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Mycology is the branch of biology that deals with the study of fungi. 
Fungi are the diverse group of microorganisms and playing a vital role 
in the commercial application in agriculture, food, environment and 
medicine due to its simple model systems. Many fungi produce biologi-
cal active compounds as secondary metabolites, which have potential 
to use in various beneficial applications based on its characteristics. 
Molecular mycology is playing an important role in fungal applica-
tions. Also, advances in molecular tools have created a new path for the 
mycological research and applications in different sectors. Molecular 
mycology includes molecular markers, DNA techniques, cloning and 
bioinformatics. This book covers most important aspects in molecular 
mycology and focuses on the application of fungal secondary metabo-
lites in ecosystem management and sustainable agriculture, applica-
tion of DNA recombinant techniques to improve industrially important 
fungal species, different molecular markers and genetic approaches for 
the taxonomical identification of fungi and also dealt with the bioin-
formatics tool for the identification fungal species and its secondary 
metabolites.

This book provides a complete overview of recent developments and 
applications in molecular mycology. It serves as a comprehensive guide 
for the identification of fungi and the application of fungal biomolecules in 
agriculture, food, environment, and pharmaceutical sectors by providing 
detailed information about application of molecular markers and bioinfor-
matics tools for mycology.

This book has been well written and is based on the authors’ renowned 
expertise and contribution to the various aspects of fungal biology. This 
book is an excellent source for molecular mycology tools and appli-
cations in various fields. This book is equally very suitable for under-
graduate and postgraduate biology students and biotechnologists from 
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MOLECULAR MYCOLOGY:  
AN INTRODUCTION
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1.1 KINGDOM FUNGI

The Kingdom Fungi is being studied extensively across the globe due to 
their beneficial role in diverse fields namely medicine, fermentation, food 
industry, bioremediation, biofertilizers and biopesticides. It is also true that 
most of the plant diseases are caused by fungi, resulting in heavy losses in 
the crop yield. Fungi vary in size from single cell to multi cell and diver-
gent group of fungi is composed of yeasts, molds, mushrooms, lichens, 
disease causing rusts and smuts. Due to increase in population worldwide 
and depleting environment, man is trying to find novel advanced tech-
niques to meet the population demands; and this purpose was resolved 
through the advancements in molecular biology, which is being utilized in 
every aspect of biological science. Over the past five decades, advance-
ments in the field of molecular biology has opened up a new array of 
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diagnostic tools to the researchers for addressing issues from gene expres-
sion to genetic diversity. The ready availability of DNA sequence data has 
led to major developments in the study of the biochemistry, ecology, strain 
characterization, identification, pathogen detection, genomics, molecular 
diagnosis of fungi, and association with other organisms (Bruns et al., 
1991). A molecular marker is a short fragment of DNA that is associated 
with certain gene in the genome or the marker that reveal variations at 
DNA level. The first DNA based molecular marker developed is restric-
tion fragment length polymorphism (RFLP) by Grodzicker et al. (1974).

Molecular markers have many advantages over traditional biochemi-
cal markers, as they provide data for accurate analysis, but also possess 
unique genetic characteristics that make them more useful than any other 
genetic markers (Hillis and Dixon, 1991). Molecular markers render mul-
tiple distinguishing advantages; DNA can be isolated with no difficulty 
from any living constituent such as blood cells, tissues, sperm and hair 
follicle. DNA samples can be stored for extended period and DNA analysis 
can be implemented at any stage of cell cycle. Once the DNA is extracted, 
it is transferred on filter membranes and it can be repetitively hybridized 
with different probes. In addition, heterologous probe and in vitro synthe-
sized oligonucleotide probes can be utilized and PCR-based methods can 
be subjected to automation (Tibayrenc, 2005). Thus, molecular markers 
are extensively used for studying genetic diversity, gene mapping, linkage 
analysis and phylogenetic analysis of fungi.

1.2 INDUSTRIAL POTENTIAL OF FUNGAL APPLICATIONS

Fungi are one of the major organisms with many industrial applications 
because of its enormous production of economically important metabo-
lites. Use of fungi is spanning from brewing and wine making to biofuel 
production. A large number of fungal strains have been used for producing 
antibiotics, drugs, recombinant proteins, organic acids and other useful 
compounds. Its applications can be seen in various industries in differ-
ent ways. Fermented foods, sauces and drinks, using fungi became inevi-
table to the life. Besides metabolite production, its short growth period 
also found to be attractive in the industrial applications. The choice of 
the strain may depend on the highest levels of activity in a specific strain. 
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Quantification of the metabolic fluxes using proper analytical means is an 
important preliminary step in strain improvement.

The production of the desired metabolite can be maximized by optimi-
zation of the environment. After optimization, by changing the environ-
mental parameters, stress induced over production can be obtained. These 
induction parameters include mutagens also. The use of different muta-
genic agents for strain improvement was demonstrated by Parekh et al. 
(2000). Simultaneous treatment with different mutagens such as N-methyl- 
N’-nitro-N-nitrosoguanidine (NTG), ethidium bromide and UV or NTG 
combined with ethidium bromide to create mutant fungi that produced more 
CMCase and filter paper cellulase (FPase) than wild type fungi was reported 
by Chand et al. (2005). Random mutagenesis and screening was carried 
out to improve the production of antifungal metabolites and antagonistic 
potential of biocontrol agents in fungal strains such as Trichoderma spp. 
and Gliocladium spp. (Wafaa and Mohamed, 2007).

1.3 FUNGAL METABOLIC ENGINEERING

Metabolic engineering that is achieved by modification of specific bio-
chemical reactions or introduction of new ones with the use of recom-
binant DNA technology can bring forth definite product formation 
(Stephanopoulos, 1999; Nielsen, 2001). Reverse (inverse) metabolic engi-
neering can also be employed for the improvement of the strain which 
involves: (1) choosing a strain which has a favorable cellular phenotype, 
(2) evaluating and determining genetic and/or environmental factors that 
confer specific phenotype, and (3) transferring that phenotype to a second 
strain via direct modifications of the identified genetic and/or environ-
mental factors (Bailey et al., 1996; Santos and Stephanopoulos, 2008).

Selection of the best strains and improvement of those strains using 
various classical methods, such as mutagenesis and genetic recombina-
tion, were found to be with drawbacks like unspecificity, whereas, strain 
improvement by genetic engineering has been established as a feasible 
alternative for them (Verdoes et al., 1995). By single step improvement 
approach of these traditional methods, production levels were found to be 
only modestly increasing as two fold or even less (Verdoes et al., 1995). 
Modification in the genetic level of these molecules will consequently 
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be beneficial to all the fields such as pharmaceuticals and agriculture. 
Genetic engineering which includes strain improvement through molecu-
lar and genetic manipulation is found to be more efficient than the clas-
sical approaches.

1.4 FUNGAL BIOINFORMATICS

Bioinformatics has emerged as an integral part in many areas of biotech-
nology (Zauhar, 2001; Rao et al., 2008). Bioinformatics develops software 
tools for storage, retrieval, organization and analyzing biological data 
(Baker et al., 1999; Brown and Botstein, 1999; Neufeld and Cornog, 1999; 
Backofen and Gilbert, 2001; Lander, 2001). Bioinformatics is extensively 
used in full genome analysis and indexing the data of organisms which have 
been sequenced from late 1990’s, including microorganisms, nematodes, 
plants, human and even pathogens (Venter, 2001; Heller, 2002; Friedman, 
2004; Kane and Jeffrey, 2007; Wayne and Wishart, 2007). Earlier, identifi-
cation, classification and phylogenetic analysis of an organism were based 
on painstaking experiments on living cells and organism (Nasir et al., 
2014). Statistical analysis of the homologous recombination rates of dif-
ferent genes determined gene order on a specific chromosome (Schmuckli-
Maurer et al., 2003). Based on such experiments, data were combined to 
create a genetic map, which specified the approximate location of known 
genes relative to each other. But today, with comprehensive genome 
sequence and powerful computational tools available to the research 
community, genome analysis has been redefined (Goffeau et al., 1996; 
Adams et al., 2000; Douglas et al., 2001; Katinka et al., 2001; Lander et 
al., 2001; McPherson et al., 2001; Aparicio et al., 2002; Carlton et al., 
2002; Gardner et al., 2002; Goff et al., 2002; Holt et al., 2002; Wood et al., 
2002; Galagan et al., 2003; Armbrust et al., 2004; Martinez et al., 2004). 
Our molecular techniques currently been used are very robust which 
aids in sequencing of new genomes at a far faster rate compared to tools 
present to annotate them (Thangadurai and Sangeetha, 2013). Hence our 
ability to obtain genomic data is quickly overtaking our ability to anno-
tate genes. It is evident that manual annotation cannot be scaled to meet 
the input of newly sequenced organism. The biggest challenge faced by 
molecular biologists today is that to make sense of the huge wealth of data 
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produced by the genome sequencing projects (Lal et al., 2013). Currently 
more than 100 fungal genomes have been sequenced and present genera-
tion sequencing technologies will further accelerate the accumulation of 
data over the next decade (Hane and Oliver, 2008; Louis, 2011; Kim et 
al., 2013). The enormous amount of data produced in this genomic era 
badly needs incorporation of computers in research techniques to describe 
features of new genomes; unlike traditional methods, where molecular 
research was entirely carried out at the experimental laboratory bench 
space. Generation of sequence, its storage, sequence analysis and interpre-
tation are completely computer dependent tasks. Since molecular organi-
zation of an organism is very complex, research is simultaneously carried 
out in different areas including genomics, proteomics, transcriptomics and 
metabolomics. Due to which, increase in data volume have been observed 
in these fields. Intelligent and efficient storage of this amount of data is the 
challenge faced by bioinformatics community. The stored data on its own 
is meaningless before analysis and because of the huge volume of data 
present, it’s impossible even for a trained biologist to interpret it manu-
ally. Hence computational tools must be developed for the extraction of 
meaningful biological information from the stored data. Bioinformatics 
tools are developed based on three central biological principles, e.g., DNA 
sequences determines protein sequence, which in turn determines protein 
structure; this protein structure determines protein function. The collabo-
ration of the information obtained from these key biological processes has 
aided in achieving the long-term goal of the complete understanding of the 
biology of organisms (Wooley and Lin, 2005).

1.5 FUNGAL SYSTEMATICS

Fungi are an ancient group of 3.5 billion years old according to fossil 
evidence, whereas earliest fungal fossils are from the Ordovician, 460 to 
455 million years old (Redecker et al., 2000). The lifecycle, biosystem 
response and reproduction of fungal molecule itself can prove their enor-
mous potential in ecosystem and agriculture. Apart from symbiotic rela-
tion with ants and mutualism with termites, eukaryotic spore producing 
achlorophyllous organisms with absorptive nutrition, fungi shows firm 
relationship with plants. Fungi play a major role in ecosystem as well as 
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in agriculture. It is mainly because of its detriment loving nature. Most 
fungi are associated with plants as saprotrophs and decomposers. The 
enzymes secreted by them convert the fats, carbohydrates and nitrogen 
compounds of the dead animals and plants into simpler compounds, for 
instance carbon dioxide, ammonia, hydrogen sulfide, water and some 
other nutrients in a form available to green plants. They break down all 
kinds of organic matter like wood and other types of plant material that is 
composed primarily of cellulose, hemicellulose and lignin. Fungi are one 
of the organisms, which can effectively break down wood. The presence 
of the fungi is very important for stabilizing the ecosystem. The kind of 
fungal inhabitation purely depends upon the geographical conditions and 
season. Thereby, occurrence of the fungal molecule in a specific area may 
not be stable. As both agriculture and ecosystem management is controlled 
by fungi, a profound knowledge on the fungal community is necessary 
in eco- and agro-studies. Fungal biotechnology ends with huge industrial 
application where as it always commences with cellulosic degradation and 
so oxidative and hydrolytic enzyme production. Mycorrhizal and para-
sitic communities in different habitats are well characterized at molecular 
level and they directly affect plant community structure, composition and 
productivity.

KEYWORDS

 • Antifungal metabolites
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 • Biocontrol agents
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 • Biofuel production

 • Bioinformatics

 • Biopesticides

 • Bioremediation

 • Brewing

 • Cellular phenotype
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2.1 INTRODUCTION

Previously, taxonomic identification of fungi was based on the observa-
tions of morphological traits, such as cultural morphologies, including 
colony and color characteristics on specific culture media, its size and 
shape, development of sexual, asexual spores, spore-forming structures 
and physiological characteristics such as the ability to utilize various 
compounds as source of nitrogen and carbon (Felsenstein, 1985). These 
methods tend to be time consuming, laborious and may take several 
days for isolation. Moreover, fungal species differ in their carbon utiliza-
tion and cannot be cultured on a given medium, which leads inaccurate 
analysis of the species that may not belong to the true fungal commu-
nity (Wu et al., 2003). The uncultured and non-viable spores can pos-
sibly be allergenic and cause health issues. For instance, the conidia of 
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Stachybotrys chartarum rapidly lose viability when it comes in contact 
with air, without losing its toxigenicity (Hibbett et al., 2007). Thus, rapid 
detection of fungi in a given environment is essential for monitoring the 
exposure risk and for developing precautionary measures for public health 
safety (Zeng et al., 2003). Biochemical markers has been assumed reliable 
and is tried out extensively, but no encouraging results are obtained, as 
they are often sex limited, age-dependent and are significantly influenced 
by the environment (Alim et al., 2011). Sometimes, the various genotypic 
classes are indistinguishable at the phenotypic level owing to dominance 
effect. Moreover, these markers show variability in their coding sequences 
that constitute less than 10 per cent of the total genome (Zwickl, 2006).

Fungal cells contain DNA as chromosomes in the nucleus, and in the 
mitochondria, a distinguishing characteristic of eukaryotes. Chromosomes 
contain innumerable sequences, of which some are organized into genes, 
others as merely flanking or spacer regions (Tautz, 1989). An eukaryotic 
cell consists of one or more nucleus containing single and multiple copy 
sequences and many mitochondria, each containing sequences identical to 
each other.

2.2 DNA-DNA HYBRIDIZATION

A method first employed for the identification of fungi is DNA hybrid-
ization. During this process, the total DNA from two fungal species was 
extracted. Then the DNA was denatured to obtain single strands and mixed 
together. The proportion of DNA from one organism that was able to form 
a double stranded molecule with the DNA from the other organism was 
then determined. This gave an overall similarity of the DNA sequences 
between the two organisms. In general, this practice was relatively com-
plex, as the entire DNA sequences had to be labeled, usually with radioac-
tive labels to allow identification of the mixed double strands. DNA-DNA 
hybridization has two basic methods: thermal stability and cross hybridiza-
tion. But for fungi cross hybridization between the total DNA extracts of 
the organism is preferred to thermal stability testing method. The binding 
specificity between the two strands was also dependent on temperature and 
salt concentration, and so reaction conditions and reagents were crucial. 
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If DNA/DNA values of greater than 70%, then closely related strains; 
values of below 40% showed that the strains less related (Bruns et al., 1991; 
Royse et al., 1993). This method has restricted its use only within the yeast 
genera. The major setback with fungal species is that due to its genome 
size considerable background similarity was obtained which resulted in 
much higher values required to define species. Due to few clear cut-off 
values, it was difficult to differentiate between closely related species and 
less related species.

2.3 ALLOZYMES

The first molecular markers to be developed were allozymes 
(Schlötterer, 2004) and they are the enzymes found in biological system 
involved in DNA repair and replication. They are the variant forms of 
an enzyme that are coded by different alleles present on the same loci. 
These enzymes are structurally different due to difference in amino acid 
sequence between phyla. Allozymes are widely used in fungal identi-
fication as molecular markers (Urbanelli et al., 2003); they compare 
between different species by selecting one that is as variable as possible 
nevertheless they are present in all the organisms and be comparable to 
amino acid sequence of the enzyme in the species, more amino acid 
similarities should be seen between evolutionarily related species and 
fewer between those that are less well related. The less, well conserved 
the enzyme is, the more amino acid differences will be present in even 
closely related species. Because of amino acid charge differences, allo-
zymes can be differentiated by their relative migration speed during 
gel electrophoresis. Many enzymes are invariant within populations (or 
even between species and higher taxa), and most polymorphic enzymes 
have only a few variants (generally two) (Mueller, 1999). Although this 
limits the power of allozyme analysis to resolve genetic differences, 
allozymes are time and cost efficient for research, requiring only a 
few polymorphic markers, constraints in using allozymes are moderate 
number of markers, inadequate for investigating considerable portions 
of the genome and complications in sharing the experimental procedure 
between research laboratories.
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2.4 POLYMERASE CHAIN REACTION

Polymerase chain reaction (PCR) was first described in the mid 1980s 
(Saiki et al., 1985), Kary Mullis first demonstrated PCR and is a process 
that allows many copies to be made of a DNA region. The PCR process 
can be performed on tiny samples with DNA concentrations of nanograms 
or less. The PCR process works by making the target DNA single stranded, 
and then attaching small synthetic primers to each end of the region of 
interest. The region of DNA between the primers is then constructed from 
the target DNA with individual phosphorylated nucleotides by a specific 
enzyme DNA polymerase. The primary condition for the reaction process 
is temperature, as a high temperature >90°C is needed in order to denature 
DNA molecule into single strands, and a lower temperature 35–55°C is 
required to allow the primers to bind. A further step is required for the 
synthesis of the DNA, and this takes place at the optimum temperature 
for the DNA polymerase. Each step in the process typically takes between 
30 and 120 seconds, and the complete cycle results in a duplication of the 
original DNA sequence. Further, doubling samples rapidly increase the 
amount of the DNA region of interest (typically 25–45 cycles). The DNA 
polymerase enzyme used therefore needs to be thermostable in order to 
withstand repeated cycles of heating at more than 90°C, and it was the dis-
covery of heat resistant enzymes in thermophilic bacteria such as Thermus 
aquaticus, that allowed the process to become a viable practical method 
(Saiki et al., 1988).

There have been many different applications of PCR methods 
in mycology and extensive information has been discussed by Edel 
(1998). It is evident from above statements that, the PCR process is a 
way of obtaining large quantities of a particular region of DNA. It is 
not however an analysis tool, and so after PCR it is necessary to deter-
mine features of the amplified DNA. In the simplest form, the presence/
absence of an amplified product may be a final result, such as in diag-
nostics where the primers used will only bind with the DNA of certain 
organisms. In other cases the size and number of products may be the 
end result, such as in cases where much generalized primers are used 
to generate a DNA fingerprint (Mullis et al., 1986). More commonly 
however some degree of sequence information is usually derived from 
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the PCR amplified product, either through restriction enzyme analysis 
or sequencing. Automated DNA sequencing is now available through 
systems based either on electrophoretic separation on gels or on micro-
capillary electrophoresis. PCR methods are used to generate dye-labeled 
fragments that are detected by either variable or fixed wavelength lasers. 
The time taken to obtain a sequence, the number of samples that can be 
analyzed, and the maximum length of sequence will depend on a num-
ber of factors, including the type of sequencer, but in many applications 
automated sequencers can provide around 1000bp of sequence from 
overnight operations (Mullis and Faloona, 1987). PCR-based genetic 
marker for detection and infection frequency analysis of the biocontrol 
fungus Chondrostereum purpureum on Sitka Alder and Trembling Aspen 
was obtained. Food and forensic laboratories are also using PCR for 
identification of pathogenic fungi (Fujita and Silver, 1994).
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3.1 INTRODUCTION

The genome of all the known species on earth is almost constituted by 
repetitive DNA. Genetic identification of all these species is possible only 
after the discovery of these highly polymorphic of alleles, which consti-
tute 30–90% of the genomes. Since several hundred alleles are combined 
to form genetic loci in DNA regions, they are not similar across species 
and varies with respect to length, sequence and tandem arrays of distribu-
tion. Normally, the inherited mutations that occur in the repetitive DNA 
region are more responsible for diversity and evolution. In recent years, 
diverse groups of hybridization and PCR based molecular, genomic and 
proteomic markers available are heavily been used for identification of 
fungi (Ellegren, 2004; Table 3.1).

TABLE 3.1 Different Molecular Markers Used in the Systematics and Taxonomy of Fungi

Fungi Molecular markers References

A. fumigates Multiple-locus variable 
number tandem repeats

Thierry et al. (2010)

Aspergillus sojae RAPD Leach et al. (1986)
Basidiobolus ranarum PCR-amplified ribosomal 

RNA genes
Chakrabarti et al. (2003)

Bipolaris oryzae Ribosomal region, protein 
coding genes

Bass et al. (1992)

Chionasphaera 
apabasidialis

Tubulin Berbee and Taylor (1992)

Colletotrichum acutatum mtDNA, RFLP Adaskeveg and Hartin (1997)
Fusarium solani RFLP, RAPD, ISSR, ITS Bakshi (1955)
Ganoderma lucidum RAPD Nogami (1987)
Glomus intraradices mt-large subunit Almeida and Schenk (1990)
Glomus proliferum mt-large subunit Almeida and Schenk (1990)
Heterobasidion annosum Protein coding genes Adams et al. (1991)
Naohidea sebacea Tubulin Berbee and Taylor (1992)
Nomuraea rileyi RAPD, AFLP, ITS Grooters and Melaney (2002)
Paxillus involutus ITS Wright et al. (2001)
Pisolithus tinctorius RAPD Agerer (1991)
Scaulochytrium 
aggregatum

PCR-amplified ribosomal 
RNA genes

Chakrabarti et al. (2003)
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3.2 RESTRICTION FRAGMENT LENGTH POLYMORPHISM

Restriction fragment length polymorphism (RFLP) is one of the best tech-
niques that uses specific enzymes called restriction endonucleases (REs). 
They are DNA-digesting enzymes that recognize particular sequences 
within the DNA and cut the DNA at specific restriction sites. Hence, they 
are commonly called as molecular scissors due to their functionality. The 
target sequences are palindromic, wherein the sequences are read same on 
the complementary strands in the opposite direction, and so, the DNA is cut 
at the same location on both the strands. There are different types of restric-
tion endonucleases which vary from four bases, upto recognition sites of 
twelve or more bases. Therefore, if DNA is treated with REs that recognizes 
a sequence that occurs rarely, then the DNA will be cut into a few large frag-
ments, whereas if the enzyme recognizes a sequence that occurs many times, 
then the DNA will be cut into many small fragments, and these fragments 
are blotted onto a nitrocellulose membrane (Cooley, 1992). Specific band-
ing patterns are then visualized by hybridization with labeled probe. This 
technique is called restriction fragment length polymorphism analysis. This 
technique can give rapid information about the location of restriction enzyme 
sites and the size of DNA of interest. Restriction digestion of genomic DNA 
yields large number of fragments and RFLP analysis normally results in 
these fragments being visualized as an extended smear in the gel. Moreover, 
fragments of DNA that appears as distinct bands have been used widely to 
differentiate fungal isolates of the same species (Coddington et al., 1987). 
Probes are short segments of DNA and are of specific genes. These DNA 
probes can be obtained by various methods in which, cloning is a com-
mon method employed. In cloning, once restriction digestion of the DNA 
strand by restriction endonucleases is completed, the short DNA fragments 
are inserted into bacterial plasmids, bacteriophages or artificial vectors. 
Thus, recombinant molecules obtained are multiplied through rapid bacte-
rial growth; the probes are then labeled with radioactive labels or with a par-
ticular enzyme. These single locus species specific probes (0.5–3.0 kb) are 
obtained from cDNA and genomic libraries. Genomic libraries are easy to 
construct and virtually all types of sequences are included, on the contrary, 
cDNA libraries are popular since actual genes are analyzed and they hardly 
carry any repetitive sequence (Mavridou and Typas, 1998).
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The selection of desirable RFLP probe source depends upon the kind of 
applications. In general, genomic library probes exhibit greater variability 
than cDNA library probes. In contrast, cDNA library probes may also show 
greater variability due to their ability to detect regions with flanking genes 
and introns, apart from detecting variation in coding regions of the cor-
responding genes. RFLP markers, being co-dominant are reliable in link-
age analysis and used in the construction of genetic maps. Also, they can 
recognize coupling phase of DNA sequences, as DNA fragments from all 
homologous chromosomes are distinguished. However, a drawback of this 
method is that their utility has been hampered due to the large amount of 
DNA required for restriction digestion and southern blotting. Furthermore, 
a need of radioactive isotope makes the analysis comparatively expensive 
and unsafe. The assay is tedious and elaborate and only one out of several 
markers may be polymorphic, which is highly unsuitable principally for 
crosses between closely related species. Moreover, RFLP marker shows 
their inability to recognize point mutations prevailing within the regions 
where they detect polymorphism (Toda et al., 1998).

