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ABSTRACT
„God did not create filamentous fungi to grow in fermentors”. This famous and frequently
cited quote from Prof. A.P.J. Trinci expresses that submerged fermentation (SF) represents
artificial conditions for propagation of fungi. SF in aerated and agitated bioreactors (in
fermentors) is a man-made artifact which had been developed mainly during and after the
World War II for production and scale-up of penicillin. Although nowadays this technique is
mainly used for the production of many other antibiotics, enzymes, amino acids, and other
valuable biologicals, SF, as a process rarely exists in nature. Vast majority of microorganisms
(especially filamentous fungi and many actinomycetes) rather live and grow in nature in solidstate (substrate) fermentation (SSF) conditions. SSF is generally defined as the growth of the
microorganisms on (moist) solid material in absence or near absence of free water.
Though SSF has a long tradition (especially in the Oriental countries) dating back to thousand
of years (for example, production of fermented foods and alcoholics in Far East), its
application could not compete with SF after World War II in the antibiotic and enzyme era.
However, some microbial enzymes are still produced by SSF in Japan, India and China. SSF
gained attention again a few years ago when Biocon India successfully started to produce
some microbial drugs such as lovastatin and mycophenolic acid on large scale. SSF requires
less processing and down-streaming stages, utilizes less power and generates less effluent
(sewage). These are very important properties these days when the price of crude oil passed
the psychological barrier (USD 100 per barrel) in January, 2008.
Another method I applied during my research was a selection way of valuable microbes
which is often called „screening”. Although according to many scientists this method is
insignificant, I rather agree with Prof. Omura when he emphasized the importance of
screening in new (microbial) drug discovery. As it is pointed out, his statement is valid in
microbial enzyme research too. He wrote that philosophy of new drug discovery relies on the
„ (i) belief in the great capabilities of the microorganisms, (ii) development of well-designed
screening systems against given objectives, (iii) recognition that screening is not a mere
routine operation, (iv) emphasis on basic research and (v) treasuring good human
relationships” (Omura, 1986). Screening is a very time consuming and mostly random
method, it is necessary in order to find an isolate (both wild-type and mutant) within the
species or genera, which shows increased enzyme production. Nowadays screening is a very
condemned and neglected method by many researchers, but without having the proper isolate
in hand, a lot of effort might be invested vainly, into a less productive starting biological
material.
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Therefore throughout my PhD work SSF and screening have been used in the belief that this
fermentation and screening method will play more important role in future than today.
Screening method was applied in order to find good or – so far - undescribed producer
microorganisms of three industrially valuable enzymes, namely chitinases, lipases/esterases
and transglutaminases. Screening for these enzymes was motivated by actual industrial
projects (financial support) and collaborative partners outside Hungary.
Chitinases are enzymes capable of hydrolyzing chitin to its oligomers and monomers. Due to
various industrial and pharmaceutical applications of chitinases or chito-oligosaccharides, the
screening for chitinase producing microorganisms is an important task.
Lipolytic enzymes have an enormous biotechnological potential. Lipases/esterases are used in
many direct applications, for example in leather processing industry, as laundry detergents or
as hydrolyzing agents in food industry. Besides direct applications, lipases can also be used in
esterification, transesterification and interesterification reactions as biocatalytic agents. Since
there is a rapidly growing demand for enantiopure compounds, novel microorganisms and
their enzymes are continuously desired.
Transglutaminases are mainly used in food industry as cross-linking agents, but their
applications are increasingly important in textile industry.
As it was mentioned, solid-state fermentation has a tremendous potential for the production of
microbial enzymes. It can be of special interest in those processes, where the crude fermented
product as such (without further purification, without downstream processing) could be used
directly as the enzyme source.
The main results of this thesis are:
1. T. harzianum strains are genetically very diverse, and according to analysis of internal
transcribed spacer (ITS) genes of ribosomal DNA they can be divided into two major
subgroups. The extracellular chitinase production of 50 T. harzianum isolates was
investigated in solid-state fermentation and based on the results, it was concluded that
overproduction of extracellular chitinase enzymes belonged to a certain subgroup among
the species. This means that specific metabolic pathways, such as chitinase formation, are
not randomly distributed and barcode analysis of certain gene sequences can be applied
for forecasting for example the enhanced chitinase production. Since detection of a
suitable producing microbe is still based on classical screening methods, this is a
definitely new approach in biotechnology for finding microbial strains for enhanced
enzyme production.
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2. Penicillium species are known producers of various extracellular enzymes, although their
chitinase producing ability is less studied. Fourteen Penicillium isolates were tested for
extracellular chitinase production in SSF in order to determine their chitinase producing
potential. It has been pointed out, that SSF is an effective method for chitinase production
with Penicillium. The results are comparable to the chitinase production of Trichoderma
harzianum isolates tested under the same solid-state fermentation conditions.
3. Forty two fungal strains were screened for lipase/esterase production in solid-state
fermentation. The crude fermented materials were air dried at room temperature and
successfully applied without any purification at the BUTE Organic Chemistry Department
for biotransformation experiments. The gently air dried solid-state fermented materials of
Gliocladium and Chaetomium origin catalyzed the acetylation of the selected racemic
secondary alcohols with high enantioselectivities, while dried solid-state fermented
materials of food-grade Aspergillus strains were successfully applied for the production of
sterol esters. Air dried SSF materials therefore represent an inexpensive, naturally
immobilized biocatalyst, which have a great potential for industries using lipase enzymes.
4. Streptomyces isolates were also successfully propagated in solid-state fermentation on
various substrates and produced transglutaminase enzyme. Altogether 20 Streptomyces
isolates were screened in SSF on different agro-substrates and three different bacterial
transglutaminases were further characterized. Although transglutaminases are produced
industrially in submerged fermentation, SSF fermented transglutaminases without
downstream processing may be an excellent candidate for some non-food applications,
where low price is a more important factor than the purity of the enzyme.
The research work, detailed in this thesis, was mainly carried out at the Department of
Applied Biotechnology and Food Sciences (formerly Dept. of Agricultural Chemical
Technology), at Budapest University of Technology and Economics. Some part of the
research activity was accomplished outside Hungary (in Austria and India) where I spent
some months and worked jointly with the local teams within Intergovernmental Science &
Technology (TeT) agreements.
This PhD thesis consists of 8 chapters. Chapter 1. details the enzymes (chitinases, lipases and
transglutaminases) and the microorganisms I worked with and gives the definition of solidstate fermentation. Chapter 1.6. tends to summarize the current results of other research
groups for production of the above mentioned enzymes in solid-state fermentation, while
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Chapter 3, 4. and 5. details the achievements of my work. The results of my PhD work are
summarized in 8 thesis points in Chapter 6, the publications can be found in the Appendix.
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CHAPTER 1 : GENERAL INTRODUCTION
1.1. CHITINASE
Chitin, the homopolymer of N-acetyl glucosamine, is one of the most abundant
polysaccharides in nature. It can be extracted from shellfish waste and used for many
industrial purposes. Chitin, its monomers and oligomers are used as medical products,
cosmetics, in dietary supplementation, agriculture and in water treatment.
Chitinase enzymes play an important role in chitin processing, although, at present, there is no
economically profitable technology for chitinase production. Besides chitin processing,
chitinases can also be used in biocontrol, against plant pathogenic fungi and some insects.
1.1.1. Chitin and its structure
Chitin is a homopolymer composed of β-(1,4)-linked units of the amino sugar

N-acetyl

glucosamine (Fig. 1). It is among the most abundant polysaccharides in nature, next to
cellulose and starch (Meyers et al, 2008). Its estimated yearly production in the biosphere is
approx. 1010-1011 tons (Gooday, 1990).

Fig. 1. Structure of chitin

It can be found in outer skeletons of crabs and lobsters, in the internal structures of
invertebrates and in fungal cell walls, microfauna and planktons.
There are three polymorphic forms of chitin: α, β and γ. The most abundant form of chitin is
the α-chitin, where the polymer form is tightly bounded in an anti-parallel arrangement
resulting in a highly crystalline structure (Meyers et al, 2008).
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Chitin is mainly produced in seafood industry, approx. 3.5 million tons of solid waste is
produced yearly, and since this amount is rising, it represents a major waste disposal issue.
1.1.2. Commercial applications of chitin
Chitin can be industrially produced by the extraction from shellfish waste and can be then
processed into many derivatives, which are used for a number of commercial applications
such as medical products, cosmetics, dietary supplements, agriculture and water treatment
(Rinaudo, 2006).
In agriculture it is used to protect seeds from soil fungi, since chitin has an anti-fungal
activity. Chitin is a non-toxic, non-allergic compound, therefore in cosmetics it is used in the
production of emulsifiers, anti-static agents and emollients to extend the shelf life of cosmetic
products. Due to its anti-bacterial and anti-viral properties, chitin is used in medical products,
too, for example as wound dressings, surgical threads or in cataract surgery, periodontal
disease and burn treatments (Muzzarelli et al, 2007; Prashanth and Tharanathan, 2007).
Microcrystalline chitin can be used in the food industry as a gelling agent or for making
edible plastic food wrap.
In nature, chitin is tightly bound with proteins, lipids, pigments and minerals, such as calcium
carbonate.

Therefore,

preparation

of

pure

chitin

involves

demineralization

and

deproteinization using strong acids and bases (see Fig. 2). These processes have high cost and
low yield, by which the costs of Na-acetyl glucosamine and its oligomers are still expensive,
not mentioning the environmental problems caused by the acidic wastes.
With the production of inexpensive chitinolytic enzymes, usage of acids could be decreased
and therefore production costs could be reduced. However, according to papers, at present,
there is no economically profitable technology for chitinase production.
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Fig. 2. Production and usage of chitin (from Prashanth and Tharanathan, 2007)

1.1.3. Chitinase enzyme structure
Chitinases are hydrolytic enzymes, which split chitin into N-acetyl β-D-glucosamine
monomers. For the complete degradation of chitin, an enzyme complex is responsible, which
- similarly to the cellulolytic enzyme complex - has three major groups.
Endochitinases (EC 3.2.1.14) hydrolyze the chitin chain randomly, chitobiosidases (or
exochitinases) (EC 3.2.1.29) hydrolyze terminal non-reducing sugars, while N-acetyl-βglucosaminidases (or chitobiases) (EC 3.2.1.52) remove sugar units from the non reducing
end of the chitin chain (Fig. 3).

Fig. 3. Chitin hydrolysis with chitinases
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Based on the amino acid sequence, chitinases are grouped into family 18, 19 and 20 of
glycosyl hydrolases.
Family 18 includes chitinases from bacteria, fungi, viruses, animals and some plant chitinases,
family 19 contains plant chitinases and some Streptomyces chitinases. These two families do
not share sequence similarity and display different 3D structures, therefore these enzymes
have probably

evolved

from

different

ancestors.

Family

20

consists

of

β-N-

acetylhexosaminidases from bacteria, Streptomyces and humans (Dahiya et al, 2006).
1.1.4. Chitinase sources
Various organisms form chitinolytic enzymes (EC 3.2.1.14), which hydrolyze the β-1,4glycosidic linkage (Gooday, 1990). Chitinases have been detected in bacteria, fungi, plants,
invertebrates and vertebrates.
Fungal chitinases are also important for survival of the producing organism itself since
chitinases play an important role in morphogenetic processes. Hydrolytic degradation of the
chitin polymer is essential for hyphal growth and branching, septum formation and spore
germination. Chitinases are also important for the normal molting of arthropods. In plants the
defense mechanism against pathogen invasion is associated with induced chitinase
production: chitin, chitosan, and their oligomers are able to act as elicitors, which induce
enhanced levels of chitinases in various plants.
Many chitinase genes have been cloned from bacteria, from both terrestrial and marine
environments, and from fungal strains too. Their biochemical properties, catalytic
mechanisms and structures have been clarified. Several fungal chitinase genes have been
recently cloned and characterized from mycoparasitic species of the imperfect soil fungus
Trichoderma, for example T. harzianum (Garcia et al, 1994), T. virens (Kim et al, 2002), T.
asperellum (Viterbo et al, 2002) and T. atroviride (Hoell et al, 2005).
1.1.5. Industrial usage of chitinases
Chitinases have many industrial and agricultural applications. The ability of chitinases to
degrade chitin makes them valuable for pollution abatement, pest and mosquito control and
for biocontrol applications. Chitinases also play an important role in fungal protoplast
generation, single cell protein production, preparation of bioactive chitooligosaccharides and
in the degradation of shellfish waste. Besides, chitinases can be used in human health care,
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too, in fungal disease therapy and as additives in antifungal creams and lotions (Dahiya et al,
2006).
1.1.5.1. Fungal protoplast generation
Since fungi contain chitin in their cell walls, chitinases can be used in fungal protoplast
formation. Fungal protoplasts are used in studying cell wall synthesis, enzyme synthesis and
secretion or in strain improvement (Dahiya et al, 2006).
For example, Dahiya et al (2005) produced chitinase in submerged and solid-state
fermentation with Enterobacter sp. NRG4, which was effective in release of protoplasts from
Trichoderma reesei, Pleurotus florida, Agaricus bisporus and Aspergillus niger.
1.1.5.2. Single cell protein production
Single cell proteins (SCPs) are proteins produced from the culture of a single celled
microorganism, and can be used as food or feed supplement or substitute. Using chitinous
wastes as substrates, chitinolytic enzymes can be applied in degradation of chitin and
production of SCPs (Dahiya et al, 2006).
For example, Vyas and Deshpande (1991) applied Myrothecium verrucaria NCIM 903 for the
production of chitin hydrolysate, which was used as a substrate for SCP production with
Saccharomyces cerevisiae.
1.1.5.3. Production of chitooligosaccharides
Chitooligosaccharides, N-acetyl glucosamines and glucosamines have a tremendous
pharmaceutical potential and can be used in human medicines. For example, chitohexose and
chitoheptose have antitumor activity (Dahiya et al, 2006); glucosamine is commonly used for
the treatment of osteoarthritis, while N-acetyl glucosamine can be used as a nutritional
supplement, while it is important for intestinal function.
Chitooligosaccharides and N-acetyl glucosamine can be produced by acid hydrolysis of chitin
or by chemical acetylation of glucosamine and its oligomers. Recently, production of N-acetyl
glucosamine has been reported by enzymes derived from Serratia marcescens, Bacillus
thuringiensis subsp. pakistani, Aeromonas hydrophila H2330, Trichoderma viride,
Acremonium cellulolyticus and Aeromonas sp. (Jung et al, 2007).
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1.1.5.4. Biocontrol
Biocontrol is an alternative method in modern agriculture for decreasing the dependence on
chemical fungicides which may cause environmental pollution and produce resistant strains.
Since chitin is the major cell wall component of plant pathogens, like Rhizoctonia solani,
Botrytis cinerea, Sclerotinia sclerotiorum or Fusarium sp., chitinases can be used as
biocontrol agents. Although other lytic enzymes are involved in cell wall degradation of
fungal cell walls, chitinases are considered to be the most important enzymes in
mycoparasitism.
Some commercially available fungal biocontrol products are listed in Table 1.
Table 1. Commercial biocontrol products available and registered in the USA
(from http://www.oardc.ohio-state.edu/apsbcc/)

Producing organism
Aspergillus flavus
Candida oleophila
Gliocladium spp.
Myrothecium verrucaria
Paecilomyces lilacinus
Trichoderma spp.

