosilybin was the predominant flavonolignan in the hairy roots,
where only trace amount of silychristin and silydianin and no silybin were iden-
tified. Though producing a different flavonolignan profile than the non-transformed
roots, this hairy root system could be used for investigation of the flavonolignan
biosynthetic pathway and for producing different types of flavonolignans.

The trihydroxyflavone jaceosidin acts as an inhibitor of neuroinflammation
[117]. Jaceosidin has been isolated from several herbal plants. Hairy root clones of
Saussurea medusa were obtained and able to form jaceosidin with a 37-fold
increase in production within a 27-day growth period [202]. It was also found that
the root tips were more active in biomass growth and jaecosidin production than the
other sections of the hairy roots. Besides synthesizing flavonoids, the phenylala-
nine/tyrosine-derived ring structure in the common flavanonone precursor could
rearrange to a different position (i.e., ring migration) and form isoflavonoids. In
contrast to flavonoids that distribute ubiquitously in plants, isoflavonoids have more
limited taxonomic distributions and are mostly found in Fabaceae. Isoflavonoids
exhibit phytoestrogenic, anticancer, and anti-inflammatory activities [107]. With the
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exception of genistin (glycoside of genistein), isoflavonoids in Lupinus mutabilis
hairy roots accumulated at a much higher level than the non-transformed roots [9].
The drop in genistin concentration could possibly be due to reduced glycosylation
of genistein to genistin in L. mutabilis hairy roots. To improve isoflavonoid pro-
duction, elicitors were applied to the hairy root culture and showed various effects.
Elicitor treatments (chitosan, salicylic acid, yeast extract, polyamines) were more
effective in enhancing daidzein and genistein accumulation than feeding the
Psoralea corylifolia hairy roots with the phenylalanine precursor [153]. The biotic
and abiotic elicitors stimulated isoflavonoid production, but did not affect the
growth of Pueraria candollei hairy roots [177]. Of the five elicitors used (MeJA/
MJ, chitosan, salicylic acid, yeast extract, lysate of A. rhizogenes), MJ was most
effective and led to a 4.5-fold increase in total isoflavonoids than the non-elicited
control roots [177]. These results suggest that, for optimal production of isofl-
avonoid metabolites, multiple elicitation strategies should be tested and evaluated
on different hairy root cultures. It may be necessary to combine several elicitors to
bring about the maximum metabolic potential of the hairy roots.

Anthocyanins are colorful pigments and excellent antioxidants produced largely
in flowers, fruits, and tissues under stress. Anthocyanins and hydroxycinnamic acid
esters were detected in the hairy roots of Leontopodium alpinum [61]. Anthocyanin
production in both L. alpinum and Campanula glomerata hairy roots was increased
upon addition of benzylaminopurine (i.e., benzyladenine), presumably due to the
stimulated root growth [61, 166]. Light inhibited C. glomerata hairy root growth,
but promoted anthocyanin accumulation [166]. The accumulation of polyacetylenes
was not affected by light or benzylaminopurine, suggesting that these hormonal and
environmental factors play distinct roles in producing different classes of secondary
metabolites.

In addition to phenolic compounds with simple structures, phenolic polymers,
such as condensed tannins (CTs) and hydrolyzable tannins (HTs), are also syn-
thesized in hairy roots [67, 111, 123]. Though sharing the common name tannin,
HTs and CTs have different biosynthetic origins; HTs are synthesized from an
intermediate of the shikimate pathway, and CTs are derived from the end products
of the shikimate pathway. Antioxidant and anticancer activities have been reported
for both groups of tannins [62]. CTs are enriched in the Lotus corniculatus leaf,
stem, root, flower, and seed tissues. Both L. corniculatus non-transformed and hairy
roots produced CTs [111]. Interestingly, electron microscopy studies revealed that
CTs distributed specifically in “tannin cells” of the hairy roots. Exogenously sup-
plied auxin enhanced biomass growth, did not affect flavonoid accumulation, and
inhibited CT production in L. corniculatus hairy roots. The underlying mechanism
for a differential impact of auxin on flavonoid and CT accumulation is not known.
Pomegranate fruit peel is highly abundant in HTs, particularly punicalagins. Hairy
roots developed from radicle, cotyledon, and leaf explants also showed punicalagin
production [123]. The pomegranate hairy root culture constitutes an excellent
system for genetic characterization of HT biosynthetic genes. While HTs were the
major tannins identified from hairy roots of Geranium thunbergii, catechin (pre-
cursor of CTs) also accumulated in this hairy root system [67], suggesting that G.
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thunbergii hairy roots could potentially be used as a platform for understanding the
biosynthetic relationships between the two groups of tannins.

2.4 Fatty Acid, Polyacetylene, Thiophene, and Polyketide
Production in Hairy Roots

Fatty acids, polyacetylenes, thiophenes, and polyketides share the common bio-
synthetic scheme of condensing multiple acetate units and forming poly-β-keto
chains and differ in the chain extension mechanisms. These various groups of
secondary metabolites show diverse taxonomic distributions and exhibit distinct
activities in plants and humans. Polyunsaturated fatty acids (PUFAs) are considered
“good fats” as consumption of PUFAs has been linked to reduced levels of low-
density lipoproteins (LDLs) and improvement on heart health [16]. Since extraction
of PUFAs from fish contributes to a decline of fish stocks, plant oils have emerged
as an alternative source of PUFAs. In addition to plant oils, hairy roots have also
been explored for production of PUFAs and lipids. For example, hairy roots
established from a PUFA-producing plant, Echium acanthocarpum, accumulated
18:2n-6 (linoleic acid) and 18:3n-6 (γ-linolenic acid) that accounted for 55 % of
total fatty acids in the hairy roots [25]. Unlike oil seeds that are capable of amassing
PUFAs to large quantities, hairy root production of PUFAs is limited by the
competition of carbon precursors for formation of PUFAs or biomass. Nevertheless,
hairy roots of PUFA-producing plants present an opportunity for gene discovery
and functional characterization that could play a role in improving PUFA pro-
duction in other plant organs.

Alkamides are amides of unsaturated fatty acids. Many plants that manufacture
alkamides have been used for medicinal purposes. Herbal preparations of dried
Echinacea roots or plant extracts are still being used nowadays as immunostimu-
lants. Alkamides are active principles of Echinacea roots and comprise PUFAs as
amides of 2-methylpropanamine or 2-methylbutanamine. Hairy root cultures of
three Echinacea species were established and showed enhanced production of al-
kamides compared to the wild-type roots [133]. JA stimulated alkamide production
in these hairy roots though hairy root growth was thwarted at high JA concentra-
tions (10 μM or greater). The auxin indolebutyric acid (IBA) promoted hairy root
branching and growth rate of biomass while having no impacts on alkamide pro-
duction. This study suggested that a balanced growth and elicitation regime should
be designed and implemented for optimal yield of alkamides in Echinacea hairy
roots.

Polyacetylenes and thiophenes (heterocyclic sulfur-containing aromatic rings
conjugated to acetylenes) share common biosynthetic pathways and are mainly
found in roots of plants that belong to Asteraceae, Umbelliferae, and Campanula-
ceae. Antiviral, antimicrobial, and antitumor properties have been reported for these
compounds [154]. Hairy root cultures have been established in multiple species of
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these families, and one interesting observation was that the hairy roots grew at least
2-fold faster than the corresponding non-transformed roots, while both root systems
produced polyacetylenes and thiophenes [40]. The incorporation of radiolabeled
oleic acid precursors to polyacetylenes and thiophenes, stable production of poly-
acetylenes and thiophenes over a 12-month period with multiple passages, and
increased metabolite production upon elicitation by fungal culture filtrates collec-
tively suggested that these compounds are synthesized locally in the root tissue,
rather than remanents of the parent metabolites transferred to the roots [40]. One
surprising observation was that the hairy roots turned green upon light exposure and
the “green hairy roots” contain chloroplasts and perform photosynthesis. It is
unclear whether carbon allocation to photosynthetic activities affects synthesis of
secondary metabolites in these “green hairy roots”.

Polyketides are synthesized in a similar fashion as fatty acids. Stilbenes are one
class of polyketides that have the characteristic C6–C2–C6 backbone structures. A
particular stilbene compound resveratrol has drawn much attention in recent years
due to its cardioprotective, anticancer, antiangiogenic, and immunomodulatory
activities [125]. To build a tissue culture-based platform for resveratrol production,
hairy root lines of peanut (Arachis hypogaea) were established and resveratrol
production was induced using five different elicitors that encompass biotic and
abiotic stress factors, including copper sulfate, chitosan, cellulose, laminarin, and
sodium acetate [108]. Sodium acetate was most effective in stimulating resveratrol
formation in the A. hypogaea hairy roots, and 99 % of the resveratrol synthesized
was released to the growth medium [108]. The mist bioreactor design used for A.
annua hairy roots was also applied to A. hypogaea hairy roots and resulted in a
slightly higher biomass gain as compared to the shake flask-grown hairy roots
[157]. In addition to yield improvement, optimization of the extraction method
could further increase the overall resveratrol production from A. hypogaea hairy
roots.

