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Abstract
Trichoderma species are ubiquitous soil saprotrophs and well-characterized biological
control agents. Certain strains have also been shown to stimulate plant growth through the
production of bioactive secondary metabolites, and are therefore receiving increased
attention as natural plant growth stimulants. Previous research at the University of Exeter
(Ryder et al. (2012) Microbiology 158, 84-97) has shown that the Plant Growth Promotion
activity of a biocontrol strain of Trichoderma hamatum (strain GD12) can be dramatically
enhanced by targeted mutation of the N-acetyl-β-D-glucosaminidase-encoding gene nag.
However, due to the loss in chitinase activities, the mutant (ΔThnag::hph) displays loss of
saprotrophic competitiveness and reduced fitness as a biocontrol agent.
We set out to investigate how we can use genetic manipulation to improve strain GD12 in
the context of biological control and plant growth promotion. We approached this by firstly
sequencing the whole genome of GD12 and then using the information available from this
to produce a targeted deletion mutant in the GD12 background disrupting one of the most
down regulated proteins in the ΔThnag::hph, a branched chain amino acid transaminase
(bcat), implicated in the production of secondary metabolites. Secondly, we aimed to
engineer hyper-secretion and enhanced PGP activities in GD12 without impairing
biocontrol activity. Over-expression of the S. cerevisiae gene dolichol-phosphate mannose
synthase (dpm1) in T. reesei leads to altered cell wall architecture and increased secretory
potential. Using the constitutive promoter ToxA, we over-expressed the dpm1 gene in T.
hamatum GD12 and assessed its effects on the biocontrol and PGP activities of the fungus.
The data presented herein, shows, that bcat deletion in T. hamatum GD12 results in a
detrimental effect of germination of lettuce seedlings grown in the presence of
∆Thbcat::hph. We show that single copy insertions of ToxA-dpm1 leads to improved PGP
activities, while biocontrol fitness is unaffected. However, while multiple copy insertions
similarly lead to enhanced PGP, such strains display impaired biocontrol of soil-borne
pathogens such as the plurivorous damping-off pathogen Sclerotinia sclerotiorum. This
work demonstrates that while significant improvements in crop productivity can be
achieved through genetic modification of the beneficial rhizosphere fungus T. hamatum
GD12, it can have important consequences for other aspects of its biology and ecology and
competence as a soil-borne microorganism.
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Chapter 1. General Introduction
1.0 Summary
Unsustainable demands are being placed on agriculture to deliver safe, healthy and
nutritious food to feed the expanding human population. Historically, the practices of
intensive monoculture, and the use of plant breeding to enhance the desirable
characteristics of crops (lodging resistance, improved water and nutrient utilisation),
have been exploited to meet these demands, but the dramatic increases in yields
witnessed during the Green Revolution of the 1960s (Pingali, 2012) are unlikely to meet
our future needs. Additional pressures on food production such as existing and
emerging pathogens (Anderson et al., 2004; Gurr et al., 2011), soil erosion
(Montgomery, 2007), reduced water and nutrient availability (Powlson et al., 2011;
Sauer et al., 2010), climate change (Schmidhuber and Tubiello, 2007), and competition
for available land from other sectors such as house building and biofuels (Harvey and
Pilgrim, 2011), will add further pressure on agricultural systems.
Early improvements in agricultural productivity harnessed natural methods to replenish
soil nutrients lost during crop production. An example of this is the traditional ‘slash
and burn’ technique used in subsistence agriculture which, under low levels of demand,
requires no external inputs for crop growth, relying on the ash from burned plant
material as the source of nutrients for crop growth. However, mismanagement of this
system leads to rapid exhaustion of soil fertility leading to rapid reductions in crop
productivity and soil erosion (Kleinman et. al., 1995; Juo and Manu, 1996).
To maintain soil fertility in modern agricultural systems, exogenous sources of essential
nutrients are required in the form of fossil-fuel fertilisers and, to prevent yield losses
from pests and pathogens, intervention with pesticides is also required. The spiraling
costs of energy intensive agriculture and pressures to reduce the use of environmentallydamaging chemicals means that alternative, sustainable, strategies are needed to
12