Product name
AF36, afla-guard
Aspire
Primastop, SoilGuard
DiTera
MeloCon, WG
BinabT, RootShield/PlantShield, T-22G, T-22 Planter Box, Trichodex

1.2. LIPASE
Esterases (EC 3.1.) hydrolyze esters into acids and alcohols. Among esterases there are
several subgroups, such as lipases, phospolipases, sterol esterases or nucleases.
Lipases represent a large group of enzymes having the ability to hydrolyze triacylglycerols at
lipid-water interface. Their physiological role is to hydrolyze triglycerides to diglycerides,
monoglycerides, fatty acids and glycerol.
1.2.1. Structure and grouping
Lipases (triacylglycerol hydrolases EC 3.1.1.3) belong to the carboxylic ester hydrolase
subgroup of esters and catalyze the hydrolysis of triglycerides in the oil-water interface.
Lipases catalyze esterification, interesterification, acidolysis, alcoholysis and aminolysis in
addition to the hydrolytic activity on triglycerides.
Lipases show good chemioselectivity, regioselectivity and enantioselectivity. They possess
broad substrate specificity and can be found with optimal activities over a wide range of
temperature and pH optima (Faber, 1995).
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1.2.2. Lipase enzymes by different microorganisms
Lipases are widely distributed in animals, plants and microorganisms. Lipases from a large
number of bacteria, fungi, plants and animals have been isolated and purified to homogeneity,
and showed wide range of properties (positional specificity, fatty acid specificity, pH and
temperature optima, thermostability etc.) depending on their sources (Jaeger et al, 1999;
Hasan et al, 2006). The majority of commercial lipases are produced by fungi, yeasts and
bacteria. Pancreatic lipase, which is among the most often studied lipases, is obtained from
human and pig pancreas (Kademi et al, 2005).
A large number of lipases from filamentous fungi have been extensively studied. The most
productive fungal species belong to the Geotrichum, Penicillium, Aspergillus, Rhizopus and
Rhizomucor genera. Lipases are also produced by yeasts, with species mostly belonging to the
Candida genus and bacteria, mainly belonging to the Pseudomonas genus (Kademi et al,
2005).
Thermostable lipases, such as lipases from Thermus aquaticus or T. thermophilus, are gaining
much attention, since certain industrial processes require elevated temperatures and therefore
enzymes with higher temperature optimum.
Table 2 presents some commercially available lipases.
Table 2. Commercial lipases

Microorganism
Bacteria
Pseudomonas fluorescens
Thermus thermophilus
Fungi
Aspergillus niger
Penicillium camembertii
Rhizomucor miehei
Rhizopus oryzae
Rhizopus niveus
Thermomyces
lanuginosus
Microorganism
Yeast
Candida antarctica
Candida lipolytica
Candida rugosa

Name

Company

Lipase AK

Amano
Fluka

Lipase A
Lipase G
Palatase, Lipozym IM 20
LipopanF
NovoLime
Lipozyme TL IM

Amano
Amano
Novozymes
Novozymes
Novozymes
Novozymes

Lipolase, Lipolase Ultra

Novozymes

Name

Company

Novozym 435, Novozym 735,
Novozym CALB L
Resinase
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Novozymes
Fluka
Novozymes

1.2.3. Industrial application
Lipases are considered to be the third largest enzyme group, after proteases and
carbohydrolases, based on total sales volume. The commercial use of lipases is a billion dollar
business which consists of a wide variety of different applications. Lipolytic enzymes are
currently attracting an enormous attention due to their biotechnological potential (Faber,
1995; Sheldon, 1996; Jaeger et al, 1999; Liese et al, 2000). Lipases are used in two distinct
ways: as biological catalysts for producing different products (e.g. food ingredients) and in
direct applications, as degreasing agents in leather processing industry, additives to laundry
detergent formulations or as potential hydrolyzing agents for industrially important fats and
oils. Lipases can also be used in esterification, transesterification and interesterification
reactions (Sih et al, 1996; Kademi et al, 2005; Hasan et al, 2006).
The lipase catalyzed transesterification in organic solvents is an emerging industrial
application, such as the production of cocoa butter equivalent, human milk fat substitute,
pharmaceutically important polyunsaturated fatty acids, rich or low calorie lipids and
production of biodiesel from vegetable oil (Jaeger and Reetz, 1998).
Phytosterols and their fatty acid esters are known to reduce blood cholesterol levels. This
physiological property has led to the development of a number of sterol ester enriched food,
such as salad oils, margarines, yoghurt or milk products, which can be used in lowering
cholesterol level. In addition, sterols and sterol esters are useful compounds in cosmetics, for
example in moisturizing creams, or as gelling agent in antiperspirant deodorants.
Since lipases catalyze the hydrolysis of fats and oils, the application of lipases in
oleochemical industry is enormous. Approximately 60 million tons of fats and oils are
produced worldwide annually. The lipid hydrolysate fatty acids and glycerol also have
important industrial applications (Hasan et al, 2006).
Lipases are extensively used in the dairy industry for the hydrolysis of milk fat. Current
applications include the flavor enhancement of cheeses, acceleration of cheese ripening and
the lipolysis of butterfat and cream. The free fatty acids generated by the action of lipases on
milk fat are essential for many diary products, particularly for soft cheeses, since these have
specific flavor characteristics (Bigelis, 1992; Hasan et al, 2006).
Lipases are also used as laundry detergent and dishwashing detergent components. They can
reduce the environmental load of detergent products, since they save energy by enabling a
lower wash temperature and are biodegradable, leaving no harmful residues. There are many
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available lipase patents and commercial products for the detergent industry (Hasan et al,
2006).
Since lipases have good chemio-, enantio- and regioselectivity, they can be used as
biocatalysts for various industries, because biocatalysts are selective, easy-to-handle and
environmentally friendly. The majority of the lipases used as catalysts in organic chemistry
are of microbial origin. There are two basic types of enantioselective organic
biotransformations: the reaction of prochiral or chiral substrates and kinetic resolution of
racemic compounds. Typical catalysts include lipases from the bacteria Pseudomonas
aeruginosa, P. fluorescens and other Pseudomonas species, Bacillus subtilis, Achromobacter
sp., Alcaligenes sp., and Serratia marcescens, as well as from fungi such as Candida
antarctica and C. rugosa (Faber, 1995; Sih et al, 1996; Jaeger and Reetz, 1998; Liese et al,
2000).
Biocatalytic steps are already being used industrially for manufacturing a wide range of
products, including drugs, agricultural chemicals, organics, fine chemicals and plastics (Liese
et al, 2000; Hasan et al, 2006). There is a rapidly increasing demand for enantiopure chiral
compounds (Koskinen, 1996).
1.3. TRANSGLUTAMINASE
Transglutaminases (TGase, protein-glutamine γ-glutamyltransferase, EC 2.3.2.13) catalyze
the acyl transfer reaction between a γ-carboxyamide group of a lysine residue in a peptide
chain and a γ-amino group of a lysine residue, resulting in the formation of a ε-(γ-glutamyl)
lysine cross-linkage (Folk, 1980).
1.3.1. Transglutaminase producer microorganisms
TGases are widely distributed in most animal tissues and body fluids and have also been
discovered in plants, crustaceans, invertebrates, fishes and microorganisms (Motoki and
Seguro, 1998). TGases were originally characterized in mammals, where at least eight
different genes were isolated for the enzyme.
Eukaryotic TGases are calcium-dependent enzymes (Folk, 1980), such as mammal TGases or
the acellular slime mold Physarum polycephalum TGase (Klein et al., 1992), while calciumindependent TGases have been discovered in bacteria belonging to the Actinomycetes order.
Langston et al (2007) studied TGases of several Streptomyces isolates, such as Streptomyces
mobaraensis, S. cinnamoneus or S. lydicus.
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1.3.2. Industrial application
TGase is a multifunctional enzyme, takes part in intra- and extracellular protein stabilization
processes and is mainly used in food industry as cross-linking agent (Griffin et al 2002; Aktas
and Kilic 2005; Özrenk 2006; Lantto et al, 2006). TGases can be used in binding small
chunks of meat or fish into a bigger one (see Fig. 4), for the texture improvement of protein
enriched food, such as surimi or ham, making milk and yoghurt creamier and noodles firmer
(Yokoyama et al, 2000).

Fig 4. Application of microbial TGase in food industry: (a) restructured steak from small chops of pork, (b)
boneless seafood from scallop. Pieces of meat or fish can be bind together with transglutaminase enzyme

Their applications are increasingly important in textile, leather and other industries too.
TGases can protect wool fabrics from the enzymatic and chemical damage caused by common
household detergents, maintain color and appearance of the wool garment and reduce
shrinking during washing (Cortez et al, 2007).
Currently there are only a few commercially available TGase products, mainly from Asian
countries, such as Japan (Ajinomoto Company) and China (see Table 3).

Table 3. Some commercially available TGase products

Product name
Activa TG-FP, TG-RM

Application
restructuring red meat, seafood

and TG-TI

and poultry, general texture

transglutaminase
transglutaminase

improving
food additive
food additive

Company
Ajinomoto (Japan)

Shanghai Kaiquan Biotechnology Co.
Hebei Smart Chemicals (Group) Co.
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transglutaminase

(China)
Yiming Fine Chemicals Co. (China)

food additive

1.4. MICROORGANISMS
1.4.1. Trichoderma genus
Trichoderma species are world-wide spread soil fungi, which show rapid growth and can be
isolated from forest or agricultural soils at all latitudes. They are believed to be predominant
components in various soils in all climatic zones, where they are significant decomposers of
wood and herbaceous materials (Gams and Bissett, 1998). Strains of Trichoderma are rarely
associated with diseases, although an opportunistic pathogen of immunocompromised
mammals, including humans, were recently reported (Kredics et al, 2003), while T.
aggressivum, which was formerly characterized as T. harzianum, can cause green mould
epidemic of commercially grown mushrooms in North America and Europe (Samuels et al,
2002).
Trichoderma species represent the anamorph form of Hypocrea. While the Hypocrea
teleomorph form can only be found on wood or on other fungi, Trichoderma forms are
commonly isolated from soil. All investigated Trichoderma species are being shown to be
anamorph forms of Hypocrea strains (Chaverri and Samuels, 2003).
Two species, Trichoderma reesei (Hypocrea jecorina) and T. harzianum (Hypocrea lixii) are
especially important for industrial and agricultural applications.
1.4.1.1. History and species
The first Trichoderma isolate was described early in the 19th century. In 1969 Rifai reviewed
Trichoderma and proposed a taxonomy with nine 'species aggregates' and till 1984 only these
nine species were included into the genus. So researchers, who tried to identify Trichoderma
isolates, had to classify a certain strain into one of these groups, therefore there was no
confidence that a species name used by different researchers actually referred to the same
species. Between 1984 and 1991 John Bissett started working on Trichoderma taxonomy.
With using strict morphological methods, he differentiated 35 species which were distributed
among five sections. With the application of DNA sequence analysis that started in the 1990s,
a new and seemingly absolute method was provided for the better understanding of
Trichoderma taxonomy (Bissett et al, 2003; Kullnig-Gradinger et al, 2002). Nowadays, since
the DNA sequence analysis is essential for the description and characterization of
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Trichoderma species, every species of the Trichoderma genus is represented in GenBank, the
international database of DNA sequences, by at least one partially sequenced gene. These
molecular data mainly consist of particular sequences of the internal transcribed spacer (ITS)
region of ribosomal DNA.
Within the past decade, the number of recognized Trichoderma species has tripled, reaching
100 (Druzhinina et al, 2006). A recent search on April 15, 2008 in Index Fungorum
(www.indexfungorum.org/Names/Names.asp) for Trichoderma resulted in 141 species.
1.4.1.2. Trichoderma harzianum
T. harzianum, the most common species among the Trichoderma genus is present almost
equally in cold, moderate and tropical environments. It is an economically important species;
some strains are used as biocontrol agents against plant pathogenic fungi, while others are
severe antagonists in the commercial production of mushrooms (Kubicek and Harman, 1998).
Molecular characterization of T. harzianum strains has revealed a remarkable genetical
variation within the species (Kullnig et al, 2001). Since T. harzianum is genetically a very
diverse species, based on ITS1 and ITS2 sequences, subgroups can be generated within the
species. In order to establish a basis for furthermore subgrouping, CBS 226.95 isolate was
selected as T. harzianum ex-type strain (Lieckfeldt et al, 1998).
1.4.1.3. Industrial application
Trichoderma strains are efficient producers of some hydrolytic enzymes; therefore they are
used in industry mainly for enzyme production, such as cellulases, xylanases and chitinases.
Trichoderma strains are also known for their mycoparasitic ability; therefore several strains of
Trichoderma have been developed as biocontrol agents against plant pathogenic fungi
(Harman and Kubicek, 1998). The various mechanisms include antibiosis, parasitism,
inducing host-plant resistance, and competition. Trichoderma strains not only produce
antifungal enzymes or antibiotic compounds, but they also appear to enhance plant growth.
At least 30 different biocontrol agents or products are available worldwide manufactured in
USA, Israel and Europe. Spores or preserved mycelia of Trichoderma are formulated in these
bio-agro products against several fungal plant diseases.
1.4.2. Actinomycetes
Actinomycetes are aerobic, Gram-positive bacteria forming filamentous hyphae that do not
normally undergo under fragmentation and produce asexual spores. Though the network of
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multinucleate filaments (called mycelium) is of bacterial dimensions, the mycelium is in some
ways analogous to the mycelium formed by the filamentous fungi. Therefore they closely
resemble fungi in overall morphology. Phylogenetically, the actinomycetes form a subdivision
of Gram-positive bacteria (Goodfellow et al, 2009). The name of actinomycete means „ray
fungus”, and for many years the actinomycetes were erroneously considered to be fungi, or at
least closely related to the fungi.
Actinomycetes have considerable practical significance. They are primarily soil inhabitants
and are widely distributed. They can degrade enormous number and variety of organic
compounds and are extremely important in the mineralization of organic matter.
Actinomycetes produce most of the medically useful natural antibiotics, both antibacterial and
antifungal agents, and also a wide range of other bioactive compounds, such as
immunosuppressants (Prescott et al, 1993; Sik et al, 2003).
There are more than 30 genera of actinomycetes. By far genus Streptomyces is the most
important group of actinomycetes as regards practical applications. The streptomycetes,
producers of more than half of the 10000 documented bioactive compounds, have offered
over 50 years of interest to industry and academia (Anderson and Wellington, 2001).
Streptomyces is a genus represented by a large number of species and varieties. Over 500
species of Streptomyces are recognized by Bergey’s Manual, although GC base ratios cluster
tightly between 69 and 73 mole percent (Goodfellow et al, 2009).
Actinomycetes are important not only in production of antibiotics and other secondary
metabolites, but in biotransformation of mevastatin (ML-236B) to pravastatin by
Streptomyces carbophilus and Amycolata autotrophica (Serizawa et al, 1997) and production
of industrially valuable enzymes, such as protease („Pronase”) by Streptomyces griseus
(Sidhu et al, 1995), xylanase by Nonomuraea flexuosa (formerly Actinomadura flexuosa)
(Leskinen et al, 2005; Paloheimo et al, 2005) and transglutaminase (Ando et al, 1989; Bech
et al, 2000; Lin et al, 2003).
1.4.3. Aspergillus and Penicillium
Aspergillus and Penicillium fungal genera are well known, and have been used empirically, or
more recently scientifically, in different food and industrial sectors for decades. Numerous
species of these two genera have important biotechnological applications.
Aspergillus strains are filamentous, cosmopolitan fungi, found in soil, plant debris and indoor
air environment, too. The genus includes at least 185 species with few opportunistic
pathogens, like A. fumigatus or A. flavus (Samson and Varga, 2007).
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Aspergillus strains are important industrial microorganisms. 99% of citric acid production is
carried out with A. niger. Enzymes, such as α-amylase, glucoamylase (amyloglucosidase),
glucose oxidase, pectinase, protease or phytase can also be produced by different Aspergillus
species (Bigelis, 1992). A. terreus and other related species can be used for the production of
lovastatin, a cholesterol lowering drug (Masurekar, 1992). In Oriental countries, Aspergillus
strains are used for the production of amylolytic koji for sake and proteolytic koji to
manufacture say sauce (Bigelis, 1992). A. oryzae and A. sojae strains are generally recognized
as safe (GRAS) microorganisms.
Penicillium strains are widespread filamentous fungi found in soil, decaying vegetation and in
the air. They are known for penicillin production and represent an industrially very important
fungal genus. Besides antibiotic production, enzymes, such as pectinase, invertase, xylanase,
protease or lipase can be produced with Penicillium isolates. Roquefort and Camembert-type
cheeses are fermented with Penicillium roquefortii or P. camembertii (Crueger and Crueger,
1990; Bigelis, 1992).
1.5. SOLID-STATE FERMENTATION
1.5.1. Definition and characterization
Solid-state fermentation (SSF) is defined as the growth of microorganisms on solid wet
materials in the absence (or near absence) of free (flowing) water.
SSF is used since historical times, mainly at the Oriental Countries for food fermentation,
such as the use of soy sauce and sake koji in China, or production of tempeh, miso etc. in
South-East Asian countries. Koji process involves fermentation on steamed beans as solid
substrate by fungal strain of Aspergillus oryzae or A. sojae, while sake is produced on steamed
rice with A. oryzae. Tempeh and miso use steamed and cracked legume seeds and the
fermentation is carried out with Rhizopus sp. Penicillium camembertii and P. roquefortii
strains are used in mold-ripened cheese making (Pandey et al, 2001).
SSF offers numerous advantages over submerged fermentation (SF), such as high volumetric
productivity, less effluents or simple fermentation equipments. Since it is mostly using agro
industrial residues, fermentation media are quite simple and cheap, compared to SF media.
Another main advantage of SSF is that in some agricultural and industrial technologies the
fermented solids can directly be applied as crude enzymes without isolating the products.
SSF certainly has disadvantages, too (see Table 4), but it should not be seen as a technology,
which can replace SF. In fact, SF has many features, which would make it preferable in a
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case, where SF and SSF have similar economic performances. SF is definitely less
problematic, since heat and mass transfer or homogeneity is much better. However, there are a
number of products for which SSF is the superior production technology, and a number of
large scale SSF processes are operated commercially (Pandey et al, 2001).
Table 4. Advantages and disadvantages of SSF over SF (from Couto and Sanroman, 2006)

Advantages
Higher productivity
Low cost media
Less effort in downstream processing
Reduced energy and cost requirements
Simple technology
It resembles the natural habitat for

Disadvantages
Difficulties on scale up
Difficult control of process parameters
(pH, heat, moisture, nutrient composition etc.)
Higher impurity product, increasing recovery product cost

several microorganisms

SSF can be chosen against SF when the particular economic conditions favor its application:
for example there is a constant need for byproduct utilization, or the product can only be
produced in SSF (e.g. the producing microorganism can not or can hardly grow under SF
conditions). There are several examples in literature that higher yields can be achieved in SSF
in the production of different enzymes (Viniegra-Gonzalez et al, 2003). Another example is an
emerging company in India, Biocon Ltd, which is basically a biopharmaceutical enterprise but
focuses on enzyme production with solid-state fermentation too. The results obtained at
Biocon led to the conclusion, that commercially available solid-state produced enzymes were
richer in side activities, compared to the submerged ones (Suryanarayan, 2003).
1.5.2. Scale-up
One of the most important questions is how SSF can be applied in larger scale. There are
many reported and patented solutions for solid-state fermenters in literature. However,
majority of such SSF equipments are based on three different systems, namely propagation of
microbes in tray, drum or column-type bioreactors. In most cases partly or fully automated
koji rooms with tray fermenters are used in Japan for the production of enzymes by SSF.
One of the simplest fermenter types used in SSF is the tray fermenter. It consists of trays
(made of wood, metal or plastic) arranged upon each other, with appropriate gap left between
the trays. The trays are kept in a controlled environment where sterility, temperature and
humidity can be maintained; however, tray fermenters require a large operational area, and the
substrate must be sterilized separately (Suryanarayan, 2003).
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Biocon India Ltd. designed, developed and patented a unique bioreactor (Suryanarayan and
Mazumdar, 2001), for carrying out solid-state fermentations in large scale. PlaFractor is made
of several tray modules placed on each other. Each tray module has a mixing arm with blades.
PlaFractor combines the cooker, the trays, the incubation room and the extraction device in
one equipment.
Critical parameters in scaling-up are mixing and heat removal. In many cases, mixing can
cause the damage of the developed mycelia, which can result in loss of productivity.
The efficient heat removal from the matrix is also a key issue. Since the solid matrix is a poor
conductor in transfer of the generated metabolic heat, only thin layers of material can
effectively be fermented (Pandey et al, 2001). In industrial tray fermentations, the thickness
of inoculated substrates is regularly 10-20 cm.
1.5.3. Industrial application
Since SSF applies cheap by-products as substrates, it can be used in utilization of agroindustrial residues, which also helps in solving environmental pollution problems.
SSF holds a great potential for microbial enzyme production, especially at those applications
where the crude fermented product could directly be used without any further downstream
processes, such as animal feeding (Pandey et al, 2001).
Table 5 lists some of the solid-state fermented enzymes with their applications.