3.3 RANDOM AMPLIFIED POLYMORPHIC DNA

The PCR-based random amplified polymorphic DNA (RAPD) analysis 
was developed by Welsh and McClelland (1991). This technique works 
on the principle of DNA amplification, and these are very quick and easy 
to develop due to the arbitrary sequence of the primers. It gives accurate 
results even with small amount of DNA samples and works without a need 
of radioisotope. The development of RAPD markers is easy and less time 
consuming, as it does not require any specific knowledge of the DNA 
sequence of the target organism. It involves the detection of nucleotide 
sequence polymorphisms in DNA by using a single primer of arbitrary 
nucleotide sequence. Between 100 and 4000 base pair standard amplicons 
of variable length pairs are created, each primer controls amplification of 
several distinct loci in the genome, molding the assay useful for systematic 
screening of nucleotide sequence polymorphism between individuals. Yet, 
due to the speculative nature of DNA amplification with random sequence 
primers, it is essential to optimize and retain stable reaction conditions 
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and annealing temperature for reproducible DNA amplification (Sharon 
et al., 2006). RFLPs are codominant markers, accordingly have limita-
tions in their use as markers for mapping genes, which can be overcome 
to some level by choosing those markers that are combined in coupling. 
RAPD assay is being used by number of scientific groups as a system-
atic tool for identification of marker linked to agronomically important 
genotypes. Applying this technique for identification and differentiation 
of yeast belonging to the genera Saccharomyces and Zygosaccharomyces, 
five primers were used and results obtained proved that RAPD analy-
sis is a powerful technique (Paffetti et al., 1995). RAPD technique is 
being used to generate molecular markers which are useful in identify-
ing fungi, and differentiate them at the species, subspecies or strain level, 
and to study the genetic polymorphism of genotypes at molecular level. 
Geisen (1995) used RAPD analysis to characterize sixteen strains of P. 
nalgiovense at genetic level and found that P. nalgiovense is closely related 
to P. chrysogenum. Characterization of Aspergillus chevalieri, Aspergillus 
nidulans, Aspergillus tetrazonus and their teleomorphs was successfully 
done with RAPD analysis using two primers. RAPD used to identify races 
of 1, 2, 4, and 8 of Fusarium oxysporum f. spp. dianthi in Italy (Migheli 
et al., 1998). Cobb and Clarkson (1993) studied the DNA polymorphism 
among insect pathogenic fungus Metarhizium anisopliae and M. flavo-
viride and Caldeira et al. (2009) characterized Amanita ponderosa (mush-
room). RAPD is successfully being used in gene mapping, genetic identity, 
taxonomic identification, genotoxicity and carcinogenesis studies.

Some modifications in RAPD resulted in new techniques like DNA 
amplification fingerprinting (DAF) and arbitrary primed polymerase chain 
reaction (AP-PCR). In DAF, single arbitrary primers as short as five bases 
are used to amplify DNA sequences using PCR. A spectrum of products 
is obtained containing simple and complex patterns; simple patterns are 
used as markers for genetic mapping, whereas more complex patterns are 
used for DNA fingerprinting. The resulting band patterns are reproducible 
and band pattern analysis is carried out using polyacrylamide gel electro-
phoresis and silver staining. The parameters are required to be optimized 
precisely; however, DAF is an automated method and the primers are 
fluorescently tagged for easy and rapid identification of amplified DNA 
products (Tinker et al., 1993). DAF profiles can be tuned by employing 
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modifications like predigesting of DNA template. The application of DAF 
is found in genetic mapping and genetic typing of fungi. Arbitrary primed 
polymerase reaction (AP-PCR) is a unique type of RAPD which includes 
single primers of length 10–50 bases and generates discrete amplifica-
tion patterns of genomic DNA in PCR. Annealing is carried out in non-
stringent conditions for first two cycle of PCR and the PCR products 
obtained are structurally similar to RAPD. AP-PCR is not as popular as 
DAF as it involves autoradiography. However, recently it has been simpli-
fied by including agarose gel electrophoresis for separating fragments and 
ethidium bromide staining for visualization.

3.4 AMPLIFIED FRAGMENT LENGTH POLYMORPHISM

Amplified fragment length polymorphism (AFLP) technique is a combi-
nation of RFLP and PCR originally developed by Zabeau and Vos (1993). 
This technique is useful in understanding polymorphism between closely 
related genotypes based on the detection of genomic restriction fragments 
by PCR amplification. AFLP has high multiplex ratio and large number 
of polymorphism making it unique among several other molecular tech-
niques. The AFLP fingerprints can be produced without any prior genetic 
sequence knowledge using a limited set of primers and adapters. The num-
ber of fragments detected in a single reaction can be specifically selected 
by primer sets (Strommer et al., 2002). AFLP technique is reliable, after 
all rigorous reaction conditions are used for primer annealing. In this tech-
nique, DNA is digested with a rare cutting and commonly cutting restric-
tion enzymes simultaneously, such as MseI and EcoRI, and ligated with 
specific oligonucleotide adaptors to restriction fragments, then selectively 
amplifying these fragments with specifically designed primers. For ampli-
fication purpose the 5′ end of the primer is designed such that it would 
contain both the restriction enzyme sites on either sides of the fragment 
complementary to respective adapters, while the 3′ region extend for a few 
randomly selected nucleotides into the restriction fragments. After ampli-
fication, separation of fragments will be carried out on agarose gel electro-
phoresis followed by visualization using autoradiography, silver staining 
or fluorescent dyes. AFLPs are exclusively used as tools for DNA finger-
printing and also for cloning, genetic mapping and linkage analysis of 
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variety-specific genomic DNA sequences. Similar to RAPDs, the bands of 
interest obtained by AFLP can be converted into sequence-characterized 
amplified regions (SCAR). Thus, AFLP provides a newly developed, most 
vital tool for variety of applications (Voort et al., 1997). AFLP analysis 
executes unique fingerprints irrespective of origin and genome complexity. 
Limitation of using AFLP is the difficulty in developing locus-specific 
marker from individual fragments.

3.5 SEQUENCE-RELATED AMPLIFIED POLYMORPHISM

SRAP, a modified marker technology termed as sequence-related ampli-
fied polymorphism is similar to RAPD. In studying the genetic diversity 
of fungi compared to other molecular techniques, SRAP markers has the 
advantage of producing high resolution, good reproducibility and more 
genetic information. SRAP had been applied abundantly in gene mapping, 
genetic diversity analysis and comparative genetics of different species 
(Li and Quiros, 2001). Furthermore, in genetic diversity analysis, the infor-
mation derived from SRAP marker was more concordant to the morpholog-
ical variability and to the evolutionary history of the morphotypes than any 
other molecular markers (Ferriol et al., 2003). SRAP technique is a PCR-
based marker system employing a combination of two primers, a forward 
primer and reverse primer of 17 bases and 18 bases respectively, which 
consisted of preferential amplification of open reading frames (ORFs). The 
forward primers are fixed sequence containing 14 bases of G and C rich 
region at 5′ end and three specific bases at 3′ end. The first 10 bases at the 
5′ end are called filler bases, which are of no specific function, followed 
by CCGG bases and then three specific bases at 3′ end. In reverse primer, 
the filler sequence is followed by AATT bases at the 5′ end and three selec-
tive bases at 3′ end. The principle laid for the construction of forward and 
reverse primers is to prevent the formation of hairpins or other secondary 
structures, 40–50% of GC content and the filler sequences in the forward 
and reverse primers should not be similar to each other. The forward prim-
ers prefer amplification of exonic regions and reverse primers preferably 
amplify intronic regions. The polymorphism observed originated funda-
mentally due to the variation in the length of introns, promoters and spac-
ers, both among individuals and among species (Lin et al., 2005).
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SRAP technique is used for the genetic identification of fungi. This 
technique is simple and efficient and offers several advantages, such as ratio-
nal throughput rate, identification of numerous codominant markers, and easy 
isolation of bands for sequencing. It mainly targets ORFs, which can be used 
for various applications in identification of fungi including SCAR marker, 
map construction and gene chip. SRAP markers can provide more precise 
and accurate data on population genetic diversity over traditional methods. 
Sun et al. (2006) performed SRAP analysis for identification of genetic diver-
sity in endophytic fungi from Taxus, and suggested that this powerful technique 
could be used for the study of endophytic fungi. SRAPs have also been dem-
onstrated to be very powerful tool in many fungal species including Pleurotus 
citrinopileatus, Pleurotus geesteranus, Puccinia striiformis, Monascus sp. 
(Shao et al., 2011) and Fusarium oxysporum (Mutlu et al., 2008).

3.6 ALLELE-SPECIFIC ASSOCIATED PRIMERS

An allele-specific associated primer (ASAP) method is another type of 
PCR technique which is fast, high multiplex assay that commonly shows 
up significant polymorphisms. This technique does not require prior 
knowledge about the genome makeup of the organism (Vos et al., 1995). 
To obtain an allele-specific marker, specific allele of interest, either in 
homozygous or heterozygous conditions in an individual is sequenced and 
distinct primers are designed for the amplification of DNA template to 
generate single fragment at severe annealing temperatures. These markers 
are identified by the sequence of the decamer oligo derived from normal 
RAPD. Allele specific associated primers are used to generate a single 
DNA fragment from a DNA template extracted under alkaline conditions.

3.7 SINGLE STRAND CONFORMATION POLYMORPHISM

The single-strand conformation polymorphism (SSCP) technique was dis-
covered by Orita et al. (1989). The SSCP technique has potential to identify 
most sequence variations in a single strand of DNA, consistently between 
150 and 250 nucleotides in length. This is substantial and required for 
gene probing particularly for recognition of point mutations and typing of 
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DNA polymorphism. SSCP diagnosis heterozygosity of DNA segments of 
identical molecular weight and can even detect modified nucleotide bases, 
as the mobility of the single-stranded DNA alters with change in its GC 
proportions due to its structural change. Kong et al. (2003) characterized 
29 species and 282 isolates of Phytophthora sp. through SSCP of ribo-
somal DNA, and arrived at the conclusion that SSCP could be useful for 
taxonomic, genetic and ecological studies. The SSCP technique facilitates 
the revelation of both familiar and unnoted single point mutations and poly-
morphisms in PCR products. Optimization of SSCP analysis to detect the 
maximum number of mutations requires electrophoresis under carefully 
controlled conditions at different temperatures and using different gels.

3.8 EXPRESSED SEQUENCE TAGS

Expressed sequence tags (ESTs) are short DNA sequences, consistent with 
a complimentary DNA (cDNA) fragment, which may be expressed in a cell 
at a specific given time. ESTs are DNA fragments (300–500 bp) that are 
reverse-transcribed from cellular mRNA molecules (Brenner et al., 2003). 
They are developed by extensive single-pass sequencing of adventitiously 
selected cDNA clones and have proven to be orderly and rapid means of 
ascertaining novel genes. ESTs are currently considered to be rapid and 
efficient method of profiling genes expressed in heterogeneous tissues, cell 
types or developmental stages. One of the fascinating appliances of ESTs 
database (dbEST) is gene discovery, where, a lot of new genes are found 
with a protein or DNA sequence by querying the dbEST. Moreover, ESTs 
are popularly used in full genome sequencing, for identifying active genes 
and mapping programs are underway for number of organisms. Thus, help-
ing in identification of diagnostic markers, for example, Stukenbrock et al. 
(2005) isolated and characterized EST-derived microsatellite loci from the 
fungal wheat pathogen Phaeosphaeria nodorum.

3.9 MICROSATELLITES AND MINISATELLITES

RFLP probes especially associated to a desired trait can be altered into 
PCR-based STS markers derived from nucleotide sequence of the probe 
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giving polymorphic band pattern for obtaining specific amplicon by using 
this technique; tedious hybridization procedures involved in RFLP assay 
can be overcome. This approach is extremely useful in studying the rela-
tionship between different species. When these markers are linked to 
some specific traits, they can be easily integrated into plant breeding pro-
grams for marker-assisted selection of the trait of interest. For example, 
Brisbane et al. (1995) identified Rhizoctonia solani AG 4 and Rhizoctonia 
solani AG 8 infecting wheat in South Australia by STS markers. STS have 
several advantages, in that they are co-dominant, tend to be more reproduc-
ible, and they can distinguish between homozygotes and heterozygotes.

The word microsatellite was coined by Litt and Lutty, while the term 
minisatellites was introduced by Jeffrey, both are multi-locus probes 
developing complex banding patterns and are usually non-species spe-
cific occurring universally. They essentially belong to the repetitive DNA 
family. Fingerprints generated by these probes are also known as oli-
gonucleotide fingerprints. This technique has been derived from RFLP 
and identified fragments are visualized by hybridization with a labeled 
micro- or minisatellite probe. Minisatellites are tandem repeats including 
a monomer repeat length of about eleven to sixty base pairs, while mic-
rosatellites or short tandem repeats/simple sequence repeats (STRs/SSRs) 
of one to six base pair long. These loci contain tandem repeats that vary 
in the number of repeat units between genotypes and are referred to as 
variable number tandem repeats (VNTRs), e.g., a single locus that con-
tains variable number of tandem repeats between individuals or hypervari-
able regions (HVRs). Microsatellites and minisatellites are an excellent 
molecular marker system producing complex banding patterns by simul-
taneous detection of multiple DNA loci. Some of the prominent features 
of these markers are that they are dominant fingerprinting markers and 
co-dominant sequence tagged microsatellites markers (STMS).

3.10 NUCLEAR rDNA SEQUENCES

Nuclear internal transcribed spacer (ITS) regions are one of the most 
indispensable tools for phylogenetic inference at genus, species and even 
within species to identify geographic races (Kuninaga et al., 1997). ITS, 
refers to the piece of structural ribosomal RNA consisting of 5′-ETS, 18S 
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rRNA, ITS1, 5.8S rRNA, ITS2, 26S rRNA and the 3′-ETS on a common 
precursor transcript. ETS and ITS pieces are excised and rapidly degraded 
as non-functional byproducts during rRNA maturation. Genes encoding 
ribosomal RNA and spacers occur in tandem repeats, each separated by 
regions of non-transcribed DNA termed as intergenic spacer (IGS) or 
non-transcribed spacer (NTS). Sequence comparison of the ITS region is 
widely used in taxonomy and molecular phylogeny (Gardes et al., 1993). 
For example, Wang et al. (2006) studied the evolution of helotialean 
fungi by using sequences of rDNA regions namely SSU, LSU, and 5.8S 
rDNA, and constructed nuclear rDNA phylogeny. Giachini et al. (2010) 
studied the phylogenetic relationship among Gomphales based on nuc-
25S-rDNA, mit-12S-rDNA, and mit-atp6-DNA combined sequences. 
Choi et al. (2006) studied the genetic diversity among Albugo candida 
complex using ITS rDNA and COX2 mtDNA sequences. Tanabe et al. 
(2000) analyzed 18rDNA sequences of Zygomycota and a molecu-
lar phylogeny was deduced. Rouland-Lefevre et al. (2002) analyzed 
Termitomyces species by the sequencing of their internal transcriber 
spacer region (ITS1–5.8S-ITS2).

3.11 MITOCHONDRIAL DNA

In fungi, mitochondrial DNA differs from nuclear DNA in its location, 
genome size and G+C content (Grossman et al., 1985). Mitochondrial 
DNA can therefore be separated from nuclear DNA either by extrac-
tion of complete mitochondria, followed by DNA extraction, or by total 
DNA extraction and fractionation, usually by density gradient centrifu-
gation. Due to its size, digestion of mitochondrial DNA with restriction 
enzymes can lead to a relatively small number of fragments, and so direct 
RFLPs can be generated (Marriott et al., 1984). Mitochondrial DNA in 
fungi varies widely in size, and generally ranges between 30 thousand 
and 120 thousand bases in length. In fungi, the regions of mitochondrial 
DNA genes are well conserved, but the mitochondrial DNA can con-
tain large amounts of non-coding DNA sequences referred to as introns 
(Charter et al., 1996). Much of the variation in mitochondrial DNA is 
found in these regions, and mitochondrial analysis has been used quite 
extensively in mycology. Although a relatively old method, this can still 
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be a useful way of characterizing closely related isolates or species (Varga 
et al., 1993). It must however be remembered that the rate of evolution of 
mitochondrial DNA may be quite different from that of nuclear DNA, and 
so conclusions derived from mitochondrial sequences may not correspond 
with those from nuclear DNA. Zeng et al. (2003) developed mitochondrial 
SSU rDNA-based oligonucleotide probes for specific detection of com-
mon airborne fungi.

3.12 RIBOSOMAL RNA GENE CLUSTER

The rRNA cluster has been used extensively in evolutionary and sys-
tematic studies, and also for the development of molecular diagnos-
tic tools in medicine, agriculture and ecology (Bruns et al., 1991). The 
cluster consists of three major genes that code for large, small and 5.8S 
ribosomal subunits which are present between intergenic spacer (IGS), 
non-transcribed spacer (NTS), externally transcribed spacer (ETS) and 
internally transcribed spacer (ITS). The whole gene cluster is repetitive 
along the chromosome, wherein individual clusters are being separated by 
intergenic spacer sequences (Bowman et al., 1992). Among the ribosomal 
RNA gene clusters, large subunit carries a wide range of informative char-
acters for phylogenetic studies at the higher taxonomic levels. Since the 
large subunit and the small subunit genes contain both conserved and vari-
able regions, probes and primers derived from these conserved regions can 
be used for many phylogenetic studies among closely and distantly related 
fungal species.

3.13 PROTEIN CODING GENES

Protein coding genes are the DNA sequences that lead to the produc-
tion of different proteins required for cell functioning via transcription 
and translation. These genes consist of transcribed and non-transcribed 
regions. The region present upstream to transcribed part contains most 
of the signals that regulate transcription process and this region is called 
promoter region present at 5΄ end. 3΄ end contains signals for termination 
of transcription.
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3.13.1 TUBULIN

Tubulin is a globular heterodimeric protein and is classified as alpha (α) 
tubulin and beta (β) tubulin. The molecular weight of tubulin is about 
55 kDa and tubulins are responsible for the production of microtubules. 
β-tubulins are encoded by highly conserved multigene families or in 
some instances, by a single gene. On the basis of tubulin genes wide 
variety of organisms are identified and characterized. Thus, inter- and 
intra-specific relationship between these organisms can be successfully 
determined. Either β-tubulin or calmodulin sequences can be used for 
accurate species identification (Kövics et al., 2005; Lee et al., 2008; 
Irinyi et al., 2009). These sequences are easily available in public data-
bases and have been used universally for their relatively high resolving 
power (Landvik et al., 2001).

3.13.2 TRANSLATION ELONGATION FACTORS (TEF) GENE

Elongation factors are set of proteins used in protein synthesis. They 
facilitate elongation in protein translation starting from the formation of 
first peptide bond to the last bond in ribosome. The translation elongation 
factor 1 gene (tef1) has been used extensively for phylogenetic and taxo-
nomic evaluation studies (Schoch et al., 2006; Zhang et al., 2009). The 
advantage of using single copy genes as identification tool is that, unspeci-
fied sequence variation within a spore is certainly identified to divergence 
among nuclei. According to Geiser et al. (2004) partial translation elonga-
tion factor 1-alpha sequences from Fusarium sp, have been used as power-
ful single-locus identification tools.

3.13.3 ACTIN GENE

Actin gene codes for a multifunctional highly conserved protein actin, 
which is found in all eukaryotic cells. These genes have been used for 
evolutionary relationship studies among fungal species. These genes also 
assist in exploring additional information about genetic structure in fungi 
(Reeb et al., 2004).
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3.14 FUNGAL DNA BARCODING

DNA barcoding is an important aid for taxonomic workflow and is not 
a replacement for comprehensive taxonomic analysis (Hajibabaei et al., 
2007; Pečnikar and Buzan, 2014). Till date, fungal collections were identi-
fied using morphological features and only a skilled technician can make 
routine identifications using morphological keys. In most cases, an experi-
enced professional taxonomist is required, whereas in some cases, experts 
may not be able to make correct identification of fungal specimens which 
are damaged or in an immature stage of development. This recent taxo-
nomic approach solves these problems (Taylor et al., 2007; Gilmore et al., 
2009; Seena et al., 2010; Eberhardt, 2012). It uses short DNA markers to 
identify a particular fungal taxon and the methodology used to develop 
DNA barcodes are straight forward. The prime advantage of this method 
is that, even non-specialists can obtain DNA barcodes from various indi-
viduals using tiny amounts of tissue. It goes without saying that traditional 
taxonomy has become less important and has been replaced with mod-
ern identification methods. Although, DNA barcodes are used to identify 
unknown species and to assess phylogenetic relationship of known spe-
cies, the use of DNA barcoding has been the subject to extensive debate 
(Jin et al., 2013).