2.5 Natural Dye and Biopesticide Production in Hairy Roots

Besides tackling various health-related problems, there are also growing interests
from the food industry in using naturally occurring secondary metabolites, spe-
cifically pigments, for food coloration. The roots of red beet (Beta vulgaris) contain
the water-soluble betalains, including the red/violet-colored betacyanins (aromatic
indole pigments derived from tyrosine) and the yellow-colored betaxanthins. The
betalain pigments mainly accumulated in vacuoles of the B. vulgaris hairy roots
[169]. It was noted that temporary cessation of oxygen supply led to release of
betalain pigments from the vacuolar compartments to the growth medium, thus
facilitating downstream pigment extractions. More importantly, the oxygen star-
vation by cessation of shaking did not affect regeneration of hairy roots, and thus
allowed regeneration and reuse of the root biomass for metabolite production. The
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betalain profiles in the growth medium resembled those of hairy roots and the
parent roots, providing further support to the utility of this hairy root system for the
production of natural betalain pigments.

Shikonin is a naphthoquinone (dicyclic quinone molecule) that is derived from
the shikimate and methylerythritol phosphate (MEP) pathways. This reddish pig-
ment has shown antimicrobial, anti-inflammatory, and anticancer activities [4] and
has been used in food additives and cosmetics. Although shikonin is one of the first
plant metabolites produced in cell cultures, it reportedly requires a complex two-
step culture system for shikonin production. The cell culture-produced shikonin is
secreted to the cell wall after fusion of ER-derived vesicles to the plasma membrane
and trapped in between the plasma membrane and the cell wall. Upon optimization
of culturing conditions, the hairy roots of Lithospermum erythrorhizon secreted
shikonin to the growth medium [152]. Microscopic examination revealed that the
mature, but not the newly grown, roots accumulated shikonin in aggregated gran-
ules [152]. Since about 25 % of shikonin produced was secreted to the growth
medium, absorbents were added to the medium in an attempt to sequester shikonin
and stimulate further secretion of this metabolite. Indeed, a 3-fold increase in
shikonin yield was observed and over 85 % of total shikonin produced was
sequestered in the XAD-2 absorbents. Overall, this is a promising example of
producing a water-soluble pigment using the hairy root system.

Anthraquinone derivatives (tricyclic quinone molecules), such as alizarin and
purpurin, are natural red dyes produced from the roots of the perennial herb Rubia
akane. Hairy root cultures of various Rubia species have been established, and
production of alizarin and purpurin correlated with hairy root growth [80, 126].
Maximum production of these compounds was reached after 20 days of culturing in
liquid medium [126]. Upon oxygen starvation treatment, anthraquinones were
secreted to the culture medium, similar to what was observed in B. vulgaris hairy
roots with limited oxygen supply [169]. Like the B. vulgaris hairy roots, the usage
of absorbents could also be examined for enhancing anthraquinone production and
release to the liquid culture.

To protect crop plants from pathogens and insects, pesticides have been applied
to agricultural fields in large quantities, causing environmental and human health
concerns. To this end, pesticides produced from biosources are degradable and
preferred by the general public. The principle insect repelling component of neem
(Azadirachta indica) is azadirachtin. This tetranortriterpenoid structurally resembles
the insect hormone ecdysones and works to disturb the hormone-controlled
developmental processes of insect pests. Since neem trees are grown in more
restricted climate and soil conditions, a hairy root culture system will ensure more
sustainable production and broad utilization of this useful biopesticide. Crude
extracts of A. indica hairy roots exhibited high antifeedant activities against the
desert locust Schistocerca gregaria, which was previously demonstrated to be
sensitive to azadirachtin [159]. It is worth noting that azadirachtin is photolabile and
sensitive to the pH of the environment. Additional work still needs to be carried out
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for optimization of additives to this biopesticide to ensure its efficacy and shelf life.
In this regard, the A. indica hairy roots provide a convenient system for carrying out
these studies.

3 Preservation of Hairy Roots

As described in the previous sections, hairy roots produce many valuable secondary
metabolites. It is conceivable that the established hairy roots should be maintained
for long-term use. However, the constant efforts involved in maintaining hairy root
cultures in solid or liquid media are cumbersome and the potential loss of hairy root
cultures due to contamination or facility failures could be devastating. In addition,
as cultured in solid or liquid media, shipping of hairy root specimens could be
challenging. Taking these into consideration, it is highly desirable to develop
methods for long-term storage of hairy roots and the capability for regeneration
when needed. As with the induction of hairy roots, different plant species may have
different optimal conditions for preservation and some may be recalcitrant for the
preservation methods.

Cryopreservation is a process where tissues are frozen and preserved at subzero
temperatures. Two major challenges encountered by cryopreservation of hairy roots
are maintaining the integrity of cellular and subcellular structures and ensuring
successful regeneration of the preserved hairy roots. To this end, multiple methods,
including vitrification, encapsulation vitrification, and droplet vitrification, have
been successfully applied to cryopreservation. Vitrification entails mixing root tips
with chemical agents that reduce the cellular water content and suppress the for-
mation of ice crystals. The vitrification method has traditionally been used for
saving plant tissues and has been adapted to long-term storage of hairy roots. More
recently, two new methods, encapsulation vitrification and droplet vitrification,
build upon vitrification and encapsulate the explants in alginate beads or put them
in individual droplets prior to freezing in liquid nitrogen for easy handling [138];
these improved methods are more suitable for processing a large quantity of
samples. Successful cryopreservation of hairy roots has been reported in a number
of plant species using either the traditional or the improved methods (Table 2).
Rehydration and recovery of frozen hairy root tissues remain to be the challenging
and often bottleneck steps in cryopreservation of hairy roots. In addition to ensuring
viability of the cryopreserved tissues, it is also of importance for the recovered hairy
roots to maintain the biochemical phenotype of the untreated controls, particularly
for those that are used for valuable secondary metabolite production.

The perceivable limitations of cryopreservation inspired development of alterna-
tive methods for long-term storage of hairy roots. Previously, hairy roots were
reported as ameans to generate plantlets in the form of “artificial seeds” [178]. In these
studies, the plantlets were induced from fragmented hairy roots, encapsulated and
dehydrated prior to regeneration into whole seedlings. This artificial seed procedure
was modified by manipulating the composition of the growth media, which was
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adapted for the preservation of hairy root clones without the induction of plantlets
[179]. However, a caveat was that the rate of hairy root regeneration decreased as
time lapsed. The longest period of viable storage for Scutellaria baicalensis (Baikal
skullcap) hairy roots via the artificial seeds method was 4–5 months, after which the
hairy roots needed to be regrown and recapsulated [179]. Though artificial seeds are
still at the early stage of development and require further optimizations, they present a
promising method for maintaining hairy roots.

4 Future Perspectives

Overall, the major groups of secondary metabolites have already been produced
from hairy roots (Table 1). Novel compounds were also identified in hairy roots,
and exogenously added metabolites could be biotransformed by the metabolic
pathway or grid of hairy roots. Environmental factors, such as light, oxygen, and
temperature, as well as abiotic and biotic stress factors, such as heavy metals and
fungal elicitors, have all been applied to hairy roots for increased yield of secondary
metabolites. In addition to these external stimuli, secondary metabolic pathways
have also been modified for enhanced metabolite production, such as overexpres-
sion of biosynthetic genes and transcription factors, and suppression of catabolic or
competing pathway genes. A better understanding of the biosynthetic pathway and
regulation architecture of valuable secondary metabolites is crucial for genetic
engineering and fully realizing the biosynthetic potential of hairy roots.

Table 2 Examples of cryopreservation of hairy roots

Species Common
names

Preservation
methods

References

Artemisia annua L. Sweet
wormwood

Slow freezing [170]

Armoracia rusticana Gaertn. Mey.
et Scherb.

Horseradish Encapsulation
dehydration

[59]

Beta vulgaris L. Red beet Slow and fast
freezing

[15]

Nicotiana rustica L. Mapacho Slow and fast
freezing

[15]

Panax ginseng C.A. Meyer Asian ginseng Vitrification [198]

Atropa belladonna L. Deadly
nightshade

Vitrification [174]

Maesa lanceolata Forssk. False assegai Encapsulation–
dehydration

[93]

Medicago truncatula Gaertn. Barrel medic Encapsulation–
dehydration

[93]

Rubia akane Nakai Asian madder Droplet vitrification [77, 78,
139]
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Progress has been made on commercialization of hairy root products. ROOTec
Bioactives Ltd., founded in 2005 in Switzerland, currently produces phytochemi-
cals from hairy roots induced from 17 plant species in their proprietary mist bio-
reactors. In the future, more investigations could be directed toward determining the
efficacy of crude hairy root extracts or hairy root-produced chemicals. Plant biol-
ogists can work closely with engineers to tackle the challenges with scaling up hairy
root cultures, such as optimal biomass growth and adaptation of the extraction
methods to industrial-scale metabolite production. Looking forward, establishment
of hairy roots guided by bioassays, augmented by elicitations and genetic manip-
ulations, and coupled with efficient metabolite extractions will streamline the pro-
cess and allow full exploitation of hairy roots as a production platform of valuable
secondary metabolites.
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Rheology of Lignocellulose Suspensions
and Impact of Hydrolysis: A Review

Tien Cuong Nguyen, Dominique Anne-Archard and Luc Fillaudeau

Abstract White biotechnologies have several challenges to overcome in order to
become a viable industrial process. Achieving highly concentrated lignocellulose
materials and releasing fermentable substrates, with controlled kinetics in order to
regulate micro-organism activity, present major technical and scientific bottlenecks.
The degradation of the main polymeric fractions of lignocellulose into simpler
molecules is a prerequisite for an integrated utilisation of this resource in a biore-
finery concept. The characterisation methods and the observations developed for
rheology, morphology, etc., that are reviewed here are strongly dependent on the
fibrous nature of lignocellulose, are thus similar or constitute a good approach to
filamentous culture broths. This review focuses on scientific works related to the
study of the rheological behaviour of lignocellulose suspensions and their evolution
during biocatalysis. In order to produce the targeted molecules (synthon), the lig-
nocellulose substrates are converted by enzymatic degradation and are then me-
tabolised by micro-organisms. The dynamics of the mechanisms is limited by
coupled phenomena between flow, heat and mass transfers in regard to diffusion
(within solid and liquid phases), convection (mixing, transfer coefficients, homo-
geneity) and specific inhibitors (concentration gradients). As lignocellulose sus-
pensions consist of long entangled fibres for the matrix of industrial interest, they
exhibit diverse and complex properties linked to this fibrous character (rheological,
morphological, thermal, mechanical and biochemical parameters). Among the main
variables to be studied, the rheological behaviour of such suspensions appears to be
determinant for process efficiency. It is this behaviour that will determine the
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equipment to be used and the strategies applied (substrate and biocatalysis feed,
mixing, etc.). This review provides an overview of (i) the rheological behaviour of
fibrous materials in suspension, (ii) the methods and experimental conditions for
their measurements, (iii) the main models used and (iv) their evolution during
biocatalytic reactions with a focus on enzymatic hydrolysis.