Table 5. Solid-state fermented enzymes and their industrial applications (Pandey et al, 2001)

Applications
Ensiling
Bioprocessing of crops and crop

Enzyme
Cellulases and hemicellulases
Cellulases and hemicellulases

residues
Fiber processing (retting)
Feed supplement
Biopulping
Composting
Bioremediation
Biopesticide

Pectinases, cellulases, hemicellulases
Amylases, proteases, lipases, cellulases, hemicellulases
Xylanases
Hydrolytic enzymes
Laccases, ligninases
Trichoderma enzymes

SSF has been used commercially in Japan for a long time, to produce industrial enzymes.
Japan is a big producer of soy sauce, therefore in a close collaboration between Kikkoman
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Shoyu (a large producer of soy sauce) and Fujiwara technoart (an equipment supplier) several
new equipments were developed mainly for the production of soy sauce. Some of these
equipments were adapted to the production of industrial enzymes; therefore besides amylases
and proteases, glucoamylases, cellulases, tannases, pectinases, xylanases, lipases and phytases
are also commercially produced by SSF (Suryanarayan, 2003). Recently, SSF is commercially
used to produce industrial enzymes in Japan, India, USA and France (Szakacs, 2005).
Additionally to enzymes, organic acids, such as citric acid or lactic acid, commercial and
industrial metabolites, like different antibiotics, mycotoxins or biocontrol agents can be
produced under SSF conditions.
SSF is also used for biotransformation and biological upgradiation of crop and certain
agricultural residues and for mushroom production. Currently approximately 20 species of
mushroom are cultivated worldwide commercially using SSF (Pandey et al, 2001).
Table 6 details the main groups of microorganisms used in SSF.

Table 6. Main groups of microorganisms involved in SSF processes (Raimbault, 1998)

Microorganism
Bacteria
Bacillus sp.
Clostridium sp.
Lactobacillus sp.
Pseudomonas sp.
Serratia sp.
Streptococcus sp.
Yeast
Saccharomyces cerevisiae
Schwanniomyces castelli
Fungi
Altemaria sp.
Amylomyces rouxii
Aspergillus niger
Aspergillus oryzae
Aspergillus sojae
Aspergillus sp.
Beauveria sp., Metarhizium sp.
Fusarium sp.

SSF process
Composting, amylase
Ensiling, food
Ensiling, food
Composting
Composting
Composting
Food, ethanol
Ethanol, amylase
Composting
Tape cassava, rice
Feed, proteins, amylase, citric acid
Koji, food, citric acid
Soy sauce
Composting, industrial, food
Biological control, bioinsecticide
Composting, gibberellins
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Lentinus edodes
Monilia sp.
Mucor sp.
Penicillium notatum, P.

Shii-take mushroom
Composting
Composting, food, enzyme

roquefortiii,

Penicillin, cheese

P. camembertii
Phanerochaete chrysosporium
Pleurotus oestreatus, P. sajor-caju
Rhizopus oligosporus, R. oryzae
Rhizopus sp.
Trichoderma sp.

Composting, lignin degradation
Mushroom
Tempeh, soybean, amylase, lipase
Composting, food, enzymes, organic acids
Composting, biological control, bioinsecticide

1.6. PREVIOUS RESULTS PUBLISHED IN JOURNALS IN PRODUCTION OF
CHITINASES, LIPASES AND TRANSGLUTAMINASES BY SSF
Since my research work focused on production and characterization of chitinases,
lipases/esterases and transglutaminases in solid-state fermentation conditions, a separate
chapter is devoted for the results obtained in the same field by other scientists.
For successful enzyme fermentation, the productivity and novelty of the microbial strain is of
prime importance. Researchers are continuously looking for new, untested microbes capable
of producing the desired enzymes (preferably with new features), characterize it and optimize
the fermentation processes. Therefore, a large number of microbes including rare species were
screened. Altogether 64 fungi were tested for extracellular chitinase production, 42 fungi for
lipase/esterase and 20 Streptomyces isolates for transglutaminase production using solid
substrate fermentation technique. The majority of the tested microbes were previously not
reported in other papers for the particular enzyme production, or the produced enzyme was
described with new, but not yet detailed properties.
1.6.1. Microbial chitinase production
There are many examples for chitinase production by various organisms, including bacteria
and fungi. Unfortunately, very few reports focus on solid-state fermentation. The majority of
the literature describes chitinase production in submerged fermentation. Since my PhD thesis
focuses on SSF, Table 7 summarizes the few examples for chitinase production under SSF
conditions.
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Table 7. Microbial chitinase production in solid-state fermentation (SSF)

Microorganism
Bacteria
Enterobacter sp. NRG4

Substrate in SSF

Reference

chitin flakes, crab

Dahiya et al, 2005

shell chitin, fungal
cell wall and wheat
bran
Fungi
Trichoderma harzianum
Trichoderma longibrachiatum

wheat bran
wheat bran - crude

Sandhya et al, 2005
Kovacs et al, 2004

Beauveria felina RD 101
Beauveria bassiana
Fusarium oxysporum F3
Verticillium lecanii
Trichoderma harzianum
Aspergillus flavus, A. niger, A.

chitin mixture
wheat bran
wheat bran
wheat bran
shrimp waste
wheat bran
wheat bran

Patidar et al, 2005a
Suresh and Chandrashekaran, 1999
Gkarkgas et al, 2004
Matsumoto et al, 2004
Nampoothiri et al, 2004
Patidar et al, 2005b

shellfish waste

Rattanakit et al, 2002

oryzae, Myrothecium verrucaria,
Penicillium chrysogenum,
Trichoderma viride, T. reesei and
Beauveria felina
Aspergillus sp.

Some of the produced chitinases were tested against other fungal species or applied in
protoplast production (Dahiya et al, 2005). Most of the researchers used wheat bran,
supplemented with chitin, as substrate for SSF. Wheat bran is a cheap and complex
agricultural by-product, serves as a substrate and carrier for the microbe. Utilization of
chitinous wastes, such as shellfish or shrimp waste is also described.
Trichoderma strains are applied as biocontrol agents against many plant pathogenic fungi,
therefore they are considered as good sources of chitinolytic enzymes (Lorito, 1998). The
chitinolytic system of Trichoderma species, especially T. harzianum, which is a genetically
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very complex species, is well studied, although majority of the available research papers focus
on chitinase production in submerged fermentation. SSF was applied for chitinase production
using T. harzianum strains by Sandhya et al (2005) and Nampoothiri et al (2004), and with T.
longibrachiatum by Kovacs et al (2004), but no other reports can be found.
Molecular phylogenetic analysis of Trichoderma species is relatively a new method used in
the last two decades for identification of unknown isolates at taxon level. Druzhinina et al
(2005) suggested a DNA oligonucleotide barcode system based on internal transcribed spacer
(ITS) sequences, for the identification of 53 unknown Trichoderma isolates. However,
applying molecular tools for different isolates within a species for screening for a special
ability (e.g. enzyme production) is not yet applied in biotechnology, although physiological
traits (such as overproduction of extracellular chitinase) within a given species are not
randomly distributed.
Therefore, during my PhD work, besides screening for extracellular chitinase production in
SSF among different T. harzianum isolates, the ITS sequences of the screened isolates were
also analyzed, grouped and examined if there is any correlation between overproduction of
chitinase enzymes and ITS sequences. Our results supported this theory: a certain group of T.
harzianum isolates (based on ITS sequences) showed an increased extracellular chitinase
production in SSF (see more detailed in Chapter 3.1.). This means that with the sequence
analysis of ITS genes of a T. harzianum isolate, it can be forecasted if a particular isolate is a
good extracellular chitinase producer.
Some Penicillium strains in SSF were also screened for extracellular chitinase production and
the results were published in 2005. Parallel to our work, Patidar et al (2005b) isolated and
used P. chrysogenum for chitinase production on wheat bran and optimized the fermentation
conditions, but before that, no data were available on chitinase production by different
Penicillium strains. Since 2005, Binod et al (2006) screened Trichoderma harzianum,
Beauveria bassiana and Penicillium strains for endochitinase and chitobiase production on
different agro-industrial residues and concluded that P. aculeatum NRRL 2129 showed the
highest endochitinase activity among the tested isolates.
1.6.2. Microbial lipase production
Majority of the lipases in current industrial use are of microbial origin and are produced under
conventional submerged fermentation conditions (Hasan et al, 2006).
Lipases are widely used in biocatalysis since they can catalyze many useful enantioselective
synthetic reactions. For these reactions enzymes must be thermostable and stable in both
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hydrophobic and hydrophilic organic solvents. Therefore there is a current demand for new
lipases. Also, low price is of vital importance in many application fields.
High lipase productions were obtained by cultivation of Penicillium, Rhizopus, Rhizomucor
Mucor or Aspergillus sp. Several of these organisms are generally recognized as safe (GRAS)
microbes, therefore can be used for large-scale production of enzymes even for food industry.
However, the use of SSF technique for lipase production is still far to be applied on industrial
scale (Kademi et al, 2005).
Table 8 details the microbes used in SSF for lipase production.
Table 8. Microbial lipase production in SSF

Microorganism
Bacteria
Bacillus coagulans
Fungi
Aspergillus niger
Penicillium restrictum

Substrate

Reference

Melon waste – olive oil

Alkan et al, 2007

Wheat bran - oil cake
Different carbon sources and

Sandana et al, 2007
De Azeredo et al, 2007

Penicillium simplicissimum
Rhizopus homotallicus
Rhizopus oligosporus and Rhizopus

lipids
Babassu cake
Sugarcane bagasse
Commercial oil cakes

Gutarra et al, 2007
Rodriguez et al, 2007
Ramachandran et al, 2005

oryzae
Rhizomucor pusillus and Rhizopus

Olive oil cake and sugar cane

Cordova et al, 1998

rhizopodiformis

bagasse

There are many examples where the microbial lipase was applied for biocatalysis. Majority of
the reported lipases were extracted (SSF) or precipitated (SF) and purified after fermentation
and before biocatalysis. The greatest advantage of SSF over SF is that the gently dried,
fermented material can directly be used for biocatalysis. For example, Fernandes et al (2007)
propagated Burkholderia cepacia bacterial strain in solid substrate fermentation on corn bran
supplemented with corn oil. After fermentation, the fermented solid material was lyophilized
and successfully applied directly in esterification and transesterification reactions. Fernandes
et al cite our previous paper (Nagy et al, 2006) which was probably the first in this field.
Since crude SSF cellulases and xylanases without downstream processing (gently dried whole
SSF material) proved to be good biocatalytic materials in some biotechnological applications
(Tengerdy and Szakacs 2000; Szendefy et al 2003) and no paper was found for similar
production and application of lipase enzymes we decided to test fungi in SSF for lipase
production and applied the dried fermented solid materials in biocatalysis in organic solvents,
without any downstream processing (see Chapter 4.).
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1.6.3. Microbial transglutaminase production
Industrial production of transglutaminase can be carried out economically by some
actinomycetes such as Streptomyces mobaraensis (Ando et al, 1989; Nonaka et al, 1989;
Motoki et al, 1994). Though many host-vector systems such as Escherichia coli,
Corynebacterium glutanicum or Streptomyces lividans are described by some authors
(Yokoyama et al, 2000; Masayo et al, 2004; Lin et al, 2004), due to complex biosynthesis of
transglutaminase in the cell via its pro-transglutaminase form and the secretion of the enzyme
into the medium, these expression systems proved to be unsuccessful so far and conventional
mutants of the original microorganism are used for industrial transglutaminase production.
Currently, transglutaminases are produced with S. mobaraensis by conventional submerged
fermentation. More recently, transglutaminase was successfully produced in solid-state
fermentation with a Bacillus circulans isolate (Soares et al, 2003). These authors used
soybean industrial fibrous residue for solid-state cultivations and compared transglutaminase
production in submerged and solid-state fermentation. Bacillus circulans showed three times
higher transglutaminase productivity in SSF than SF.
According to papers and patents different Streptomyces species may produce high biodiversity
of transglutaminases differing from each other in structure (sequence) and mode of crosslinking of most important food, agricultural and textile proteins (Motoki et al, 1994; Bech et
al, 2000; Lin et al, 2003; Cui et al, 2006; Langston et al, 2007). By using SSF process,
inexpensive crude (in situ) transglutaminases may be produced without downstream
(purification) processes for some non-food applications. This was our research hypothesis
when we started with the experiments.
Within Streptomyces genus, approximately 400 species are present. Researchers mainly focus
on strains which have a well characterized transglutaminase production, although screening of
so far untested isolates may result in new Streptomyces with new type of transglutaminases.
In order to produce inexpensive crude transglutaminase by SSF the enzyme production was
tested with the two well characterized transglutaminase producer isolates: S. mobaraensis and
S. platensis. S. paucisporogenes and 17 new, unidentified Streptomyces isolates were also
successfully propagated in SSF (see Chapter 5.).

32

CHAPTER 2 : MATERIALS AND METHODS
2.1. MICROORGANISMS: ORIGIN AND MAINTENANCE
Strains from ATCC (American Type Culture Collection, Manassas, Virginia, USA), BSUM
(Botany School, University of Melbourne, Parkville, Vic., Australia), CBS (Centraalbureau
voor Schimmelcultuures, Utrecht, Netherlands), C.P.K (Research Area of Gene Technology
and Applied Biochemistry, Vienna University of Technology, Austria), DAOM (Department
of Agriculture, Eastern Cereal and Oilseed Research Centre, Ottawa, Canada), FRR (Food
Research Laboratory, CSIRO, North Ryde, NSW, Australia), IFO (Institute for Fermentation,
Osaka, Japan), IMI (International Mycological Institute, Egham, Surrey, UK), MRL (Ship
Structures and Materials, Department of Defense, Materials Research Laboratory, Ascot Vale,
Victoria, Australia), HIPP (Hungarian Institute for Plant Protection, Budapest, Hungary), IFO
(Institute for Fermentation, Osaka, Japan), IMI (International Mycological Institute, Egham,
Surrey, UK), NRRL (Northern Regional Research Laboratory, Peoria, Illionis, USA), OKI
(National Institute for Public Health, Budapest, Hungary), PPRI (ARC-Plant Protection
Research Institute, Queenswood Pretoria, South Africa), TUB (Department of Agricultural
Chemical Technology, Technical University of Budapest, Hungary), UAMH (University of
Alberta Mold Herbarium and Culture Collection, Alberta, Canada), VKM (Russian Culture
Collection of Microorganisms, Moscow, Russia), WA (Western Australian Department of
Agriculture, South Perth, Western Australia, Australia) and WFPL (Western Forest Products
Laboratory, Vancouver, Canada) were used.
Microbes were stored in freeze-dried forms in glass ampoules for long term stock. Fungal
strains were maintained on potato dextrose agar (PDA) plates at 30°C, while actinomycetes
were grown on ATCC-5 medium, also at 30°C. Composition of ATCC-5 medium (sporulation
agar) is the following (g l-1): yeast extract, 1.0; meat extract, 1.0; tryptose, 2.0; FeSO4, 0.1;
glucose, 10.0; bacto agar, 15.0; pH (before sterilization), 7.2.
2.2. SOLID-STATE FERMENTATION
2.2.1. Chitinase production in SSF
Chitinase production was studied on a wheat bran (food quality, purchased from local
supermarket) and crude chitin (practical grade, from crab shells, SIGMA) 9:1 mixture.
Four different SSF media were used in the screening (Table 9):
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Table 9.: Chit-SSF media