The most preferred DNA barcode region for fungi is ITS; but 
are not enough to delineate all the taxa. In some cases, actin gene has 
also been considered for developing DNA barcodes for fungal spe-
cies (Aveskamp et al., 2010). Assembling the Fungal Barcode of Life 
(AFTOL) provided a multi-gene phylogeny of the Kingdom Fungi based 
on upto six genes. Some of these ribosomal polymerase B2 (rpb2) and 
translation elongation factor 1-α (tef1-α/EF1/TEF) genes provide good 
resolution at the species level for many fungal groups (Spatafora, 2005). 
Although, broadly useful PCR and sequencing primers has so far not been 
designed. ITS and translation elongation factor 1-alpha (tef 1) based DNA 
barcodes have been developed recently for identification of Trichoderma 
and Hypocrea species (Druzhinina et al., 2005). The ITS based DNA bar-
codes was also found to be useful in fungal groups, such as Zygomycetes 
(Schwarz et al., 2006), dematiaceous fungi (Desnos-Ollivier et al., 2006) 
and Trichophyton species (Summerbell et al., 2007), for species level 
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identification. FU.S.A.RIUM-ID v.1.0, a publically available sequence 
database of partial tef1 sequences was also developed for the identifica-
tion of Fusarium species (Geiser et al., 2004). Although, mitochondrial 
cytochrome c oxidase 1 (COX1) gene supports Penicillium identification 
(Seifert et al., 2007), length of fungal COX1 is highly variable (1.6–22 kb). 
For example, the region is exceptionably variable in arbuscular mycor-
rhizal fungi (Glomeromycota) and hence COX1 does not resolve closely 
related species. In this context, Stockinger (2010) proposed the sequenc-
ing of easily amplifiable SSUmCf-LSUmBr 1500 bp fragment variants by 
PCR for Glomeromycota DNA barcoding.

3.15 APPLICATIONS OF MOLECULAR MARKERS IN FUNGI

Molecular markers are most reliable and hence extensively used in species 
identification. A marker allows the direct identification of the gene of inter-
est rather the gene product and hence, it serves as a vital tool for screen-
ing fungal species. Different types of molecular markers are available for 
identification using linkage analysis. Molecular markers are broadly clas-
sified into two classes. Type I markers find its application in compara-
tive mapping strategies, where, polymorphism is not an essential criterion. 
Type I markers represent the evolutionary conserved coding sequences 
(e.g., classical RFLPs and SSLPs). Type II marker, such as microsatel-
lites, have higher polymorphism information than conventional RFLPs 
and they can be produced easily and in short time. Therefore, major efforts 
are concentrated towards the production of type II markers. Molecular 
markers can unravel genetic variations in both, coding and non-coding 
sequence regions. DNA polymorphisms that occur in and around the struc-
tural and/or regulatory sequences of a gene of physiological significance, 
such as hormone genes, may directly affect gene expression by changing 
the splicing of mRNA, stability of mRNA, rate of gene transcription or 
the sequence of gene product and thereby contribute to the phenotypic 
variations among the individuals in terms of productivity, health, disease 
resistance, and susceptibility. Consequently, such DNA polymorphisms, 
occurring in the genes, which already have the possibility to be associated 
or closely linked with the performance trait of importance, can be selected 
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as molecular markers (Thorpe et al., 1994). Studies have shown that a 
number of single point mutations in structural genes that are inherited in a 
simple Mendelian manner and they are associated with quantitative traits 
of economic importance.

The variations occurring in non-coding sequences, such as flanking 
regions or intergenic regions, are used indirectly as markers for linkage 
analysis. Microsatellite markers, usually highly polymorphic, are currently 
being exploited to identify fungi. Molecular approaches provide with great 
range of variable characters for fungal taxonomy; they can be generated 
using a widely available technology. A technology that comes with an 
extremely well-developed bioinformatics’ tools, that allows worldwide 
communication and comparison of results. The result produced generally 
correlate with reproductive barriers and physiological differences. This 
utility proves that molecular characters will have a primary role in deter-
mining fungal taxa. However, good taxonomy does not complete with 
just the recognition of a species and a Latin binomial. Species descrip-
tions should include data from as many sources as possible, comprising 
of morphology, physiology and molecular data, which can be used not 
only as tools for identifying an isolate, but also to understand its biology 
(Tinker et al., 1993).
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4.1 INTRODUCTION

The unique metabolic pathways of fungal molecules serve as a rich source of 
many industrially useful active components. Fungal production of organic 
acids and other metabolites is an excellent approach for obtaining different 
commercially useful products. Production has been started decades ago and 
titers have been improved by classical approaches like mutation and screen-
ing, selection techniques as well as by metabolic and genetic engineering. 
Ancient Babylonians and Sumerians were brewing as early as 6000 BC and 
reliefs on tombs dating from 2400 BC documented beer making in Egypt. 
Most useful industrial fungi are Aspergillus niger, A. terreus, A. oryzae, A. 
sojae, Candida utilis, Cladosporium resinae, Cephalosporium acremonium, 
Fusarium moniliforme, Gibberella fujikoroi, Lecanicillium sp., Morchella 
esculenta, Paecilomyces sp., Penicillium chrysogenum, P. griseofulvum, P. 
notatum, P. roqueforti, P. camemberti, Rhizopus nigricans, Saccharomyces 
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cerevisiae, S. lipolytica, S. rouxi, Tolypocladium inflatum, Trichoderma 
harziannum, T. ressei and T. viridae.

4.2 FUNGAL APPLICATIONS IN INDUSTRIAL SECTORS

Fungi are most efficient producers of large variety of enzymes and chemi-
cals. Their ability to grow at low pH values and high salt concentrations 
and to utilize C5 and C6 sugars as substrates makes them favorable for 
industrial application. They can withstand extreme high and low tem-
peratures also. Their mode of reproduction so as to give high number of 
multiples within short term is another advantage. They require little space 
to work and it is easy to maintain the consistency of the reaction when 
compared to the other organisms. Extracellular liberation of their products 
makes it easier to extract and purify. All the commercially valuable fine 
and bulk products produced by them can be categorized into their primary 
as well as secondary metabolites.

Primary metabolite of an organism is a key component in maintain-
ing normal physiological process and is involved in growth, development 
and reproduction of the organism. They include alcohols such as ethanol, 
lactic acid, and certain supplementary amino acids such as L-glutamate. 
Among them, alcohol which includes beer and wine is the most common 
primary metabolites used for large-scale production. The primary metabo-
lite citric acid, which is used as ingredients in food production, pharma-
ceutical and cosmetic industries is produced from Aspergillus niger. Fungi 
also produce a wide range of natural products often called secondary 
metabolites. Secondary metabolism is commonly associated with sporu-
lation processes in microorganisms (Stone and Williams, 1992). Though 
they do not have any role in their own growth and development, they have 
various industrial applications. They include toxins, plant hormone such 
as gibberellins produced by Gibberella fujikuroi, alkaloids and antibiot-
ics. Secondary metabolites associated with sporulation can be placed into 
three broad categories: (i) metabolites that activate sporulation such as 
linoleic acid-derived compounds produced by A. nidulans (Calvo et al., 
2001), (ii) pigments required for sporulation structures such as melanins 
required for the formation or integrity of both sexual and asexual spores 
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and overwintering bodies (Kawamura et al., 1999), and (iii) toxic metabo-
lites secreted by growing colonies at the approximate time of sporulation 
like biosynthesis of some deleterious natural products like mycotoxins 
(Trail et al., 1995; Hicks et al., 1997). Apart from the in born production of 
secondary metabolites, they can be induced by giving them inappropriate 
growth environment like nutrient deficiency, since they produce secondary 
metabolites as defense mechanism.

The primary and secondary metabolic products of fungi are being used 
in a range of industries such as fuel production, pharmaceuticals, enzymes, 
hormones, baking, brewing, biofertilizers and biomining industries. The 
major application of the fungal metabolites especially as antibiotic is in the 
pharmaceutical field. They produce antibiotics, immunosuppressant and 
statin compounds such as rosuvastatin and levostatin, which are important 
in controlling cholesterol. Fungi produce organic acids during carbohy-
drate metabolism. They are produced in large scale due to high demand. 
The organic acids formed are used in medical as well as in research field. 
Organic acids such as lactic acid and citric acid are extensively useful in 
food industry. They are also used in preparation of dye mordant, cosmetics 
and paints. More than 260 enzyme products have been commercialized by 
members of the Association of Manufactures and Formulators of Enzyme 
Products (AMFEP). Nearly 60% of these commercial enzymes originate 
from fungi and they are also produced in fungal host organism. Enzymes 
like digestin and amylase are produced with the help of Aspergillus flavus 
and Aspergillus niger respectively.

Currently, biofuel is the most promising alternative for the energy crisis 
and high market price of the fuel. Fungi can efficiently convert biomass 
into energy in the form of alcohol. Any wastes which are rich in carbohy-
drate can be converted to energy. It can be prepared by using cassava, yams, 
sugar beets, sugar beet molasses, spent mushroom substrates, cane juice, 
maize, corn, sorghum and agri-wastes. Saccharomyces cerevisiae is used 
widely for the ethanol production using various raw materials as substrate. 
Mucor indicus, a saprophytic zygomycetes has been reported as ethanol 
producing fungi recently. Fungi establish the light and spongy products by 
making the dough to rise. Saccharomyces sp. helps to ferment the carbo-
hydrate to form carbon dioxide and alcohol. Elastic extension of gluten, 
which is a protein in the flour, is caused by the bubbles of carbon dioxide 
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produced by the fermentation process. Hence, the length of leavening and 
gluten present in the flour are the texture and flavor determinants. Soy 
sauce is a widely used fermented product of C. lipolytica and A. oryzae. 
Microbial proteins which are produced by mass culture of the microbes are 
widely used in different zones as human food and animal feed. They play a 
remarkable role in resolving world food shortages as they are protein rich 
supplement. Saccharomyces cerevisiae, S. lipolytica, Aspergillus oryzae, 
Candida utilis, C. moniliforme and Morchella esculenta are used as single 
cell protein (SCP). Fungi like Saccharomyces cerevisiae are extensively 
being used in alcohol production. In the process of sugar hydrolysis to 
pyruvic acid by Embden-Myerhof-Parnas pathway which extends to the 
conversion of acetaldehyde to ethanol. This exothermic reaction can yield 
upto 50% alcohol, by weight of sugar. Ales and wine is prepared using 
S. cerevisiae, whereas, S. carlsbergensis and S. uvarum are the fungi used 
for lager and cider production respectively. S. sakeis are being used for 
saké, a rice wine preparation. The byproduct of fermentation, such as lac-
tate and glycerol, are also industrially valuable compounds.

Mushrooms belong to the class Ascomycetes and Basidomycetes and 
are known as ‘higher fungi.’ They serve as rich source of proteins and 
other nutrients. Their ability to grow on waste materials which are rich in 
carbohydrate makes them attractive for agriwaste management. Amanita 
vaginata, Cantharellus cibarius, Naematoloma sublateritium, Hericium 
erinaceus, Heterobasidium annostum, Morganella pyriformis, Entoloma 
abortivum, Lepista nuda, Grifola frondosa, Pleurotus ostreatus, P. porrigens 
and Panellus serotinus are categorized as edible, whereas, mushrooms such 
as Flammulina velutipes, is said to be consumed with precaution. Some 
mushrooms are found to be highly poisonous. They are being used for the 
production of various industrially important organic acids and antibiotics. 
Antioxidant, antimicrobial, anticancer, cholesterol lowering and immu-
nostimulatory effects have been reported in some species of mushrooms 
(Anderson, 1992; Mau et al., 2004). These properties of mushrooms have 
been attributed to the presence of bioactive compounds in mushrooms. 
Some of these biologically active substances are glycolipids, compounds 
derived from shikimic acid, aromatic phenols, fatty acid derivatives, poly-
acetylamine, polyketides, nucleosides, sesquiterpenes and many other sub-
stances of different origins (Lorenzen and Anke, 1998; Wasser and Weis, 
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1999). The sources of these bioactive compounds include fruiting body, 
mycelia, cultivation broth, submerged cultivation mycelia and fermenta-
tion derivatives (Fiore and Kakkar, 2003; Yoon et al., 2003; Kwok et al., 
2005; Yamamoto et al., 2005; Sugimoto et al., 2007; Wu et al., 2010; Wong 
et al., 2011). Amanita virosa and Amanita verna are example for fatal 
mushrooms. It is reported that microbial fibrinolytic enzymes, chiefly those 
from food-grade microorganisms, have prospective ability to be developed 
as functional food additives and drugs to prevent or cure thrombotic disease 
(Peng et al., 2005). 

4.3 NOVEL STRATEGIES FOR FUNGAL STRAIN IMPROVEMENT

In order to use fungal strain in biotechnological processes, strain improve-
ment has to be setup to generate a stable and defined genetic background. 
Improvement of strain by hybridization, rare mating, spheroplast fusion, 
cytoduction and single chromosome transfer may be seen from 1970’s. 
Protoplast fusion was used to improve the characteristics of penicillin-
producing strain of Penicillium chrysogenum that showed poor sporulation 
and poor seed growth. To overcome this problem, backcrossing was made 
among low-producing strain with high producing strain that yielded strains 
with better sporulation and better growth in seed medium. From 1980, the 
application of genetic recombination for the production of important fun-
gal products such as antibiotics was heightened. Genetic manipulation has 
successfully been employed to improve the ability of biocontrol agents. In 
order to achieve this goal, the researchers have attempted various meth-
ods like to enhance antifungal metabolites productivity in fungal strains, 
improving antagonistic potential of biocontrol agents, controlling a broad 
spectrum of phytopathogens, increasing their competitiveness potential 
and developing tolerant strains to stress conditions (Harman et al., 2004; 
Wafaa and Mohammed, 2007). During strain improvement, several strate-
gies will affect the production level due to heterologous genes and the 
production can be limited at any level during transcription, translation, 
secretion and extracellular degradation (Punt et al., 1994; Archer and 
Peberdy, 1997).
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Introduction of multicopy genes was another strategy developed for 
strain improvement. The transcriptional level can be improved by increas-
ing the copy number. Integration of multiple copies of mycoparasitism 
related gene, prb 1 into the genome of Trichoderma atroviridae increased 
its biocontrol activity (Flores et al., 1997). But sometimes, gene silencing at 
transcriptional and post-transcriptional level of duplicated gene copies will 
be observed in Neurospora crassa, Aspergillus nidulans and Aspergillus 
flavus (Cogoni, 2001; Clutterbuck, 2004; Schmidt, 2004; Hammond and 
Keller, 2005). For gene expression, there are number of deciding fac-
tors like specificity of an integration site have to be well placed in the 
strain improvement technology rather than random insertion. Selection 
of suitable strong promoter like pcbh1 and ech 42 is another criterion to 
be considered in transgenic expression modification. Understanding of 
the optimal codons used by an expression host allows the recognition of 
codons present in the desired recombinant genes that may limit the expres-
sion level of their encoded protein (Koushki et al., 2011). Fungi produce 
large amount of extracellular protease, which will degrade the required 
protein products. Therefore, it is often essential to knock out non proteases 
gene from strain to produce desired protein and identify genes involved in 
regulating extracellular protease secretion, since knocking out all native 
proteases would likely be lethal (Katz et al., 2000).

Lovastatin titers from Aspergillus terreus could be improved by 
increasing dosage of lovastatin biosynthetic genes and its regulatory genes 
are lovF, creA, fadA, ganA, gnaI, gna3 and gpa for secondary metabolism. 
The lovF::ble transcriptional fusion protein was served as a reporter-based 
system to select improved mutants, whereas, ble gene encoding resis-
tance to phleomycin (Askenazi et al., 2003). Recombinant hybrid strains, 
Kel+Ben(R) DBP+Lin+ with improved dehalogenase activity that shows 
superior degradation quality for DDT were raised by Mitra et al. (2001) 
using parasexual hybridization methodology of two such complementary 
isolates, viz. isolate 1(P-1) and 4(P-2), where they are showing highest 
complementation and are compatible for hyphal fusion inducing hetero-
karyosis which are genetically characterized as Kel+Ben(R) DBP-Lin- and 
Kel-Ben(r) DBP+Lin+ respectively. Confirmation of the recombination 
was done by polypeptide band analysis of DDD induced exo-proteins from 
culture filtrate using SDS-Polyacrylamide Gel Electrophoresis (PAGE) 
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and RAPD (Random Amplified Polymorphic DNA) of genomic DNA 
using PCR (Polymerase Chain Reaction) technique. SDS-PAGE showed 
combination of DDD induced polypeptide bands characteristic of both 
parents in recombinants or hybrids. Parent specific bands in the recombi-
nant strains confirming gene transformation could be detected using PCR 
study.

The low frequency of recombination resulted in the ignorance of genetic 
recombination in industry. Nevertheless, use of protoplast fusion changed 
the situation markedly. The frequencies of recombination have increased 
to even greater than 10–1 in some cases and strain improvement programs 
routinely include protoplast fusion between different mutant lines (Ryu 
et al., 1983). Strain improvement for tofty productivity is highly neces-
sitated. Till date, remarkable improvements in the productivity of many 
primary and secondary metabolites as well as protein biopharmaceuticals 
and enzymes could be brought forward by the amalgamation of comple-
mentary technologies such as classical and novel methods. Improvement 
of the suitable strain with appropriate methodology in order to achieve 
implementation of the higher productivity may require detailed analysis 
over the work done on the field. This will help in the development of the 
existing methodologies and emergence of new technologies to be par with 
the discovery of new fungal bioactive compounds.
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5.1 INTRODUCTION

Fungi such as yeast and filamentous fungi are the best-known eukaryotic 
model organism capable of post-transitional modification and secreting 
industrially important products (Nevalainen et al., 2005; Sharma et al., 
2009). Fungi are exploited for the vast production of secondary metab-
olites, enzymes and antibiotics (Dufossé, 2014). Some of the properties 
that make yeast particularly suitable for biological studies include rapid 
growth, dispersed cells, the ease of replica plating and mutant isolation, 
well-defined genetic system, and most importantly, a highly versatile 
DNA transformation system (Schneiter, 2004). Strain improvement of 
fungi relies on random mutagenesis or on classical breeding and genetic 
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crossing of two strains, followed by screening for mutants and progeny 
exhibiting enhanced properties of interest. Classical approaches such as 
the use of mutagenesis and selection (random screening) and recombi-
nation, is still considered to be very important in strain improvement. 
Considering the fact that classical approach is based on trial and error, 
strain development searches for new strains that give better results and 
more products that are capable of further development and are convenient 
in use. Biotechnological approaches have paved the way for bioprocess 
technology through newer approaches of strain improvement with retain-
ing the impact of classical approaches. Genomics and proteomics have 
revolutionized the bioprocess industry with newer strain improvement 
techniques and bringing genetic variation and desirable characters to the 
microbes have resulted in huge profits of the bioprocess industries. Thus, 
a set of immensely powerful experimental and modeling techniques have 
become available in the last few decades that have enabled us to change 
the genome of the fungi and their products (secondary metabolites). 

5.2 MUTATION

Parekh et al. (2000) stated that conventionally, strain improvement 
could be achieved through mutation, selection or genetic recombination. 
Strains were improved through adaptation, mutagenesis or gene cloning. 
Improvement of the microbial strain offers the greatest opportunity for cost 
reduction without significant outlay. Overproduction of primary and sec-
ondary metabolites is a complex process and the successful development 
of improved strains requires knowledge of physiology, pathway regulation 
and control, and the design of creative screening procedures. In addition, it 
also requires the mastery of the fermentation process for each new strain, 
as well as sound engineering know-how with media optimization and the 
fine-tuning of process conditions. Flickweert (1999) described the impor-
tance of classical methods and genetic engineering in strain improvement 
(Table 5.1).

Modifying a strain by mutating its nucleus results in high yield and 
this technique is followed from decades. Selection and further reproduc-
tion of the higher yielding strains over many generations can raise yields 
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by 4000-fold or more (Peberdy, 1985). Isolation of an organism produc-
ing the chemical of interest using selection procedures and improvement 
of production yields via mutagenesis of the nucleus. Mutagenesis is the 
source of all genetic variations, but no single mutagenic treatment will 
give all possible types of mutation. Any chemical or physical agent that 
increases mutagenesis is referred to as a mutagen. Mutagens introduce 
some chemical change to DNA such as altering bases or breaking the 
sugar-phosphate backbone. Mutation rates can be increased by condi-
tions that damage DNA. Mutagenesis induced by exposure to damage is 
defined as induced mutagenesis. A damaged base or segment of DNA is 
not actually a mutation; it is instead referred to as a premutational lesion. 
Mutagens can be broadly classified in to physical, chemical and biological 
mutagens. Physical mutagens such as UV, X-ray, gamma radiation, absorp-
tion of high energy ionizing radiation such as x-rays and γ-rays causes 
the target molecules to loose electrons. These electrons cause extensive 
chemical alterations to DNA, including strand breaks and base and sugar 
destruction eventually causing cell division blockage and cell death. Non-
ionizing radiation causes molecular vibrations or promotion of electrons 
to higher energy levels within the target molecules. This can lead to the 
formation of new chemical bonds. The most important form of physical 
mutation causing DNA damage is UV light, which produces pyrimidine 
dimers from adjacent pyrimidine bases which prevent normal replication 
and transcription. UV radiation is considered to be most convenient for 
use and it has been extensively used for strain improvement.

Chemical mutagens are defined as those compounds that increase the 
frequency of some types of mutations. Many natural, synthetic, organic 
and inorganic chemicals can react with DNA changing its structures and 
properties. Chemical mutagens such as alkylators include ethyl methane 
sulfonate (EMS), methyl methane sulfonate (MMS), diethylsulfate (DES), 
and nitrosoguanidine (NTG, NG, MNNG). Nitrous acid is another chemi-
cal mutagen that belongs to deaminating agent class and causes oxida-
tive deamination of particular bases. It converts adenine to hypoxanthine 
(which now pairs with C), cytosine to uracil (which now pairs with A) and 
finally guanine to xanthine and most recently, the production of cellulase 
from the mutant strain of Trichoderma viride using a new mutation tech-
nique, atmospheric pressure non-equilibrium discharge plasma (APNEDP) 
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(Xu et al., 2011). Biological mutagens include transposable elements, 
which make the genes dysfunction, Ty1 Yeast (LTR-type). The optimum 
concentration of mutagen is that which gives the highest proportion of 
desirable mutants in the surviving population. Hopwood et al. (1985) sug-
gested that 99.9% kill is best suited for strain improvement programs as 
the fewer survivors in the treated sample would have undergone repeated 
or multiple mutations. This may lead to the enhancement in the productiv-
ity of the metabolite (Table 5.1).