Keywords Fibre suspension � Hydrolysis � Lignocellulose � Paper pulp �
Rheology � Viscosity � Yield stress

Nomenclatures

Abbreviation
BAG Sugarcane bagasse
CoSt Corn stover
MCC Microcrystalline cellulose
MFC Microfibril cellulose
NCC Nanocrystalline cellulose
PP Paper pulp
RVA Rapid viscosity analyser
WhSt Wheat straw
WP Whatman paper

Greek Letters
_c Shear rate (s−1)
_c� Complex shear rate (s−1)
ϕ Volume fraction (/)
ϕc Critical volume fraction (/)
ϕm Maximum volume fraction (/)
ϕeff Effective volume fraction (/)
[µ] Intrinsic viscosity (/)
ρ Density (kg m−3)
ρs Substrate density (kg m−3)
µ Viscosity (Pa s)
µ0 Initial viscosity (Pa s)
µ∞ Final viscosity (Pa s)
µs Suspending viscosity (Pa s)
µrel Relative viscosity (/)
τ Shear stress (Pa)
τ0 Yield stress (Pa)
ξ Ionisation energy (mV)

Latin Letters
C* Critical substrate concentration (gdm L−1)
Cm Mass concentration (gdm L−1)
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CrI Crystallinity (%)
d Particle diameter (m)
d4,3 Volume mean diameter (m)
n Power-law index (/)
Kp Power constant (/)
Ks Metzner-Otto coefficient (/)
k Consistency index (Pa sn)
kc Cosson constant (Pa1/2 s1/2)
Np Power number (/)
Npo Power number in turbulent flow (/)
Re Reynolds number (/)
Reg Generalised Reynolds number (/)
Re* Rieger and Novak Reynolds (/)
G′ Elastic modulus (Pa)
G″ Viscous modulus (Pa)
G* Complex modulus (Pa)
N Mixing rate (round per second)
P Power consumption (W)
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1 Introduction

For a number of years now, environmental preoccupations and energy control are at
the heart of scientific and social debate. Behind the increase of energy consumption,
and the depletion of fossil fuel resources, the developments of biorefineries and
industrial biotechnology in general are of the greatest importance to make concrete
the vision of an economy based on bioresources. The important role of white bio-
technology is to replace petro-derived chemicals by those produced from biomass.
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The main biomass resources include short rotation forestry (willow, poplar, euca-
lyptus), wood-based industries (pulp and paper industry, forest residues, sawmill and
construction/industrial residues, etc.), sugar crops (sugar beet, sweet sorghum), starch
crops (maize, wheat, Jerusalem artichoke, etc.), herbaceous lignocellulosic crops
(miscanthus), oil crops (rapeseed, sunflower), agricultural waste (straw, slurry),
municipal solid waste and refuse, and industrial waste (residues from food industry).
These fractions can be used directly as desired biochemical or can be converted by
thermal, mechanical, chemical, enzymatic and/or microbial approaches. Among these
large users of lignocellulosic resources, the pulp and paper industry holds a strategic
position. Pulp and paper industry [1] is able to provide a tried and tested industrial
model for the processing of lignocellulosic biomass into pre-treated cellulose pulps.
The pulp product of this industry is appropriate for modern biorefining, because it
displays low lignin content, is free of inhibitory compounds that can perturb fer-
mentations and is devoid of microbial contaminants. Cellulose biomass thus provides
an abundant low-cost resource that has the potential to support large-scale production
of fuels and chemicals via biotechnological routes [2].

The first hydrolysis methods used were chemical, but they are less competitive at
the moment, because of the cost of reagents and the formation of numerous by-
products and inhibitory compounds. They are now challenged by enzymatic
methods, which allow more specific hydrolysis at higher yields and in less severe

Fig. 1 Various configurations of biologically mediated processing steps during the biocatalytic
conversion of lignocellulose and highlight on hydrolysis step with and without interaction with cell
cultures. Abbreviations: separate hydrolysis and fermentation (SHF), separate hydrolysis and
co-fermentation (SHCF), simultaneous saccharification and fermentation (SSF), simultaneous
saccharification and co-fermentation (SSCF), and consolidated bioprocessing (CBP)
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conditions [3]. An enzyme-based process can be divided into four principal steps
(Fig. 1): (1) pre-treatment: due to the recalcitrant nature of native lignocelluloses,
physical/chemical methods must be applied to generate an enzymatically convert-
ible material; (2) enzymatic hydrolysis: where the cellulose and hemicelluloses are
enzymatically degraded into sugar monomers; (3) fermentation: sugar monomers
are converted into target molecules, often by yeast; and (4) distillation: to recover
products [4–6]. In order to produce sugars, biomass is pre-treated with physical and/
or thermo-chemical and possibly biological methods to reduce the size of the
feedstock and to open up the plant structure. The cellulose and the hemicellulose
portions are broken down (hydrolysed) by enzymes to yield simple sugars that are
then fermented into target products by specific strains of micro-organisms. Cur-
rently, this biochemical route is the most commonly used [7].

To convert lignocellulose biomass into molecules of interest, the key steps focus
on the pre-treatment technique and the conversion into fermentable sugars. The
major challenges for cellulose-based products concern cost reduction for produc-
tion, harvest, transportation and upfront processing in order to make cellulose-based
products competitive with grain-based products [8]. Therefore, a better scientific
understanding and ultimately technical control of these critical biocatalytic reac-
tions, which involve complex matrices and high solids content, are currently the
major challenges that must be won if biorefining operations are to become com-
monplace. Among the main parameters studied, the rheological behaviour of the
hydrolysis suspension and the morphology and size of fibres stand out as major
determinants of process efficiency and determine the equipment to be used and the
strategies to be applied [9]. Indeed, suspensions exhibit a very wide range of
rheological behaviour, and numerous examples can be found to illustrate shear-
thinning/shear-thickening behaviour, viscoplasticity with observation of yield
stress, elasticity or thixotropy. A lot of parameters influence the nature and the
intensity of these non-Newtonian characteristics: the concentration, the particle size
and the morphology of the objects, the nature and the magnitude of the particle
interactions, etc. Many industries, especially when bioprocesses are involved, are
confronted with these behaviours which can sometimes drastically affect hydro-
dynamics and transfer efficiency (mass or/and heat). It is then of crucial interest to
explore the rheology of the suspension to ensure optimal process implementation
and the right choice of equipment [10]. It requires a thorough knowledge of the
rheological behaviour of the substrate suspensions.

These suspensions, after or simultaneously with hydrolysis, are converted into
target molecules by various micro-organisms whether prokaryotes or eukaryotes.
The physico-bio-chemical complexities of the broth resulting from these multiphase
and dynamic media lead to additional complexity compounded by the fibrous
morphology. The rheological behaviour is sensitive to multifactorial parameters
(medium compositions, molecules produced, morphology and physiology of the
micro-organisms present). Considering flow properties of suspensions, strong
analogies between the growth of filamentous fungus cultures [11] and hydrolysis of
complex lignocellulose matrices can be made concerning the rheological behaviour,
hydrodynamics and transfers (definition of significant morphological criteria,
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impact of concentration and morphology, main rheological parameters: shear-
thinning behaviour, yield stress). In this paper, the methods and the models related
to the rheological behaviour of complex lignocellulosic suspensions are similar to
or adapted from filamentous micro-organism suspensions. For simultaneous or
consolidated bioprocesses, a good knowledge of the physico-bio-chemical prop-
erties of suspensions (lignocellulose materials, micro-organisms) is required to
define accurate operating conditions (transfer efficiency) for substrate release
kinetics (biocatalytic hydrolysis) and micro-organism metabolism (growth, pro-
duction) kinetics.

A database interrogation was conducted to highlight scientific production
focusing on “lignocellulosic materials, flow properties and biocatalytic degrada-
tion” for the last 40 years. In this aim, four specific profiles were defined:

• Profile 1: (Rheo* OR visco* OR newt*) AND (suspension* OR dissolution*)
AND cellulose*

• Profile 2: (Rheol* OR visco*) AND fiber* AND cellulose*
• Profile 3: (Rheol* OR visco*) AND (paper pulp* OR pulp suspension*)
• Profile 4: Bioproce*

(* stands for truncation option, i.e.: visco* stands for viscosity, viscosimetry,
viscous…).