Medium
Chit-SSF1
Chit-SSF2
Chit-SSF3
Chit-SSF4

Wheat bran (g)
4.5
4.5
4.5
4.5

Chitin (g)
0.5
0.5
0.5
0.5

Salt solution I. (ml) Salt solution II. (ml)
10
15
10
15

Salt solution I. (in gl-1): NH4NO3, 5; KH2PO4, 5; MgSO4.7H2O, 1; NaCl, 1; and (in mg l-1
concentration): CoCl2.6H2O, 1; MnSO4, 0.8; ZnSO4.7H2O, 1.73; FeSO4.7H2O, 2.5; pH before
sterilization: 5.0
Salt solution II. (in gl-1): (NH4)2HPO4, 5; KNO3, 5; MgSO4.7H2O, 1; NaCl, 1; and (in mg l-1
concentration): CoCl2.6H2O, 1; MnSO4, 0.8; ZnSO4.7H2O, 1.73; FeSO4.7H2O, 2.5; pH before
sterilization: 5.0
Solid-state fermentation was carried out in 750 ml cotton-plugged Erlenmeyer flasks. The wet
substrate was sterilized at 121°C for 20 min. Flasks were inoculated from fully sporulating
Petri-plate cultures (4 flasks from one Petri plate culture) and incubated at 30°C as a still
culture (without shaking) for 3 or 5 days. At the end of fermentation, the content of each
Erlenmeyer flask was suspended in a final volume of 100 ml aqueous Tween-80 (0.1 %, w/v),
and incubated for 2 h at room temperature with occasional shaking. After centrifugation (8000
rpm, 15 min, 8°C), the supernatant was used to determine chitinase activity.
2.2.2. Lipase production in SSF
Solid-state fermentation was carried out in cotton-plugged 500 ml Erlenmeyer flasks on solid
wheat bran medium (10 g) or on a mixture of wheat bran (9 g) and olive oil (1 g), and wetted
with salt solution I. (pH 6.0) to 60 and 70 % moisture content.
Crude palm oil (1 g) or a mixture of sterol ester (1 g) was used instead of olive oil in few
experiments as an enzyme inducer. Olive oil was purchased from a local supermarket while
crude palm oil was received from our research partner in Malaysia. Sterol ester was obtained
from Bunge Research Institute (Hungary).
Natural rapeseed and sunflower seed hull were also tested as potential substrates for SSF. In
these media, rapeseed or sunflower seed hull (with natural oil content, 10 g seed as such per
Erlenmeyer flask) was wetted with salt solution I., to different moisture contents.
In some experiments, performed with the two best sterol esterase producer strains, Aspergillus
oryzae NRRL 6270 and Aspergillus sojae NRRL 6271, wheat bran was also tested in a wider
moisture content range, without adding any inducer.
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The wet SSF media were routinely sterilized in autoclave, inoculated from fully sporulating
Petri plate cultures and incubated at 30°C without shaking (still culture). To determine lipase
activity, the content of each Erlenmeyer flask was suspended in a final volume of 150 ml
aqueous Tween-80 (0.1 %, w/v), and incubated for 2 h at room temperature with occasional
shaking. After centrifugation (8000 rpm, 15 min, 8°C), the supernatant was used to determine
enzyme activity.
2.2.3. Production of transglutaminase enzyme in SSF
For the production of transglutaminase the following agro-food products were tested:
black beans, broomcorn millet, buckwheat, chick-peas, chilly beans, common barley, common
lentils, common oat, common wheat, green mung beans, green peas, liver kidney beans, oat
flakes, pearl beans, poppy seeds, red beans, red lentils, rice, rye, rye flakes, soy beans, spot
kidney beans, steam exploded rice, wheat bran and yellow peas. The substrates were crushed
or milled first to an appropriate size for SSF (average particle size of 0.5-3 mm) in coffee
mill, in hammer mill or manually in mortar.
10 g of the substrates were tested at different moisture contents with using the previously
mentioned salt solution I. at pH 6.0. The fermentation was carried out in cotton plugged 500
ml Erlenmeyer flasks. The wet substrate was sterilized at 121°C for 20 min, flasks were
inoculated with fully sporulating Petri-plate cultures and incubated at 30°C as a still culture
(without shaking). Enzyme activity was determined from the culture extract of SSF samples.
10 g dry weight fermented substrate was extracted with 100 ml aqueous 0.1% w/v Tween-80,
by occasional shaking for 2 hours at room temperature (25°C). At the end of extraction, the
suspension was centrifuged (8000 rpm, 15 min, 8°C). Supernatants were stored at 4 °C until
the assays were performed.

2.3. ENZYME ASSAYS
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2.3.1. Chitinase assay
Chitinase activity was assayed by measuring the release of reducing sugars from colloidal
chitin (prepared as described by Roberts and Selitrenikoff, 1988) using the dinitro-salicylic
acid method (Miller, 1959). The enzyme assay was adopted (with slight modifications) from
Fenice et al (1998).
The reaction mixture consisted of 0.5 ml 1% colloid chitin solution (in 0.05 mol l -1 citratephosphate buffer, pH 5.5), 1 ml 0.05 mol l-1 citrate-phosphate buffer, pH 5.5 and 0.5 ml
supernatant. The well-mixed solution was incubated at 50°C for 10 minutes. The reaction was
stopped with the addition of 3 ml dinitro-salicylic acid reagent, and boiled for 5 minutes. The
assay was carried out using appropriate substrate and enzyme blanks. Absorbencies were
measured at 575 nm wavelength.
One unit of chitinase was defined as the amount of enzyme releasing 1 µmol N-acetyl Dglucosamine equivalent per minute under assay conditions (50°C, pH 5.5). Standard curve
was prepared with N-acetyl D-glucosamine.
2.3.2. Carboxymethyl cellulase assay
Carboxymethyl cellulase (CMCase) activity (a widely used cellulase assay which measures
mainly the endoglucanase activity of the enzyme complex) was determined according to
Mandels et al (1976) using 2% carboxymethyl cellulose (CMC) as substrate. 0.5 ml of the
properly diluted enzyme was incubated with 0.5 ml 2% CMC (in 0.05 mol l-1 sodium citrate
buffer, pH 4.8) at 50°C for 30 min. The reaction was stopped by adding 3 ml dinitro-salicylic
acid, the mixture was boiled for 5 min and diluted with 20 ml distilled water. Absorbencies
were read against the blank, containing 0.05 mol l-1 sodium citrate buffer (pH 4.8), at 540 nm.
One unit of CMCase was defined as the amount of enzyme releasing 1 µmol D-glucose
equivalent per minute under assay conditions (50°C, pH 4.8).
2.3.3. Lipase assay
Lipase activity was determined according to Vorderwülbecke et al (1992) using pnitrophenyl-palmitate (pNPP) as substrate. Solution A contained 90 mg of pNPP dissolved in
30 ml of propane-2-ol. Solution B contained 2 g Triton X-100 and 0.5 g gum arabic dissolved
in 450 ml buffer (Tris-HCl, 50 mmol l-1, pH 8.0). The assay solution was prepared by adding 1
ml of solution A to 9 ml of solution B to obtain an emulsion which remained stable for 2 h.
The assay mixture contained 2 ml of the emulsion and 0.5 ml of the appropriately diluted
enzyme extract. After incubation at 45oC for 30 min, the liberated p-nitrophenol was
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measured at 410 nm. The assay was carried out using appropriate substrate and enzyme
blanks.
One International Unit of lipase activity was defined as the amount of enzyme that produces
1µmol of p-nitrophenol per minute at 45°C at pH 8.0. Standard curve was prepared with pnitrophenol.
2.3.4. Transglutaminase assay
The enzyme assay was adopted from the paper of Grossovitz et al (1950) and used with slight
modifications. Briefly, the reaction mixture contained of 1.5 ml transglutaminase substrate
(200 mmol l-1 Tris –acetate buffer, pH 6.0; containing 5 mmol l-1 CaCl2, 10 mmol l-1 LGlutathione, 100 mmol l-1 Hydroxylamine-HCl and 30 mmol l-1 N-Carbobenzoxyglutaminylglycine) and 0.5 ml of the properly diluted enzyme supernatant. The well-mixed
solution was incubated at 37°C for 10 minutes. The reaction was stopped by the addition of
1.5 ml Stop reagent (100 mmol l-1 FeCl3 dissolved in 5 % TCA) and the absorbency was
measured at 525 nm. The assay was carried out using appropriate substrate and enzyme
blanks.
One International Unit of enzyme activity was defined as the amount of enzyme that
hydrolyzes 1µmol of Z-Gln-Gly per minute at 37°C on pH 6.0. Standard curve was prepared
with L-glutamic acid γ-monohydroxamate.
The only complication with this assay is that some primary and secondary nitro compounds,
imides, amides, most nitrils and aldehydes can give a positive test too. Therefore a positive
result (brownish red color) can be either the effect of a transglutaminase or a potentially
present secondary metabolite produced by the microbe. To eliminate the false response in the
hydroxamate test, ultrafiltration of the enzyme extract was used. For this purpose, crude SSF
extracts were ultrafiltered through a 5 kDa membrane (Amicon Ultra Centrifugal Filter
Device, Millipore) and the upper phase (protein part) was resuspended in 200 mmol l -1 Tris–
acetate buffer (pH 6.0).

2.4. ENZYME PROPERTIES
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2.4.1. Effect of temperature and pH
Enzymatic reactions were carried out at various temperatures ranging from 25°C to 80°C (at
pH given by the assay conditions) and the enzyme activities at different temperature points
were measured in order to find out the temperature optimum of the enzyme.
Similarly, the enzyme assay was carried out at different pH values using different buffers, to
determine the pH optimum.
2.4.2. Thermal stability
Thermal stability of the enzymes was determined as described by Karadzic et al (2002). The
crude enzyme extract was incubated at different temperatures for various time intervals (0, 5,
15, 30, 45 and 60 min) at pH values given by the assay conditions. After the heat treatment,
samples were cooled and the enzymes were subjected to a typical enzyme assay at the given
reaction conditions.
2.4.3. Influence of selected metal ions on transglutaminase activity
Crude SSF extracts of transglutaminase were ultrafiltered at 3500 g for 45 min, using a 5 kDa
Amicon Ultra Centrifugal Filter Device (Millipore). Five metal ion salts were applied in three
different concentration levels (0.5, 1 and 2 mmol l-1) in the reaction mixture (ultrafiltered SSF
extract) to study their effects on enzyme activity. The following salts were used: CaCl 2.2H2O;
CoCl2.6H2O; Diamino-ethane-tetra-acetic acid (EDTA); FeSO4.7H2O and ZnSO4.7H2O. The
enzyme assay was carried out at 37°C for 10 min in the absence of reducing agent (LGlutathione) as described previously.
2.5. OTHER METHODS
2.5.1. Determination of fungal growth rate
Fungal growth rates of T. harzianum isolates were determined on a modified synthetic nutrient
agar (SNA) plates containing different carbon sources. The composition of the medium was
the following: 0.05 % w/v carbon source, 0.1 % KH2PO4, 0.1 % KNO3, 0.05 % MgSO4 x 7
H2O, 0.05 % KCl and 2% w/w agar. Plates were inoculated with a small piece of agar block
from a growing front of a stock culture and incubated at 30°C in the dark. The increase in
colony extension was measured twice daily and plotted against time. The linear part of the
resulting graph was used to calculate growth rates (in mm/24 h).
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2.5.2. Biomass determination in SSF
2.5.2.1. Intracellular protein content measurements
Fungal biomass dry weight of Trichoderma harzianum isolates were determined by measuring
the amount of alkali-extractable proteins as described previously (Kubicek, 1981). The whole
SSF material was washed with tap and distilled water, dried at room temperature and finally
ground in a mortar under liquid nitrogen. 0.25 g of the frozen powder was homogenized in 10
ml of 0.1 mol l-1 NaOH and centrifuged. The soluble protein content of the supernatant was
determined by the Bradford assay (Bradford, 1976).
2.5.2.2. Glucosamine method
The biomass of transglutaminase producing Streptomyces strains in SSF was determined
according to Bussari et al (2008). The method is based on quantification of glucosamine in
the microbial cell wall. 1 g dried fermented material was incubated with 2 ml concentrated
H2SO4 for 24h at 24°C, diluted with distilled water to get 0.5 mol l -1 H2SO4 and autoclaved at
121°C for 1 h. The filtrates were neutralized with 1 mol l -1 NaOH to pH 7.0. 1 ml acetyl
acetone reagent (1 ml acetyl acetone in 50 ml 0.25 mol l-1 Na2CO3) was added to 1 ml of this
solution and kept in boiling water for 20 min. After cooling, 6 ml ethanol and 1 ml Ehrlich’s
reagent (2.67 g p-dimethyl aminobenzaldehyde in 100 ml 1:1 mixture of ethanol and
concentrated HCl) was added and incubated at 65°C for 10 min. Absorbencies were read
against the blank, containing the non-fermented medium filtrate, at 530 nm. Standard curve
was prepared with glucosamine.
2.5.3. Sodium dodecyl sulphate (SDS) and native polyacrylamide gel electrophoresis
(PAGE)
Crude enzyme extracts of extracellular chitinases of Trichoderma harzianum origin were
centrifuged (15.000 g, 15 min, 4°C) and the supernatants were used for electrophoresis.
Electrophoresis was performed according to a standard protocol (Ausubel et al, 2003). 20 µl
samples were mixed with 5 µl SDS PAGE sample buffer (without 2-mercaptoethanol), and
without boiling, loaded on a 12% polyacrylamide gel. In case of native PAGE, SDS was
omitted from the sample buffer, the gels and the running buffer. After electrophoresis,
enzymatic activities were identified as described by Haran et al (1995). SDS was removed
from the gels by washing with a casein-EDTA solution, N-acetylglucosaminidases and
chitinases were detected with overlaying an agarose gel, containing 4-methylumbelliferyl-N39

acetyl β-D-glucosaminide or 4-methylumbelliferyl-β-D-N-N’-N’’-triacetylchitotriose. The
fluorescent signals of the hydrolyzed substrates were visualized under a UV transilluminator.
Crude enzyme extracts of Streptomyces mobaraensis NRRL B-3729, S. paucisporogenes
ATCC 12596 and S. platensis NRRL 2364 produced on liver kidney beans were filtered
through a 0.22 µm filter (Millipore), concentrated by ultrafiltration using a 5 kDa Amicon
Ultra Centrifugal Filter Device (Millipore), and the upper (protein) part was resuspended in
0.5 mol l-1 Tris-HCl buffer (pH 6.8). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed using the buffer system of Laemmli (1970) at a
constant voltage (180 V) with gels containing 10% polyacrylamide in the resolving gel and
5% polyacrylamide in the stacking gel. Prior to electrophoresis the concentrated and
resuspended samples were heated at 100°C for 5 min in dissociating buffer, containing 2%
SDS and 5% 2-mercaptoethanol. Precision Plus Protein Standard (BioRad) was used as a
molecular mass standard.
2.5.4. Development of a selective medium
In order to identify superior chitinase producer Trichoderma harzianum isolates, a quick Petriplate test was developed. The composition of the media was the following (in w/v
concentration): 1.5% carbon source (glucose or N-acetyl mannosamine), 0.1% KH2PO4, 0.3%
(NH4)2SO4, 0.05% MgSO4.7H2O, 0.05% KCl, 0.03% CaCl2 and 1% Phytagel dissolved in
MES (2-(N-Morpholino) ethanesulfonic acid) buffer (50 mol l-1, pH 6.1). After autoclaving,
iodonitrotetrazonium chloride (INT) (150 µ mol l-1) and menadione bisulphate (50 µ mol l-1)
were added to the sterile medium. Petri plates were inoculated at the center point and
incubated at 30°C.
2.5.5. Materials and methods for sequence analysis of Trichoderma harzianum isolates
Sequence analysis of two phylogenetic marker loci (internal transcribed spacer 1 and 2 (ITS1,
ITS2) of the rRNA-encoding gene cluster) and the large intron of the elongation factor 1alpha (tef1) genes were performed at the Technical University of Vienna, therefore are not
described in this thesis. Detailed methods can be found in the attached manuscript (Appendix,
II).
2.5.6. Materials and methods for kinetic resolutions
For the organic chemical tests dry SSF samples were used. The wet SSF material was
dewatered by two different methods, namely (a) direct drying at room temperature for 24 h
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and (b), removing water with 3 vol/w cold acetone and final drying at room temperature for
24 h.
Kinetic resolution tests were done at the Organic Chemistry Department under the supervision
of Dr. László Poppe. Methods for organic chemical studies are detailed in the manuscripts
attached to the dissertation (Appendix, III and IV).
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CHAPTER 3: PRODUCTION OF CHITINASE IN SOLID-STATE FERMENTATION
3.1. OVERPRODUCTION OF EXTRACELLULAR CHITINASE WITH
TRICHODERMA HARZIANUM SENSU SRICTO STRAINS
The aim of the research collaboration with the Technical University of Vienna was to
determine whether good chitinase enzyme production could be forecasted via DNA barcodes
in different T. harzianum isolates. Currently, selecting a certain strain for a specific industrial
purpose is largely random therefore screening requires a lot of effort. One must note that
nowadays DNA barcodes of Trichoderma species can be easily determined therefore our
results point toward a less complicated selection way of industrially interesting enzyme
producers.
In the collaboration the extracellular chitinase production of several Trichoderma harzianum
isolates was investigated in solid-state fermentation on a wheat bran-crude chitin mixture,
while the sequence analysis of two phylogenetic marker loci (internal transcribed spacer 1 and
2 (ITS1, ITS2)) and the large intron of the elongation factor 1-alpha (tef1) was done in
Vienna.
The tested isolates were divided into two major groups, based on ITS1, ITS2 and tef1
sequences. Sensu stricto group contained strains carrying the same ITS1, ITS2 and tef1
sequences as the reference strain, Trichoderma harzianum CBS 226.95, while sensu lato T.
harzianum strains had several polymorphic positions in both ITS1 and ITS2 loci. Altogether
50 T. harzianum isolates were tested, from which 21 belonged to sensu stricto group. Isolate
TUB F-898 had the type allele of the ITS1-ITS2 sequences of sensu stricto clade, but based
on tef1 it did not belong to this group.
The influence of some physiological factors on chitinase production was also investigated.
The growth rates of selected T. harzianum strains on chitin monomers, such as N-acetyl β-Dglucosamine and glucosamine were determined, electrophoresis was performed for detecting
chitinase isoenzymes and the production of other extracellular hydrolytic enzymes, such as
cellulases was measured.
3.1.1. Screening in solid-state fermentation for extracellular chitinase enzyme
Altogether 50 different Trichoderma harzianum isolates were screened in a 3 and 5 day SSF
on wheat bran-crude chitin mixture for extracellular chitinase production. Table 10 contains
the list of the tested isolates.
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Table 10. Trichoderma harzianum isolates tested for extracellular chitinase production in SSF