5.3 GENETIC RECOMBINATION

Genetic recombination is a process which generates new combination 
of alleles by exchange of genetic information that was originally pres-
ent in different individuals. In the early years of strain improvement era, 
the application of rDNA technology was fairly limited when compared 
with the use of mutation techniques for the strain improvement of indus-
trially important fungi (Nevoigt, 2008). But today, rDNA technology is 
the most preferred method for strain improvement. Both parasexual and 
sexual modes of reproduction are employed in the strain improvement of 
industrially important fungi (Adrio and Demain, 2010). Parasexual cycle 
also called parasexuality is a nonsexual mode of transferring genetic 
materials without undergoing meiosis or the development of sexual struc-
tures. This unique process is seen in fungi and single-celled organisms 
(Bradley, 1962; Becker and Castro-Prado, 2006). This cycle is initiated 
by hyphae fusion during which nuclei and other cytoplasmic contents 
occupy the same cell. Fusion of dissimilar nuclei results in the formation 
of diploid nucleus, which is assumed to be unstable. These diploid nuclei 
can produce recombinant segregants by mitotic crossing over and hap-
loidization without meiosis. Mitotic crossing over results in exchange of 
chromosomal genes (Virgin et al., 2001). Haploidization might cause pro-
duction of aneuploid and haploid cells due to mitotic non-disjunctions, 
which reassort the chromosomes (Tolmsoff, 1983). The recombinant 
haploid nuclei produced appear among vegetative cells differing geneti-
cally from those of their parent mycelium. Parasexuality gives the organ-
ism an opportunity to introduce new genotypes into their offspring as 
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seen in sexual cycle, but it lacks coordination and meiotic division and is 
exclusively mitotic. Parasexual cycle is vital for those fungi, which can-
not reproduce by sexual mode. Parasexuality results in somatic variation 
in the vegetative phase of fungal life cycles. Though somatic variation 
is found in fungi reproducing sexually, but the variations introduced are 
additional and more significant. The possibility to mate fungi in in vitro 
conditions is a valuable tool for genetic analysis and for classical strain 
development (Valent and Chumley, 1991).

5.4 RECOMBINANT DNA TECHNOLOGY FOR FUNGAL 
IMPROVEMENT

Fungi are eukaryotic organism widely used in industry as production hosts 
for its ability to survive at low pH, high salt concentrations and their abil-
ity to use simple sugars as substrates (Ryu et al., 1983). Fungi are gener-
ally filamentous, thereby, increasing culture viscosity and thus, reducing 
oxygen transfer to the fungal cultures (Nielsen, 2001). Some of the indus-
trially important products include enzymes, chemicals, antibiotics and cel-
luloses (Table 5.2). Fungi generally produce protease abundantly that may 
degrade the protein of interest (Meyer et al., 2008). Modification of fungal 
strain for higher production of interested products and to maintain them 
at required temperature and pH is called strain improvement. rDNA tech-
nology is the most effective method employed in fungal strain improve-
ment (Eggeling et al., 1996). Genetic engineering is revolutionizing the 
science of strain improvement. Recombinant DNA is a process of com-
bining a piece of DNA with another strand of DNA or by combining two 
or more different strands of DNA from any species. The DNA obtained 
by combining DNA from two or more species is called as chimeric DNA 
(Burg et al., 1998). Genes that code for specific desirable traits may be 
derived from virtually any living organism (plant, animal, microbe or 
virus) on earth. In addition, DNA sequences that do not occur anywhere in 
nature may be created by the chemical synthesis of DNA and incorporated 
into recombinant molecules. Today, using recombinant DNA technology 
and synthetic DNA, literally any DNA sequence may be created and intro-
duced into any form of life (Suenaga et al., 2001).
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TABLE 5.2 Industrially Important Pharmaceutical Products and Organic Acids from 
Fungi

Secondary metabolites Fungi References

Pharmaceuticals
Cephalosporin (antibiotic) Cephalosporium 

acremonium
Hinnen and Nuesch (1976); 
Paul et al. (1989)

Penicillin (antibiotic) Penicillium chrysogenum, 
P. notatum

Dayalan et al. (2011) 

Griseofulvin (antibiotic) P. griseofulvum Brian (1951); Dasu et al. 
(2003)

Cyclosporin A 
(immunosuppressant)

Trichoderma polysporum, 
Cylindrocarpon lucidium

Dreyfuss et al. (1976)

Gliotoxins 
(immunosuppressant)

Aspergillus fumigatus Sutton et al. (1994); 
Kupfahl et al. (2008)

Ergot alkaloids Claviceps purpurea, C. 
fusiformis, C. paspali

Banks et al. (1974); 
Tudzynski et al. (2001); 
Wallwey and Li (2011)

Lovastatin (statin) A. terreus López et al. (2003)
Squalestatin (statin) Phoma sp. Schuemann and Hertweck 

(2009)
Organic acids
Aconitic acid Aspergillus itaconicus Dwiarti et al. (2002)
Carlosic acid Penicillium charlesii Clutterbuck et al. (1935)
Citric acid Penicillium citratum, 

A. niger, Saccharomyces 
lipolytica

Dayalan et al. (2011)

Garlic acid P. charlesii Jacobsen et al. (1978)
Dimethyl pyruvic acid A. niger Finogenova et al. (2005)
Formic acid Rhizopus sp. Tanaka et al. (2006)
Gentistic acid Penicillium griseofulvum Simonart and Wiaux (1960)
Gluconic acid P. chyrsogenum Moyer and Coghill (1946)
Glycolic acid A. niger Martin and Steel (1955)
Lactic acid Rhizopus sp. Tanaka et al. (2006)
Malic acid A. niger, A. fumaricus Cochrane (1948)
Malonic acid A. funiculosum Cochrane (1948)
Oxalic acid A. niger Strasser et al. (1994)
Succinic acid Rhizopus sp. Song and Lee (2006)
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The application of genetic engineering in the development of fungal 
strain improvement requires fundamental understanding of the metabolism 
and biochemistry of the strain of interest (Hwang et al., 2003). Through 
knowledge about specific metabolic pathways, the regulation of metabo-
lism, or structural and functional relationships of critical genes involved in 
metabolism is essential for the design of genetic improvement strategies; 
as it provides the rationale for selection of desirable genes and assures that 
once inserted into a new host, the genes will be appropriately expressed 
and regulated as predicted. This whole process requires a vital carrier 
component called vector (Ness et al., 1999). A vector can be defined as a 
vehicle for transferring DNA from one strain to another and are prepared 
from bacterial plasmids or sometimes artificially constructed plasmids are 
used. Plasmids are generally used for transferring DNA because they are 
small self replicating circular DNA that are stable and relatively easy to 
isolate, characterize and manipulate in the laboratory. Native plasmids do 
not naturally possess all the desirable features of a vector (e.g., multiple 
cloning sites, selectable markers, ability to replicate in several hosts). 
Therefore, genetic engineering is frequently used to construct multifunc-
tional cloning vectors (Sahm et al., 2000). Once genes have been identi-
fied and cloned into the appropriate vector they must be introduced into a 
viable host. Since, the recombinant DNA is a naked DNA molecule, gene 
transfer systems based on protoplast transformation and electroporation 
methods are most applicable in genetic engineering experiments. High 
transformation efficiencies greatly facilitate screening and identification 
of appropriate transformants. Electroporation is the preferred transforma-
tion procedure for most fungal strains (Andersen et al., 2002).

Recombinant DNA technique is successful when the host cell contain-
ing the recombinant genes expresses the protein from the recombinant 
genes. A significant amount of recombinant protein will not be produced 
by the host unless expression factors are added. Protein expression depends 
upon the gene being surrounded by a collection of signals, which provide 
instructions for the transcription and translation of the gene by the cell. 
These signals include the promoter, the ribosome-binding site, and the 
terminator (Jarvis, 2008). Expression vectors, in which the foreign DNA 
is inserted, contain these signals and are species specific. Production of 
recombinant proteins in eukaryotic systems generally takes place in yeast 
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and filamentous fungi, but, not in E. coli, because, it is unlikely to under-
stand the signals of eukaryotic promoters and terminators and gene con-
taining introns or signals which act as terminators to a bacterial host. This, 
results in the premature termination and the recombinant protein produced 
may not be processed as desired, like improper folding or degradation of 
protein (Ohnishi et al., 2002).

Certain microorganisms are capable to take up naked DNA present in 
the surrounding medium by a process called transformation. This process 
involves selection of a piece of DNA from the fungal strain which codes 
for industrially important product by using restriction enzyme and the 
same enzyme used to cut the vector and ligated with ligase. Constructed 
vector contains selectable marker, which allows for the identification of 
recombined vector within the host DNA. An antibiotic marker is used, so 
a host cell without the vector dies when exposed to a certain antibiotic; 
and the host containing the vector will survive because of the presence of 
the antibiotic resistance gene in the vector (Lee et al., 2000). The vector 
is introduced into the host cell by the process of transformation. The host 
cells must be specially prepared to take up the foreign DNA. Selectable 
markers like antibiotic resistance, color changes, or any other character-
istic which can differentiate transformed hosts from untransformed hosts 
can be identified. Different vectors have different properties to make them 
suitable to different applications like symmetrical cloning sites, size and 
high copy number (Yoneda, 1980). In non-bacterial transformation pro-
cess, microinjection technique is used. The DNA is injected directly into 
the nucleus of the cell to be transformed. In biolistics, the host cells are 
bombarded with high velocity micro-projectiles, such as gold particles or 
tungsten, coated with the recombinant DNA to be integrated into the host 
genome (Stephanopoulos, 1999).

Saccharomyces cerevisiae is widely used as a eukaryotic model for 
recombinant DNA technology. One of the main reasons is that, the transmis-
sion genetics of yeast is extremely well understood and another important 
advantage is the availability of a circular 6.3-kb natural yeast plasmid. This 
plasmid has a circumference of 2 μm and forms the basis for several sophis-
ticated cloning vectors; moreover, this plasmid is transmitted to the cellular 
products of meiosis and mitosis (Choi et al., 2003). The simplest yeast vec-
tors are derivatives of bacterial plasmids into which the yeast locus of interest 
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has been inserted. When these vectors are transformed into yeast cells, these 
plasmids get integrated into yeast chromosomes generally by homologous 
recombination through single or double crossover. As a result, either the 
entire plasmid is inserted into the genome or the targeted allele is replaced by 
the allele on the plasmid. Such integrations can be detected by plating cells 
on a medium that selects for the allele on the plasmid. Because bacterial plas-
mids do not replicate in yeast, integration is the only way to generate a stable 
modified genotype (Morrow, 2009). Plasmids can be used to study the regu-
latory elements present upstream of a gene. The relevant coding region and 
its upstream region can be spliced and inserted into a plasmid, which can be 
selected by separate yeast markers (Werten et al., 1999). The upstream region 
can be manipulated by inducing a series of deletions, which are achieved by 
cutting the DNA, using special exonucleases to chew away the DNA in one 
direction to different extents and then rejoining it. The experimental objective 
is to determine which of these deletions still permits normal functioning of 
the gene. Proper function is assayed by transforming the plasmid into a recip-
ient in which the chromosome locus carries a defective mutant allele and 
then monitoring for the return of gene function in the recipient. The results 
generally determine the specific region that is necessary for gene regulation 
and the normal functioning of the gene (Mayer et al., 1980).

Fungal strain improvement strategies are used to increase production 
of lactic acid, antibiotic production, amino acid and enzymes (Table 5.3). 
In the presence of glucose as substrate, the fungi will produce 60–80% 
of lactic acid and remaining as ethanol. By using rDNA technology lac-
tic acid production is increased in fungi by transforming the gene ldhA, 
which codes for dehyrogenase, which acts on pyruvate and increases the 
levels of lactic acid. Recombinant Saccharomyces cerevisiae containing 
six copies of bovine L-lactate dehydrogenase produces 122 gl–1 of lac-
tic acid from cane sugar, with optical purity of 99.9%. Saccharomyces 
cerevisiae normally produces 2 gl–1 of malic acid from fumaric acid; a 
recombinant strain containing a cloned fumarase gene was able to pro-
duce 125 gl–1 with a yield of approximately 90% (Demain and Vaishnav, 
2009). With gene shuffling in yeast cells ethanol production is increased, 
as it is essentially important in research and laboratories. Metabolic 
engineering of penicillin-producing strains such as Pseudomonas chrys-
ogenum, Pseudomonas putida and Pseudomonas nidulans to increase 
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penicillin production. Some of the recombinant products produced by 
yeast, P. pastoris are tumor necrosis factor, gelatin, intracellular teta-
nus toxin fragment C and serum albumin. Some products obtained from 
recombinant DNA technology by using S. cerevisiae are insulin, hepa-
titis B surface antigen, urate oxidase, glucagons, granulocyte macro-
phage colony stimulating factor (GM-CSF), hirudin, and platelet-derived 
growth factor (Ness et al., 1999).
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6.1 INTRODUCTION

Genetics plays a significant role in the strain improvement of industri-
ally important microorganisms, whether the species is prokaryotic or 
eukaryotic. To carry out any of the molecular genetic method for strain 
improvement, identification of biosynthetic pathway, adequate vectors and 
appropriate transformation protocols should be developed. Among micro-
organisms, fungi and actinomycetes have been successfully developed for 
industrial applications. Several species of filamentous fungi are known 
to produce pharmaceuticals, antibiotics, metabolites, phytohormones, and 
other industrially important products. There is a great deal of interest to 
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utilize the potential of filamentous fungi as biocontrol agents, antago-
nists of other fungal phytopathogens, bioherbicides and as bioinsecticides 
(Kapoor, 1995). Genetic engineering methods have also provided tools to 
know in detail the nature of the modifications occurred (Barrios-González, 
2003). Genetic technology can improve the performance of microorgan-
isms by altering spectrum of metabolites as well as altering the species 
growth characteristics. In addition, microbes can be made to produce 
novel products by rDNA technology with appropriate screening. Genetic 
manipulations are employed in industries to improve the production rate 
and quality by the originally isolated strain. Today, classical method has 
been replaced by modern strategic technologies developed via advances in 
molecular biology, recombinant DNA technology, and genetics to improve 
strain. The implementation of strain improvement methods has increased 
fermentation productivity and decreased costs tremendously. Additionally, 
these genetic programs also serve other goals such as the elimination of 
undesirable products or analogs, discovery of new antibiotics, and deci-
phering of biosynthetic pathways (Demain and Adrio, 2008). Previously, 
scientists selected microbial strains from natural ecosystem that fulfilled 
both microbiological and technical requirements for economical produc-
tion processes. Later, genetically modified strains with novel properties 
were developed through classical strain improvement methods relying 
mostly on random mutagenesis. In recent years, recombinant technologies 
have contributed extensively to production enhancement. The design and 
generation of new transformation strategies to manipulate specific gene 
expression and function in diverse filamentous fungi, including those hav-
ing a biotechnical significance has been achieved by better understanding 
of fundamental genetic processes. With developments in genetic engineer-
ing and molecular biology, filamentous fungi have also achieved increased 
attention as hosts for recombinant DNA. Considerable success has been 
achieved in the increased production of variety of fungal products such as 
secondary metabolites, enzymes and proteins (Schwab, 1988; Archer and 
Peberty, 1997; Wang et al., 2005; Kuck and Hoff, 2010).

Knowledge on fungal genetics and their biochemical pathways has 
been important for application in strain improvement. Normally, filamen-
tous fungi are transformed to get potentially superior long-term stabil-
ity of the fungal transformants by plasmids that integrate into the fungal 
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genome. For these reasons, filamentous fungi have tremendous potential 
as hosts of recombinant DNA. The transformed strains of species such 
as Aspergillus sp., Trichoderma reesei, Chrysosporium lucknowense and 
Mortierella alpinis have been used as a host for the production of recom-
binant proteins (Harkki et al., 1989; Gouka et al., 1997; Hombergh et al., 
1997; Mach and Zeilinger, 2003). Genetic manipulation has also success-
fully been employed to improve the biocontrol ability of biocontrol agents. 
The choice of a commercial fungal strain, which produce high amounts 
of target proteins and metabolites by high-level expression of the desired 
genes, depends on growth conditions, the level of desired gene expres-
sion, post-translational modifications and biological activity of the desired 
metabolites (Archer and Peberdy, 1997).

Filamentous fungi have become indispensable for the production of 
enzymes of fungal and non-fungal origin and also have exceptionally high 
capacity to express and secrete proteins. Currently, Aspergillus niger, 
Aspergillus oryzae and Trichoderma reesei are developed for the produc-
tion of native and recombinant enzymes (Punt et al., 2002). In addition, 
filamentous fungi are producing many secondary metabolites in which 
few are biotechnologically produced and utilized mainly in pharmaceuti-
cal industries. The β-lactam group of antibiotics, including penicillin and 
cephalosporin, was the first group that benefited from the progress made 
in molecular techniques for filamentous fungi (Brakhage and Caruso, 
2004). Some other bioactive compounds produced by filamentous fungi 
and playing important role for human welfare are cyclosporine A (immu-
nosuppressive agent), lovastatin (cholesterol-lowering agent), taxol (anti-
cancer agent) and griseofulvin (antifungal agent) (Archer, 2000; Willke 
and Vorlop, 2001; Polizeli et al., 2005; Olempska-Beer et al., 2006; Meyer, 
2008). Adequate knowledge and experience to perform techniques using 
molecular tools are important (Davati and Najafi, 2013).

6.2 GENETIC RECOMBINATION THROUGH 
TRANSFORMATION

Genetic recombination can also be done by transformation, which 
involves the uptake of part of DNA from donor organism and to insert 



78 Fundamentals of Molecular Mycology

into the recipient organism (Das et al., 2011). Most filamentous fungi are 
transformed by plasmids that integrate into the fungal genome, suggesting 
potentially superior long-term stability of the fungal transformants. For 
these reasons, filamentous fungi have tremendous potential as hosts of 
recombinant DNA (Wiebe, 2003). Several efficient transformation meth-
ods are being developed for large number of fungal species. In filamen-
tous fungi, protein secretion plays an important role and acts as host for 
rDNA. The genus Aspergillus has been successfully used as a host for the 
production of recombinant proteins such as glucoamylase, bovine chymo-
sin, human lactoferrin, hen egg-white lysozyme, human interleukin-6, and 
thaumatin. Other than Aspergillus, fungal species such as Trichoderma 
reesei and Chrysosporium lucknowense are also been used as a host strain 
(Gouka et al., 1997; Hombergh et al., 1997; Maras et al., 1999; Mach and 
Zeilinger, 2003; Meyer, 2008). Foremost, the development of transforma-
tion method is a major part for many fungal species.

Transformation technique is also important in the selection of mode 
of frequency of individual integration events from homologous or ille-
gitimate recombination. Thus, designing of a genetic engineering strat-
egy primarily requires consideration of the most suitable transformation 
method (Meyer, 2008). In the earlier stage, the use of protoplasts for trans-
formation has been extended to several filamentous fungi. However, the 
frequency of transformation is extremely low when compared to yields 
obtained with Saccharomyces cerevisiae. In order to improve transforma-
tion of filamentous fungi, progress has been made with the establishment 
of alternative methods for fungal transformation such as electroporation, 
biolistic transformation and Agrobacterium mediated transformation 
(AMT) (Ruiz-Diez, 2002; Michielse et al., 2005). These methods have 
especially been valuable for fungal strains that do not form sufficient 
numbers of protoplasts or whose protoplasts do not regenerate sufficiently 
(MacKenzie et al., 2004).

6.3 PROTOPLAST FUSION IN FUNGI

Protoplast fusion is a new versatile technique to endorse genetic recombi-
nation in a variety of prokaryotic and eukaryotic cells in specific with the 
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production of interspecific or intergeneric hybrids (Bhojwani et al., 1977; 
Murlidhar and Panda, 2000). Additionally, low frequency of recombina-
tion created a way to the use of protoplast fusion in strain improvement 
techniques. Since 1981, the application of genetic recombination in the 
production of important microbial products is increased. Today, strain 
improvement is routinely been achieved by protoplast fusion between dif-
ferent mutant lines (Ryu et al., 1983). It has become an important tool of 
gene manipulation as it breaks down the barriers to genetic exchange by 
conventional methods.

Degradation of cell wall of fungi is important to carryout protoplast 
fusion. Commonly, fungal wall is degraded by Novozyme-234, which 
includes glucanase and chitinase that are added rapidly to the growing 
fungi suspended in an osmotic buffer (Narayanswamy, 1994; Jogdand, 
2001). The two important criteria to be considered for proper generation of 
protoplasts are the age of mycelia and contact time with the lytic enzyme. 
The protoplast and DNA are mixed in 15% (w/v) PEG 6000 which causes 
clump formation and pH buffer (Tris-HCl). Grown mycelium is inoculated 
on agar and incubated at room temperature for overnight. After overnight 
incubation, enzyme will be added and incubated at 30°C for 15 hours in a 
petridish containing KCl, filtered and then the protoplast is washed with 
KCl, followed by centrifugation and then the pellets are resuspended. 
Normally, frequency of protoplast fusion in fungi is 0.2–2.0% (Srinivas 
and Panda, 1997; Jogdand, 2001). Currently, most of the laboratories are 
involved in fungal gene manipulation using protoplast fusion.

The alternative approaches for the direct bioconversion of ethanol from 
cellulosic material by the intergeneric fusants between Trichoderma reesei 
and Saccharomyces cerevisiae appears to be the best technique. Also, the 
production of complete set of cellulase is achieved by the protoplast fusion 
of Trichoderma reesei, which is responsible for the production of endo and 
exoglucanase and Aspergillus niger which produces β-glucosidase (Ahmed 
and Berkley, 2006). Prabhavathy et al. (2006) reported that the isolated pro-
toplast from Trichoderma reesei strain PTr2 showed high CMCase activity 
with 80% of fusants and more than two fold increments in enzyme activi-
ties with two fusants SFTr2 and SFTr3 as compared to the parental strain 
PTr2. Intraspecific protoplast fusion was carried out by Nazari et al. (2005) 
in Streptomyces griseoflavus with PEG 1000 to increase the production of 
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desferrioxamine B chelator which is used in the medicine to absorb addi-
tional iron from the blood of thalasemia patients. Also, this technique is 
applied between Saccharomyces diastatiacus and Saccharomyces uvarum 
strain to improve the flavor of beer (Janderova et al., 1990). Protoplast fusion 
between Helminthosporium gramineum and Curvularia lunata was carried 
out by Zhang et al. (2007) to breed new strains with improved spore produc-
tivity and obtained fusant strains had increased production of the phytotoxin, 
ophiobolin A. Protoplast fusion of morphologically and biochemically dif-
ferent Claviceps purpurea strains producing exotoxins was carried out by 
Brume et al. (1992) which produced tenfold higher alkaloid than parental 
strains. Fusants of Penicillium chrysogenum and Cephalosporium acre-
monium produced a novel lactam antibiotic. Normally, Penicillium chrys-
ogenum shows less sporulation and poor seed growth which is improved 
by protoplast fusion to produce more antibiotic in shorter period and better 
growth in seed medium (Lein, 1986; Skatrud et al., 1989).