The first and second profiles focus on the rheological behaviour of cellulose/fibre
suspensions. The third one scrutinises specifically the pulp and paper industry,
while the last one describes the global trends in biotechnological process. Figure 2
presents the chronological progression for these profiles with the number of pub-
lications per year. We observed a regular and remarkable increase since 1990 for all
these profiles. This tendency is a medium-term consequence of the successive
petroleum crises in the seventies. It is noticeable that the interest for the rheological
behaviour of potential substrates/suspensions for second-generation biofuels has
increased in the same way as research and developments in bioprocessing.

To carry out an overview of lignocellulose suspension rheology and its evolution
during hydrolysis, the different published results reporting the methods of investi-
gation and the results obtained (rheological behaviour and its relationship with dif-
ferent physical parameters: particle size, mechanical properties offibre) are presented.

2 Lignocellulose: Nature and Characterisation

Considering rheological behaviour, the scientific publications simultaneously
investigating physical properties and biochemical composition during suspension
and/or hydrolysis have been extracted and are reported in Table 1. It is noticeable
that this extraction leads to a restricted number of publications and limited infor-
mation. Physical and biochemical properties are defined by particle diameter, aspect
ratio, density, crystallinity, surface properties and biochemical compositions but are
rarely integrally reported. Various substrates were studied and could be classified
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into two groups: cellulose (simple matrices) and lignocellulose (complex matrices).
Cellulose matrices are mainly nanocrystalline, microcrystalline and microfibril
cellulose (NCC, MCC and MFC) with diameters ranging from 0.1 µm for NCC up
to 100 µm for MCC. For complex matrices, a great variety of lignocellulosic
substrates are derived from woody materials or by-products of agriculture (soft-
wood pulp, hardwood pulp, wood powder, corn stover, bagasse sugarcane, paper).
Such complex matrices have been processed with specific pre-treatments which
confer various and singular characteristics with a strong influence of the fibrous
morphology. These critical physical properties were unequally reported although
they make a significant contribution to the rheological behaviour of the suspension.

2.1 Physical Characterisation of Fibres

Among the main parameters to be studied, the rheological behaviour of the
hydrolysis suspension and the fibre size and morphology stand out as major
determinants of the process efficiency. They are the key elements for the choice of
the equipment and the feeding/hydrolysis strategy. However, numerous other
parameters related to fibre affect bioprocess performances:

Fig. 2 Number of publications per year since 1978 (Profile 1: (Rheo* OR visco* OR newt*)
AND (suspension* OR dissolution*) AND cellulose*; Profile 2: (Rheol* OR visco*) AND fiber*
AND cellulose*; Profile 3: (Rheol* OR visco*) AND (paper pulp* OR pulp suspension*); Profile
4: Bioproce*)
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• Dimensions (equivalent diameter, thickness),
• Qualitative granulometry: sawdust and coarse particles (buchettes), short and

long fibres, and flours,
• Morphology and specific surface areas (aspect ratio, complex shape factor:

curvature, waviness and wrinkling),
• Mechanical properties (elastic modulus, tensile yield strength and ultimate

elongation),
• Surface properties with electrostatic and non-electrostatic forces (Zeta potential,

hydrophilicity/hydrophobicity, interfacial surface energy),
• Density (humid and intrinsic density) and porosity,
• Degree of lignification (correlated to the Kappa index in the pulp and paper

industry) and crystallinity.
• Molecular mass, degree of polymerisation

There are various ways to define the size of a particle as a “diameter.” Allen [43]
listed thirteen possible ways to define an equivalent diameter for a given particle
using the sphere as reference. Each definition of an “equivalent diameter” should
give the same result when applied to spheres (i.e. diameter). Therefore, most of the
particles are not spherical; the knowledge of more than one dimension is required to
describe the shape of a particle and the associated distribution. The most useful
diameter is the diameter of the volume equivalent sphere, dv, which corresponds to
the diameter of the sphere having the same volume. For irregular shapes, the
magnitude of the equivalent diameter is affected by the measurement methods,
which must then be selected with a particular care.

Because of the non-uniform size of particles, variations in a population are
described by a size distribution. Frequency distributions or cumulative distributions
are conventionally used. Many characterising techniques (microscopy, settling
velocity, granulometry, morphometry, diffraction light scattering and focus beam
reflectance) give distributions based on the number, length, surface area or volume
of the particles. Considering the complexity of particle shapes and according to the
properties highlighted, it is important to define a mean diameter (and standard
deviation describing the width of the distribution around this average trend) for a
given particle population. For instance, average diameters are defined as follows:

dp;q ¼
P

ni � dpiP
ni � dqi

� �1=p�q

ð1Þ

with ni is the number of particles of diameter di, and p and q are the integers
(p = q + 1 with q = 0, 1, 2, 3 for number weighted, length weighted, surface
weighted and volume weighted, respectively) [44]. With these notations, d1,0 is the
number-average diameter, d2,0 is the quadratic mean diameter, d3,0 is the cube
average diameter, d4,3 is the mass or volume mean diameter, and d3,2 is the area-
average diameter or Sauter diameter.
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2.2 Rheological Characterisation of Suspensions

Presenting an overview of the scientific literature, this chapter deals with (i) rhe-
ometry devices and set-ups for rheological characterisation of lignocellulose sus-
pensions and (ii) rheological behaviour analysis.

2.2.1 Rheological Measurement Devices

Several approaches are suitable for rheological characterisation, and numerous
examples of each can be found in the literature concerned with cellulose/ligno-
cellulose suspensions. This is illustrated by studies listed in Table 2. These methods
can be classified as a function of device complexity and associated methodologies.
The cheapest and easiest-to-use viscometers, i.e. the capillary viscometer and the
falling (or rolling) ball viscometer, are suitable for Newtonian fluids but are
somewhat difficult to use with unknown non-Newtonian fluids. Their applicability
is reduced for fibre suspensions. The works of Luukkonen et al. [16] and of
Gonzalez-Labrada and Gray [14] on nano- and microcrystalline cellulose can be
mentioned. Fine rheometry analysis was reported by Tozzi et al. [22] using mag-
netic resonance imaging (MRI) to determine the velocity field in a portion of a
cylindrical duct. Completed by the measurement of the pressure drop, the velocity
profile brings information on the nature and the characteristics of the fluid. How-
ever, this technique is of academic interest but hard to expand to industrial contexts.

The very classical and quite suitable way to obtain rheological characterisation
(mostly viscosity, but not only) is the use of rheometers or viscometers equipped with
cone and plate, narrow-gap coaxial cylinders or parallel plates. The flow generated is
then a simple shearing flow with, except for the parallel plates, a constant shear rate
all over the fluid. The shear rate _c and the shear stress s are calculated from the
rotation frequency and the torque, respectively, and from the characteristics of the
geometry. The large-gap coaxial cylinders, which are frequently used in industry, can
be considered separately among viscometers as, with a large gap, no assumptions as
to the velocity profile can be made (the fluid’s rheological characteristics must be
known for that). The raw data cannot then be exploited as simply as in the Newtonian
case [45, 46]. Coming back to the usual geometries for rheometers and viscometers,
they usually require a small volume offluid, but this advantage turns into a drawback
when the size of the objects in suspension is not negligible when compared to a
characteristic dimension of the geometry (for instance, a usual gap for parallel plates
or concentric cylinders is around 1 mm and is lower for cone and plate geometries).
To obtain values of the viscosity from the global measurements performed on a
rheometer (torque and angular velocity), the fluid must indeed be considered as a
homogeneous medium. It must be borne in mind that this assumption can become
erroneous when suspensions are studied.

To overcome this difficulty, the mixing system (MS) of a process, when it exists,
can be used as a rheometer, measuring the torque and the rotation rate (or

Rheology of Lignocellulose Suspensions and Impact of Hydrolysis 335



Table 2 Rheological characterisation of cellulose/lignocellulose suspensions, overview of
methodologies used and quantities measured

Authors Measurement system and mode Quantities measured

Bennington
et al. [45]

Rheometer/concentric cylinders τ0 (viscometry)

Damani et al. [34] Rheometer/parallel plate G′, G″

Araki et al. [12] Viscometer/double-gap cylinders µ

Swerin [46] Rheometer/concentric cylinders G′, G″

Wikström
et al. [47]

Rheometer/Rushton-type turbine τy (viscometry)

Tatsumi et al. [48] Rheometer/cone plate τ and G′, G″

Lowys et al. [23] Rheometer/cone plate and parallel plates μ, τ0 and G′, G″

Luukkonen
et al. [16]

Capillary viscometer µ

Tatsumi et al. [17] Rheometer/parallel plates μ, τ0 and G′, G″

Chen et al. [35] Rheometer/parallel plates µ

Pimenova and
Hanley [28]

Viscometer/cone plate and double
helical ribbon

μ, τ0

Bayod et al. [18] Rheometer/concentric cylinder µ

Ein-Mozaffari
et al. [49]

Viscometer/four-bladed vane τ0 (viscometry)

Dasari and
Berson [41]

Rheometer/six-bladed vane µ

Blanco et al. [36] Mixing system/various mobiles Torque

Horvath and
Lindstrom [19]

Rheometer/parallel plates τ0 (oscillations), G′, G″

Stickel et al. [29] Comparison of different methods τ0
Knutsen and
Liberatore [50]

Rheometer/four-bladed vane (narrow
gap)

τ0 (viscometry), G′, G″

Agoda-Tandjawa
et al. [24]

Rheometer/parallel plates µ and G′, G″

Derakhshandeh
et al. [37]