Trichoderma harzianum
sensu stricto

Trichoderma harzianum
sensu lato

Strain
CBS 226.95
C.P.K. 1426
C.P.K. 1818
C.P.K. 2111
C.P.K. 2218
C.P.K. 2220
DAOM 222343
IMI 359823
TUB F-444
TUB F-464
TUB F-477
TUB F-684
TUB F-688
TUB F-690
TUB F-691
TUB F-699
TUB F-700
TUB F-743
TUB F-750
TUB F-762
TUB F-1020
C.P.K. 838
C.P.K. 841
C.P.K. 2163
PPRI 3772
PPRI 3909
PPRI 3912
TUB F-453
TUB F-732
TUB F-767
TUB F-768
TUB F-771
TUB F-773
TUB F-776

Origin
England (‘ex-type’ strain)
Russia, Central Russian National Park
Ethiopia
Hungary, mushroom farm
Russia, Tatarstan
Russia, Tatarstan
Canada, mushroom farm
England
Turkey
Turkey
Russia, Central region
Russia, Siberia
Russia, Siberia
Russia, Central region
Russia, Siberia
Russia, Siberia
Russia, Central region
Russia, Siberia
Russia, Central region
Russia, Central region
Hungary, river sediment, Danube
Egypt
Egypt
Ivory Coast
South Africa
South Africa
South Africa
Sri Lanka
Brazil
Nepal
Nepal
Nepal
Nepal
Nepal

Strain
TUB F-777
TUB F-832
TUB F-834
TUB F-839
TUB F-873
TUB F-885
TUB F-898
TUB F-900

Origin
Nepal
Mexico
Mexico
Mexico
Cambodia
Cambodia
Malaysia
Singapore
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TUB F-947
TUB F-964
TUB F-966
TUB F-968
TUB F-972
TUB F-1000
TUB F-1005
TUB F-1006

Thailand
Burma
Taiwan
Taiwan
Burma
Indonesia
Brazil
Brazil

Strains were isolated from all over the world. The extracellular chitinase production of each
isolate was determined in a 3 and 5 day SSF on 4 different media containing wheat bran and
crude chitin powder mixture. 3 and 5 days of fermentation were selected from previous
Trichoderma fermentation experiences. With the application of these two different timings the
chitinase producing ability of a slow or fast growing Trichoderma can be well described.
Average values of a 3 and 5 day extracellular chitinase productions are illustrated on Fig. 5.
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Fig.5. Phylogram of T. harzianum isolates based on ITS1, ITS2 and tef1 allels. Bold (blue) type indicates isolates
which share the same ITS1 and ITS2 sequences with T. harzianum CBS 226.95. A: Average chitinase activity in
3d SSF (in IU g-1 DM) on Chit-SSF1 medium; B: Average of 3d chitinase production for the 21 sensu stricto and
29 sensu lato T. harzianum isolates (in IU g-1 DM); C: Average chitinase activity in 5d SSF (in IU g -1 DM) on
Chit-SSF1 medium; B: Average of 5d chitinase production for the 21 sensu stricto and 29 sensu lato T.
harzianum isolates (in IU g-1 DM)
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Most strains showed higher chitinase activities in a 5 day SSF. The majority of high
extracellular chitinase producers were found among T. harzianum sensu stricto. The average
chitinase production for sensu stricto isolates was 2.3 and 4.1 IU g-1 DM in a 3 and a 5 day
SSF, respectively. For sensu lato T. harzianum group, the average chitinase productions were
1.2 and 1.7 IU g-1 DM in a 3 and 5 day SSF. Isolates from sensu stricto group were
significantly more efficient extracellular chitinase producers than sensu lato isolates. This
observation was apparent during the exponential phase of growth (which was almost linear, in
a 3 day SSF, 2.3 IU g-1 DM for sensu stricto strains and 1.2 IU g-1 DM in the case of sensu
lato group), and it was evident in a 5 day SSF (4.1 IU g-1 DM for sensu stricto strains and 1.7
IU g-1 DM for the sensu lato group).
Time course of fermentation was studied with two sensu stricto isolates. Parallel to the
enzyme production profile, the microbial biomass production (intracellular protein content)
was also measured (Fig. 6).
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Fig. 6. Time course of chitinase and biomass (represented with dotted line) production in SSF with T. harzianum
TUB F-750 (■) and CBS 226.95 (▲) isolates on a wheat bran – crude chitin mixture (Chit-SSF1)
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Isolate TUB F-750 showed maximal extracellular chitinase production in a 5 day SSF, the
peak activity was 4.2 IU g-1 DM, while CBS 226.95 reached its peak activity (4.1 IU g-1 DM)
in a 6 day SSF.
Fig. 7 shows a typical Trichoderma growth in SSF conditions.

Fig. 7. Image picture of a 5 day SSF culture of Trichoderma harzianum TUB F-750 on a wheat bran-crude chitin
mixture medium

3.1.2. Physiological background: explanation of increased chitinase production
The fact that sensu stricto strains showed an increased extracellular chitinase production in
solid-state fermentation, prompted us to investigate the reason of the increased chitinase
production. Therefore the growth rates of T. harzianum on certain chitin monomers were
compared, the chitinase enzymes produced by sensu stricto and sensu lato isolates were
studied and the production of extracellular cellulase in solid-state fermentation was
determined.
3.1.2.1. Determination of growth rates on chitin monomers
We investigated whether the increased extracellular chitinase production of sensu stricto
isolates is originated from a faster growth and faster metabolism of chitin monomers, such as
N-acetyl β-D-glucosamine (NAGA) or glucosamine. For this purpose, the growth rates of 28
T. harzianum isolates on NAGA and on glucosamine were compared and determined, in
comparison with glucose as a control. Table 11 contains the growth rates for the tested strains
on agar plates.
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Table 11. Growth rates on two chitin monomers (glucosamine and N-acetyl glucosamine) and on glucose

(in mm/24 h)
T. harzianum
sensu stricto

T. harzianum
sensu lato

Strain
Glucose Glucosamine
CBS 226.95
17.5
16.2
C.P.K. 1426
21.4
21.2
C.P.K. 2218
16.3
16.5
C.P.K. 2220
15.8
16.1
TUB F-684
15.8
15.7
TUB F-690
19.9
17.8
TUB F-691
18.8
18.0
TUB F-700
19.1
17.9
TUB F-743
20.6
19.1
TUB F-750
17.5
15.6
Average
18.3
17.4
C.P.K. 838
18.4
16.8
PPRI 3909
20.7
18.2
PPRI 3912
15.3
15.0
TUB F-732
19.7
18.5
TUB F-768
18.6
17.9
TUB F-771
20.7
19.1
TUB F-773
15.7
15.9
TUB F-776
18.7
17.7
TUB F-777
18.6
17.8
TUB F-839
19.7
18.2
TUB F-873
21.9
21.3
TUB F-885
21.2
20.5
TUB F-900
18.9
19.0
TUB F-947
19.8
18.8
TUB F-964
24.2
23.7
TUB F-968
17.9
18.1
TUB F-972
21.3
21.3
TUB F-1006
20.2
18.5
Average
19.5
18.7

NAGA
17.9
21.2
16.8
16.5
15.8
19.0
18.4
18.6
20.0
17.8
18.2
16.2
17.7
15.0
19.2
18.0
19.7
16.5
17.9
17.2
17.0
20.9
20.8
18.7
19.9
22.0
17.9
21.6
17.7
18.6

Based on the results shown in Table 11, no correlation was obtained between the increased
extracellular production and faster assimilation of chitin monomers. Since no correlation
between the allele specific variation and the rate of growth on any of the tested carbon sources
was found, it was concluded that the improved chitinase producer strains (sensu stricto group)
do not show a higher growth rate on NAGA or glucosamine.
3.1.2.2. Chitinase enzyme studies
The total extracellular chitinase production of a particular isolate can be originated from the
activity of several isoenzymes (Seidl et al, 2005). Therefore the overproduction of certain

48

chitinase isoenzymes could explain why sensu stricto strains show an increased chitinase
production.
In order to find out whether sensu stricto strains have an increased formation of one or more
of the chitinases, electrophoresis was performed in Vienna and the gels were stained for Nacetylglucosaminidase and endochitinase. Results are shown on Fig. 8.

Figure 8. SDS (a) and native PAGE (b) stained for N-acetyl-β-D-glucosaminidase, native PAGE (c) stained for
endochitinase

Three sensu stricto isolates (CBS 226.95, TUB F-691 and TUB F-750) and 6 sensu lato
isolates (TUB F-972, TUB F-947, TUB F-773, TUB F-1000, PPRI 3909 and PPRI 3772) were
used for gel electrophoretic studies.
Native PAGE (Fig. 8b) revealed a diffuse band of activity, which sometimes split into two
bands representing the two N-acetyl-β-D-glucosaminidases Nag1 and Nag2 (Seidl et al,
2006). Since Nag2 is not renaturable, SDS PAGE (Fig. 8a) represents only a single band of
Nag1. The two different gels of sensu stricto and sensu lato strains were comparable; however
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the intensity of Nag1 and Nag2 did not correlate with the measured total extracellular
chitinase activities.
Same was observed with native PAGE stained for chitinases with 4-methyllumbelliferyl-Nacetyl β-D-glucosaminide (Fig. 8c): the observed chitinase patterns did not correlate with the
chitinase production.
It was concluded that the increased extracellular chitinase production is not due to the fact that
sensu stricto strains overproduce certain chitinase isoenzymes.
3.1.2.3. Cellulase production
Overproduction of extracellular chitinase may also be due to an improved secreting capability
of certain hydrolytic enzymes. If this theory is relevant, it should be reflected in superior
production of other extracellular enzymes, such as, cellulases.
Therefore the production of extracellular cellulases of 25 T. harzianum isolates was measured
in solid-state fermentation, on wheat bran – crude chitin mixture (Chit-SSF1) medium.
Results are indicated in Table 12.

Table 12. Carboxymethyl cellulase activities in a 5d solid-state fermentation with sensu stricto and sensu lato
isolates

T. harzianum
sensu stricto

Strain
CBS 226.95
C.P.K. 1426
C.P.K. 2218
C.P.K. 2220
TUB F-684
TUB F-690
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CMCase (IU g-1 DM)
8.7
6.7
3.5
5.0
3.3
5.8

T. harzianum
sensu lato

TUB F-691
TUB F-700
TUB F-743
TUB F-750
Average
C.P.K. 838
PPRI 3909
PPRI 3912
TUB F-732
TUB F-768
TUB F-771
TUB F-773
TUB F-777
TUB F-839
TUB F-873
TUB F-885
TUB F-947
TUB F-968
TUB F-972
TUB F-1006
Average

3.0
3.5
5.8
2.9
4.8
2.2
3.7
7.4
5.5
4.9
6.1
10.5
5.7
9.0
7.1
5.2
5.7
7.4
9.2
8.7
6.6

The results did not support our theory, in fact, sensu lato strains showed in general a
somewhat higher cellulase production (The average CMCase production for 10 randomly
selected sensu stricto strains was 4.8 IU g-1 DM, while the average CMCase for 15 sensu lato
strains was 6.6 IU g-1 DM).
It was concluded that sensu stricto strains are probably not characterized by higher
extracellular cellulase secretion.
3.1.3. Conclusions
In this collaboration it was investigated whether the DNA barcode could be employed for
screening for improved chitinase producer isolates of T. harzianum strain. Our results proved
the hypothesis that physiological traits are not randomly distributed within a given species: a
single haplotype of T. harzianum isolates indeed showed increased extracellular chitinase
production.
T. harzianum is a cosmopolitan species known from all over the world (except Antarctica).
During the evolution of these genetically very diverse fungal species, chitinase production
must have been an important trait for survival. Chitinase formation is not just essential for the
life cycle of fungal strains, but when the speciation of T. harzianum sensu stricto clade might
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have began; the habitats of Earth were enriched in chitinous materials. Besides, T. harzianum
is also known for mycoparasitism which requires chitinase enzymes, too.
T. harzianum sensu stricto clade differs only in one to three nucleotides from the most closely
related sensu lato T. harzianum isolates in ITS1-ITS2 sequences. Our results indicated that the
metabolism of the chitin monomers, the composition of the secreted chitinase enzymes and
the general secreting capacities of these two groups are similar, or at least, not different
enough for explaining the enhanced chitinase production of sensu stricto isolates.
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3.2. DEVELOPMENT OF A SELECTIVE MEDIUM FOR THE QUICK
IDENTIFICATION OF T. HARZIANUM SENSU STRICTO STRAINS
Biolog Phenotype Microarray is a relatively new method to identify cellular phenotypes. This
technique was used to detect phenotypic traits which might differ between sensu stricto and
sensu lato T. harzianum strains.
In a previous collaboration between the Technical University of Vienna and John Bissett,
Canada specific carbon utilization properties of Trichoderma strains were tested on 95
different carbon sources. The results from this analysis revealed that only one of the tested 95
carbon sources is utilized qualitatively differently by sensu stricto strains: sensu stricto strains
were not able to grow on N-acetyl mannosamine, while sensu lato T. harzianum isolates and
other tested Trichoderma strains could metabolize this particular carbon source (Kubicek et
al, 2003).
Based on the previous data, a selective medium was developed for identifying sensu stricto
strains. It consisted of comparing the growth of different T. harzianum isolates on media
containing

glucose

and

N-acetyl

mannosamine.

The

media

also

contained

iodonitrotetrazolium chloride (INT) which is a tetrazolium dye precursor and forms a purple
formazan dye due to enzymatic reduction. This reaction is catalyzed by succinate
dehydrogenase from the citric acid cycle, which is an indicator of microbial metabolic
activity. 14 strains were tested, 4 sensu stricto isolates (CBS 226.95, TUB F-691, TUB F-700
and TUB F-750) and 10 sensu lato T. harzianum (C.P.K. 838, TUB F-732, TUB F-768, TUB
F-771, TUB F-777, TUB F-873, TUB F-885, TUB F-898, TUB F-900 and TUB F-968).
Results are illustrated on Fig. 9.
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Fig. 9. Plate assay for screening superior chitinase producer T. harzianum isolates, with 9 randomly selected
sensu stricto (A) and sensu lato T. harzianum (B) strains. The left side of each plate shows the growth on
glucose, while the right side represents the growth on N-acetyl mannosamine. Red color indicates microbial
metabolic activity.