Stable hybrids fermenting high concentration of glucose (49% w/w) 
was produced by interspecific protoplast fusion between osmotolerant 
Saccharomyces mellis and the highly fermentative Saccharomyces cere-
visiae (Legmann and Margalith, 1983; Adrio and Demain, 2006). Another 
application of protoplast fusion is the recombination of improved produc-
ers from a single mutagenesis treatment. Two different strains of Nocardia 
producing cephamycin C were fused by Wesseling and Lago (1981) to 
increase the yield of 10–15% more antibiotic than the best parent. This 
technique allows the discovery of new antibiotics by fusing producers of 
different or even the same antibiotics. A recombinant obtained from two dif-
ferent rifamycin-producing strains of Nocardia mediterranei produced two 
new rifamycins (16,17-dihydrorifamycin S and 16,17-dihydro-17-hydroxy-
rifamycin S) (Traxler et al., 1982). Okanishi et al. (1996) carried out the 
interspecific protoplast fusion to yield recombinants between Streptomyces 
griseus and five other species such as Streptomyces cyaneus, Streptomyces 
exfoliatus, Streptomyces griseoruber, Streptomyces purpureus and 
Streptomyces rochei, of which, 60% of fusants produced no antibiotics and 
24% produced antibiotics different from the parent strains. Changing the 
order of an individual pathway in a parent is used to produce new anti-
biotics (Hershberger, 1996; Adrio and Demain, 2006). Protoplast fusion 
between non-antibiotic producing mutants of Streptomyces griseus and 
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Streptomyces tenjimariensis has generated a new antibiotic indolizomycin 
(Gomi et al., 1984). Osmotolerance of food yeasts, such as Saccharomyces 
cerevisiae and Saccharomyces diastaticus, was increased by protoplast 
fusion with osmotolerant yeasts. Other traits transferred between yeasts by 
protoplast fusion include flocculation (Panchal et al., 1982), lactose utiliza-
tion (Farahnak et al., 1986), the killer character (Bortol et al., 1986; Farris 
et al., 1992), cellobiose fermentation (Pina et al., 1986) and methionine 
overproduction (Brigidi et al., 1988; Adrio and Demain, 2006).

6.4 GENETIC TRANSFORMATION BY ELECTROPORATION

Electroporation is a rapid and simple technique for introducing cloned 
genes into a wide variety of organisms for the generation of transient 
expression. Targeted cells are subjected to electric shock; nanometer-
sized pores in the membrane will be created due to electric shock, during 
which exogenous DNA can enter into the cell from the suspending solu-
tion. Basically, electroporation is based on the reversible permeabilization 
of biomembranes induced by high amplitude electric fields for short dura-
tion. During an electric pulse, membrane permeability changes, which 
permit the uptake of recombinant DNA, in turn, can result in molecular 
transformation (Richey, 1989; Kapoor, 1995; Weaver, 1995; Prabha and 
Punekar, 2004). A proportion of these cells become stably transformed 
and can be selected if a suitable marker gene is carried on the transform-
ing DNA. Temperature, voltage, resistance and capacitance of electric 
field, topological form of the DNA, host genetic background and growth 
condition are the important factors which determine the efficacy of the 
electroporation (Hanahan et al., 1991; Primrose and Twyman, 2006). 
This method has been used as an alternative means of DNA transforma-
tion for animal cells, plant protoplasts, yeast, bacteria and filamentous 
fungi (Chakraborty et al., 1991; Ozeki et al., 1994; Riach and Kinghorn, 
1996; Ruiz-Diez, 2002). In filamentous fungi, electroporation technique 
has been developed for transformation of Neurospora crassa, Penicillium 
urticae, Leptosphaeria maculans, Aspergillus oryzae (Chakraborty et al., 
1991), Aspergillus nidulans (Sanchez and Aguirre, 1996), Aspergillus 
niger (Ozeki et al., 1994), Wangiella dermatitidis and Aspergillus fumiga-
tus (Kwon-Chung et al., 1998).
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6.5 BIOLISTIC TRANSFORMATION

Efficient uptake of foreign DNA using transformation techniques is not 
applicable to all filamentous fungi. In some of the fungi, production of 
protoplast has been a critical method. To overcome this issue, biolistic 
method was introduced by Klein et al. (1987). It has been developed as a 
method for incorporation of plasmid DNA into intact, thick-walled fungal 
cells. Gold coated DNA or tungsten particles at high velocity are aimed 
directly to get into fungal spores or hyphae. The DNA dissociates from 
the coated particles and moves towards the nucleus and integrated with 
the genome (Ruiz-Diez, 2002; Prabha and Punekar, 2004). Biolistics 
method creates transformation in numerous fungi such as Neurospora 
crassa, Magnaporthe grisea, Trichoderma harzianum, Aspergillus nidu-
lans, Gliocladium virens, Paxillus involutus, and Trichoderma reesei 
(Lorito et al., 1993; Bills et al., 1995; Riach and Kinghorn, 1996; Gomes-
Barcellos et al., 1998; Hazell et al., 2000).

6.6 AGROBACTERIUM MEDIATED TRANSFORMATION

Agrobacterium mediated transformation (AMT) system can also be 
used for the transformation of several filamentous fungi, such as 
Agaricus bisporus, Calonectria morganii, Fusarium circinatum and 
Helminthosporium turcicum, which were recalcitrant to other transfor-
mation methods (Groot et al., 1998). It is an efficient tool for trans-
formation of filamentous fungi (Groot et al., 1998; Amey et al., 2002; 
Fitzgerald et al., 2003; Meyer et al., 2003). The ability of Agrobacterium 
tumefaciens to transfer its DNA to fungi belonging to various classes 
is indicative of the potential of this transformation system for fungal 
biotechnology. AMT has several advantages over conventional transfor-
mation like intact cells such as conidia, vegetative and fruiting body 
mycelia can be used as starting material; thereby, eliminating the need of 
protoplast generation which is laborious.

Various strains of Agrobacterium such as LBA4404, EHA105 and 
LBA1100 have been used for the transformation of fungi and oomy-
cetes. However, the usage of Agrobacterium strains derived from the 
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supervirulent A281 strain which shows high level of vir gene expres-
sion resulted in higher transformation frequencies in Saccharomyces 
cerevisiae, Monascus purpureus, and Oomycete Phytophthora infestans, 
compared with AMT using Agrobacterium strain LBA1100 (Piers et al., 
1996; Campoy et al., 2003; Vijn and Govers, 2003). Transformation 
of T-DNA to Cryphonectria parasitica was more efficient by super-
virulent Agrobacterium A281 strain and its derivative AGL-1 than the 
Agrobacterium LBA4404 strain (Park and Kim, 2004). Although, it is not 
possible to point out which Agrobacterium strains are most suitable for 
AMT of fungi, it is clear that the choice of Agrobacterium strain can defi-
nitely effect on transformation frequency (Michielse, 2005).

6.7 SINGLE CHROMOSOME TRANSFER

Several species of filamentous fungi contains supernumerary chromo-
somes. These chromosomes are dispensable for the fungus to survive, 
but, may carry genes required for specialized functions. Some dispens-
able chromosomes are able to transfer horizontally or in the absence of 
a sexual cycle from one fungal strain to another. Does and Rep (2012) 
described the horizontal chromosome transfer (HCT) occurs during 
incubation of two strains in a same plate. Selection of HCT progeny 
is necessary for the actual occurrence of HCT. Two different fungal 
strains which are having genes important for industrial production can 
be incubated as co-incubation. HCT can be initiated with equal amounts 
of asexual spores of both strains, plated on regular growth medium for 
the particular fungus, followed by incubation until new asexual spores 
are formed. The new asexual spores are then harvested and plated on 
plates containing the target compound (may be for degradation or uti-
lization). Capable or resistant colonies that appear should carry at least 
one chromosome from each parental strain. Finally, strains carrying two 
characteristics need to be analyzed to assess whether HCT has actually 
occurred or not. This can be done by various genome-mapping methods, 
like CHEF-gels, AFLP, RFLP, PCR markers, optical maps, or even com-
plete genome sequencing.
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6.8 GENOME SHUFFLING

Genome shuffling is an emerging and highly effective method, which is 
widely used in microbiology for the production of metabolites, improv-
ing substrate uptake as well as enhancing strain tolerance. The genetic 
breeding can be performed on the target microorganisms without know-
ing its genetic background and multiparental crossing is allowed by shuf-
fling DNA together with the recombination of entire genomes normally 
associated with conventional genome that increases recombination pro-
cess (Powell et al., 2001; Stemmer, 2002; Cheng et al., 2009; Gong et al., 
2009; Leja et al., 2011). This technique was first employed by Zhang 
et al. (2002) to improve the ability of Streptomyces fradiae to synthesize 
Tailexing. Nodulisporium sylviform was used as starting strain to apply 
the fundamental principles of genome shuffling in breeding of taxol pro-
ducing fungi by Zhao et al. (2008). Three hereditarily stable strains with 
high taxol production were obtained by four cycles of genome shuffling. 
In conclusion, a high taxol producing fungus, Nodulisporium sylviform 
F4–26, was obtained, which produced 516.37 μg/L taxol. This value 
is 64.41% higher than that of the starting strain NCEU-1 and 31.52%-
44.72% higher than that of the parent strains (Zhao et al., 2008). This 
technique is similar to the classical strain improvement, the main dif-
ference between these two techniques is that, genome shuffling process 
is sexual, in which populations improved strains are evolved than the 
classical method and as a result, the final improved strains involve the 
genetic trait from multiple initial strains (Cardayré and Powell, 2003). 
Through this technique, different genes which are associated with the 
production of metabolites can be recombined during several rounds 
of genome shuffling and consequently desirable phenotypes can be 
obtained (Jin et al., 2009). Nowadays, the technique of genome shuf-
fling is used to significantly improve the quality of industrially impor-
tant microbiological phenotypes. It is quite cost effective method which 
does not require any expensive facility and can be easily employed in 
most of the laboratories (Gong et al., 2009). In addition, shuffled strains 
are not considered as genetically modified organisms and hence, can 
be used in the food industry (Zhang et al., 2002; Ahmed, 2003; Petri 
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and Dannert, 2004). Genome shuffling can be integrated with metabolic 
engineering to facilitate the creation of complex phenotypes, thereby, 
increasing the metabolite yield (Patnaik et al., 2002; Dai and Copley, 
2004; Bode and Muller, 2006; Liang and Guo, 2007; Otte et al., 2009; 
Zhang et al., 2010), through improved substrate uptake and conversion 
(Kumar, 2007; John et al., 2008), and enhance strain tolerance (Shi et al., 
2009; Cui et al., 2014). Lipase production of Penicillium expansum 
was improved by genome shuffling between a lipase-producing mutant 
strain Penicillium expansum FS8486 and a wild type Aspergillus tamari 
FS-132 isolated from the soil of a volcano in Xinjiang in China were 
used as parental strains. After two rounds of genome shuffling, daughter 
strains with desirable features were screened. Lipase activity in one of 
the daughter strains was increased over the starting strain FS8486 (Lin 
et al., 2007). Gong et al. (2007) mutated the epothilone that produced 
myxobacterium Saccharomyces cellulosum strain So0157–2 to improve 
the production of epothilones, highly promising prospective anticancer 
agents. The epothilone production of fusants increased about 130 times 
after two rounds of genome shuffling as compared to the starting strain. 
In combination with an appropriately designed screening strategy, the 
mutant Pichia stipitis TJ2–3 strain was obtained in a study carried out 
by Shi et al. (2014). This yeast mutant had enhanced rates of xylose con-
sumption and ethanol production, as compared with the parental strains.

Improvement of cellulase production of Penicillium decumbens by 
genome shuffling of an industrial catabolite-repression-resistant strain 
JU-A10 with its mutants was carried out by Cheng et al. (2009). The fusants 
obtained after genome shuffling could produce abundant cellulase much 
earlier, and they could be potential candidates for bioconversion process. 
Thus, genome shuffling is an effective and convenient tool in recombinant 
technology that combines the advantage of multiparental crossing allowed 
by DNA shuffling with the recombination of entire genomes normally 
associated with conventional breeding. It is a better technology for genetic 
engineering and metabolic engineering at the whole genome level. The 
application of this method does not require expensive facilities. The cost 
of genome shuffling is not high, either. Importantly, this technique is easy 
to handle and can be used in most laboratories.
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7.1 INTRODUCTION

When it comes to molecular identification, fungi are considered as an 
organism where technology has outpaced taxonomy (Sangeetha and 
Thangadurai, 2013a). The unexceptional characteristics of fungi coupled 
with the absence of reliable morphological characters for identification 
and to differentiate from other species have made it difficult for a com-
prehensive understanding of fungal kingdom (Sangeetha and Thangadurai, 
2013b). DNA sequence analysis has emerged as a predominant means of 
taxonomic identification of species, specifically that are minute or lacking 
distinct, observable morphological features like fungi (Slippers et al., 2013). 
A number of successful attempts are being made and some are underway to 
develop standardized protocols and tools for fungal analysis (Gupta et al., 
2013). Initially most researchers either developed their own set of tools 
or failed to distinguish due to lack of tools (Sangeetha and Thangadurai, 
2013b). Recent advancements in bioinformatics have made the fungal iso-
lation, identification, classification, and phylogenetic analysis an uncom-
plicated task and are increasing day by day (Rastogi and Sani, 2011). The 
current dramatic increase in the number and scale of genome sequence and 
functional genomic data in a similar way to proteomic, microarray and RNA 
sequence has made it more and more demanding for scientists to navigate 
through the substantial amount of data (Matsuzaki et al., 2004; Galagan 
et al., 2005; Derelle et al., 2006; Gregory et al., 2006; Tuskan et al., 2006). 
Despite the hard efforts from bioinformatics society, large quantity of 
genomes continues to remain unannotated. The present situation demands 
the need of a simple, user-friendly software tool. Therefore, it is important 
to utilize bioinformatics databases and tools, which are organized and ana-
lyzed these vast amounts of information. There are good number of fungal 
databases that were developed as a resource for structural genomic and 
functional genomic data across the fungal kingdom.

7.2 CANDIDA GENOME DATABASE

The Candida Genome Database (CGD) is a public resource containing 
genomic information for those who are interested in the molecular biology 
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studies of fungal pathogen, Candida albicans. Researchers in CGD are 
collecting and combining previous research work to collect Candida albi-
cans gene name and aliases to assign gene ontology terms, which provide 
the information regarding the molecular function, biological process and 
subcellular localization of each gene product. In addition, CGD is used 
to annotate mutant phenotypes and to summarize the function and bio-
logical context of each gene product in free-text description lines. The 
CGD search tools, such as Quick Search, Text Search, Gene/Sequence 
Resources, Ortholog Search and Pattern Match are designed according to 
search multiple species. Search results displayed on the top for all species, 
with sections for species-specific search results displayed below. CGD 
tools help to perform species- or sequence-specific searches (e.g., Gene/
Sequence Resources, Pattern Match, Advanced Search, Batch Download, 
Restriction Mapper, GO Term Finder, GO Slim Mapper). The CGD Locus 
Summary Page (LSP) provides information about the identity of ortholo-
gous genes and orthology-based functional predictions and gene descrip-
tions in Candida glabrata. Both manual and computational gene, protein 
and sequence information of Candida albicans and the recently added 
species, Candida glabrata are displayed under CGD (Inglis et al., 2012). 
BLAST searches at CGD provide complete sequence sets for the combi-
nation of several Candida species, such as Candida albicans, Candida 
glabrata, Candida dubliniensis, Candida guilliermondii, Candida lusita-
niae, Candida parapsilosis, Candida tropicalis, and Debaryomyces han-
senii and Lodderomyces elongisporus (Altschul et al., 1990; Jones et al., 
2004; Dujon et al., 2004; Butler et al., 2009). LSP is the central organizing 
unit of the CGD website and it represents each gene in CGD. The LSP 
provides access to tools for retrieval, analysis and visualization of gene 
data. It also acts as a platform to access information about the orthologs 
in Saccharomyces cerevisiae (Inglis et al., 2012). InParanoid algorithm 
is used to define orthology relationships, which identify reciprocal best 
BLAST hits between species (Remm et al., 2001). Protein tab on LSP 
provides similarity based information of each protein-coding gene through 
descriptions and a graphical display of conserved protein domains and 
motifs identified using InterProScan software (Zdobnov and Apweiler, 
2001; Hunter et al., 2009). It displays the most similar protein in the 
Protein Data Bank and provides information on protein length, molecular 
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weight, sequence and a table of calculated physicochemical properties 
(Rose et al., 2010). This is publicly funded and is freely available at  
http://www.candidagenome.org (Arnaud et al., 2005).

7.3 COMPREHENSIVE YEAST GENOME DATABASE

The Comprehensive Yeast Genome Database (CYGD) provides infor-
mation on the molecular structure, metabolic regulatory pathways, 
signal transduction, transport process of co-regulated gene clusters 
and functional network of the entirely sequenced, well-studied yeast 
Saccharomyces cerevisiae. In addition, for comparative analysis the 
data of various projects on related yeasts are used. More yeast genomes 
annotation greatly facilitated using Saccharomyces cerevisiae as a ref-
erence. Population of CYGD catalogs are FunCat, EC, protein classes, 
protein complexes, localization, phenotypes and transporter. CYGD, with 
the aid of Saccharomyces cerevisiae genome as a backbone and SIMAP 
(SImilarity MAtrix of Protein Sequence), provides a way for exploring 
related genomes (Ruepp et al., 2004; Güldener et al., 2005). The SIMAP 
sequences provides pre-calculated comparison of the protein sets of all 
genomes analyzed by PEDANT, as well as from other sources like Swiss-
Prot (Frishman et al., 2000; Frishman et al., 2003) using FASTA package 
(Pearson, 2000). The entire structure of the databases allows the annota-
tion of complex relationships such as protein-protein interactions using 
GenRE. The comprehensive resource is available at http://mips.gsf.de/
genre/proj/yeast/ (Guldener et al., 2005).

7.4 FUNGAL CYTOCHROME P450 DATABASE

Collection of vast genome will always interrupt the data analysis and 
therefore, fungal cytochrome P450 database (FCPD) concentrates on par-
ticular enzyme coding for cytochrome P450 (Park et al., 2008a; Moktali 
et al., 2012). It is an essential enzyme in the degradation of organic sub-
stances, which belongs to heme protein. From 66 fungal and 4 oomycete 
genomes, 4538 genes have been maintained in FCPD that codes for cyto-
chrome P450 enzyme. This database also provides information about how 

http://www.candidagenome.org
http://mips.gsf.de/genre/proj/yeast/
http://mips.gsf.de/genre/proj/yeast/
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to analyze the sequences related to P450 enzyme, evolutionary relation-
ship between the species and gives detailed information about chromo-
somal distribution. Information collected on particular enzyme is further 
classified into 16 classes, 141 clustered groups and domain information 
using InterPro database by applying tribe-MCL tool (Enright et al., 2002). 
Minimum length of 25 amino acid sequences was used to filter very 
short domain and these were labeled as questionable P450 instead of dis-
carding. This data reveals that distribution of P450s in species of each 
depends on taxon character. To avoid the confusion and to speed up the 
data, authors have maintained cache tables, which are obtained from the 
result of several sequence analysis. This database also maintains BLAST 
datasets to search P450s using BLAST and also to analyze the cluster 
using tribe-MCL (Doğan and Karaçalı 2013). Phylogenetic trees are con-
structed for specific class and cluster of P450 using Phyloviewer on the 
web (http://www.phyloviewer.org/). Data obtained was compared with 
publicly available databases and stored in FCPD. The FCPD can easily 
be accessed at http://p450.riceblast.snu.ac.kr/ (Park et al., 2008b; Moktali 
et al., 2012).

7.5 FUNGAL SECRETOME KNOWLEDGEBASE

Fungal Secretome KnowledgeBase (FunSecKB) is the database useful 
in collection of secreted fungal proteins called secretomes (Choi et al., 
2010; Lum and Min, 2011). All the related protein-coding genes are iden-
tified from a NCBI RefSeq database (Pruitt and Maglott, 2001; Robbertse 
and Tatusova, 2011; Pruitt et al., 2012; Tatusova et al., 2014). SignalP, 
WolfPsort and Phobius are the computational protocol for signal peptide 
and subcellular location prediction. Tools like TMHMM is used for iden-
tifying membrane proteins, if transmembrane domain is located within 
the N-terminus 70 amino acids, and a signal peptide is predicted by 
SignalP 4.0, which is not counted as a membrane protein (Otávio et al., 
2009; Min, 2010; Meinken and Min, 2012). PS-Scan is used for identify-
ing endoplasmic reticulum target proteins (Castro et al., 2006). TargetP 
is classified as a chloroplast protein and mitochondrial membrane pro-
tein (Emanuelsson et al., 2000; Emanuelsson et al., 2007). GPI-anchored 

http://www.phyloviewer.org/
http://p450.riceblast.snu.ac.kr/
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proteins are the signal peptide containing proteins that were predicted by 
FragAnchor and these proteins are involved in signaling, adhesion, stress 
response, cell wall remodeling and play different roles in cell growth and 
development (Poisson et al., 2007). For the fungal protein sequences, 
which are downloaded from the NCBI RefSeq database, the default param-
eters for fungi were used for each of these programs. From UniProt and 
Swiss-Prot data set, 241 secreted proteins and 5992 non-secreted proteins 
of fungi are experimentally identified using accuracy evaluation of the 
computational methods (Wu et al., 2006; Bairoch et al., 2008). The highest 
prediction accuracy was achieved by combining SignalP, WolfPsort and 
Phobius for signal peptide prediction. For SignalP, SignalP-NN algorithm 
is used and for signal peptide SignalP-HMM algorithm is used as available 
at http://proteomics.ysu.edu/secretomes/fungi.ph (Lum and Min, 2011).

7.6 FUNGAL TRANSCRIPTION FACTOR DATABASE

Fungal Transcription Factor Database (FTFD) contains 31,832 putative 
transcription factors (TFs) from 62 fungal and 3 Oomycete species. They 
were phylogenetically classified and analyzed into 61 families. Within 
and across species, the database serves as a community resource for the 
comparative analysis of distribution and domain structure of TFs using 
Transcription Factor Matrices (TFM), a software suite for identifying and 
analyzing transcription factor binding sites modeled by position weight 
matrices and position specific scoring matrices. A program termed TFM-
Explorer (Transcription Factor Matrix Explorer) was developed for ana-
lyzing regulatory regions in eukaryotic genomes, as there is a growing 
interest in deciphering regulatory regions in DNA sequences to under-
stand transcriptional regulation. The program considers a set of coregu-
lated gene sequences to search for locally overrepresented transcription 
factor binding sites in two steps and further scan sequences for poten-
tial transcription factor binding sites using weight matrices by calculat-
ing a score function. TFM-Explorer allows to visualize result clusters 
and to search for cis-regulatory modules. TFM-Scan is an another pro-
gram dedicated to locate large sets of putative transcription factor binding 
sites on a DNA sequence using position weight matrices such as those in 

http://proteomics.ysu.edu/secretomes/fungi.ph
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Transfac or Jaspar databases. TFM-Scan is also capable to cluster similar 
matrices and occurrences. The algorithm of FTFD database available at 
http://ftfd.snu.ac.kr (Park et al., 2008a, b) is very fast and hence allows for 
large-scale analysis.