Viscometer/four-bladed vane + UD
velocimetry

μ, τ0
(viscometry + velocimetry)

Chaussy et al. [39] Industrial disc refiner µ

Samaniuk
et al. [33]

Mixing system/counter-rotating screw
elements

Torque

Wiman et al. [9] Rheometer/four-bladed vane µ and G′, G″

Gonzalez-Labrada
and Gray [14]

Rolling ball viscometer µ

Saarikoski
et al. [25]

Rheometer/concentric cylinder G′, G″

Nguyen et al. [51] Rheometer/Serrated plates + Mixing
system/four-pitched-blade turbine

µ and G′, G″, Torque

Mohtaschemi
et al. [52]

Viscometer/four-bladed vane μ, τ0

Tozzi et al. [22] Poiseuille flow + MRI velocimetry µ
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equivalently the power consumption and the rotation rate), but the difficulty here lies
in the complex flow field generated [53]. Determination of viscosity then relies on the
previous determination of the power number—Reynolds number characteristic curve
of the MS, where the power number Np is a dimensionless number linked to power
consumption. This single master curve depends only on impeller/reactor shape and
geometry. In the laminar regime (Re < 10–100), the product Np � Re is a constant,
named Kp, and a deviation from Np � Re ¼ Kp indicates the end of the laminar
regime. In fully turbulent flow (Re > 104–105) and for Newtonian fluids, the
dimensionless power number Np is assumed to be independent of mixing Reynolds
number and equal to a constant, Np0. Knowing Np gives a value of the Reynolds
number and an estimation of the viscosity if the fluid is a Newtonian one, and of an
equivalent viscosity if the fluid is non-Newtonian. In this last case, interpretation of
the rotation frequency and power consumption measurements requires an additional
hypothesis that was first proposed by Metzner and Otto [54]. These authors showed
that for a large range of shear-thinning fluids represented by a power-law model
ðs ¼ k _cnÞ, the equivalent shear rate corresponding to the equivalent viscosity is
proportional to the rotation frequency via aKs coefficient (known as theMetzner-Otto
coefficient). In addition, the Ks coefficient depends only on the mixing system
characteristics. It is thus sufficient to determine it in a preliminary stage by consid-
eringMetzner and Otto’s concept [54] or Rieger and Novak’s approach [55] based on
the generalised Reynolds number, Re* assuming Np � Re� ¼ KpðnÞ. In restricted
cases, coefficient Ks can be extended to the transition region using a power equation
[56]. This online viscosimetry method has been widely used [33, 51, 57, 58]. Note
that such a device gives only the viscosity that is to say the shear-thinning/shear-
thickening character of the fluid. Nevertheless, such rheometrical measurement
systems are attractive as (i) they avoid suspension settling problems (with suitable
geometry); (ii) because of the complex flow generated, they elude migration of
particles/fibres which are responsible for heterogeneity in the fluid volume; (iii) it is
not necessary to take samples (which, if processed, have to be representative and of a
negligible volume); and (iv) they can be used online to follow a process.

One can also point out that geometries such as anchor or helical ribbon are
proposed for rheometers which are then used as well-characterised mixing systems
[40]. They have to be used with the same precautions as for mixing systems. More
simply, but also less rich in information, such geometries can also be used in a
relative way to follow the time course of global viscosity in some processes [26, 34].
A special geometry proposed for rheometers is the four-bladed (or six-bladed) vane.
Never used as a mixing system, its use in rheometers is especially interesting for yield
stress fluids to avoid the wall slip effects currently observed for suspensions (for-
mation of a depletion layer caused by migration of fibres away from the wall). This
geometry allows precise determination of the fluid behaviour for low shear rate and is
thus of special interest for the determination of the yield stress s0. Its use for inter-
mediate and high shear rates requires careful analysis when it is assimilated to the
geometry of large-gap coaxial cylinders (see [59] for details). Such a geometry was
used in a narrow-gap configuration by Knutsen and Liberatore [50] and in a large-gap
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configuration by Mohtaschemi et al. [52] for fibrillated cellulose suspensions and by
Derakhshandeh et al. [37]. These last authors examined the validity of such geometry
in more detail for fibre suspensions by analysing the velocity profile determined by
ultrasonic Doppler velocimetry. Stickel et al. [29] proposed a comparison, for a corn
stover suspension of a given concentration, of yield stress measurements using the
different methods presented here.

The choice of rheometer type then depends on the nature of the fluid tested. Non-
classical ways are commonly used to study fluids displaying complex character-
istics including large particles, settling problems, slip and time dependency.
Geometries that facilitate mixing, such as helical ribbons, anchors and paddles, can
overcome settling problems and errors due to slip. Concerning lignocellulose sus-
pensions, the main problems for measurement are heterogeneous suspension, floc
formation [35] and particle decantation [51, 60, 61]. Wall slip is currently
encountered with suspensions, and the use of surfaces with roughness equal to
twofold or threefold the largest particle dimension is recommended [62]. Smooth
surfaces, or inadequate roughness, lead to a depletion zone near the wall where the
shear rate is higher, thus reducing the shear rate in the bulk fluid and distorting,
sometimes significantly, the rheogram as illustrated in Fig. 3. It is thus important to
take precautions when this kind of measurement must be carried out and some
reports must be considered with caution when nothing is mentioned on this point.
Aggregation of fibres is also a crucial point in suspension rheometry. It is caused by
the constant and unidirectional shear rate applied to the suspension. An extreme
case is presented as an illustration in Fig. 4. Formation of these structures depends
on the value of the shear rate and the duration. Higher shear rates, as reported by
Chen et al. [35] and Saarikoski et al. [25], can destroy the structures. These diffi-
culties are not encountered in dynamic measurements (small-amplitude oscillations
in the linear domain), and they are considerably reduced with online rheometry
using a mixing system.

Focusing now on the data provided by these measurements, the main and best
known characteristic is the viscosity. Suspensions are generally shear-thinning, and
this behaviour is quantified by the power-law index n and the consistency k (fit of a

Fig. 3 Illustration of “wall
slip” (depletion layer) in
rheometry on a 4 % vol TiO2

suspension
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power law on the relevant region of the rheogram). This is, in practice, the only
characteristic that can be obtained using a viscometer or a mixing system, together
with the yield stress. The latter is evaluated from the low shear rate region of the
rheogram, and several methods are used: shear stress limit when the shear rate tends
to zero [17], adjustment of a Herschel-Bulkley-type model ðs ¼ s0 þ k _cnÞ [20, 23],
peak torque (or shear stress) during transient flow experiments at a slow, steady rate
[50] and stress ramp analysed in terms of deformation vs shear stress curve [45, 49].

With rheometers, additional rheological characterisations can be obtained with
dynamic measurements. Oscillatory stress sweeps and oscillatory frequency sweeps
are the most frequently used, particularly for lignocellulose suspensions [63].
Sinusoidal shear stress (or strain) gives information on elasticity (part of the strain
which is phased with the shear stress) and viscosity (part of the shear rate which is
phased with the shear stress). The complex modulus G* is defined as the ratio of
shear stress to strain. Its real part G′ is the storage modulus (elastic contribution),
and its imaginary out-phase component G″ is the loss modulus (viscous contribu-
tion). It is used to characterise the viscoelasticity or viscoplasticity of materials.
Indeed, yield stress fluids behaved like solid elastic material in the linear domain
(small-amplitude oscillatory), and the determination of the limit of this domain can
be used to evaluate the yield stress [9, 19, 63].

2.2.2 Experimental Conditions

Lignocellulose suspensions were studied in various ranges of mass concentration
varying between 0.1 and 600 gdm L−1 as indicated in Fig. 5. However, the majority
of these studies focus on low and medium concentrations (1–200 gdm L−1).
Temperatures were usually between 20 and 30 °C. The pH of the suspension was
generally neutral (around 7) excluding a few articles which investigated the effect of
pH on the rheological behaviour (pH varies from 4 to 10) [24, 37].

Fig. 4 An extreme case of aggregation caused by a constant unidirectional shear flow of Whatman
paper suspension (1 % wdm/w), fibre length d4,3: 310 µm, serrated parallel plates 60 mm diameter,
gap: 4 mm, constant shear rate: 10 s−1). a fluid before shearing, b during shearing, c after 15 s
shearing. Note that the structures (visible on b) were somewhat disorganised when raising the
upper plate (photo c), with no major changes in length or diameter
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Work scrutinising hydrolysis mechanisms was usually carried out in the range
40–55 °C for temperature, 4.8–5.0 for pH, 10–200 gdm L−1 for substrate con-
centration and 0.25–50 FPU/g cellulose for cellulase activity. Numerous studies
explored two aspects: (i) hydrolysis kinetics and (ii) rheological behaviour [9, 20,
26, 27, 31–33, 38, 40–42, 51]. Items (i) and (ii) in addition to (iii) particle size
evolution were investigated by Dibble et al. [32], Nguyen et al. [51] and Wiman
et al. [9]. Studies of flow properties of suspensions together with hydrolysis kinetics
represent half of all the articles published. This reveals the keen interest for
applications concerning the valorisation of lignocellulose material by enzymatic
methods, especially from 2010 on. However, simultaneous study of particle size
and rheological behaviour during hydrolysis is a minor part of these studies despite
the interest that this point presents.