Data demonstrate that the lack of N-acetyl mannosamine utilization correlates with sensu
stricto group and therefore with increased extracellular chitinase production. The only
exception was TUB F-898 isolate, which, similarly to sensu stricto strains, did not grow on Nacetyl mannosamine. This Malaysian isolate was identical to sensu stricto strains in ITS1 and
2 allels, but did not belong to this group based on tef1 sequence analysis.
Thus, the proposed selective medium could be used for pre-screening of superior chitinase
producer T. harzianum isolates.
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3.3. CHITINASE PRODUCTION IN SOLID-STATE FERMENTATION WITH
PENICILLIUM STRAINS
Besides Trichoderma harzianum isolates Penicillium strains were also tested for extracellular
chitinase production in SSF. Although members of the Penicillium genus are well known and
applied in industry, no data were found on their chitinase producing ability. Therefore the aim
of this research was to find good extracellular chitinase producer strains among members of
Penicillium genus and to characterize its chitinase enzyme. This work was done within a
collaboration between the Regional Research Laboratory in Trivandrum, India and the
University of Debrecen. In the collaborative work we tested the extracellular chitinase
production of 14 Penicillium isolates in solid substrate fermentation on a wheat bran-crude
chitin mixture.
3.3.1. Screening
Altogether 14 Penicillium isolates were screened in SSF using four media containing mixture
of wheat bran and crude chitin. The tested strains are listed in Table 13.
Table 13. List of the tested Penicillium isolates for extracellular chitinase production in solid-state fermentation

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Strain
Penicillium aculeatum NRRL 2129
Penicillium chrysogenum ATCC 10.002
Penicillium chrysogenum WA 348
Penicillium funiculosum NRRL 1132
Penicillium funiculosum NRRL 1768
Penicillium funiculosum NRRL 3647
Penicillium funiculosum NRRL 5837
Penicillium isariiforme FRR 2639
Penicillium melinii NRRL 848
Penicillium oxalicum MRL 456
Penicillium pinophilum NRRL 1066
Penicillium pinophilum NRRL 1142
Penicillium pinophilum NRRL 3503
Penicillium verruculosum WA 30

Among the tested 14 Penicillium isolates, none was as good extracellular chitinase producer
as the previously described Trichoderma strains. The three best isolates were P. aculeatum
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NRRL 2129, P. funiculosum NRRL 1768 and P. pinophilum NRRL 1066 with a 1.7, 1.9 and
1.6 IU g-1 DM enzyme production on Chit-SSF3 medium in a 3 or 4 day SSF, respectively.
Detailed results are listed in Table 14.
Table 14. Detailed screening results of chitinase production with different Penicillium strains in SSF

Strain
P. aculeatum
NRRL 2129

Medium
Chit-SSF1
Chit-SSF2
Chit-SSF3

Ferm. time (day)
3

Chit-SSF4
P. chrysogenum
ATCC 10.002

P. chrysogenum
WA 348

Chit-SSF1
Chit-SSF2
Chit-SSF3
Chit-SSF4
Chit-SSF1
Chit-SSF2
Chit-SSF3

3
2
3

Chit-SSF4
P. funiculosum
NRRL 1132

Chit-SSF1
Chit-SSF2
Chit-SSF3

3

Chit-SSF4
P. funiculosum
NRRL 1768
P. funiculosum
NRRL 3647

Chit-SSF1
Chit-SSF3
Chit-SSF1
Chit-SSF3

4

P. funiculosum

Chit-SSF1

3

NRRL 5837

Chit-SSF3

P. isariiforme

Chit-SSF1

FRR 2639

Chit-SSF3

P. melinii
NRRL 848

Chit-SSF1

4

5
2

Chit-SSF3

pH*
6.6
6.6
6.4

Activity (IU g-1 DM)
1.2
0.7
1.7

6.4

1.0

7.1
7.2
6.8
6.8
7.4
7.4
7.2

1.2
1.1
0.6
0.5
0.1
0.1
0.2

7.2

0.0

6.4
6.4
6.4

1.3
0.8
1.5

6.4

0.9

6.3
6.3
7.2
7.0

1.0
1.9
0.1
0.3

4.6

0.7

5.5

0.9

5.8

0.3

5.8

0.7

6.4

0.5

6.4

0.5

Medium

Ferm. time (day)

pH*

Activity (IU g-1 DM)

P. oxalicum

Chit-SSF1

3

7

0.9

MRL 456

Chit-SSF3

7

0.9

P. pinophilum

Chit-SSF1

6

1.2

NRRL 1066

Chit-SSF3

6

1.6

Strain

3
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P. pinophilum

Chit-SSF1

NRRL 1142

Chit-SSF3

P. pinophilum

Chit-SSF1

NRRL 3503

Chit-SSF3

P. verruculosum

Chit-SSF1

WA 30

Chit-SSF3

3

4

3

6.4

0.7

6.4

0.7

6.4

0.5

6.4

0.4

5.5

0.5

5.5

0.6

*pH was measured at the end of fermentation

Solid-state fermentation was finished one day after maximal fungal growth was visualized;
therefore flasks were incubated for 2 to 5 days at 30°C. Based on preliminary tests, maximal
chitinase production was obtained one day after the substrate was fully overgrown by the
fungus; therefore the SSF was constantly monitored. This kind of “visualization” is definitely
a simplification, but is needed in order to screen various strains in reasonable number of
experiments.
In most cases, Chit-SSF1 and Chit-SSF3, with lower phosphate and inorganic nitrogen source
content, proved to be a better substrate. Interestingly, P. chrysogenum WA 348 showed a better
chitinase production after 2 days fermentation than in a 3 day SSF. This might be explained
with the increased production of chitinase degrading proteolytic enzymes or the relatively
high ending pH.
Even among the tested isolates belonging to the same species, high differences were found in
extracellular chitinase production. For example, P. pinophilum NRRL 1066 produced 1.6 IU
g-1 DM chitinase in a 3 day SSF on Med 3, while P. pinophilum NRRL 1142 showed only 0.7
IU g-1 DM under the same conditions.
P. isariiforme cultures showed very slow growth: the fermentation lasted even up to 5 days,
and no significant chitinase production was observed
Since no data were found on chitinase produced by Penicillium isolates, enzyme properties of
Penicillium aculeatum NRRL 2129 strain were examined. This particular isolate was found to
be a good extracellular dextranase producer formerly by other authors (Viccaro and Weaver,
1972). The pH and temperature optima and thermal stability of chitinase were determined.
3.3.2. Enzyme properties
Fig. 10a shows the effect of temperature (at pH 5.5) on chitinase activity of Penicillium
aculeatum NRRL 2129. Highest relative activity was obtained at 50oC.
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The effect of pH on relative chitinase activity at 50°C was also examined using the crude
enzyme extract. The optimal pH for chitinase, produced by Penicillium aculeatum NRRL
2129, was found to be 4.0 (Fig. 10b).
Thermal stability of the enzyme solution was investigated at 50°C, 60°C and 70°C (Fig. 10c).
It can be concluded that incubation at 50°C practically had only a slight negative effect on the
enzyme activity, the enzyme retained nearly 80% of its initial activity even after 60 minutes of
incubation (assuming the level of activity at 50°C as 100%), but almost completely lost its
activity at 70°C in 60 min.
The crude enzyme extract of P. aculeatum NRRL 2129 was then purified at the Department of
Microbiology and Biotechnology, Faculty of Sciences, University of Debrecen.
Ion exchange chromatography was carried out first and it was followed by gel filtration to
separate and isolate chitinase isoenzymes. Four major chitinase peaks of molecular mass 82.7
kDa, 44.6 kDa, 28.2 kDa and 26.9 kDa were obtained. On SDS PAGE three protein bands of
molecular weight 82.6 kDa, 33.9 kDa and 29.1 kDa were identified.
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Fig. 10. Effect of temperature (a) and pH (b) on chitinase activity and thermal stability (c) of chitinase (at pH
5.5; 50°C ■; 60°C ; 70°C ▲), produced by Penicillium aculeatum NRRL 2129

59

CHAPTER 4 : PRODUCTION OF LIPASE/ESTERASE ENZYMES
4.1. KINETIC RESOLUTION WITH FUNGAL LIPASES PRODUCED IN SOLIDSTATE FERMENTATION
Since during a previous collaboration between the Organic Chemistry and our department the
screening for lipase/esterase activity of some thermophilic filamentous fungi in submerged
fermentation conditions resulted in valuable biocatalysts with high enantioselectivity in
synthetic biotransformation experiments (Bódai et al, 2003), it was decided to screen several
poorly studied or neglected mesophilic fungi for similar activities, too.
While solid-state fermentation is well known as an economical way to produce various
enzymes including lipases and esterases, we used this method to produce lipases with these
mesophilic fungi. Since one of the biggest advantages of SSF over SF is that the fermented
matrix can directly be used as a natural immobilization carrier, our aim was to test the dried
SSF materials whether they can serve as a cheap biocatalyst without further downstream
processing.
In this collaboration we tested several mesophilic filamentous fungi for extracellular lipase
production in solid-state fermentation. Dr. László Poppe and his PhD students tested the
gently dried SSF preparations (without any costly downstream processing) for usefulness in
selected synthetic enantioselective reactions.
4.1.1. Screening in solid-state fermentation for lipase/esterase enzymes
Altogether forty two mesophilic filamentous fungi were cultivated under solid-state
fermentation conditions on media detailed in Materials and Methods 2.2.2., and screened for
lipase activity and for enantiomer selectivity in kinetic resolution tests. Kinetic resolution
studies were done at the Organic Chemistry Department; therefore it is not detailed in
Materials and Methods. However the conditions for enzymatic reactions may be found in the
published papers (Appendix, III and IV). Many of the target fungi were not studied previously
for lipase/esterase activity and for enantiomer selectivity. The tested strains are listed in Table
15.
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Table 15. Mesophilic fungal strains used for lipase/esterase screening

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Strain
Actinomucor elegans ATCC 6476
Aspergillus niger ATCC 10.864
Aspergillus oryzae IFO 5238
Aspergillus oryzae NRRL 1808
Aspergillus oryzae NRRL 3485
Aspergillus oryzae NRRL 6270
Aspergillus oryzae var. brunneus IFO 30102
Aspergillus sojae NRRL 6271
Aspergillus sp. TUB F-1755
Aspergillus terreus FRR 2532
Chaetomium cochliodes NRRL 2320
Chaetomium elatum UAMH 2672
Chaetomium funicola UAMH 3034
Chaetomium globosum NRRL 6296
Chaetomium globosum OKI 270
Chaetomium virescens ATCC 32319
Fusarium oxysporum f.sp.dianthi HIPP
Gliocladium catenulatum NRRL 1093
Gliocladium roseum NRRL 1085
Gliocladium vermoesenii NRRL 1752
Mucor hiemalis NRRL 13009
Myrothecium verrucaria NRRL 2003
Paecilomyces farinosus VKM F-816
Paecilomyces lilacinus
NRRL 895
Paecilomyces marquandii NRRL 901
Paecilomyces varioti IFO 4855
Phanerochaete chrysosporium ATCC 24725
Scopulariopsis brevicaulis WFPL 248 A
Stemphylium botryosum DAOM 166.388
Thamnidium elegans ATCC 18.191
Thamnostylum piriforme ATCC 8686
Tolypocladium geodes CBS 723.70
Trichoderma asperellum TUB F-868
Trichoderma effusum TUB F-354

35
36
37
38
39
40

Strain
Trichoderma harzianum ATCC 56.678
Trichoderma harzianum TUB F-791
Trichoderma harzianum TUB F-886
Trichoderma harzianum TUB F-946
Trichoderma harzianum TUB F-947
Trichoderma harzianum TUB F-963
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41 Trichoderma virens TUB F-498
42 Zygorchynchus moelleri ATCC 1208

4.1.2. Preliminary experiments
First, the effects of substrates (wheat bran or whole rapeseed), the water content during SSF
(60 or 70 % moisture contents) and the drying method of the biomass (simple air drying at
room temperature or de-watering with acetone) on the lipase productivity and on the
enantiomer selectivity in a typical biotransformation of rac-1-phenylethanol were studied
with two selected Gliocladium strains (Table 16).
Table 16. Effect of substrate, moisture content of the substrate and drying method of SSF preparations from
Gliocladium strains on lipase activity and biotransformation of rac-1-phenylethanol

Strain

Gliocladium catenulatum NRRL 1093
Gliocladium catenulatum NRRL 1093
Gliocladium catenulatum NRRL 1093
Gliocladium catenulatum NRRL 1093
Gliocladium catenulatum NRRL 1093
Gliocladium catenulatum NRRL 1093
Gliocladium roseum NRRL 1085
Gliocladium roseum NRRL 1085
Gliocladium roseum NRRL 1085
Gliocladium roseum NRRL 1085
Gliocladium roseum NRRL 1085
Gliocladium roseum NRRL 1085
Gliocladium roseum NRRL 1085
Gliocladium roseum NRRL 1085
a

Substrate Moist. SSF
Lipase
Dryingb Ec
activity
/Inducer a cont. time
(%) (day) (IU g-1 DM)
Wb/Oo
60
3
138
RT
>200
Wb/Oo
60
3
138
A
>100
Wb/Oo
70
3
134
RT
>200
Wb/Oo
70
3
134
A
>200
Rs/Oo
70
3
73
RT
Rs/Oo
70
3
73
A
Wb/Oo
60
4
1010
RT
>100
Wb/Oo
60
4
1010
A
>200
Wb/Oo
70
4
1230
RT
>100
Wb/Oo
70
4
1230
A
>100
Wb/Po
60
3
1370
RT
>100
Wb/Po
60
3
1370
A
>100
Wb/Po
70
3
890
RT
>100
Wb/Po
70
3
890
A
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Wb: wheat bran; Rs: rape seed, Oo: olive oil, Po: palm oil; b RT: air drying at room temperature; A: drying with

acetone. c Enantiomer selectivity (E) was calculated at the Organic Chemistry Department. Due to sensitivity to
experimental errors, E values calculated in the 100 - 300 range are reported as >100, and E values calculated
above 300 are given as >200.

The preliminary screen results with Gliocladium catenulatum NRRL 1093 and Gliocladium
roseum NRRL 1085 strains indicated that wheat bran, supplemented with olive oil is a better
substrate compared to rapeseed. Therefore, for further experiments only wheat bran
supplemented with olive oil was applied. Considering the best lipase activities, the highest
degree of enantiomer selectivity (E) in acetylation of racemic 1-phenylethanol, and the
simplicity of the final treatment of the crude fermented material, the SSF conditions using
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wheat bran with 60 % moisture content supplemented with olive oil as inducer and air drying
at room temperature after 3 days SSF at 30°C were chosen for further experiments.
4.1.3. Enantiomer selective biotransformations
Next, air-dried SSF preparations as such, without any downstream processing, were tested as
biocatalysts in enantiomer selective biotransformations. For this purpose, kinetic resolutions
were carried out with three different racemic secondary alcohols. They were acetylated in
organic solvents with vinyl acetate, using the air-dried SSF preparations as biocatalysts
(Figure 11). The conversion rates and enantioselectivities of these organic reactions were
determined at the Organic Chemistry Department.

Kazlauskas rule
OAc

OH
+

R

(R)-2a-c

OH
R

R

R

(S)-1a-c

SSF cat.

1,2
a

VA

b

rac-1a-c

OH

OAc

R

anti-Kazlauskas route

+

(R)-1a-c

R

c

(S)-2a-c

Fig. 11. Kinetic resolution of racemic secondary alcohols by fungal biocatalysts prepared by SSF

4.1.3.1. Kinetic resolutions of racemic alcohols
The biocatalytic abilities and enantiomer selectivities of the air dried SSF biocatalysts were
tested on three model-substrates: racemic 1-phenylethanol, racemic 1-cyclohexylethanol and
racemic 1-(naphth-2-yl) ethanol. The results are indicated in Table 17, Table 18 and Table 19.
As expected, almost all enzyme preparations followed the so-called "Kazlauskas rule"
(Kazlauskas et al, 1991; see also Fig. 11) except for the air dried SSF samples of Mucor
hiemalis NRRL 13009.
Table 17. Kinetic resolution of racemic 1-phenylethanol by air-dried SSF samples
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Strain

Chaetomium elatum UAMH 2672
Scopulariopsis brevicaulis WFPL 248A
Gliocladium catenulatum NRRL 1093
Chaetomium funicola UAMH 3034
Gliocladium roseum NRRL 1085
Chaetomium virescens ATCC 32319
Chaetomium globosum OKI 270
Thamnidium elegans ATCC 18191
Chaetomium cochliodes NRRL 2320
Chaetomium globosum NRRL 6296
Gliocladium vermoesenii NRRL 1752
Tolypocladium geodes CBS 723.70
Trichoderma harzianum TUB F-886
Aspergillus terreus FRR 2532
Trichoderma harzianum TUB F-946
Trichoderma harzianum TUB F-947
Fusarium oxysporum f. sp. dianthi HIPP
Thamnostylum pyriforme ATCC 8686
Myrothecium verrucaria NRRL 2003
Trichoderma effusum TUB F-354
Aspergillus niger ATCC 10864
Trichoderma harzianum TUB F-791
Paecilomyces varioti IFO 4855
Mucor hiemalis NRRL 13009
a

Lipase

Reaction

Activity
(IU g-1 DM)

time
(h)

0.2
110
138
135
1010
365
61
138
27
12
161
129
224
222
1597
995
20
138
20
275
86
76
16

24
24
48
24
120
24
120
120
24
24
120
120
24
120
24
24
120
120
120
120
120
120
120
120

107

Ea

»200
»200
>200
>100
>100
>100
>100
65
65
59
55
49
42
34
34
32
24
21
19
5
4
2
1
15b

Enantiomer selectivity (E) was calculated at the Organic Chemistry Department. Due to sensitivity to

experimental errors, E values calculated in the 100 - 300 range are reported as >100, values in the 300 - 500
range are reported as >200 and values calculated above 500 are given as »200. b The reaction proceeded with an
opposite enantiomer selectivity (anti-Kazlauskas rule).
Table 18. Kinetic resolution of racemic 1-cyclohexylethanol by air-dried SSF samples

Strain

Gliocladium roseum NRRL 1085
Scopulariopsis brevicaulis WFPL 248A
Trichoderma harzianum TUB F-963
Gliocladium catenulatum NRRL 1093
Chaetomium funicola UAMH 3034
Chaetomium elatum UAMH 2672
Chaetomium globosum NRRL 6296
Fusarium oxysporum f. sp. dianthi HIPP
Chaetomium globosum OKI 270
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Lipase
activity
(IU g-1 DM)
1010
110
1267
138
135
0.2
12
20
61

Reaction
Time
(h)
48
48
48
48
48
48
48
72
72

Ea

»200
»200
»200
»200
>200
>200
>200
>100
>100

Trichoderma harzianum TUB F-947
Trichoderma harzianum TUB F-886
Trichoderma harzianum ATCC 56678
Gliocladium vermoesenii NRRL 1752
Chaetomium virescens ATCC 32319
Chaetomium cochliodes NRRL 2320
Tolypocladium geodes CBS 723.70
Aspergillus terreus FRR 2532
Thamnostylum piriforme ATCC 8686
Myrothecium verrucaria NRRL 2003
Thamnidium elegans ATCC 18191
Trichoderma harzianum TUB F-946
Mucor hiemalis NRRL 13009
a

995
224
5275
161
365
27
129
222
138
20
138
1597
107

48
48
72
48
48
48
72
72
72
72
72
48
48

>100
>100
>100
>100
>100
76
55
46
46
37
34
33
50b

Enantiomer selectivity (E) was calculated at the Organic Chemistry Department. Due to sensitivity to

experimental errors, E values calculated in the 100 - 300 range are reported as >100, values in the 300 - 500
range are reported as >200 and values calculated above 500 are given as »200. b The reaction proceeded with an
opposite enantiomer selectivity (anti-Kazlauskas rule).