7.7 FUNGIDB

FungiDB is an integrated functional genomic database that belongs to the 
EuPathDB family for the kingdom Fungi. The database contains genomes 
of 46 fungi and 6 oomycetes including Aspergillus clavatus, Aspergillus 
flavus, Aspergillus fumigatus, Aspergillus niger, Aspergillus terreus, 
Candida albicans, Coccidoidies immitis strain H538.4, Coccidoidies 
immitis strain RS, Cryptococcus neoformans var. grubii, Emericella nidu-
lans, Fusarium graminearum, Fusarium oxysporum f. sp. lycopersici, 
Fusarium verticillioides, Magnaporthe grisea, Neurospora crassa strain 
OR74A, Puccinia graminis, Rhizopus oryzae and Saccharomyces cerevi-
siae. The specific details about these genomes have been incorporated in 
this database through a web interface to provide convenient and straight-
forward access to the available data. It integrates whole genome sequence 
analysis, gene expression studies, comparative genomics, annotation, 
data-mining and other supplemental bioinformatics through web inter-
face. Interestingly, the database contains searches and tools that return sets 
of genes, expressed sequence tags (ESTs), open reading frames (ORFs), 
genomic segments (including DNA motifs), genomic sequences, GMOD 
genome browser, BLAST, sequence retrieval and fungal-related literature 
purely based on PubMed searches. FungiDB is freely available for regis-
tered users at http://fungidb.org/fungidb/ (Stajich et al., 2012).

7.8 FUNYBASE

FUNYBASE (FUNgal phYlogenomic dataBASE) is one of the recent data-
bases which helps in maintaining the information of homologous sequence 
of common ancestor of fungal genome to avoid confusion of heterogeneity 
of data and this database provide comparative and phylogenetic analyzes 

http://ftfd.snu.ac.kr
http://fungidb.org/fungidb/
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that is constructed by using amino acid sequences in fungi. FUNYBASE 
serve as foremost resource for study of fungal comparative genomics, as it 
concedes the retrieval of ortholog clusters, thereby representing the major 
fungal taxonomic groups across a large phylogenetic scale. It is imple-
mented on the relational database system PostgreSQL (version 8.2.4) and 
this data can aid in multiple purposes including gene comparison, gene 
searching and tree comparison. Currently, FUNYBASE has two types of 
protein data. Firstly, clusters of orthologs are created and classified by 
using publicly available information of more than 30 fungal genome pro-
tein sequences by automated procedures. Secondly, subsets of 246 ortho-
log clusters as single copy genes have been recovered from 21 fungal 
genomes (Aguileta et al., 2008). Based on the aminoacid sequences phy-
logenetic tree is reconstructed for each of these ortholog clusters and the 
classification of these ortholog clusters depends on the topological score, 
which make use of WAG evolutionary model. By using WAG evolution-
ary model, species tree are constructed by using a series of approximately 
half of the 246 sequences. To assess the informative value of every ortho-
log cluster, the same is compared to a reference species tree. Suppose if it 
measures the same topology score then it is referred as same species tree. 
These results are available on-line which enables search for species name, 
the ortholog cluster and various keywords. This is achieved by making use 
of the BLAST algorithm. A basic local alignment search tool for proteins 
(BLASTP) search of each predicted protein sequences against the entire 
assembled protein sequences database was performed using the NCBI 
BLAST2 software (Abascal et al., 2005). Currently, the database is avail-
able at http://genome.jouy.inra.fr/funybase/ (Marthey et al., 2008).

7.9 FUSARIUM GRAMINEARUM GENOME DATABASE

Fusarium graminearum, a plant pathogen which mainly causes head blight 
disease to wheat, barley and some other crop species, produces mycotox-
ins that will affect the health of animals and human beings (Trail, 2009). 
Identification of this pathogenic fungus is very important and Fusarium 
graminearum genome database (FGDB) involves in the identification of 
toxic gene by using bioinformatics tools based on molecular interaction 

http://genome.jouy.inra.fr/funybase/
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network and gene expression data (Liu et al., 2010; Becher et al., 2011; 
Wong et al., 2011). By using subnetwork which contained seed genes 
of known pathogenic fungi was made to anneal with Fusarium gra-
minearum. The predicted result showed that most of the pathogenic genes 
of Fusarium graminearum are enriched in two important signal transduc-
tion pathways, including G protein coupled receptor pathway and MAPK 
signaling pathway (Liu et al., 2010). A set of transcription-associated pro-
teins (TAPs) was taken from the UniProt database (Bairoch et al., 2008). 
Using TRIBE-MCL, Fusarium graminearum TAPs were identified by 
using homologous sequence of Fusarium and their matching reference-set 
(Lawler et al., 2013). Further, TAPs were clustered and the resulted value 
of 2.0 will ensure maximum coverage of the corresponding protein fami-
lies. Once detected these protein families were placed into one of the five 
TAP categories. DNA binding domains present in Fusarium graminearum 
genome can be identified by using Hidden-Markov models (HMMs). This 
database provides search options on the sidebar for gene codes, gene sym-
bols, gene description and the annotation catalogs (Srivastava et al., 2014). 
FunCat, Enzyme Class, InterPro and Protein Class are browsable and the 
details of data, such as probe, probe set names, their location on tRNAs 
and a customizable on protein molecular weights with isoelectric points, 
have been made available in the database. The ORF or contig DNA and 
protein sequences are searchable by Blast. SIMAP based protein homol-
ogy data can be retrieved using links grouped by NCBI-based taxonomic 
categories and the most recent expression data is provided by a link to the 
‘PLEXdb GeneOscilloScope’ at http://mips.gsf.de/genre/proj/fusarium/ 
(Bairoch et al., 2008).

7.10 INTERNATIONAL NUCLEOTIDE SEQUENCE DATABASE

International Nucleotide Sequence Database (INSD) is the database formed 
by the collaboration of three organizations consisting of DNA Data Bank 
of Japan (DDBJ) located at National Institute of Genetics (NIG), European 
Molecular Biology Laboratory (EMBL) at European Bioinformatics 
Institute and GenBank at the National Center for Biotechnology 
Information. Biological database that collect DNA sequences remains the 

http://mips.gsf.de/genre/proj/fusarium/
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same at each organization as information is shared on daily basis. INSD 
deposited data helps to identify mycorrhizal fungi using ITS sequence 
analysis. These sequences are downloaded from INSD through BLAST, 
sequence are aligned and examined by phylogenetic tree. INSD contains 
ITS sequence of 83,208 related to roots of plants and orchids including 
28,791 and 3,176 sequences that are related to EcM fungi and AM fungi 
respectively. Comparison study of ITS1 and ITS2 for DNA metabarcodes 
in fungi was made by collecting the information about ITS obtained from 
INSD. The database is available at http://www.insdc.org/ (Brunak et al., 
2002; Barrett et al., 2011; Cochrane et al., 2011; Parkinson et al., 2011; 
Barrett et al., 2012; Karsch-Mizrachi et al., 2012; Kodama et al., 2012).

7.11 Q-BANK FUNGI DATABASE

A group of mycologists from Netherlands have contributed for the con-
struction of Q-bank database, in which bulk of DNA sequence (barcode) 
data of fungi is updated regularly. Q-bank fungi database contains data 
regarding more than 725 species of fungi that are related to phytopathol-
ogy, saprophytic organisms and information about morphological, phe-
notypical and ecological data. On contemporary the database focuses 
on members, especially those of quarantine importance to Europe and 
their closest relatives, of the fungal genera Phoma and associated gen-
era such as Colletotrichum, Ceratocystis, Monilinia, Mycosphaerella and 
its anamorphs, Puccinia, Stenocarpella, Thecaphora, Verticillium, and 
the Oomycete genus Phytophthora. This database helps in correct iden-
tification of the causal agent of diseases by comparing between differ-
ent organisms through sequence information in public online databases. 
Q-bank fungi contain both species and strains information followed by 
the link between the species and strains. The available fungal strain in 
Q-bank database are ordered by strain specific external links, such as cul-
ture collections or contact information of the strain. Unknown identifica-
tion of a fungal species starts with a “Blast against all Q-bank (fungal) 
sequences” from fungal Q-bank page. Any non-standard symbols or align-
ment gap should be present in the sequence. By clicking on the prime 
hyperlink in the hits retrieved from the search in opening the page that 

http://www.insdc.org/
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has the comprehensive data of the entry. The identification of species of 
interest to which fungal organism groups it belongs can be found out by 
using the item “organism group,” that is present at the top of web page. 
With this information a focused multilocus search can be executed for 
specific fungal group under the heading of “ID,” and the identification 
of multilocus “organism group” can be performed under the menu item 
“multilocus sequence ID per group.” Within this there are two tabs, one 
is “description” wherein, the title or description is entered in ‘item name’ 
about the analysis to be performed and secondly, “sequences” in which 
the sequences are pasted into the available corresponding locus blocks; 
then the search can be conducted by clicking on the “start identification” 
object that is present at the bottom of page. After the search is completed 
the results are obtained as percentage similarity or viewed as plylogenetic 
tree by using “draw tree” item. The Q-bank fungi database can be accessed 
through http://www.q-bank.eu/ (Quaedvlieg et al., 2012; Tanabe and Toju, 
2013; van de Vossenberg et al., 2013).

7.12 UNITE

UNITE is an rDNA sequence database which holds only sequences from 
the ITS region of ectomycorrhizal fungi (Bruns et al., 2008). ITS sequences 
are widely used for the identification fungi as it helps in discriminating 
between closely related fungal species. The generated sequences were 
from fruit bodies that are available in public herbaria and type specimens 
(Kõljalg et al., 2005). UNITE holds more vital information on herbarium, 
geographical location, morphological description of mycelia, fruiting-
body, illustrations, ecology, taxonomy and nomenclature, that are essen-
tial tools for interpretation. Full descriptions and illustrations for selected 
species were also linked to the sequences. Until now, UNITE has 758 
ITS sequences from 455 species and 67 genera of basidiomycetes and 
ascomycetes (Abarenkov et al., 2010). Several tools were incorporated 
into the UNITE database, and together, they aid in the identification of 
unknown sequences beyond simple similarity searches. For example, two 
galaxie tools namely GalaxieBLAST and GalaxieHMM have been imple-
mented for web-based basic phylogenetic analyzes (Nilsson et al., 2004). 

http://www.q-bank.eu/
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These galaxie tools are most appropriate for identification of unknown 
ITS sequences which provide maximum parsimony heuristic and neigh-
bor-joining analyzes under different evolutionary models (Thompson 
et al., 1994). The most recent version, a stable and reliable platform of 
UNITE 5.0 is available at http://unite.ut.ee/ (Pukkila and Skrzynia, 1993; 
Sonnenberg et al., 1996; Altschul et al., 1997; Eddy, 1998; Eberhardt et al., 
1999; Lilleskov et al., 2002; Moncalvo et al., 2002; Vrålstad et al., 2002; 
Kjøller and Bruns, 2003; Rosling et al., 2003; Tautz et al., 2003; Tedersoo 
et al., 2003; Larsson et al., 2004; Parmasto et al., 2004; Will and Rubinoff, 
2004; Kõljalg et al., 2013).
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8.1 INTRODUCTION

The various impacts of fungal molecules can be categorized into differ-
ent levels such as degradation of pollutants, biofuel production, biopes-
ticides and biocontrol agents, biofertilizers and secondary metabolites. 
Mycoremediation, a kind of bioremediation in which the fungi is used 
to degrade pollutants from the environment. It can be done by mixing 
mycelium into contaminated soil and placing mycelia mats over toxic 
sites. Fungi remove the heavy metals by channeling them into their fruit 
bodies and other pollutants by the enzymatic degradation. Among white-
rot fungi and brown-rot fungi, white rot fungi are found to be more effi-
cient in mycoremediation, which contain enzymes like lignin peroxidases, 
manganese peroxidases and laccases. A number of reviews dealing with 
degradation of environmental pollutants by white rot fungi have been pub-
lished (Ponting, 2001). Extra-cellular lignin modifying enzyme produced 
by fungi shows the ability for degradation of all pollutants with struc-
tural similarity with lignin, because of its low substrate specificity. Thus 
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fungi have an innate ability to degrade different recalcitrant pollutants. 
Moreover, their hyphal extension can reach pollutants in the soil thereby 
participate in ecological restoration.

8.2 FUNGAL BIORESOURCES

Spent mushroom compost has been utilized as the primary substrate in 
the treatment of coalmine drainage in constructed wetlands (Stark et al., 
1994; Manyin et al., 1997), as an electron donor for the biological treat-
ment of AMD and in the removal of heavy metals in passive treatments 
using laboratory columns and laboratory passive systems (Groudev et al., 
1999). Spent mushroom compost is much more biodiverse and thus more 
effective than a pure culture in remediating a polluted site. The removal 
of organic toxic chemicals like di-n-butyl phthalate (DBP), di-2-ethyl 
hexyl phthalate (DEHP), nonylphenol (NP), and bisphenol-A (BPA) by 
laccase obtained from the spent mushroom compost (SMC) of the white 
rot fungi, Ganoderma lucidum were reported (Liao et al., 2012). The 
spent compost of oyster mushroom Pleurotus pulmonarius which was a 
degraded paddy straw-based substrate, contained 25% chitin could remove 
Pentachlorophenol (PCP), a widely used wood preservative since 1980s 
from PCP-contaminated water (Law et al., 2003).

Increasing energy cost, energy security and global warming concerns 
demand substitutes for petroleum-biofuel. Biofuel production from cel-
lulosic material uses available substrates without competing with food 
supplies and therefore, presents an economic and environmental opportu-
nity (Solomon, 2010). Recently, saprophytic zygomycete strain Mucor indi-
cus has been identified as an ethanol-producing organism, capable to grow 
aerobically or anaerobically on a number of different carbon sources includ-
ing hexoses and pentoses with yield and productivity in the same order as 
Saccharomyces cerevisiae (Sues et al., 2005). Lipids produced from fila-
mentous fungi show great promise for biofuel production, but, a major lim-
iting factor is the high production cost attributed to feedstock (Zheng et al., 
2012). However, the cost will be reduced potentially if cheap feedstocks or 
waste materials can be used (Xue et al., 2008). By using a common fungus 
Trichoderma and a common bacterium E. coli together, isobutanol, a bio-
fuel could be produced using stalks and leaves from corn plants as the raw 
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material. In a study by Vicente et al. (2009), the filamentous fungus Mucor 
circinelloides was found to be a potential feedstock for biodiesel production. 
These microbial lipids showed a high content (>85%) of saponifiable matter 
and a suitable fatty acid profile for biodiesel production.

Insects and pests affecting crops can be controlled by fungi, such as 
Chinese caterpillar fungi by spraying spores of the fungi on the crop pests. 
Plant pathogen control also can be brought by Trichoderma like fungi 
against soil fungi like Fusarium and Rhizoctonia, using their hydrolytic 
enzymes thereby saving the plant from these pathogens effect. The antibi-
otic produced in them also act on other pathogens. Hence, plant pathogen 
control is possible by direct hyphal parasitism, antibiotics and competition 
like phenomenon showed by the fungal molecules. Use of Trichoderma in 
potting is found to be common now. This method is comparatively cheaper 
and less detrimental to the environment than using chemical pesticides. 
Plant parasitic nematodes can be controlled by fungi like Psecilomyces 
lilacinus. The toxins produced by different insect pathogens will estab-
lish the death of the host. Ascomyte fungi like Beauvaria, Metarrhizium 
and Tolypocladium are commonly used. Though the knockdown period is 
more and incomplete, the effect of the fungal biocontrol is more than the 
chemical application. By the biological control measures using fungi in 
turn help in reducing the application of chemicals for pest and pathogen 
control. Hence, it is considered as an important aspect for environmental 
protection by pollution control.

The use of chemical fertilizers and pesticides has caused tremendous 
harm to the environment. Environment friendly fertilizer is one of the 
alternatives for this. Fungi serve as a source for the enrichment of the 
soil and reduce the requirement of fertilizers in the soil. The most striking 
relationship that these have with plants is symbiosis, in which the part-
ners derive benefits from each other. The contributions of fungi to the soil 
are by involving in nutrient cycle and also by decomposing the matters. 
Symbiotic relationship of mycorrhizal fungi with plant root can waive the 
amount of phosphate fertilizers, which is lacking in the soil of temper-
ate region depleting and making available to the plants. It was found to 
be difficult in culturing Mycorrhizae. Normally nonsterile medium like 
soil is being used as the medium in the research. Due to its slow growth 
response, large volumes/weights of the inoculum have to be applied to 
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the crop. Some of the fungi will retain in the soil to form humus and the 
remaining go into air where they can be used up as raw material for food 
synthesis. By liberating carbon dioxide these fungi participate in maintain-
ing the never-ending cycle of carbon in nature. The carbon dioxide is very 
important for green plants in the preparation of food materials by photo-
synthesis. The recycling process would be reduced in the absence of fungi, 
which leads to piling up of non-degraded matters.

Fungi also act as a foe to the ecosystem as spreaders of plant diseases, 
animal mycoses, mycotoxins and spoilage. On the other hand, it is ben-
eficial as a producer of useful metabolite and agent of biological control. 
The use of rust fungi, Puccinia chondrillina on Skeleton weed, Chondrilla 
juncea of wheat and Colletotrichum orbiculare on Bathurst bur, Xanthium 
spinosum has been successfully implemented. Specificity to the host, muta-
genic ability of the pathogens, virulence, pathogenicity, reproduction and 
lifecycle should function well in the system. Moreover, if proper monitoring 
is also done, the spray of spore vegetable oil suspension will be effective.

8.3 FUNGAL BIOACTIVE SUBSTANCES

Secondary metabolites are compounds produced by an organism that are 
not required for primary metabolic processes. Fungi produce an enormous 
array of secondary metabolites, some of which are important in indus-
try. Many fungi express secondary metabolites that influence competi-
tive outcomes. The systematic study of secondary metabolites began in 
1922, under the leadership of Harold Raistrick, who eventually charac-
terized more than 200 mold metabolites (Raistrick, 1950). Among differ-
ent classes of secondary metabolites such as polyketides, non-ribosomal 
peptides, terpenes and indole alkaloids, polyketides are the most abundant 
fungal secondary metabolites. They include, the yellow A. nidulans spore 
pigment intermediate naphthopyrone (WA), the carcinogen aflatoxin and 
the commercially important cholesterol lowering compound lovastatin 
(Kennedy, 1999). Plant hormones like auxin, cytokinins, gibberellins and 
abscisic acid were found to be produced in many pathogenic and benign 
fungi. The gibberellins were first found in the tall, straggly growth causing 
rice pathogenic fungus Gibberella fujikuroi. Apart from this, some of the 
fungi are found to be inducing the host metabolism; thereby, the growth of 
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the plant such as formation of lateral roots and slowing of the root tip elon-
gation by arbuscular mycorrhizae. The secondary metabolites produced 
by the fungi are enabling the recycling of the nutrients and ecosystem 
management. The metabolites produced in the contaminated food – tox-
ins such as sporodesmin – are also to be considered, since, its effects are 
higher in the consumer.

The presence and metabolism of plant growth regulators in fungi 
are emphasizing the role of fungal molecule in sustainable agriculture. 
Although, fungi are useful in agriculture as biocontrol agent, they also 
have destructive effect as pathogen, which can lead to high loss in the culti-
vation. The majority of phytopathogenic fungi belong to the Ascomycetes 
or to the Basidiomycetes. Apart from this, fungal degraded agriwaste can 
be used in paper and fabric industries there by enabling recycling which 
would also contribute to the ecosystem management and environmental 
protection. Cultivation of edible fungi, mushroom and production of active 
ingredients are the major application of fungi in agriculture. It is necessary 
to analyze the impacts of the fungal molecule on ecosystem management 
and sustainable agriculture to bring forward the obscure metabolic path-
way as well as the functions of these molecules. This chapter discusses the 
role of fungal enzymes on degradation of pollutants, in biofuel produc-
tion, fungal secondary metabolites as biopesticides and biocontrol agents, 
fungal biomolecules as biofertilizers and ecological significance of fungal 
secondary metabolites. The chapter is an overview of applicability of fun-
gal molecules on the current alternative demanded zones such as biofuel, 
bioferlizer and biocontrol.
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9.1 INTRODUCTION

In recent days, enzyme treatment opens up a new approach for the treat-
ment of diverse environmental pollutants. Naturally, enzymes are most 
efficient tool for decomposition, soil remediation and breaking down 
toxic substances. In this purpose, fungi are being investigated for their 
capacity to degrade recalcitrant environmental pollutants such as aro-
matic hydrocarbons, hexogen, dyes and pesticides. Due to their ease 
of colonization, reproduction by numerous spores, and their metabolic 
versatility, fungi are ideally suited for bioremediation of environmen-
tal pollutants, which are difficult to treat by other means. Moreover, 
enzymes are both economically and environmentally beneficial because 
they are safely inactivated and create little or no waste; rather than being 
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discarded, end-product enzymatic material may be treated and used as 
fertilizer. Enzyme research using fungi has been very active and promis-
ing in recent years (Maire et al., 2012). Crude enzyme of fungal strain 
Fusarium has been identified for the degradation of chlorpyrifos insec-
ticide. Rate of degradation for chlorpyrifos by its intracellular enzyme, 
extracellular enzyme and cell fragment was calculated as 60.8%, 11.3% 
and 48%, respectively (Xie et al., 2005). Ligninolytic fungi, which are 
causing white rot disease in wood have been shown to degrade and min-
eralize versatile of environmental pollutants due to the non-specificity of 
their enzyme activity (Pointing, 2001). However, industrial applications 
of enzymes have delayed due to both fundamental and practical issues, 
such as enzyme stability and availability (Ayala et al., 2008). Fungal 
enzymes involved in the remediation of environmental pollutants are 
listed in Table 9.1.