3 Rheological Behaviour of Lignocellulose Suspensions

One critical physical parameter in lignocellulose materials is their morphology and
the large aspect ratios that are encountered. They induce significant contacts among
particles (fibres) even at low concentrations and bring about a strong effect on
suspension rheology. An increase of aspect ratio implies increases in the suspension

Fig. 5 Publication overview: particle diameters and substrate concentrations studied (NCC
nanocrystalline cellulose, MCC microcrystalline cellulose, MFC microfibril cellulose, WP
Whatman paper, BAG sugarcane bagasse, PP paper pulp)
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viscosity [64, 65]. Not only the aspect ratio but also the particle shape influences the
viscosity, as reported by Barnes et al. [66]: for 20 % volume fraction suspensions of
solid particles with a limited aspect ratio (23 for the highest), and compared to a
quasi-monodisperse spherical particle suspension, viscosity is 1.5-fold larger for
grain suspension, 4.3-fold for plate suspension and 7.7-fold for rods. Particles with
more complex shapes show greater dependence of viscosity on concentration [67,
68]. This requires a detailed knowledge of this effect, and advanced models will
have to introduce critical morphological parameters to describe these evolutions.

3.1 Overview of Classical Models

3.1.1 Basic Rheological Models

The two main parameters used in rheology are the shear rate _c (s−1), which char-
acterises the kinematics, and the shear stress, τ (Pa or N m−2), which characterises
the forces.

The flow curve sð _cÞ or equivalently the rheogram lð _cÞ, with l _cð Þ ¼ s=_c, pro-
vides a complete characterisation of the rheological behaviour if the fluid is neither
elastic nor thixotropic (time-dependent viscosity). Table 3 shows the main rheo-
logical behaviour and associated models. The power-law index (or flow behaviour
index) n and the consistency k of the power law have a direct physical interpretation
for viscosity and are present in almost all other models. They are therefore largely
used as information concerning non-Newtonian viscosity.

The shear-thinning fluids (also called pseudoplastic fluids) generally have, for
low and high shear rates, a Newtonian plateau (with values µ0 and µ∞, respectively,
for viscosity). This can be modelled by using three- or four-parameter models such
as Sisko, Cross, Powell–Eyring or Carreau models [69].

3.1.2 Classical Rheological Model for Suspensions

Suspension viscosity is a function of numerous parameters linked to the solid phase
(particle size, shape, concentration, separated fibres/aggregates/flocs as structural
units, spatial orientation of the particles/units in the fluid, etc.) and to the sus-
pending fluid (generally a Newtonian fluid).

The classical models describing suspension viscosity concern hard sphere sus-
pensions (Table 4). These models mainly integrate the particle volume fraction
effect, and after the Einstein equation for isolated monodisperse hard spheres, a
physical complexity was progressively considered with hydrodynamic and particle–
particle interactions up to percolation. Then, three concentration regimes are gen-
erally considered: dilute, semi-dilute and concentrated. The first one corresponds to
very small values of the volume fraction, φ → 0+: the average distance between
particles is large compared to their radius or length. The particles can move freely
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through the suspension under the action of Brownian forces without perturbation
induced by neighbouring particles but with close fluid–particle interactions (local
hydrodynamic interactions). In semi-dilute suspensions, the flow perturbations
created by the presence of particles will influence the movement of close particles.
The overall flow pattern is affected by interactions between particles and hydro-
dynamic interactions. The last regime corresponds to concentrated suspensions with
a lot of contacts between the particles. The viscosity of the suspension increases
rapidly with volume fraction. When ϕ reaches a critical value (glassy fraction,
ϕG ≈ 0.58 for spherical monodisperse particles), each particle is confined in a cage
formed by its nearest neighbours. For volume fractions above this value, only a
vibration of the particles inside the cage remains possible, and this possibility
completely disappears when ϕ reaches the value of random close packing
(ϕRCP = 0.64 for monodisperse spheres) which is lower than the limit case
ϕFCC = 0.74 corresponding to face-centred cubic arrangement.

The frontier between the different concentration domains strongly depends on
the nature and the intensity of interaction between the particles. For instance, a 5 %
vol. suspension of neutral monodispersed spheres behaves as a dilute and Newto-
nian suspension, while a 1 % vol or less clay suspension is viscoplastic with a very
high yield stress together with a thixotropic behaviour.

The extension of the classical models of Table 4 had successively integrated
particle complexity such as morphological aspects [66] and deformable particles
[69]. A higher order of complexity was incorporated by considering the flocs or
aggregates currently encountered in fibre suspensions. These complex associations

Table 3 Rheological classification of fluids and usual associated models (quantities mentioned as
constant are understood as “for given temperature and pressure”)

Fluids Rheological model(s)

Perfect fluid μ = 0

Newtonian fluids s ¼ l � _c with μ = const.

Time-independent
non-Newtonian viscous
fluids

Shear thinning:
lð _cÞ # 0\n\1ð Þ

Power law (or Ostwald-de Waele):
s ¼ k � _cn

Shear thickening:
lð _cÞ " n[ 1ð Þ
Viscoplastic (Yield
stress fluid: no flow if
s\ss)

Bingham: s ¼ sy þ lp � _c
Herschel–Bulkley: s ¼ sy þ k � _cn
Casson: s1=2 ¼ s1=2y þ kc � _c1=2

Time-dependent
non-Newtonian fluids

Thixotropic For _c ¼ Const:: μ(t) ↓
Anti-thixotropic For _c ¼ Const:: μ(t) ↑

Viscoelastic fluids Complex rheological models linking
the strain rate tensor and the stress
tensor.
For oscillatory shear flows:
s ¼ G� � _c
with G* = G′ + iG″ accounting for the
phase shift between τ and _c
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of particles can, for instance, be modelled by introducing structural units in an
effective volume fraction ϕeff which includes the embedded fluid fraction through an
average compactness [69].

3.2 Observed Rheological Behaviour

In dilute regime, Newtonian behaviour is generally observed for substrate con-
centrations less than 0.1 %. This critical concentration (C* = 0.1 %) was proposed
for both NCC [13] and MCC [17, 48]. Wu et al. [70] measured a slightly higher
value for NCC (C* = 0.4 %). No model of critical concentration was presented or
proposed for complex matrices. This point can be explained by a lack of studies for
very low concentrations which are not interesting from a lignocellulose valorisation
point of view.

For substrate concentrations higher than 0.1 %, all studies report non-Newtonian
behaviour, of shear-thinning or pseudoplastic type, as illustrated by Fig. 6. In this
figure, these viscosities for MCC and BAG are well described by a power-law
model on the studied shear rate range. Considering now the semi-dilute and con-
centrated regimes, a sharp increase of viscosity was observed by Nguyen et al. [51],
who studied the rheology of different lignocellulose suspensions (microcrystalline
cellulose, Whatman paper, paper pulp). They noticed a critical volume fraction,
C** (based on humid matter), that signifies the regime transition. Depending on the
material complexity, this value increased from Whatman paper (C** = 3 %) to
paper pulp (C** = 9 %) and to microcrystalline cellulose (C** = 24 %).

Table 5 illustrates the viscosity of corn stover suspensions for a given concen-
tration and a given shear rate. These results indicate homogeneous values although
measured by different authors using different methods. These similar values could
originate from the same substrate type, the same pre-treatment method (diluted acid
with H2SO4—standard protocol from NREL) and the same range of particle
diameters (100–120 µm for volume mean diameter).

Table 4 Rheological models for hard sphere suspensions [69]

Dilute Einstein lrel ¼ l
ls
¼ 1þ 2:5 � /

Dilute/semi-dilute Batchelor lrel ¼ l
ls
¼ 1þ 2:5 � /þ 6:2 � /2

Semi-dilute/
concentrated

Krieger-Dougherty
lrel ¼ l

ls
¼ 1� /

/m

� �� l½ � � /m

With 1 ≤ l½ � � ϕm ≤ 2
[μ]: intrinsic viscosity
ϕm: maximum volume fraction

Concentrated Douglas-Garboczy lrel ¼ l
ls
¼ K 1� /

/�

� �
ϕ*: critical volume fraction (percolation
threshold)
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Fig. 6 Viscosity of MCC (90 µm (a)) and BAG (b) suspensions as a function of shear rate
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3.3 Structure and Consistency Index

As mentioned before, the flow behaviour index n and the consistency k are good
indicators of viscosity. Figures 7 and 8 present data extracted from the literature for
the consistency (Fig. 7) and the flow behaviour index (Fig. 8) versus particle
diameter and substrate concentration. Among all the publications cited, only 25 %
present these two parameters. This point evokes the difficulty for data treatment and
the observation of general tendencies. Furthermore, no results were found for
particle diameters less than 30 µm or larger than 600 µm and only one result for
substrate concentrations above 150 gdm L−1 [28]. Bayod et al. [18] and Pimenova
and Hanley [28] who studied, respectively, MCC and corn stover suspensions gave
totally different results compared to other authors. So their results are not presented
in these two figures.

Concerning the consistency index k (Fig. 7), an increase is observed when the
substrate concentration and/or the particle diameter increase. With PP, for example,
k increased sixfold (from 3.3 to 17.1 Pa sn) for concentrations varying from 28 to
42gdm L−1 [51]; at the same concentration of 50 gdm L−1, k increased twofold
(from 62 to 112 Pa sn) for particle mean diameters varying from 670 to 2960 µm

Table 5 Comparison of
viscosity for corn stover
suspension at 15 % wdm/w

Authors Viscosity (Pa s)

Pimenova and Hanley [28] 15

Stickel et al. [29] 25

Viamajala et al. [30] 20

Dunaway et al. [31] 10

Specific values are reported for a shear rate of 10 s−1

Fig. 7 Relationship between
consistency index, particle
diameter and substrate
concentration
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[37]. So, the effects of concentration and particle size on the consistency index are
of the same order of magnitude. The relationship between these quantities can be
modelled by a linear or a quadratic equation. This tendency is observed visually on
graphics but also validated by Nguyen et al. [51] and Bayod et al. [18].