Table 19. Kinetic resolution of racemic 1-(naphth-2-yl) ethanol by air-dried SSF samples

Strain

Gliocladium catenulatum NRRL 1093
Gliocladium roseum NRRL 1085
Thamnidium elegans ATCC 18191
Chaetomium globosum OKI 270
Trichoderma harzianum TUB F-791
Gliocladium vermoesenii NRRL 1752
Aspergillus terreus FRR 2532
Actinomucor elegans ATCC 6476
Mucor hiemalis NRRL 13009
a

Lipase

Reaction

activity
(IU g-1 DM)

time
(h)

138
1010
138
61
76
161
222
110
107

120
120
120
120
120
120
120
72
120

Ea

»200
>200
>200
>100
>100
>100
93
18
15b

Enantiomer selectivity (E) was calculated at the Organic Chemistry Department. Due to sensitivity to

experimental errors, E values calculated in the 100 - 300 range are reported as >100, values in the 300 - 500
range are reported as >200 and values calculated above 500 are given as »200. b The reaction proceeded with an
opposite enantiomer selectivity (anti-Kazlauskas rule).

In acylation of racemic 1-phenylethanol, the best enantiomer selectivities (E > 200) were
observed with SSF preparations of Chaetomium elatum UAMH 2672, Gliocladium
catenulatum NRRL 1093 and Scopulariopsis brevicaulis WFPL 248 A strains. Somewhat
lower, but still significant selectivities (E > 100) were found with Chaetomium funicola
UAMH 3034, Chaetomium globosum OKI 270, Chaetomium virescens ATCC 32319 and
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Gliocladium roseum NRRL 1085 SSF material. An enzyme preparation from Mucor hiemalis
NRRL 13009 strain followed the anti-Kazlauskas selectivity in the acylation of rac-1phenylethanol (Table 17).
In acylation reaction of racemic 1-cyclohexyl ethanol (Table 18), due to the increased
bulkiness of the cyclic substituent more strains exhibited high enantiomer selectivity. In
addition to the Chaetomium, Gliocladium and Scopulariopsis enzymes, other strains, like
Chaetomium globosum NRRL 6296, Chaetomium virescens ATCC 32319, Gliocladium
vermoesenii NRRL 1752, Trichoderma harzianum ATCC 56678, TUB F-963, TUB F-947 and
TUB F-886 catalyzed the acylation reaction with high enantiomer selectivity (E > 100).
Interestingly, the air dried SSF sample of Mucor hiemalis NRRL 13009 retained the antiKazlauskas selectivity on this secondary alcohol as well.
In the case of the third test substrate, racemic 1-(naphth-2-yl) ethanol, significantly less fungal
SSF enzymes were able to catalyze the acetylation reaction (Table 19). In addition to
Chaetomium and Gliocladium isolates, two strains, Thamnidium elegans ATCC 18191 and
Trichoderma harzianum TUB F-791 were capable to catalyze the acetylation reaction with high

selectivity (E > 100). The anti-Kazlauskas nature of selectivity was remained consequent by
Mucor hiemalis NRRL 13009 in the acylation of the third test substrate too.

4.1.3.2. Preparative scale kinetic resolution of racemic secondary alcohols
To demonstrate the synthetic usefulness of the SSF biocatalysts, Gliocladium catenulatum
NRRL 1093 and Chaetomium globosum OKI 270 crude SSF enzymes were applied in
preparative scale enzymatic acetylation on 200 mg of all three tested racemic secondary
alcohols. The results are indicated in Table 20.
Table 20. Preparative scale kinetic resolution of the racemic secondary alcohols by air-dried fungal SSF samples

Strain

a

Compound

Ea

Gliocladium catenulatum NRRL 1093

rac-1-phenylethanol
rac-1-cyclohexylethanol
rac-1-(naphth-2-yl) ethanol

91
>200
>200

Chaetomium globosum OKI 270

rac-1-phenylethanol
rac-1-cyclohexylethanol
rac-1-(naphth-2-yl) ethanol

91
>100
44

Enantiomer selectivity (E) was calculated at the Organic Chemistry Department, reaction time was 120 h. Due

to sensitivity to experimental errors, E values calculated in the 100 - 300 range are reported as >100, values in
the 300 - 500 range are reported as >200 and values calculated above 500 are given as »200
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Gliocladium catenulatum and Chaetomium globosum SSF biocatalysts were among the most
effective samples on all the tested three racemic secondary alcohols and again, the selected SSF
biocatalysts proved to be good catalyzers in the preparative scale (200 mg of substrate)
reactions, although the selectivities were somewhat lower compared to the analytical scale
reactions.
4.1.4. Conclusions
Solid-state fermentation was used for microbial production of lipase enzymes using wheat
bran and olive oil as a carbon source and an enzyme inducer. The screening of 42 mesophilic
fungi resulted in good activities for many isolates. The in situ produced enzymes (whole SSF
culture) were used without a prior downstream processing for testing the whole fermented
materials as raw biocatalysts in organic reactions.
In the enzyme-catalyzed acetylation of three selected racemic secondary alcohols (rac-1phenylethanol, rac-1-cyclohexylethanol and rac-1-(naphth-2-yl) ethanol) several of the tested
SSF preparations exhibited high enantioselectivities according to the Kazlauskas rule, while
Mucor hiemalis NRRL 13009 strain resulted in a selective anti Kazlauskas biocatalysis.
Gliocladium catenulatum NRRL 1093 and Chaetomium globosum OKI 270 strains were
successfully applied in preparative scale kinetic resolutions of the three selected racemic
secondary alcohols, indicating their usefulness as inexpensive, naturally immobilized
biocatalysts.
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4.2. SCREENING FOR STEROL ESTERASES AMONG ASPERGILLUS ISOLATES
Because the lipase activity screening of mesophilic fungi cultivated by solid-state
fermentation resulted in biocatalysts exhibiting high productivity and enantioselectivity in
synthetic biotransformation, we continued our collaboration with the Organic Chemistry
Department and screened fungal strains for sterol esterase activities too. Considering the SSF
matrix as a natural immobilization carrier, we decided to test again the gently dried SSF
materials as biocatalysts without further downstream processing.
As in numerous cases the lipase producing dried SSF preparations exhibited sterol esterase
activity as well, the lipase activity and the conversion of sterol ester production were tested
parallel. We tested the sterol esterase activity of the previously described 42 isolates using
esterification of β-sitosterol with lauric acid in organic solvent. Since only Aspergillus species
exhibited measurable sterol esterase activity in this preliminary screening, the investigation
was extended to other Aspergillus strains. Some Aspergillus strains are generally recognized
as safe (GRAS) microorganisms such as A. niger, A. oryzae or A. sojae, which is advantageous
for the application in food or cosmetic industries.
4.2.1. Screening in solid-state fermentation
In the screening for sterol esterase activity, the SSF conditions, (wheat bran with 60 %
moisture content as substrate, olive oil as inducer and air drying at room temperature) applied
in our previous collaboration were chosen as starting point. In addition, the effect of water
content during SSF (60 or 70 % moisture contents) and the drying method of the biomass
(simple air drying at room temperature or de-watering with acetone) on sterol esterase activity
were also determined. Screening results of six Aspergillus strains are indicated in Table 21.
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Table 21. Effect of moisture content and drying method of olive oil induced SSF preparations on lipase activity
and esterification of β-sitosterol with lauric acid

Strain
Aspergillus oryzae IFO 5238

Aspergillus oryzae NRRL 1808

Aspergillus oryzae NRRL 3485

Aspergillus oryzae TUB F-1755

Aspergillus oryzae NRRL 6270

Aspergillus sojae NRRL 6271

Moisture cont.

Lipase activity

(%)

(IU g-1 DM)
43
43
32
32
44
44
28
28
83
83
37
37
78
78
45
45
107
107
26
26
190
190
85
85

60
60
70
70
60
60
70
70
60
60
70
70
60
60
70
70
60
60
70
70
60
60
70
70

Dryinga

Conv.b
(%)

RT
A
RT
A
RT
A
RT
A
RT
A
RT
A
RT
A
RT
A
RT
A
RT
A
RT
A
RT
A

36
9
21
6
17
4
41
3
12
6
27
16
31
14
49
22
20
8
73
44
43
10
32
38

SSF was performed on wheat bran (supplemented with olive oil as an inducer) for 3 days at 30°C. a RT: air
drying at room temperature; A: de-watering with acetone.

b

conversions of esterification with lauric acid

catalyzed by the SSF preparations after 240 h (determined by GC, at the Organic Chemical Department)

Considering the highest rate of conversion in the tested esterification reaction and the
simplicity of the final treatment of the biocatalyst, the SSF conditions using wheat bran with
60-70% moisture content as substrate, olive oil as inducer and air drying at room temperature
were chosen for further tests. From the tested six air dried SSF preparations, finally two
strains, viz. A. oryzae NRRL 6270 and A. sojae NRRL were selected for further experiments.
4.2.2. Effect of induction on sterol esterase production
4.2.2.1. Enzyme induction with olive oil
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In several cases, the sterol esterase activities (conversion rates) of the SSF preparations were
not in correlation with the measured lipase activities. To clarify this situation, different
substrates were tested in the absence of inducer and in a wider range of moisture content
using the previously selected two strains, A. oryzae NRRL 6270 and A. sojae NRRL 6271.
The results are detailed in Table 22.
Table 22: Effect of moisture content, type of substrate and time of fermentation of non-induced SSF preparations
on lipase activity and biotransformation of β-sitosterol

Strain
Aspergillus oryzae
NRRL 6270

Aspergillus sojae
NRRL 6271

a

Substratea
WB
WB
WB
WB
WB
SSH
SSH
RS
RS
WB
WB
WB
WB
WB
SSH
SSH
RS
RS

Moisture cont.
(%)
60
67
70
75
80
50
60
41
50
60
67
70
75
80
50
60
41
50

Fermentation time
(day)
2
2
2
2
2
5
5
4
4
2
2
2
2
2
5
5
4
4

Lipase activity
(IU g-1 DM)
50
116
152
445
71
266
129
76
82
178
301
344
407
35
176
42
57
37

Conv.b
(%)
61
62
53
24
11
1
0
4
4
41
43
35
17
17
0
0
3
2

Substrate used in SSF, WB: wheat bran, SSH: sunflower seed hull, RS: rapeseed, b conversions of esterification

with lauric acid catalyzed by the SSF preparations after 240 h (determined by GC, at the Organic Chemical
Department)

Based on the results it was concluded that the moisture content of the substrate and the
presence of olive oil had different effects on lipase and sterol esterase activities. In the case of
lipase enzyme slightly higher activities were observed for the non-induced SSF preparations
compared with the preparations induced with olive oil (see Table 21), with a maximum at 75
% moisture content, while sterol esterase activity was high at lower moisture content (6067%) and decreased significantly when the moisture content was above 70%. Fig. 12
demonstrates the different effects of moisture content on lipase activity and conversion (sterol
esterase activity) using wheat bran as substrate (without inducer supplementation).
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Fig 12. Comparison of the effect of moisture content (%) on production of lipase or sterol esterase enzymes in
SSF (represented with broken line) of A. oryzae NRRL 6270 (▲) and A. sojae NRRL 6271 (■) on wheat bran

When sunflower seed hull or whole (natural) rapeseed was used as substrates, both lipase and
sterol esterase activities were lower than the activities measured on wheat bran under the
same conditions. The best substrate for sterol esterase production in SSF for the two selected
Aspergillus species was found to be wheat bran supplemented with 67 % moisture content.

4.2.2.2. Enzyme induction with sterol esters
Because in our previous experiments olive oil supplementation of wheat bran had a positive
impact on lipase activity, induction of sterol esterase activity by the addition of sterol esters
seemed to be logical. Therefore, SSF preparations, induced by a mixture of sterol esters were
also tested in the esterification reaction of β-sitosterol with lauric acid (Table 23).
Table 23: Effect of moisture content of sterol ester induced SSF preparations prepared by Aspergillus strains on
lipase activity and biotransformation of β-sitosterol

Strain

Moisture cont. Lipase activity
(%)
(IU g-1 DM)
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Conv.a (%)
48 h
168 h

Aspergillus oryzae NRRL 6270

Aspergillus sojae NRRL 6271

60
67
70
75
80
60
67
70
75
80

64
81
217
125
13
80
160
206
308
46

29
28
20
8
0
45
44
40
7
3

72
72
64
25
9
85
85
83
21
16

SSF was performed on wheat bran (supplemented with sterol ester as an inducer) for 3 days at 30°C. Before
biocatalytic tests, SSF samples were dried at room temperature. a conversions of esterification with lauric acid in
toluene catalyzed by the air-dried SSF samples after 48 and 168 h (determined by GC, at the Organic Chemical
Department)

As it was expected, the induction with plant sterol esters significantly increased the sterol
esterase activity of the Aspergillus SSF preparations. The sterol ester induced SSF
preparations reached the same conversions much faster than the olive oil induced
preparations. Comparing the SSF preparations grown on the same substrate having similar
moisture content, the final conversions were much higher even after 168 h with the sterol
ester induced preparations (Table 23) than the conversions after 240 h with preparations
induced with olive oil (Table 21) or without inducer (Table 22).
In the case of non-induced SSF samples (Table 22), the best moisture contents, which showed
high sterol esterase and low lipase activity were in the range of 60-67%. At 70-75% moisture
content sterol esterase activity dropped, while lipase activity increased significantly. At higher
moisture content (80%) both sterol esterase and lipase activities decreased significantly. These
different activity optima for sterol esterase and lipase activities of SSF preparations produced
by A. oryzae and A. sojae indicated clearly that sterol esterase and lipase activities belong to
distinct enzymes.
4.2.3. Preparative scale esterification
To demonstrate the synthetic usefulness of the SSF biocatalysts, the esterification between
lauric acid and the plant β-sitosterol was also investigated on preparative scale (using 200 mg
of plant β-sitosterol). Results of the preparative scale esterification are indicated in Table 24.
Table 24: Preparative-scale esterification of plant β-sitosterol with lauric acid, using sterol ester-induced air-dried
Aspergillus SSF preparations
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Moisture cont. (%) Conv.a (%)
60
45
67
54
60
49
67
63

Strain
Aspergillus oryzae NRRL 6270
Aspergillus sojae NRRL 6271

SSF was performed on wheat bran (supplemented with sterol ester as an inducer) for 3 days at 30°C. Before
biocatalytic tests, SSF samples were dried at room temperature. a conversions of esterification with lauric acid in
toluene catalyzed by the air-dried SSF samples after 72 h (determined by GC, at the Organic Chemical
Department).