TABLE 9.1 Fungal Enzymes Involved in biotransformation and Biodegradation of 
Environmental Pollutants

Fungus Enzyme Function References

Agaricus bisporus Polyphenol oxidase Degradation of 
phenol

Singh (2006)

Aspergillus flavipes Tyrosinase Oxidation of phenol Gukasyan (2002)
Aspergillus nidulans N-Acetyl-6-

hydroxytryptophan 
oxidase

Degradation of 
phenol

Birse and 
Clutterbuck (1990)

Bjerkandera adusta Laccase, manganese 
peroxidase

Biotransformation 
of pesticides, 
decolorization of 
Reactive Blue

Heinfling-
Weidtmann et al. 
(2001); Davila-
Vazquez et al. 
(2005)

Caldariomyces 
fumago

Chloroperoxidase Biohalogenation of 
phenol

Wannstedt et al. 
(1990)

Candida 
cylindracea

Esterase Biotransformation 
of malathion

Singh (2006)

Ceriporiopsis 
subvermispora

Manganese 
peroxidase

Degradation of 
polycyclic aromatic 
hydrocarbons

Ruttimann-Johnson 
et al. (1994)

Coprinus cinereus Peroxidase Degradation of 
phenol

Budde et al. (2001)
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Fungus Enzyme Function References
Coprinus 
macrorhizus

Peroxidase Degradation of 
phenol

Al-Kassim et al. 
(1994)

Coriolopsis gallica Laccase Degradation of 
polycyclic aromatic 
hydrocarbons, 
decolorization of 
mixture of dyes

Pickard et al. 
(1999)

Coriolus hirsutus Tyrosinase, laccase Biosensor for 
determination of 
phenol, catechol 
and hydroquinone

Yaropolov et al. 
(1995)

Coriolus versicolor Laccase Degradation of 
trichlorophenol

Leontievsky et al. 
(2000)

Fusarium 
oxysporum

Cutinase Biotransformation 
of malathion

Kim et al. (2005)

Ganoderma 
valesiacum

Manganese 
peroxidase, laccase

Degradation of 
polycyclic aromatic 
hydrocarbons

Nerud et al. (1991)

Lentinula edodes Manganese 
peroxidase, laccase, 
β-glucosidase

Degradation of 
pentacholorophenol

Makkar et al. 
(2001)

Neurospora crassa Polyphenol oxidase Degradation of 
phenol

Singh (2006)

Panus tigrinus Manganese 
peroxidase

Degradation of 
trichlorophenol

Leontievsky et al. 
(2000)

Penicillium 
simplicissimum

Methyltransferase, 
vanilyl-alcohol 
oxidase

Degradation of 
phenol

Jong et al. (1992)

Phanerochaete 
chrysosporium

Laccase, peroxidase Biotransformation 
of pesticides, 
decolorization of 
dyes, degradation of 
pentacholorophenol

Cripps et al. 
(1990); Lin et al. 
(1991); Mougin 
et al. (2000)

Phlebia brevispora Manganese 
peroxidase

Degradation of 
polycyclic aromatic 
hydrocarbons

Ruttimann et al. 
(1992)

Pleurotus eryngii Laccase, peroxidase Degradation 
of phenol and 
polycyclic aromatic 
hydrocarbons

Munoz et al. 
(1997); Rodriguez 
et al. (2004)

TABLE 9.1 Continued
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9.2 FUNGAL BIOMOLECULES AND DEGRADATION OF 
XENOBIOTICS

Peroxidases are enzymes that utilize hydrogen peroxide or other peroxides 
to catalyze the free-radical mediated oxidation of a variety of organic and 
inorganic compounds. Various types of fungal peroxidases differ based on 
the nature of their substrates. Fungal peroxidases are generally used in 
environmental cleanup, which is having important potential in trans-
forming xenobiotics and other polluting compounds (Ayala et al., 2008). 
Since 1902, TNT (2,4,6-trinitrotoluene) has been used as an explosive. 
Normally, it is present in a crystalline form in soil due to its low water 
solubility. TNT is toxic to all life-forms and thus considered as a seri-
ous environmental hazard. Mineralization of TNT is achieved only by 
the activity of lignin peroxidase (LiP) and manganese peroxidases (MnP) 
of white-rot Basidiomycota. However, since these fungi are particularly 

Fungus Enzyme Function References

Pleurotus ostreatus Manganese 
peroxidase, lignin 
peroxidase

Biotransformation 
of biphenol A, 
decolorization of 
Congo Red and 
Methyl Orange

Shin and Kim 
(1998); Hirano 
et al. (2000)

Pycnosporus 
cinnabarinus

Laccase Degradation of 
polycyclic aromatic 
hydrocarbons

Rama et al. (1998)

Rigidoporus 
lignosus

Manganese 
peroxidase, laccase

Degradation of 
polycyclic aromatic 
hydrocarbons

Galliano et al. 
(1991)

Stereum hirsutum Manganese 
peroxidase

Degradation of 
polyaromatic 
hydrocarbons

Nerud et al. (1991)

Trametes versicolor Laccase Biotransformation 
of pesticides, 
degradation of 
pentachlorophenol 
and polycyclic 
aromatic 
hydrocarbons

Konishi and Inoue 
(1972); Jolivalt 
et al. (2000)

TABLE 9.1 Continued
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sensitive to TNT and possess only a very limited ability to compete in 
the soil environment, TNT mineralization is unlikely to become a fea-
sible tool for bioremediation in its own right. The most efficient TNT bio-
transformers belong to a species of Absidia, Cunninghamella, Mortierella 
(Zygomycota) and Acremonium, Cylindrocarpon, Gliocladium and 
Trichoderma (Ascomycota). Many fungi capable of biotransforming TNT 
are also capable of mineralizing hexogen. It is likely that a nitrate reduc-
tase is involved in both processes, in different ways, based on the stability 
of the ring system in these two substances (Weber et al., 2002).

Lignin in wood which are cross-linked to each other by a variety of dif-
ferent chemical bonds as a complex polymer of phenylpropane units. It is 
particularly persistent to degradation, and also reduces the bioavailability 
of the other cell wall constituents. Some higher fungi have enzymes, which 
are suitable for a selective chemical degradation of wood (Tuor et al., 
1995). The fungal enzymes digest the brown lignin in wood, leaving the 
white cellulose behind for use in making paper. Wood rotting fungi are the 
only known organisms capable of degrading lignin by producing lignin-
modifying enzymes, such as laccases, peroxidases and H2O2-generating 
oxidases. These enzymes can be used for biopulping, biobleaching, bio-
transformation and bioremediation. LiP catalyzes one-electron oxidations 
of phenolic and non-phenolic compounds. Typical reactions catalyzed 
by lignin peroxidases are ca-cb cleavage, ca oxidation, alkyl aryl cleav-
age, aromatic ring cleavage, demethylation, hydroxylation and polymer-
ization (Chung and Aust, 1995; Singh, 2006). Lignolytic fungi such as 
Phanerochaete chrysosporium, Coriolopsis polyzona, Pleurotus ostreatus 
and Trametes versicolor typically secrete one or more of the three princi-
pal ligninolytic enzymes (Hatakka, 1994), such as lignin peroxidase (LiP), 
Mn-dependent peroxidase (MnP) and phenol oxidase (laccase) (LAC) 
(Thurston, 1994; Orth and Tien, 1995). These enzymes are involved in in 
vitro transformation of nitrotoluenes, PAHs, organic and synthetic dyes 
and pentachlorophenol (Lin et al., 1990; Hammel et al., 1991; Ollikka 
et al., 1993; Johannes et al., 1996; Heinfling et al., 1998; Acken et al., 
1999; Novotny, 2004; Singh, 2006).

MnP have lower redox potentials than LiP and catalyze the Mn-mediated 
oxidation of lignin and phenolic compounds. Chloroperoxidase is secreted 
by the filamentous fungus Caldariomyces fumago. It catalyzes oxidative 
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chlorination and in the absence of Cl-, enantioselective oxygen transfer 
reactions (Anke et al., 2003). Also LiP and MnP of Phanerochaete chryso-
sporium capable of decolorization of olive mill wastewater (Sayadi and 
Ellouz, 1995). Annibale et al. (2006) has found highest LiP activity in the 
Phlebia sp. and MnP activity in Stachybotrys sp. strain DABAC3. These 
two enzymes are actively involved in the biotransformation of pesticides 
(Singh, 2006) and degradation of aromatic compounds (Paszczynski et 
al., 1986). Commonly, peroxidases such as LiP and MnP are involved 
in the process of decolorization of dyes. These enzymes can cleave the 
aromatic rings and have the potential to remove color from the dyes. 
Azure B, Tropaeolin O, Methelene Blues, Orange II and sulfonated azo 
dyes are partially decolorized within 20 minutes by crude LiP produced 
by Phanerochate chrysosporium (Cripps et al., 1990). LiP from Trametes 
versicolor are decolorizing Remazol Brilliant Blue R (Christian et al., 
2005), also Bjerkandera adusta shows degradation capability of Reactive 
Blue 38 and Reactive Violet 5 (Heinfling et al., 1998).

Laccase belong to the group of enzymes called blue copper oxidases. 
They are mostly extracellular glycoproteins with molecular weights 
between 60 and 80 kDa. Laccase catalyze four one-electron oxidations 
with redox potentials up to 0.8 V. Artificial substrates such as ABTS 
(2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid) can act as media-
tors enabling the oxidation of non-phenolic compounds which cannot be 
oxidized by laccase on their own, thereby expanding the range of appli-
cations of these enzymes. Main application of white rot fungi and their 
oxidative enzymes is in biobleaching and biopulping in the pulp and paper 
industry, where they can replace environmentally harmful chemicals 
(e.g., chlorine) as well as saving energy costs of mechanical pulping. The 
enzyme laccase produced from different fungi was used to make paper. 
This process led to 30% reduction in energy consumption, 50% reduction 
in chemical product usage and a greater resistance for tearing (Maire et 
al., 2012). These are also useful for the degradation of many persistent 
organic pollutants. Commonly, fungal strain of Pycnosporus cinnabarinus 
is well known for the laccase degradation of polychlorinated biphenyls 
(Jonas et al., 2000; Schultz et al., 2001; Singh, 2006).

Laccase from Pycnosporus cinnabarinus, is used in the transformation 
of chlorinated hydroxybiphenyls to oligomerization products. Laccase is 
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well documented as a mediator for oxidation process of certain aromatic 
compounds. White rot-fungus, Trametes hirsuta produces laccase, which 
is very well employed in the oxidation of alkenes (Niku-Paavola and 
Viikari, 2000). Extracellular laccase from Phanerochaete chrysosporium 
and Trametes versicolor are capable of degradation of diketonitrile in pes-
ticide, thus, acting as a redox mediator (Mougin et al., 2000; Singh, 2006).

In lipase biotechnology, bioremediation of waste is a new and upcom-
ing development. Lipase from different origin can be used in the oil spills 
resulting from rigging and refining, oil-wet night soils and shore sand, 
and lipid-tinged wastes in lipid processing factories and restaurants can be 
treated by the use of lipases of different origins (Sarada and Joseph, 1993). 
The increasing use of lipases in bioremediation has achieved greater 
importance with its successful application in the upgrading of waste fat 
(Salleh et al., 1993). Lipases are commonly produced by Aspergillus niger, 
Aspergillus fumigatus and Mucor geophillus (Naqvi et al., 2012). Phenol 
oxidases from Pleurotus ostreatus has been involved in the treatment of 
olive mill waste (OMW) (Martirani et al., 1996). Incubation of OMW with 
phenol oxidase catalyzed in an undetectable transformation (Singh, 2006). 
Several strains of Trichosporon yeast has been involved in the environ-
mental degradation as biosensors (Neujahr, 1990). Trichosporon cutaneum 
produces phenol oxidases, which is used in the detection of phenol in the 
environment (Skladal, 1991; Canofeni et al., 1994). Polyphenol oxidase 
(PPO) or tyrosinase is a copper enzyme widely distributed in fungi such 
as common mushroom Agaricus bisporus and the bread mold Neurospora 
crassa. PPO catalyzes the hydroxylation of monophenols in the environ-
ment (Singh, 2006).

9.3 FUNGAL SECONDARY METABOLITES AND ECOSYSTEM 
MANAGEMENT

In most cases, fungi are under heavy attack by fungal grazers such as micro-, 
meso-, and macrofaunal elements, including protozoa and nematodes, 
mites and collembola, and earthworms and insects, respectively in soil eco-
systems (Fox and Howlett, 2008; Stadler and Keller, 2008; Kempken and 
Rohlfs, 2010; Trienens et al., 2010). Additionally, saprotrophic filamentous 
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fungi exploiting rich food sources like fruits, seeds and carrion may engage 
in competitive interactions with animals that depend on the same resources 
(Janzen, 1977; Rozen et al., 2008; Kempken and Rohlfs, 2010; Rohlfs and 
Churchill, 2011). These can seriously harm fungi in different phylogenetic 
affiliations and negatively affect fungal evolutionary fitness (Guevara et al., 
2000; Rohlfs, 2005; Rohlfs et al., 2005; Tordoff et al., 2006; Gonigle, 2007; 
Boddy and Jones, 2008; Kempken and Rohlfs, 2010). Moreover, fungi 
share diverse evolutionary relationships with animals in general and arthro-
pods in particular through induced response and volatile signaling, where 
fungi serve as a food source to fungal grazers, compete with saprophagous 
insects, and attack insect hosts for growth and reproduction (Rohlfs and 
Churchill, 2011). Some non-pathogenic fungi have taken living arthropods 
as a hub for growth and reproduction (Roy et al., 2006; Vega, 2008), while 
some pathogenic fungi are highly specialized natural enemies of arthropods 
(Veen et al., 2008; Samish, 1999), and others have been able to exploit 
both dead and living resources associated with plants and soils for resource 
exploitation (Leger, 2008; Rohlfs and Churchill, 2011).

Since endophytic fungi have the ability to alter feeding behavior of 
invertebrates and reduce invertebrate growth rates, fungal secondary 
metabolites play a key vital role in maintaining plant-fungus symbiosis, 
and thus protecting plants from herbivory (Schardl, 1996; Lane et al., 
2000; Rodriguez et al., 2009; Rohlfs and Churchill, 2011). Although, we 
often consider fungal secondary metabolites as antifungal, antibacte-
rial, antiviral, cytotoxic and immunosuppressive agents (Demain, 1999; 
Firáková et al., 2007; Ramos and Said, 2011), secondary metabolites 
of fungi influence the environment on a large scale as part of the nutri-
ent cycle in ecosystems (Barea et al., 2005; Gadd, 2007; Lindahl et al., 
2007). They help to control the population of damaging pests as animal 
pathogens and are specific to the insects they attack, and do not infect 
animals or plants (Tanada and Kaya, 1993; Sexton and Howlett, 2006). 
Fungal secondary metabolites aid in solving problems of ecosystems and 
environment (Barea et al., 2005; Gadd, 2007). In recent years, fungal sec-
ondary metabolites are predicted to yield a deeper understanding of the 
life histories of plant-fungal interactions and their potential effect on soil 
invertebrates (Lussenhop, 1992; Maraun et al., 2003; Thomas et al., 2012). 
Analogous to their hypothesized benefits in plants, secondary metabolites 
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generated by fungi have an enormous impact on ecosystem management 
by serving as a chemical shield that fends off fungal feeders or competing 
saprophagous animals (Lindahl et al., 2007; Kempken and Rohlfs, 2010). 
Many secondary metabolites of fungi are of great ecological importance; 
they are decomposers in most ecosystems and are essential for the growth 
of most plants (Barea et al., 2005; Lindahl et al., 2007). A few fungal sec-
ondary metabolites stimulate sporulation and influence the development 
of producing organism, in addition to neighboring members of the same 
species; thereby enhance the fitness of a community of related species.

In boreal forest soils, fungal secondary metabolites play key role in 
organic matter decomposition, nutrient uptake, nutrient transfer and cycling 
of organic and inorganic nutrients, biogenic mineral formation, as well 
as, transformation and accumulation of metals. These mineral horizons 
of boreal forests and associated mycorrhizal mycelia transfer protons and 
organic metabolites from plant photosynthates to mineral surfaces, result-
ing in mineral dissolution, mobilization and redistribution of anionic nutri-
ents and metal cations. In addition, mycorrhizal mycelia provide efficient 
systems for the uptake and direct transport of mobilized essential nutrients 
to their host plants (Finlay et al., 2009). The significant role of fungal 
secondary metabolites in resistance against competing insects are directly 
or indirectly related to mycotoxin synthesis, which has been well docu-
mented using an insect-fungus competition model system of Aspergillus 
nidulans and Drosophila melanogaster larvae. There are several ecologi-
cally important areas that benefit from application of the fungal secondary 
metabolites, particularly, biological control, sustainable forestry and land 
reclamation (Dodd and Thomson, 1994). For instance, fungi either directly 
or indirectly interact with all other organisms in an ecosystem in order to 
regulate several ecosystem processes. Fungi and secondary metabolites 
thereof, are crucial in the process of nutrient cycling, mineralization and 
immobilization of other elemental constituents as decomposers. They can 
also directly influence species composition and population dynamics of 
other organisms with which they coexist as parasites, pathogens, preda-
tors, mutualists and food sources. Moreover, they may act as agents of 
successional change or as factors contributing to ecosystem stability. In 
their natural environment, for example Aspergillus sp., produce aflatoxin 
as they face more competition from bacteria in alkaline soils and therefore, 
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provide protection against insects in acidic environments. This would 
allow the fungus to establish itself in the community through protection 
against other eukaryotic competitors (Calvo et al., 2002).

Biosynthesis of these underexplored fungal secondary metabolites 
is favored by natural selection that increases its fitness under challeng-
ing ecological conditions, where in, antagonistic interactions with other 
organisms co-occurring in the fungal habitat have strong impact on their 
evolutionary fitness (Kempken and Rohlfs, 2010). Although, the specific 
functional and physiological role of secondary metabolites in the fungi that 
produce them remains mystery for many decades; the advantage is that they 
allow the organism to best survive in its ecological niche. Interestingly, 
recent studies have produced results that fungal secondary metabolites are 
evolved to protect fungi in such harsh environments with diverse array 
of competing organisms such as, amoebae, nematodes or invertebrates 
that can feed on fungi (Fox and Howlett, 2008). Secondary metabolites 
produced by the endophytic fungi such as, Epichloë and Neotyphodium 
spp., found in fescue grasses greatly reduce associated herbivorous insect 
populations, and thereby, increase plant fitness while reducing insect fit-
ness (Gallery et al., 2007; Dalling et al., 2011). In an another non-grass 
system, researchers have reported the anti-feeding activity of rugulosin, 
a toxin produced by Phialocephala scopiformis that inhabits the white 
spruce needles against forest pest spruce budworm (Choristoneura fumif-
erana), suggesting the potential role of secondary metabolites of fungi in 
protection of forests against insect pests (Kempken and Rohlfs, 2010). 
Interestingly, secondary metabolites limit the burden of and have a nega-
tive effect on the animal antagonists in saprophytic, facultative or obliga-
tory entomopathogenic fungi. The secondary metabolites of Metarhizium 
anisopliae and Beauveria bassiana are the two best-known examples of 
putative resistance mechanisms against animal antagonists.

9.4 FUNGAL ENZYMES IN BIOFUEL PRODUCTION

Lignocelluloses are one of the most abundant carbohydrate sources in 
plants and has significantly involved in conversion into liquid or biofuels. 
Biofuels are providing solution to reduce global emissions of greenhouse 
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gases into the environment due to the usage of fossil fuels (Lynd et al., 
1991; Demain et al., 2005; Yeoman et al., 2010). Plant polysaccharides 
have applications in many industrial sectors, such as biofuel, pulp and 
paper, food and feed. Enzymatic conversion of these polysaccharides in 
to lignocellulosic biomass will be a key technology in future biorefiner-
ies. Naturally, many fungal species playing vital role in the degradation of 
plant biomass (Sørensen et al., 2013).

Filamentous fungi are attractive resource for new enzymes due to its 
capability to grow on a wide range of substrates and efficiently degrade 
biopolymers. The decomposition of cellulosic plant biomass to glucose 
monomers for biofuel production is a typical example for an application 
that requires an enzyme-based approach in order to specifically cleave the 
glycosidic bonds between the glucose monomers of the cellulose chain and 
release single glucose molecules. The main enzymes necessary to degrade 
cellulosic plant material are cellulases and hemicellulases (Harman and 
Kubicek, 1998; Bouws et al., 2008; Kumar et al., 2008; Seiboth et al., 2011).

Fungal species are producing an extensive set of enzymes called car-
bohydrate-active enzymes dedicated to degrade specifically plant polysac-
charides (Brick and Vries, 2011). Enzymatic degradation has advantages 
over chemical hydrolysis, as enzymes target specific linkages of the pectin 
molecules, while chemical methods are less specific (Schols and Voragen, 
1996; Benen et al., 2002; Benoit et al., 2012). Direct conversion of bio-
chemically-stored energy from renewable biomass resources into electric-
ity is carried out by enzymatic biofuel cells (BFCs) (Bullen et al., 2006). 
However, enzyme purification is time-consuming and expensive process 
for this purpose. Furthermore, enzyme degradation occurred due to the 
long-term use of enzymatic BFCs, which limits their lifetime to only a 
few weeks. Recent research shows that crude culture supernatant from 
enzyme-secreting Trametes versicolor can be used without further treat-
ment to supply the enzyme laccase to the cathode of a mediator less BFC 
(Jolivalt et al., 2005). The possibility to establish simple, cost efficient, 
and mediator less enzymatic BFC cathodes that do not require expensive 
enzyme purification procedures also can be achieved (Sane et al., 2013).

Bioethanol made from lignocellulosic biomass is considered to be 
the most promising biofuels. However, one of the major barriers for 
the production of biofuel economically is the enzymatic hydrolysis of the 
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cellulose component to liberate glucose for ethanol fermentation because 
of the recalcitrance of feedstock (Wang et al., 2012). Lignocellulosic 
materials are the essential feedstock for second-generation biofuels. One 
of the current limitations to the production process for second-generation 
biofuels is linked to the poor performance of the enzymatic cocktails used 
to break down lignocellulosic biomass into fermentable monosaccharides. 
Catalases are enzymes that catalyze the depolymerization of cellulose. 
However, complete and efficient hydrolysis of cellulose is assisted by three 
cellulolytic enzyme activities, namely endoglucanase (1,4-β-D-glucan 
glucohydrolase [EC 3.2.1.4]), exoglucanase (1,4-β-D-glucan cellobiohy-
drolase [EC 3.2.1.91]), and β-glucosidase (β-D-glucoside glucohydro-
lase, [EC3.2.1.21]). Exoglucanase is produced by many fungi, such as, 
Thermoascus aurantiacus, Talaromyces emersonii and Cladosporium 
sp. Endoglucanase is produced mainly by thermophillic fungi such 
as Caldocellulosiruptor saccharolyticus, Chaetomium thermophilum, 
Syncephalastrum racemosum, Talaromyces emersonii, Thermoascus 
aurantiacus and Thermomonospora curvata. Glucosidases are pro-
duced mainly by thermophillic fungi, such as, Thermoascus aurantiacus, 
Talaromyces emersonii, Sclerotium rolfsii, Paecilomyces thermophila and 
Monascus purpureus. Fungal β-glucosidases play a vital role in the hydro-
lysis of cellulosic biomass for producing the monomer sugars for the pro-
duction of biofuels and also provide platform molecules that can serve 
as building blocks in the synthesis of chemicals and polymeric materials 
(Himmel et al., 2007; Yeoman et al., 2010).

Hemicellulose, a highly branched mixture of complex polysaccharides 
such as, xylans, glucans, xyloglucans, callose, mannans and glucoman-
nans. Optimizing the enzymatic conversion of lignocelluloses to ferment-
able sugars must take into an account of hemicellulose depolymerization 
(Chesson et al., 1986; Marcus et al., 2008). Xylanases have long been uti-
lized in industries like food, paper, and fine chemical production. Further, 
they act as a critical component in the deconstruction of lignocellulose for 
biofuel production (Garcia-Aparicio et al., 2007). Fungal xylanases can 
be used in the production of biofuel due to its stronger catalytic activi-
ties (Lee et al., 2009). The xylanases from Aspergillus awamori, Bispora 
sp., and Neurospora crassa exhibit specific catalytic activity (Kormelink 
et al., 1993). The Bispora sp. xylanase, Xyn10C, in particular, appears 
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to be an attractive option for biotechnological adaptation. This enzyme 
displays optimal activity at 80°C, higher than any other fungal xylanase, 
and is active over a broad pH range (pH 1.5–6.0) (Luo et al., 2009; Yeoman 
et al., 2010).