Now focusing on the power-law index n (Fig. 8), it decreases as the substrate
concentration increases, thus underlining the fact that the non-Newtonian behaviour
becomes increasingly pronounced as the concentration rises. With NCC, for
example, n decreases from 0.962 to 0.75 for concentrations of 0.6 to
20 gdm L−1 [14], and for corn stover suspensions, n decreases from 0.91 to 0.5 for
concentrations of 50 to 300 gdm L−1. For particle diameters less than 1000 µm,
n clearly tends to 1 as substrate concentration tends to 0, the behaviour of the
suspension tends towards that of water [14, 20, 28, 51]. For particle diameters
greater than 1000 µm, this tendency is not so clear on the graphs and n does not
seem to tend to 1 as the concentration tends to 0. This point could be explained by a
jump of power-law index for a very low concentration and could be specific to fibre
morphology, aspect ratio, etc. For particle diameters greater than 1000 µm and
concentrations greater than 10 gdm L−1, the power-law index comes to 0.2 what-
ever the concentration and diameter [37]. This value can be considered as a critical
value of the power-law index or simply regarded as resulting from the choice of the
model (power-law model or Herschel–Bulkley model) and adjustment zone.

Considering the analogies between lignocellulose fibre and micro-organism
suspensions, for cell broth, the biomass concentration and the morphology
parameters clearly affect the rheological properties. Different authors tried to cor-
relate rheological behaviour and models with various parameters (concentration,
morphology, porosity) as reported in the review of Wucherpfennig et al. [11]. These
authors gave a precise description of the morphological criteria of interest.

Fig. 8 Relationship between
power-law index, particle
diameter and substrate
concentration

346 T.C. Nguyen et al.



As reported by Wucherpfennig et al. [11], Tucker and Thomas [71] studied 75-h
Penicillium chrysogenum samples and proposed that each rheological parameter
(RP) could be expressed as a power-law function of the biomass concentration
(Cm), the roughness and the compactness. In more detail, Riley et al. [72] used the
same fungi and concluded that the average temporal value was 0.35 for a power-law
index, n, with Cm ranging from 10 to 32 g L−1. However, the data reported indicate
that n evolves between 0.45 and 0.2. They proposed a correlation (Eq. 2) for the
consistency index in relationship with biomass concentration Cm (g L−1) and mean
maximum dimension Dm (µm):

k ¼ C2
m � ð5� 10�5 � Dm � 10�3Þ ð2Þ

Petersen et al. [73] proposed, using principal components analysis, a prediction of
apparent viscosity, yield stress and consistency index from the size distribution and
biomass concentration. Based on Aspergillus orizae cultures, they assumed a
constant power-law index around 0.4 and reported accurate correlations between
predicted and experimental parameters (k and τ0). In a more detailed approach,
Mohseni and Allen [74] investigated the influence of concentration (3–20 cdw/L)
and particle morphology on the yield stress of filamentous broths of Aspergilus
niger and Streptomyces levoris. They mainly focused on yield stress (ranging from
0.1 to 37 Pa) and proposed a power-law model for τ0 as a function of biomass
concentration (exponent between 2 and 3). In addition, Mohseni and Allen [74]
examined different morphological parameters, reported empirical correlations and
identified the most relevant morphological factors.

In view of the level of complexity of substrate suspension (cell culture broths,
lignocellulose suspensions), the robustness of rheological models (consistency and
power-law indexes, yield stress) has to be improved to reliably integrate the mor-
phological parameters for filamentous and fibrous suspensions.

3.4 Yield Stress and Oscillatory Measurements

A central point in a bioprocess is to ensure correct homogenisation of the material
throughout the reactor and the better control and an optimal efficiency of hydrolysis
at each point. This becomes a challenge when complex rheological behaviours are
encountered as is the case with lignocellulose suspensions, due to their fibrous
nature, and with filamentous broth. In the dilute regime, increasing the dry matter
content of a suspension is not a difficulty as it just corresponds to a reasonable
increase in the viscosity which can be predicted. However, the limit for this regime
depends on the nature and properties of the fibres, but whatever that may be, it is
very low and extrapolation from low dry matter contents to high ones is not really
feasible. But large-scale processes need higher dry matter contents to be considered
as realistic from a production cost point of view. Increasing concentration is then an
economical and environmental necessity but leads to complex rheological
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behaviour with the appearance of yield stress. Considering hydrolysis of ligno-
cellulose matrices, a balance between feed strategy (viscosity increases due to
substrate concentration) and bioreaction (viscosity decreases due to fibre degrada-
tion and solubilisation) can be proposed to reach high fermentable substrate con-
centrations (equivalent to high dry matter content).

Lowys et al. [23], working on MFC suspensions, observed that above a critical
concentration C* ≈ 0.3 %w/w, the viscosity rapidly increases and suspensions
exhibit a viscoplastic behaviour. This signifies, inter alia, that the shear stress has to
be above this critical stress to initiate flow. Consequently, the regions where the stress
is not high enough are dead zones or solid-like regions which are highly damageable
for transfers and thus for process efficiency [49, 75]. This viscoplastic behaviour has
been widely reported in fibre suspensions [63, 76] as well as in filamentous broth [74]
and has to be considered in the design of process equipment [45].

As mentioned in Sect. 2.2, yield stress fluids behave as elastic/viscoelastic
materials under the threshold and their behaviour is studied using various
approaches throughout the literature: by shear viscosity measurements and/or by
dynamic measurements (oscillatory strain sweeps and oscillatory frequency
sweeps). The latter allow the determination of the elastic modulus G′ and of the loss
modulus G″ which can in turn be used to estimate a value for the yield stress. In the
linear domain, the elastic modulus is generally found to be almost an order of
magnitude higher than the loss modulus and independent or weakly dependent on
frequency as expected for yield stress fluids.

Focusing now on pulp fibre suspensions in the domain of interest for industrial
applications, increasing concentration leads from small flocs loosely connected by
individual fibres to a network structure [34]. When these suspensions are submitted
to small oscillatory strains, the linkages are deformed elastically. Increasing the
strain amplitude and leaving the linear domain lead to inter-fibre or inter-floc
failures and to a structural breakdown of the fibre network. The observed yield
stress then indicates the appearance of a physical network and is associated with the
strength of this network. So, yield stress and elastic modulus can also be regarded
as sources of information on the fibre network.

The network properties and especially the yield stress depend on numerous
parameters among which the concentration and the fibre characteristics: length,
aspect ratio, pH, temperature, additives.

To illustrate the variety of these parameters, let us mention two studies. The first
[23] concerns the dispersion method used to prepare the suspensions. The authors
observed notably lower values for the yield stress and for the G′ and G″ modulus for
mechanical stirring when compared to ultrasound dispersion. Ultrasound achieves
better dispersion and is linked to a greater strength of the network. Other interesting
results are reported by Dibble et al. [32] who compared two reduction size methods
on the same initial material. Their results show that mechanical dispersion does not
reduce the yield stress nor the enzyme digestibility of the biomass, whereas dilute
acid pre-treatment leading to a similar particle size distribution leads to a decrease
in yield stress and to increased digestibility.

348 T.C. Nguyen et al.



This illustrates the complex relationship existing between the fibre properties,
their implementation and the rheological behaviour of the resulting suspension.
Nevertheless, some interesting results are available in the literature. Most concern
the variation of the yield stress and/or the elastic modulus with concentration.
Bennington et al. [45] on the basis of previous works examined a power-law
relation (Eq. 3) with the mass concentration Cm:

sy ¼ a � Cb
m ð3Þ

A similar relation (Eq. 4) was proposed for the elastic modulus:

G0 ¼ a � Cb
m ð4Þ

Considering the general case of suspension rheological behaviour, the appropriate
parameter is rather the volume fraction of the particles. For complex systems, such
as cellulose/lignocellulose fibres, the volume of fibres/flocs is not easy to define and
to evaluate because the pulp fibres swell up in the presence of water to constitute a
porous medium with trapped water. Because the mass concentration can be accu-
rately determined without ambiguity or having to choose between the objects to
consider, it is preferred. The drawback for this choice is the dependence of the
model parameters on the nature and properties of the fibres as the relationship
between volume fraction and mass fraction is not a simple one. This point was
raised by Bennington et al. [45]. The correlations proposed by different authors are
presented in Table 6. A large dispersion is observed for parameters a and α and so
they are not reported in this table.

The most striking result from Table 6 is the large dispersion observed for the
values of β and b, and the fitted parameters appear to be specific to each
pulp. Nevertheless, a tendency can be noted as the values observed for the smallest

Table 6 Correlation between suspension mass fraction and yield stress and/or elastic modulus

Authors Matrices % dm (w/w)
(%)

G′ ∝ Cm
β

β parameter
τy ∝ Cm

b

b parameter

Bennington et al. [45] PP 0.5–35 – 2.31, 2.99 and 3.56

Tatsumi et al. [17] MCC 0.05–1 2.25 2

Dalpke and Kerekes [77] PP – 2 to 4

Tatsumi et al. [21] PP 1–10 3 –

Stickel et al. [29] CoSt 5–25 – 5.7 ± 0.5

Agoda-Tandjawa
et al. [24]

MFC 0.2–3 2.58 –

Ehrhardt et al. [78] CoSt 20–35 – 3.7 to 4.2

Knutsen and
Liberatore [50]

CoSt 5–17 – 6

Wiman et al. [9] Pre-treated
spruce

4–12 6.6 ± 0.3 5 ± 0.2
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particles (MCC, MFC) are smaller than those for larger fibres (pulp fibres). To
explain the dispersion observed in pulp fibres, the type of fibre processing is evoked
[78]. Using Eq. 3 expressed with the volume fraction ϕ, Wiman et al. [9] calculated
a fractal dimension of the network.