Both Aspergillus strains were successfully applied in the preparative scale esterification
reactions resulting in 45-63% conversions.
4.2.4. Conclusions
Food-grade Aspergillus oryzae and Aspergillus sojae strains were cultivated under SSF
conditions and successfully applied to produce biocatalysts with useful sterol esterase activity
for the first time. It was demonstrated, that lipase and sterol esterase activities belong to
distinct enzymes. Finally, the synthetic usefulness of these SSF preparations was proven by
production of esters of plant β-sitosterol with lauric acid.
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CHAPTER 5 : TRANSGLUTAMINASE PRODUCTION IN SOLID-STATE
FERMENTATION
5.1. PRODUCTION OF TRANSGLUTAMINASES BY STREPTOMYCES
MOBARAENSIS, S. PAUCISPOROGENES AND S. PLATENSIS
The aim of this research was to cultivate good transglutaminase producer Streptomyces strains
in solid substrate fermentation, find a suitable SSF substrate for increased transglutaminase
production and to characterize the enzyme produced in SSF.
Three different microbes were tested viz. S. mobaraensis NRRL B-3729, S. paucisporogenes
ATCC 12596 and S. platensis NRRL 2364. S. mobaraensis and S. platensis are patent strains
of Ajinomoto Co. and Novozymes Inc., respectively, while S. paucisporogenes proved to be a
good transglutaminase producer strain in submerged fermentation in a previous screening
study performed in our laboratory.
5.1.1. Screening in solid-state fermentation
Altogether 26 different substrates were screened in solid-state fermentation including beans,
peas, lentils, cereals, cereal flakes and other agro-food commodities. The list of the tested
substrates is given in Table 25.
Table 25. List of the substrates tested in solid-state fermentation for production of transglutaminase by three
Streptomyces strains (Hungarian cultivars, import products are indicated separately)

1
2
3
4
5
6
7
8
9
10
11
12
13

Substrate
barley (Hordeum vulgare)
wheat (Triticum aestivum)
wheat-flakes
wheat bran
buckwheat (Fagopyrum esculentum)
broomcorn millet (Panicum miliaceum)
rye (Secale cereale)
rye-flakes
oat (Avena sativa)
oat-flakes
rice (Oryza sativa), from Italy
steam exploded rice
Substrate
poppy seeds (Papaver somniferum)
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14
15
16
17
18
19
20
21
22
23
24
25
26

common lentils (Lens culinaris)
red lentils (Lens esculenta), from Turkey
yellow peas (Pisum sativum var. miranda)
green peas (Pisum sativum)
chick peas (Cicer arietinum), from Turkey
black beans
pearl beans (Phaesolus vulgaris v. sphaericus)
liver kidney beans
spot kidney beans (Phaseolus vulgaris)
soy bean (Glycine max)
green mung beans (Vigna radiata), from Thailand
red kidney beans, from Thailand
Elisabeth beans (local type)

The screening results showed a great variety in enzyme production, depending on the
particular Streptomyces strain and on the substrate used for the fermentation. Best activities
were obtained on substrates with high protein content such as green mung beans, red beans
and liver kidney beans. Table 26 shows the best results obtained with S. mobaraensis NRRL
B-3729, S. paucisporogenes ATCC 12596 and S. platensis NRRL 2364.
Table 26. Best transglutaminase (TGase) yields obtained with Streptomyces isolates on different substrates
within solid-state fermentation

Strain

Substrate

S. mobaraensis

wheat bran
wheat bran-soybean
meal mixture (9:1)
yellow peas
lentils
yellow peas
chick peas
black beans
spot kidney beans
liver kidney bean
Elisabeth beans
pearl beans
green mung bean
red kidney beans
Substrate

NRRL B-3729
S. paucisporogenes
ATCC 12596

Strain
S. platensis
NRRL 2364

Moist.
content (%)
70
70
67
60
67
67
60
67
67
67
60
70
67
Moist.
content (%)
75
60
60
60

wheat bran
common wheat
wheat flakes
buckwheat

75

Ferm. time
(day)
11

TGase
(IU g-1 DM)
0.9

7
3
4
3
3
5
4
4
5
7
4
5
Ferm. time
(day)
11
5
5
9

0.8
0.8
1.3
2.4
1.1
1.6
1.5
4.2
3.1
1.1
3.1
2.8
TGase
(IU g-1 DM)
1.1
1.3
1.1
1.2

steam exploded rice
lentils
yellow peas
green peas
chick peas
black beans
spot kidney beans
Elisabeth beans
liver kidney bean
green mung bean
red kidney beans
poppy seeds

75
67
60
67
60
67
70
70
67
70
67
60

8
6
4
6
3
5
6
5
7
3
3
3

2.0
1.6
2.3
1.3
1.2
2.6
4.2
3.4
5.1
4.9
4.6
2.4

Time course of fermentation was studied on liver kidney beans with the three Streptomyces
isolates (Figure 13). Parallel to the enzyme production profile, the microbial biomass
production was also measured.
S. mobaraensis NRRL B-3729 showed a weak TGase production compared to the other two
Streptomyces isolates, peak activity (0.7 IU g-1 DM) was achieved in a 3 day SSF. The highest
TGase productions were reached in a 4 day SSF with S. paucisporogenes ATCC 12596 and in
a 7 day SSF with S. platensis NRRL 2364, with peak activities 4.2 and 5.1 IU g-1 DM,
respectively.
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Figure 13. Time course of transglutaminase and biomass (represented with dotted lines) production in SSF on
liver kidney beans with Streptomyces mobaraensis NRRL B-3729 (▲), S. paucisporogenes ATCC 12596 (Δ) and
S. platensis NRRL 2364 (■) isolates

5.1.2. Biochemical analysis
Figure 14 shows the effect of temperature (at pH 6.0) on TGase activity. S. platensis NRRL
2364 and S. paucisporogenes ATCC 12596 exhibited a temperature optimum at ~45°C, while
S. mobaraensis NRRL B-3729 and the commercially available S. mobaraensis product, Activa
WM (Ajinomoto) had somewhat higher temperature optima, ~50°C.
The pH optimum of TGase produced by S. paucisporogenes ATCC 12596 and S. platensis
NRRL 2364 was found to be ~pH 8.0, while in the case of S. mobaraensis NRRL B-3729 and
Activa WM, the pH optimum was around pH 7.0, although all three bacterial
transglutaminases and Activa WM were also significantly active at the tested pH 5.0-9.0 range
(see Fig. 15).
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Fig. 14. Temperature dependence of activity of transglutaminase produced in SSF by Streptomyces mobaraensis
NRRL B-3729 (▲), S. paucisporogenes ATCC 12596 (Δ) and S. platensis NRRL 2364 (■) isolates. Activa WM
(Ajinomoto) (⃞) was used for comparison

Fig. 15. pH dependence of activity of transglutaminase produced in SSF by Streptomyces mobaraensis NRRL B3729 (▲), S. paucisporogenes ATCC 12596 (Δ) and S. platensis NRRL 2364 (■) isolates. Activa WM
(Ajinomoto) (⃞) was used for comparison
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Activa WM and the TGase produced by S. mobaraensis NRRL B-3729 were stable at 37°C
(at pH 6.0). However, Activa WM lost its activity after 1 h heat treatment at 60°C, while
TGase of S. mobaraensis NRRL B-3729 retained 50% of its original activity under these
conditions at pH 6.0 (data not shown). This might be explained with the presence of other
proteins in the crude fermentation extract which probably stabilize TGase. The
transglutaminase enzymes produced by S. paucisporogenes ATCC 12596 and S. platensis
NRRL 2364 retained 20 and 30 % of their original activities after 1 h heat treatment at 60°C at
pH 6.0, respectively (data not shown).
Streptomyces TGases differ from transglutaminases of eukaryotic origin, since these enzymes
are totally independent of Ca2+ ions. This property is very useful in the modification of those
food proteins which are susceptible to Ca2+, such as milk caseins, soybean globulins or
myosins (Motoki and Seguro 1998). Since we did not find any data on Streptomyces
paucisporogenes TGase, we investigated the influence of different metal ions on the TGase
activity. Metal ions, such as Ca2+, Co2+, Fe2+ and Zn2+ were tested in different concentrations.
We also investigated the effect of a chelating agent, EDTA on enzyme activity. From the metal
ions tested only Zn2+ inhibited the enzyme activity. Even with the addition of 0.5 mmol l-1
ZnSO4.7H2O to the reaction mixture, the relative TGase activity was reduced to 30%. Some
authors suggest that the cysteine residue might be a part of the active site of microbial TGases
(Motoki and Seguro 1998). Since Zn2+ binds to the thiol group of the single cysteine residue,
this may be an explanation of inhibitory effect. The other metal ions did not significantly
influence the TGase activity and the same was observed with the chelating agent EDTA too
(data not shown).
5.1.3. SDS PAGE
Activa WM, the commercially available TGase product of Ajinomoto Co. with a molecular
mass of 37 kDa was used as a comparison. The main bands of S. paucisporogenes and S.
platensis TGases were at the same position, at ~37 kDa, indicating that these two isolates
have a TGase with similar molecular mass as the commercially available TGase (Figure 16).
Since S. mobaraensis showed a weak TGase production in solid-state fermentation, clear
TGase band was not detected. Surprisingly, crude fermentation extracts from S.
paucisporogenes and S. platensis solid-state fermentation products contained mainly the
TGase enzyme and only a few amounts of other proteins were present. In contrary, S.
mobaraensis secreted relatively many proteins (enzymes) during the fermentation on liver
kidney beans.
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Figure 16. Coomassie stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis with 20 μl
concentrated (with ultrafiltration) crude fermentation extracts of Streptomyces platensis NRRL 2364, S.
mobaraensis NRRL B-3729, S. paucisporogenes ATCC 12596 and Activa WM, and Precision Plus Protein
Standard (BioRad) as a molecular mass standard.

According to Langston et al (2007), S. mobaraensis and S. platensis produce transglutaminase
enzymes with 37 kDa and 38 kDa molecular masses, respectively. Our results correlated well
with these data. Since no description was found on transglutaminase of S. paucisporogenes, a
parallel gel was prepared, where after SDS PAGE the 37 kDa protein band was cut out,
resuspended in 200 mmol l-1 Tris–acetate buffer (pH 6.0) and incubated in TGase substrate
solution at 37°C overnight. Transglutaminase activities were detected at the 37 kDa protein
band of S. paucisporogenes ATCC 12596.
5.1.4. Conclusions
Three Streptomyces isolates were successfully propagated in solid-state fermentation for
transglutaminase production on different agro-food materials. While S. mobaraensis (Ando et
al, 1989) and S. platensis (Bech et al, 2000) strains are known producers of TGase enzymes,
no such data for S. paucisporogenes ATCC 12596 can be found in previous papers or patents
so far. Strain ATCC 12596 was identified to secrete such enzyme in shake flask (SF)
cultivation conditions during a screening program in our laboratory (data not shown). After
positive SF results we decided to test this particular strain in solid-state fermentation
conditions too.
Good TGase production was observed in SSF on substrates with high protein content such as
different beans, peas or lentils. In particular liver kidney beans and green mung beans were
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excellent substrates for obtaining high productivities. Maximal production was obtained on
liver kidney beans with S. paucisporogenes ATCC 12596 isolate in a 4 day solid-state
fermentation (4.2 IU g-1 DM) and with S. platensis NRRL 2364 in a 7 day SSF (5.1 IU g-1
DM). Although S. mobaraensis NRRL B-3729 showed a fine growth under solid-state
conditions, it did not produce significant amount of TGase. However in shake flask
fermentation conditions on glucose - corn steep liquor - defatted soybean meal medium S.
mobaraensis was an excellent producer of TGase. As observed many times by other authors,
we had the same experience, namely production of a target enzyme relies very much on
medium composition and cultivation conditions (SF versus SSF).
SDS PAGE analysis revealed that both S. paucisporogenes ATCC 12596 and S. platensis
NRRL 2364 secrete a TGase enzyme with a molecular mass of ~37 kDa. The SDS PAGE
results also showed that extracts of enzyme enriched beans produced by S. paucisporogenes
ATCC 12596 and S. platensis NRRL 2364 contain TGase in higher amount and other proteins
(enzymes) are present in smaller quantities. Careful selection of substrate (carrier) in SSF may
result in a higher relative purity of transglutaminase because other proteins (enzymes) are
present only in minor quantities. Therefore solid-state fermented transglutaminase without
downstream processing (cheap in situ enzyme, crude enzyme) may be an excellent candidate
for some non-food applications.
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5.2. SCREENING OF NON-IDENTIFIED ACTINOMYCETES FOR
TRANSGLUTAMINASE PRODUCTION IN SOLID-STATE FERMENTATION
Screening for additional transglutaminase sources among microorganisms is a current issue.
More than 400 microbes were screened in our laboratory previously in shake flask
fermentation for extracellular transglutaminase production, including fungal and bacterial
strains, too. Measurable transglutaminase production, assayed by the hydroxamate method,
was obtained only with some Streptomyces isolates. Though more sensitive methods have
been developed for detection of TGase activity than hydroxamate method in the last 15 years
but these assays are very expensive and require sophisticated equipments.
Besides the two well studied transglutaminase producer actinomycetes, viz. S. mobaraensis
(Ajinomoto Co.) and S. platensis (Novozymes Inc.) we tested some additional actinomycetes
in SSF conditions which proved to be positive previously in a shake flask fermentation
screening prepared by us. These “TUB B-…” actinomycetes strains have not been
taxonomically identified so far. They were tested in SSF either on liver kidney beans or on
green mung beans. In some cases, propagation of the particular isolate in SSF was not
successful, most likely the bacterium couldn’t tolerate the low water activity present in SSF.
Table 27 summarizes the screening results, while Fig. 17 shows a typical actinomycetes
growth in SSF on green mung beans.
Table 27. Screening results of transglutaminase production

Ferm. time
Strain
TUB B-118
TUB B-201
TUB B-402
TUB B-507
TUB B-545
TUB B-548
TUB B-697

Medium*
GMB
LKB
GMB
GMB
GMB
LKB
GMB
LKB
GMB
LKB
GMB

(day)
10
7
5
7
7
11
7
11
5
6
6

Activity**
pH
7.8
7.1
7.0
6.8
6.7
8.1
7.2
7.5
7.0
6.7
6.6

A1
0.836
0.158
0.304
0.459
0.545
0.219
0.413
0.466
0.412
0.173
0.304

A2
0.464

A3
0.277

(IU g-1 DM)
3.3

0.278
0.349

0.191
0.113

2.0
2.5

0.286
0.297
0.265

0.118
0.156
0.116

2.1
2.1
1.9

Ferm. time
Strain
TUB B-706

Medium*
LKB

(day)
6

Activity**
pH
6.8
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A1
0.390

A2
0.212

A3
0.048

(IU g-1 DM)
1.5

TUB B-723
TUB B-724
TUB B-739
TUB B-883
TUB B-885
TUB B-895
TUB B-903
TUB B-907
TUB B-910

GMB
GMB
LKB
GMB
GMB
GMB
GMB
GMB
GMB
GMB
GMB

5
3
4
3
5
7
7
11
7
7
7

7.8
6.6
6.6
7.1
6.8
5.8
6.4
6.8
5.5
6.7
6.4

0.535
0.205
0.260
0.434
0.871
0.323
0.262
0.300
0.221
0.142
0.417

0.285

0.271

2.1

0.263
0.816

0.201
0.203

1.9
5.9

0.271

0.221

2.0

* GMB:10 g green mung beans, LKB: 10 g liver kidney beans, at 67% moisture content, A1: Absorbency of the
crude enzyme extract at 525 nm; A2: Absorbency measured from the upper phase (>5 kDa, protein part), after
ultrafiltration. Ultrafiltration was carried out at those samples, where absorbencies were at least around 0.4 or
higher; A3: Absorbency of the lower phase (<5 kDa). **Activity was calculated from the absorbency of the upper
phase (represents real enzyme activity).

Fig. 17. Digital image picture of a 5 day solid substrate fermentation material of TUB B-739 on green mung
beans

Real enzyme activities were calculated from the ultrafiltered absorbency values, since in the
crude fermentation extracts secondary metabolites may be present, which very often interfere
with the transglutaminase assay (see Materials and Methods, chapter 2.3.4.).
S. paucisporogenes ATCC 12596 and S. platensis NRRL 2364 produced 4.2 and 5.1 IU g-1
DM TGase in a 4 and 7 day SSF, respectively. TUB B-739 showed the highest TGase
production among the unidentified actinomycetes, with 5.9 IU g-1 DM activity in a 5 day SSF
on green mung beans.
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TUB B-739 isolate was sent to the German Collection of Microorganisms and Cell Cultures
(Deutsche Sammlung für Microorganismen und Zellculturen, DSMZ) in Braunschweig,
Germany. According to the recent results, DSMZ could not clearly identify this particular
isolate. Its 16S rDNA had 100% similarity to Streptomyces hygroscopicus ssp. decoyicus
DSM 41427, but the Riboprint pattern did not show a high correlation neither to the above
mentioned S. hygroscopicus, nor to any other members within the Streptomyces genus. Cui et
al (2006) detailed the transglutaminase production of a local Streptomyces hygroscopicus
isolate. Our Streptomyces hygroscopicus ssp. decoyicus isolate is probably genetically not
identical with the Chinese isolate and represents a different species.
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CHAPTER 6 : THESIS POINTS
1. Based on the extracellular chitinase production of fifty Trichoderma harzianum strains in
solid-state fermentation and the ITS1/ITS2 and tef1 sequences of these isolates it was
concluded that T. harzianum isolates with similar ITS1/ITS2 and tef1 sequences to ex-type
CBS 226.95 isolate (sensu stricto group) showed a statistically supported overproduction of
extracellular chitinases in solid-state fermentation (II. Nagy et al, 2007).
2. The overproduction of extracellular chitinase by sensu stricto isolates was neither due to
faster growth and metabolism on certain chitin monomers (N-acetyl β-D-glucosamine or
glucosamine), nor due to increased secreting ability of chitinase isoenzymes. T. harzianum
sensu stricto group did not show an increased extracellular cellulase production.
(II. Nagy et al, 2007).
3. While T. harzianum sensu stricto strains could not metabolize N-acetyl mannosamine
according to the Biolog analysis, a plate test was developed for the quick identification of T.
harzianum sensu stricto strains (II. Nagy et al, 2007).
4. Based on screening of fourteen Penicillium strains it was concluded that some Penicillium
isolates can produce almost as much chitinase in SSF conditions as Trichoderma harzianum
isolates belonging to the sensu lato group (V. Binod et al, 2005).
5. Naturally immobilized cheap lipase and esterase enzymes were prepared by solid state
fermentation and consecutive air-drying of the material at room temperature for organic
chemical biotransformation and bioconversion processes (III. Tőke et al, 2007 and IV. Nagy
et al, 2006).
6. Without any downstream processing, the SSF materials of Gliocladium and Chaetomium
strains were gently dried at room temperature and successfully applied in enantiomer selective
biotransformation of racemic secondary alcohols. (IV. Nagy et al, 2006).
7. Air dried SSF samples of Aspergillus oryzae and A. sojae strains (food-grade fungi, GRAS
microbes) were successfully applied to produce biocatalysts with useful sterol esterase
activity (III. Tőke et al, 2007).
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8. Streptomyces mobaraensis NRRL B-3729, S. paucisporogenes ATCC 12.596 and S.
platensis NRRL 2364 strains were successfully propagated in solid state fermentation in order
to produce transglutaminase enzyme (I. Nagy and Szakacs, 2008).
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