A thermophilic β-xylosidase from the fungus Scytalidium thermophi-
lum was, however, found to be immune to xylose-mediated conversion 
(Zanoelo et al., 2004). This character is likely to be immensely important in 
the biofuel industry to the overall efficiency of biocatalysts. Thermostable 
α-L-arabinofuranosidases have also been found in Penicillium capsulatum 
exhibiting optimal activity at 60°C and 55°C (Filho et al., 1996). In addi-
tion, a novel thermostable α-L-arabinofuranosidase from Aspergillus pul-
lulans can hydrolyze arabinan and debranched arabinan and was shown 
to have optimal activity at 75°C. Genus Trichoderma fungus, which pro-
duces enzymes capable of breaking down the cellulose and xylan chains 
into sugar molecules, has been utilized in biofuel production. However, 
the fungus does not always produce these enzymes; production must be 
stimulated using an inductor (disaccharide sophorose) (Saha and Bothast, 
1998; Yeoman et al., 2010).

An enzyme blend to transform tough, woody plant material such as 
corn stalks and wood chips into fuel is considered a key component in 
the commercialization of second-generation biofuels. Trichoderma reesei 
produces enzymes that can breakdown lignocelluloses, the tough struc-
tural material that makes up plant cell walls, while Aspergillus species, 
produce many enzymes to degrade pectin (Martens-Uzunova and Schaap, 
2009; Brink and Vries, 2011; Peterson and Nevalainen, 2012) as well 
as Rhizopus sp. mainly degrades the homogalacturonan part of pectin 
(Battaglia et al., 2011; Benoit et al., 2012). Lignocelluloses need to be 
broken down in order to get fermentable sugars that can be made into 
biofuels. The fungus produces dozens of these enzymes, each of which 
can attack the lignocelluloses differently. Recently, chemists are trying to 
combine and improve upon the best enzymes to create a chemical cocktail 
that could be used in biofuel production in a way that is simple and cost 
effective (Martinez et al., 2008; Kubicek et al., 2011).

One of the biggest hurdles to achieve global fuel need, lies in optimiz-
ing the multistep process involved in breaking down plant biomass and then 
converting it. Many of the cellulases currently used in biofuel production 
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are derived from species that thrive at temperatures of 20–35°C (68–95°F), 
which is a room temperature to nearly body temperature. The conversion 
process at these temperatures takes time, during which contaminants can 
reduce the final yield. To speed up the conversion process, temperature has 
to be increased, which in turn, requires enzymes that are stable above current 
working conditions. Genomes of Thielavia terrestris and Myceliophthora 
thermophila were tested to thrive in high-temperature environments above 
45°C and whose enzymes, active at temperatures ranging from 40 to 75°C, 
would therefore be useful for accelerating (thus improving) the biofuel 
production process. Thermostable enzymes and thermophilic cell factories 
may afford economic advantages in the production of many chemicals and 
biomass-based fuels. The 38.7-million base pair (Mbp) genome of thermo-
philic Myceliophthora thermophila and the 36.9 Mbp genome of Thielavia 
terrestris encodes multitude of enzymes that decompose biomass material. 
These two thermophiles can be considered all-purpose decomposers with 
respect to their carbohydrate-active enzymes (CAZymes) and their ability 
to degrade plant polysaccharides (Gilbert, 2011).

The enzyme cellulase from Myceliophthora thermophila and Thielavia 
terrestris have evolved efficiently in breaking down and in converting 
biomass into simple sugars at a wide range of temperatures. Since, these 
thermophiles are much more efficient than other cellulose degraders in 
breaking down cellulosic biomass, their enzymes are likely to be more 
active than known cellulases and they have developed new strategies for 
biomass degradation. These thermophilic fungi represent excellent hosts 
for biorefineries, where biomass is converted to biofuels as an alternative 
to modern oil refineries. These fungi are classified as rare organisms known 
as thermophiles, which thrive at temperatures between 45°C and 122°C. 
A key component of these organisms ability to survive is the fact that their 
enzymes can still function even under temperatures considered extreme. 
These enzymes are known as cellulases and are the ones currently used in 
biofuel production thrive at temperatures of 20–35°C. The low temperature 
threshold of cellulase is considered unfortunate as studies have shown that, 
a high-temperature environment is better for biofuel production (Berka 
et al., 2011). New fungal enzymes, notably β-xylosidases, glycoside hydro-
lases and oxidases from Aspergillus japonicus and Trichoderma reesei are 
being used for the production of biofuels (Semenova et al., 2009).
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Biofuel cells produce electricity that is environmentally friendly and 
conserve resources, for instance, from organic waste material. They can 
use enzymes as catalysts to enable electrochemical reactions that gener-
ate electricity. In contrast to precious metal catalysts in conventional fuel 
cells, these enzymes can be obtained at low cost from renewable raw mate-
rials. For many technical applications, however, their lifetime is too short. 
The new concept developed to solve this problem by ensuring that the fuel 
cell is continually resupplied with the biocatalyst. Biofuel cell consists of 
laccase produced by Trametes versicolor-based cathode and glucose oxi-
dase produced by Aspergillus niger based anode. These fungi release the 
enzymes into a solution surrounding the cathode where it enables the elec-
trochemical conversion of oxygen. By comparison, the cathodes only have 
a lifetime of 14 days if they are not supplied with more enzymes. Since, the 
enzymatic solution can be supplied directly to the fuel cell without time-
consuming and expensive purification, the costs are reduced to a minimum 
(Barriere et al., 2006). Enzyme production in biorefineries is achieved by 
culturing fungi in different media such as, Trichoderma reesei cultured 
on pretreated wheat straw (Gyalai-Korpos et al., 2011), Aspergillus niger 
and Aspergillus saccharolyticus (Sørensen et al., 2011) cultured on the 
fiber waste fraction left after hydrolysis and fermentation, and Aspergillus 
japonicus cultured on castor bean meal waste for biodiesel production 
(Herculano, 2011).
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10.1 INTRODUCTION

Soil-borne pathogenic fungi are responsible for severe damage to 
many agricultural and horticultural crops worldwide (Rossman, 2009). 
Commonly, plant diseases are controlled by using chemical pesticides or 
fungicides. However, these chemicals are proven harmful for the environ-
ment and have created a path to the development of biological control 
agents (BCAs), which is a potential alternative to the chemical pesticides. 
The selective activity of numerous fungal biomolecules like secondary 
metabolites against specific infection stages without accompanying tox-
icity against plant pathogens indicate directions for the development of 
future natural product-derived fungicides which are more easily degrad-
able in the environment and possess fewer non-target effects. Such sub-
stances are produced by many saprotrophic and endophytic fungi in pure 
culture (Thines et al., 2004). Entomopathogenic fungi were among the 
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first organisms to be used for the biological control of pests. More than 
700 species of fungi from 90 genera are pathogenic to insects. Some 
examples of fungi and its biomolecules acting as biocontrol agents are 
given in Table 10.1.

10.2 FUNGAL BIOCONTROL AGENTS

Beauveria bassiana (Bals.) Vuill. is an important entomopathogenic mito-
sporic ascomycete, acting as a natural pathogen of insects and it has been 
developed as a microbial insecticide for use against many major arthropod 
pests in agriculture (Faria and Wraight, 2007). Among mycoinsecticides, 

TABLE 10.1 Potential Fungal Biomolecules as Biocontrol Agents against Plant 
Pathogens

Fungi Biomolecules Target organisms References

Aschersonia 
aleyrodis

Proteases, 
collagenases, 
chymolesterases

Whitefly Charnley and 
Leger (1991); 
Liu et al. (2006)

Beauveria bassiana Chitinases, proteases, 
collagenases, 
chymolesterases, 
endonucleases, 
bassianin, 
bassiacridin, 
beauvericin, 
bassianolide, 
beauverolides, tenellin 
and oosporein

Gram pod borer, 
termites, thrips, 
whiteflies, aphids, 
plant hoppers

Khachatourians 
(1991); Kim et al. 
(1999); Yokoyama 
et al. (2002); 
Nahar et al. (2003)

Beauveria 
brongniartii

Proteases, 
collagenases, 
chymolesterases, 
bassianin, 
bassiacridin, 
beauvericin, 
bassianolide, 
beauverolides, tenellin 
and oosporein

Cockchafer larvae Khachatourians 
(1996); Daniella 
(2000)

Entomophthora 
coronate

Proteases, 
collagenases, 
chymolesterases

Ants, planthoppers Charnley and 
Leger (1991)
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about 33.9% is based on Beauveria bassiana, followed by Metarhizium 
anisopliae (33.9%), Isaria fumosorosea (5.8%) and Beauveria brongniartii 
(4.1%) (Faria and Wraight, 2007). The initial interaction in the pathogene-
sis is mediated by mechanical force, enzymatic processes and certain met-
abolic acids (Qazi and Khachatourians, 2005). The enzymes involved in 
pathogenesis of insects are generally grouped into proteases, peptidases, 
chitinases and lipases.

The genus Trichoderma, a mycoparasitic fungi, particularly, Tricho-
derma harzianum have been used against Rhizoctonia solani, Sclerotium 
rolfsii and Botrytis cinerea for crop protection. Their abilities are a com-
bination of several mechanisms, including nutrient competition and direct 

TABLE 10.1 Continued

Fungi Biomolecules Target organisms References

Lagenidium 
giganteum

Proteases, 
collagenases, 
chymolesterases

Mosquito larvae Charnley and 
Leger (1991)

Metarhizium 
anisopliae

Chitin deacetylase, 
proteases, 
collagenases, 
chymolesterases, 
superoxide dismutase

Beetles, termites, 
spittlebugs, gram 
pod borer, plant 
hopper

Khachatourians 
(1996); Nahar 
et al. (2004); Khan 
et al. (2012)

Nomuraea rileyi Chitinase, proteases, 
collagenases, 
chymolesterases

Gram pod borer, 
Rhipicephalus 
microplus, 
Spodoptera litura

Nahar et al. 
(2003); Sheng 
et al. (2006)

Tolypocladium 
inflatum

Chitinase, proteases, 
collagenases, 
chymolesterases

Bibionid flies, 
mosquito larvae, 
beetle larvae

Hodge et al. (1996)

Trichoderma 
harzianum

Chitinolytic enzymes, 
trichodermin, 
harzianum A

Sclerotium rolfsii, 
Rhizoctonia 
solani, Botrytis 
cinerea

Elad et al. (1983); 
Cruz et al. (1992); 
Malmierca et al. 
(2012)

Trichoderma virens Gliotoxin Sclerotium rolfsii, 
Rhizoctonia 
solani, Pythium sp.

Wilhite et al. 
(2001)

Verticillium lecanii Chitinase, proteases, 
collagenases, 
chymolesterases

Potato aphid, 
Sphaerotheca 
fuliginea

Sheng et al. (2006)
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mycoparasistism, which involves the production of antifungal metabolites 
and cell wall biodegrading enzymes. In Southeast and Midwest regions of 
Brazil, soil fungi, which are causing plant diseases are responsible for great 
losses in common bean (Phaseolus vulgaris L.) in irrigated areas (Almeida 
et al., 2007; Qualhato et al., 2013). Schirmbock et al. (1994) conducted 
a study and reported that Trichoderma harzianum producing chitinase, 
β-1,3-glucanase and protease, utilize glucose as a carbon source which was 
active against Botrytis cinerea by inhibiting spore germination as well as 
hyphal elongation of Botrytis cinerea. Also concluded that, the enzymes 
and the peptaibols were tested together, an antifungal synergistic interac-
tion was observed and 50% effective dose values obtained were in the range 
of those determined in the culture supernatants. Therefore, the parallel for-
mation and synergism of hydrolytic enzymes and antibiotics may have an 
important role in the antagonistic action of Trichoderma harzianum against 
fungal phytopathogens.

10.3 FUNGAL BIOFERTILIZERS AND FUNGAL BIOPESTICIDES

In commercial biofertilizers and biopesticides, Trichoderma harzianum 
strains, T22 and T39 are used as active BCA and are widely applied 
amongst field and greenhouse crops. Vinale et al. (2006) studied the three 
major compounds produced by Trichoderma harzianum strain T22, one is 
a new azaphilone that shows in vitro inhibition against Rhizoctonia solani, 
Pythium ultimum and Gaeumannomyces graminis var. tritici. In turn, fil-
trates from strain Trichoderma harzianum strain T39 were demonstrated 
to contain two compounds previously isolated from other Trichoderma 
harzianum strains and a new butenolide. Also, reported the isolation and 
characterization of the main secondary metabolites obtained from cul-
ture filtrates of two Trichoderma harzianum strains and their production 
during antagonistic interaction with the pathogen Rhizoctonia solani. 
Mycoparasitism is a mechanism of fungi to control phytopathogen under 
the control of enzymes. Many fungi produce and release lytic enzymes that 
can hydrolyze a wide variety of polymeric compounds including chitin, 
protein, cellulose, hemicellulose and DNA. Expression and secretion of 
these enzymes by different fungi can sometimes result in the suppression 
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of plant pathogen activities directly. Harman (2000) reported the involve-
ment of chitinase and β-1,3-glucanase in the Trichoderma sp. mediated 
biological control. Since, enzymes are the products of genes, production 
of desired enzymes is achieved by slight change in the structure of gene. 
Gupta et al. (1995) reported that, a strain of Trichoderma, deficient in the 
ability to produce endo chitinase has reduced ability to control Botrytris 
cineria, but shows increased ability to control Rhizoctonia solani.

An efficient BCA is one that produces sufficient quantities of biomol-
ecules such as enzymes, antibiotics or other secondary metabolites in the 
vicinity of the plant pathogen (Chaube et al., 2003). Commonly, BCA are 
producing three types of antibiotics such as, nonpolar or volatile, polar 
or non-volatile and water-soluble. Among all of these, the non-polar anti-
biotics are more effectively used as they can act at the sites away from 
the site of production. Several BCAs are capable to produce several anti-
biotics, which can suppress one or more pathogens separately or with 
combination.

BCA can increase the plant growth by reducing the occurrence of dis-
ease incidence of crops at least during the early stages of the life cycle by 
the way of disease escape. The best example is the resistance of damping 
off of Solanaceous crops with the advancing age. Chaube et al. (2003) 
reported that, fungal BCAs are managing the plant diseases by promot-
ing the growth of plants through increased solubilization of nutrients, 
increased nutrient uptake through enhanced root growth and sequestra-
tion of nutrients. Notably, Aspergillus niger strain AN-27 was reported to 
produce plant growth promoting compounds such as, 2-carboxy-methyl-
3-hexyl-maleic anhydride and 2-methylene-3-hexyl-butanedioic acid 
(hexylitaconic acid), that were directly responsible for increased root and 
shoot length and biomass of crop plants. Trichoderma preparations have 
been reported to increase vigor and emergence of oat seedlings. Seeds 
coated with Trichoderma viride increased fresh and dry weight of shoot, 
root and nodules of broadbeans (Woo et al., 2006). Also, salicylic acid and 
non-expressor of pathogenesis-related genes 1 (NPR1) are key players in 
systemic acquired resistance of Trichoderma harzianum; when inoculated 
on to roots or on to leaves of grapes control diseases caused by Botrytis 
cineria.
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Many classes of compounds are released by the Trichoderma sp., into 
the zone of interaction and induce resistance in plants. The first class is 
proteins with enzymatic or other activity. Fungal proteins such as xylanase, 
cellulases and swollenins are secreted by Trichoderma species (Martinez 
et al., 2001). Trichoderma endochitinase can also enhance defense, prob-
ably, through induction of plant defense related proteins. Saksirirat et al. 
(2009) evaluated the efficacy of Trichoderma strains by inducing resis-
tance in tomato. It was found that, the activity of the enzymes in the leaves 
of tomato increased upto 14th day. This indicates that, Trichoderma was 
effective in inducing systemic resistance in tomato plant.

The fungi from which protein degrading enzymes proteases, col-
lagenases, and chymoleastases have been identified and characterized 
are Aschersonia aleyrodis, Beauveria bassiana, Beauveria brongniartii, 
Entoophthora coronata, Nomuraea rileyi, Metarhizium anisopliae and 
Verticillium lecanii (Sheng et al., 2006). Small and Bidochka (2005) iden-
tified that Metarhizium anisopliae contain genes that encodes extracel-
lular subtilisin-like proteinase (Pr1) for cuticle degradation. Kim et al. 
(1999) described the gene structure and expression of a novel Beauveria 
bassiana protease (bassianin I) which is 1137 bp and 379 amino acids 
long. Endo and exo-chitinases play an important role in the cleavage 
of N-Acetylglucosamine (NAGA) polymer of the insect cuticle into 
smaller units or monomers, that the extracellular chitinases are viru-
lence determinant factors (Khachatourians, 1991). Chitinolytic enzymes 
(N-acetyl-β-D-glucosaminidases) and endochitinases are commonly pro-
duced by Metarhizium anisopliae, Metarhizium flavoviride and Beauveria 
bassiana. Since, lipids represent major chemical constituents of the insect 
cuticle, enzymes capable of hydrolyzing these compounds, such as phos-
pholipases, could be expected to be involved in the cuticle disruption 
processes that occur during host invasion. Phospholipases are a hetero-
geneous group of enzymes that are able to hydrolyze one or more ester 
linkages in glycerophospholipids. Phospholipase B (PLB) was secreted by 
different fungal species such as Candida albicans, Aspergillus fumigatus 
and Cryptococcus neoformans.
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11.1 INTRODUCTION

Presently, the use and success of molecular markers is enormous, and in 
the near future the explosion in marker development will continue. It is 
expected that molecular markers will serve as a potential tool to mycolo-
gists to evaluate and to manipulate the fungal genome to create as desired 
and needed by the society. The identification of fungi is a continuous 
and a complex process. Furthermore, these techniques have just begun 
to disclose the correct identity of fungal diversity, in that, the absolute 
majority of fungi still await discovery and formal description. In recent 
years, genetic polymorphism at the DNA sequence level has provided 
a large number of marker techniques in different fields of applications. 
This has, in turn, prompted further consideration for the potential utility of 
these markers in fungal identification. However, in genetic improvement 
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utilization of marker-based information is depends on the selection of the 
molecular marker for particular application. The degree of polymorphism, 
skill or expertise available, possibility of automation, radioisotopes used, 
reproducibility of the technique and the cost involved in the analysis are 
the key factors involving in the selection of markers for different applica-
tion (Alim et al., 2011).

11.2 MYCOTECHNOLOGY

The information obtained from molecular advances could provide an 
understanding of how the fungal strain can be manipulated by regulating 
at the biochemical or molecular level with the techniques such as genetic 
transformation and protein engineering. This will open up wide-range of 
novel approaches in which the production of valuable products could be 
improved and reduce or eliminate the production of those with harmful 
effects. Therefore, maximum exploitation of fungal production system can 
be expected. Meanwhile, monitoring of the risk assessment of the geneti-
cally modified organisms according to the biosafety protocol has to be 
considered. The content addressed here will give various options that may 
be employed to improve fungal strains with emerging functional genomics 
and proteomic studies.

The enormous applications of fungal molecules lead to a great deal 
of progress in the improvement of the strains for enhanced productivity 
in recent years. The use of fungi has already been implemented in pig-
ment production, biofuel industry, agrowaste management, pharmaceuti-
cal industry, mycoleaching, biofertilizers and pollution control (Gianfreda 
and Rao, 2004; Mapari et al., 2005; Vicente et al., 2009; Soliman et al., 
2013). Day to day increase in the industrialization amplifies the require-
ments of commercial production of various metabolites such as enzymes, 
organic acids and antibiotics. The appropriate strain improvement meth-
ods for fungal molecules have to be discovered for optimum production. 
This book discussed on the necessity of strain improvement and the differ-
ent classical, genetic and molecular methods, which may positively alter 
industrial applications of fungi. Exposure to the external and internal fac-
tors may further alter the characteristics of newly developed strain; hence, 
these kinds of influences have to be avoided. As there are a lot of fungal 
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molecules yet to be discovered, new methodology for the stimulated pro-
ductivity is yet to be discovered. The choice of methodology should be so 
as to make the organism fit for the production at low cost. The specificity 
in the strain improvement may lower the purification time and cost. Since, 
most of the fungal products are in relation with spore formation, avoidance 
of the mycotoxin producing strain has to be done as they hamper sporula-
tion of fungal molecule (Calvo et al., 2002).

11.3 MYCOINFORMATICS

Ten years ago the cost for employing a desirable technology tool was a 
bottleneck for mycological research. However, currently with the aid of 
modern molecular and computational techniques we can sequence the 
entire community of fungi at a cost equal to the sequencing of 1000 speci-
mens a decade ago. The ease to access molecular data has redefined and 
benefitted all the branches of life science. Indeed, DNA sequence data 
has provided a valuable source of information relevant to taxonomic clas-
sification, evolutionary studies of the organism origin, identification and 
classification of species in different habitats and their geographical distri-
bution worldwide (Nilsson et al., 2006). Automated processing and inter-
pretation using bioinformatics tools and databases of the DNA sequence 
data is the only feasible way for the processing of the huge data. The bio-
informatics tools facilitates mycologist with a resource for comparative 
studies of varied range of fungi. The analyzed genomic library documents, 
comparative study of genomic data, functional annotation and results of 
large scale analyzes of all the genomes deposited in the database. The 
phylogenetic identification tools have indeed contributed to the analyti-
cal method to the taxonomic assignment of fungal ITS sequence (Nilsson 
et al., 2011). The bioinformatics tools due to their rapidity in sequence 
clustering and similarity searches are most preferred in the accomplish-
ment of community level sequencing. The tools represent a competent 
asset for providing comparative studies with valid clusters of orthologs 
from fungal genome databases and phylogenetic remodeling by selection 
of genes with highest informative value at the required taxonomic level 
in a user defined fungal group. They provide a solution for researchers 
in pursuit of species identification rather than merely the best possible 
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match scores by automatically separating the identified and incompletely 
identified sequences. These tools not only provide high-level resolution 
among fungal community members, simultaneously provide information 
on fungal taxonomic composition. Needless to say the potentialities pro-
vided from these technologies with respect to characterization at commu-
nity level seem inestimable (Chen and Pachter, 2005; Nilsson et al., 2005).

11.4 CONCLUSION

Fungi have been exploited by humans in many applications for several 
decades. In all ecosystems, fungi are playing important role in decom-
posing many pollutants including plant polymers. It has the capability 
to mineralize various elements and ions. They can also facilitate energy 
exchange between the above-ground and below-ground systems. However, 
it is necessary that attempts be made to utilize available fungal species in 
remediation of environmental pollution. There are many hindrances in the 
process of mycoremediation. Ecomolecular markers and microanalysis 
methods can be used to improve the results. From many centuries, fungi 
are used for many beneficial purposes such as applications of fungi as 
a biopesticides, as biological control agents, decomposers, biofuel pro-
duction and in other industries. In near future, new ideas and hypothesis 
will emerge which will further help in developing the fungi capabilities as 
beneficial organism. Genetic and proteomic studies are expected to be the 
main tool for the future development of fungal studies.
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