If the existence of a correlation between yield stress or elastic modulus and mass
concentration seems to be generally acknowledged, no real correlation appears
between these rheological parameters and the morphological properties of the
fibres, namely length and aspect ratio. This point was examined by Bennington
et al. [45] who were unable to conclude as to the existence of such a correlation
although theoretical considerations had led the authors to expect a squared-aspect
ratio dependence. Over a reduced range of aspect ratios, Wikström et al. [47]
reported a value of around 1–1.3 for this exponent.

Some studies also explored the influence of pH and temperature and generally
concluded that there was a low or null influence for MFC [23, 24] as well as for
pulp [47] except Ehrhardt et al. [78] who observed a decreasing yield stress as the
hydrolysis temperature was increased.

As increased yield stress will lower process efficiency and raise energy costs,
one can expect that a good choice of additives will modify the rheological
behaviour in the right direction. This was analysed by different authors. Thus, the
yield stress and/or the G′ G″ moduli are enhanced by additions of flocculent [46] or
salt [23, 24]. Concerning polyelectrolyte additions, results are contrasted between
Lowys et al. [23] on MFC and Horvath and Lindstrom [19] on bleached softwood
kraft pulp. Testing a large range of surfactants on pre-treated corn stover, Knutsen
and Liberatore [50] observed a decrease in the yield stress, while addition of protein
had the opposite effect.

4 Physical Properties of Fibre and Suspension During
Enzymatic Hydrolysis

Concerning the general evolution of viscosity, all studies conclude that the viscosity of
suspensions decreases during enzymatic hydrolysis. This depends strongly on the
nature of matrices, on the nature and the activity of the enzyme, and on the concen-
tration of the substrates and the experimental conditions such as temperature or rotation
speed. During hydrolysis, two phases can be observed for viscosity. First, a rapid
decrease of viscosity is observed. Then, a steady value is maintained during a second
phase. Dasari and Berson [41] studied the hydrolysis of red oak sawdust and demon-
strated that viscosity decreased 10-fold after 24-h hydrolysis. For acid-pre-treated
sugarcane bagasse, viscosity was reduced by 77 to 95% after 6 h [26] and by 75 to 82%
within 10 h [27]. This decrease and the final plateau value depended on the enzyme
loading [26]. For spruce pulp at 30 FPU/g cellulose, initial and final viscosities (µinitial/
µfinal) were 0.24/0.028, 0.4/0.058 and 0.84/0.087 µm for concentrations of 10, 15 and
20 % (w/w), respectively [10]. This decrease of viscosity is due to mainly (i) substrate
solubilisation and (ii) particle size diameter reduction. However, publications exploring
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the relationship between particle size and viscosity evolution are very few. Some
publications can be cited like [9, 20]. Both of these authors concluded that a roughly
twofold reduction occurred in particle mean diameter for 24-h or 48-h hydrolysis.

With the goal of enabling easier comparison of viscosity variations during
enzymatic hydrolysis, authors propose the use of a time t(µ/µ0 = 0.1) defined as the
duration necessary for a 90 % reduction in viscosity. A summary of past works with
different experimental conditions is presented in Fig. 9. Observing only one data
series (one publication), the relationship between t(µ/µ0 = 0.1) and cellulase activity
is clearly demonstrated: the higher the quantity of enzyme, the shorter the time t(µ/
µ0 = 0.1). However, the tendency for all lignocellulose substrates in all experi-
mental conditions indicates a large dispersion of points. This clearly illustrates the
complexity of rheology studies in hydrolysis conditions which depend not only on
enzymatic activity but also on the nature of the substrate, the bio-chemical-physico
properties of the substrate and of course on experimental conditions.

Szijarto et al. [40] explored hydrolysis experiments of hydrothermally pre-treated
wheat straw with purified enzymes from Trichoderma reesei. The results obtained at
15 % (w/w) solids revealed that endoglucanases were the key enzymes to rapidly
reduce the viscosity of the lignocellulose substrate. Cellobiohydrolases only played a
minor role, and xylanase had practically no effect at all on the viscosity.

Palmqvist and Liden [42] monitored the impeller torque (and hence power input)
in a stirred tank reactor throughout high solid enzymatic hydrolysis (<20 % w/w) of
steam-pre-treated Arundo donax and spruce. The decrease in torque during spruce
hydrolysis was much slower than Arundo donax hydrolysis because of a higher

Fig. 9 Summary of t(µ/µ0 = 0.1) as a function of cellulase activity
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amount of lignin compared to the arundo (46 and 37 %, respectively). The lignin
structure is not broken down during the hydrolysis and might therefore contribute to
maintaining high viscosities of the spruce material.

Concerning rheological behaviour, typical shear-thinning was confirmed during
hydrolysis [27, 31, 79]. The consistency index decreases, and the power-law index
increases as hydrolysis proceeds [9, 20, 31, 79]. Rosgaard et al. [79] studied the
hydrolysis of steam-pre-treated barley straw and demonstrated that for a concen-
tration of 15 % dry matter, the consistency index decreased from 16,500 to
185 Pa sn, while the power-law index increased from 0.07 to 0.47 for 6- and 72-h
hydrolysis, respectively. Dunaway et al. [31] surveyed the hydrolysis of pre-treated
corn stover over a concentration range of 10–25 %. They concluded that the
consistency index, k, decreases rapidly with time, with the largest rate of decrease
(around 10-fold) occurring in the first 8 h.

One of the rheological parameters that were followed during enzymatic hydro-
lysis was the elasticity and/or the yield stress of the suspension through oscillatory
measurements. However, only few articles were found on this point [9, 80, 81].
Wiman et al. [9] carried out a comprehensive rheological characterisation of dilute
acid-pre-treated spruce during hydrolysis. Fillaudeau et al. [80] explored the
enzymatic liquefaction and saccharification of paper pulp. Both authors confirmed
that elastic modulus was always greater than viscous modulus in the initial step and
during hydrolysis, confirming viscoplastic behaviour. These two modules decreased
as a function of hydrolysis time around 100-fold for 48 and 100 h in spruce and
paper pulp, respectively. Wiman et al. [9] demonstrated that the yield stress
decreased dramatically with time. Roche et al. [81], for a 20 % w/w dilute acid-pre-
treated corn stover, observed a low hydrolysis process (reduction of yield stress
around 100-fold in 4 days) but obtained a single curve for yield stress versus total
biomass conversion with enzyme concentrations of 5, 10 and 20 mg g−1.

5 Conclusion

In a white biotechnology context, this review proposes a survey of the different
methods and results concerning the rheological behaviour of lignocellulose fibre
suspensions and their evolution during biocatalytic degradation. The research,
initially centred on simple matrices (microcrystalline cellulose), was extended to
complex substrates such as agriculture by-products and various woody substrates.
The scientific literature with regard to the rheological behaviour of micro-organism
suspensions (single cell up to pellet, ovoid up to mycelial morphology) constitutes a
homogeneous corpus of knowledge. Nevertheless, a limited number of studies
cover the rheological behaviour of lignocellulose matrices in highly concentrated
suspensions and during biocatalytic degradation. A shear-thinning rheological
behaviour was demonstrated with all substrates. As expected, this behaviour was
conserved all along enzymatic attack, but its magnitude fell progressively. In
addition, oscillatory measurements indicate a non-negligible yield stress for the
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initial suspensions of several complex matrices. This yield stress rapidly decreases
and then disappears within the first ten hours of enzyme attack. During hydrolysis,
the evolution of viscosity is dependent on the nature of the substrate and the
enzyme concentration. Conventional or adapted models accurately describe rheo-
logical behaviour of suspensions as a function of shear rate and mass or volume
concentration, but the fitted parameters strongly depend on the substrate. However,
a major scientific bottleneck remains in the integration of various physical
parameters to establish reliable and predictive engineering models. Beyond these
models taking into account shear rate and volume/mass fraction, variables such as
particle equivalent diameters are sometimes included, rarely the morphological
criteria and their distribution. The establishment of structured rheological models
integrating biocatalytic kinetics and using high dry matter contents remains a sci-
entific goal and is a major condition for bio-industry development. In this paper, the
methods and the models related to the rheological behaviour of complex ligno-
cellulose suspensions are similar or adapted from filamentous micro-organism
suspensions including concentration, mean diameter, hyphal propensity and shear
rate. By analogy, the scientific study of the rheological behaviour of lignocellulose
suspensions will aim to integrate additional physical parameters such as morpho-
logical parameters (equivalent diameter, mean length, aspect ratio, specific surface
area, etc.) as well as the associated distribution functions.

Future prospects depend on this state of the art. Firstly, critical concentration and
hydrolysis time can be used to define a “practical feed rate” which may enable
suspension viscosity to be controlled and regulated along hydrolysis depending on
the release kinetics of fermentable substrates and transfer limitations. Secondly,
mixed (lignocellulosic and micro-organism) suspensions should be investigated to
study their rheological behaviour, define the critical and limiting parameters and
integrate consolidated rheological knowledge into the models applied.
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