maintain food production. Research focus has, once again, turned to strategies to further
improve crop yields, such as the 20:20 wheat programme championed by Rothamsted
Research (Moloney, 2012). This aims to maximise yield potential by concentrating on
genotype quality to improve total crop biomass and grain yield through improved
photosynthetic efficiency, altered canopy and root architecture, modified seed
development and enhanced nutrient utilisation efficiency. This will be introduced
through breeding, exploitation of novel germplasm, transgenesis and other forms of
genome remodeling.
Genetic modification of crop plants holds enormous potential for improving crop yields
through engineered resistance to pests and pathogens, drought tolerance and increased
nutritional quality. However, development and testing of GM crops has drawn huge
criticism from lobby groups and from the general public, illustrated by the recent
demonstration against Rothamsted’s field trials of GM Wheat (Malik, 2012).
Alternative avenues to improve crop productivity other than genetic modification are
starting to receive increased attention. One of these is harnessing the beneficial
properties of soil microbes including the biological control of root pathogens and plantgrowth-promotion by rhizosphere-competent fungi. Certain groups of soil microbes,
such as symbiotic nitrogen-fixing bacteria and mycorrhizal fungi, have long been
known to benefit plant growth by promoting nutrient and water acquisition. The
beneficial properties of free-living saprotrophic organisms is less well studied, with the
notable exception of biological control of root-infecting pathogens by Trichoderma
species. However, there is a growing body of evidence to show that free-living fungi
such as Trichoderma harzianum contribute to the productivity of plants by directly
stimulating plant development (Kleifeld and Chet, 1992), though the mechanisms
underlying the plant-growth-promotion phenomenon (PGP) are largely unexplored. The
purpose of this thesis is to investigate the dual attributes of PGP and biocontrol
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demonstrated by the soil fungus T. hamatum GD12 (Ryder et al., 2012) and to
investigate the molecular mechanisms through which these beneficial properties can be
enhanced.

1.1 Pressure on modern agricultural systems
Approximately 1.5 billion Ha of the world’s 13.4 billion Ha is currently used for arable
production. While this figure has remained relatively stable for a number of years with
only a 4.2% increase in the last 30 years, crop yields per Ha have increased by 63%
during the same period (FAO, 2003). This increase in the 20th century is mainly due to
the intensification of agriculture through the use of synthetic nitrogen fertilizers and
pesticides which has increased 7 fold and 3 fold respectively in the last 40 years (Fox,
2007). This has resulted in a 400 kcal increase in food consumption per capita between
1969-1971 and 1999-2001 with an estimated world average of 2800 Kcal consumption
per day (Kearney, 2010; Alexandratos, 2006; FAO, 1999). However, there is a large
imbalance in the distribution of food. Globally, FAO statistics show that 13 % of the
world’s population was considered undernourished between 2006 and 2008. Although
this

figure

has

declined

from

1990/1992

figures,

which

predicted

16%

undernourishment of the total population, this still represents approximately 800 million
people who are living on less than the minimum recommendation of 1800 calories per
day (FAO, 2003). Rising population in countries where food per capita is low, places a
considerable pressure on agriculture to increase yield in land available for agriculture.
By 2050, the world’s human population is predicted to reach 9.3 billion, increasing to
over 10.1 billion in 2100. These predictions are made based on the medium variant of
fertility levels. Change in these levels based on high or low fertility levels would result
in accelerated or reduced population growth respectively. In the context of food
production, current population levels are already applying a considerable amount of
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pressure on land used for agriculture. Other factors that have relevant impacts include:
(1) Climate change – expected to result in a global increase in temperature of 4°C by
2080. This will affect the hydrological cycle making some areas hotter and dryer and
increasing rainfall in others changing the amount of water availability and resulting in
more extreme drought and flooding; (2) Soil – the state of much of the world’s soil is
unsuitable for agricultural use and current agricultural practices already depend on high
inputs of synthetic N, P and K fertilisers. If we are to retain high yields from current
crops, alternative and sustainable agricultural technologies need to be developed to
avoid the loss of ecosystems (Krattager, 1998).

1.2 Economic impact of fungal plant pathogens
The twelve most economically important crops (as defined by the FAO, 2010) are rice,
wheat, soybean, maize, sugar cane, tomatoes, potatoes, vegetables, grapes, cotton,
apples, and bananas. All of these are susceptible to plant pathogens, weeds and pests
and, as a result, significant losses pre- and post-harvest result. For example, in wheat,
annual losses to pathogens are estimated at 29% (Oerke and Dehne, 2004). Viruses,
bacteria, oomycetes, nematodes and parasitic plants all have an economic impact on
crop production, but fungi are considered one of the most important groups of
organisms that threaten global food security.

1.3 Kingdom Fungi
Early versions of the tree of life have been subject to many revisions and variations
depending on the use of different methods of analysis and datasets (Williams et al.,
2011). Earlier versions used morphological characteristics to define evolutionary
relationships. However, more recently, the application of phylogenomics has resulted in
further revisions of the tree (Woese, Kandler, & Wheelis, 1990).
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Current versions of the tree have retained the three domains and places the Kingdom
Fungi in the Eukarya, which itself makes up one of the three main domains alongside
Archea and Bacteria (Woese et al., 1990). Although formerly considered to be more
closely related to plants because of a similarity in morphology, fungi are now
represented in a clade of their own in the Eukarya (Whittaker, 1969), and within this
domain is one of six sub-kingdoms, the Eumycota (true fungi). It is estimated that there
are likely to be upwards of 1.5 M species of fungi represented in the Eumycota, of
which around 120,000 species have been described (Hawksworth, 2001). Fungi are
generally defined by a number of characteristics which relate to their ability to survive
and proliferate in a variety of habitats. They have positive environmental impacts
including nutrient cycling through the decomposition of organic matter, display
important beneficial properties that have been exploited in agriculture, biotechnology,
medicine, and, as model organisms, are fundamental for biological research (May et al.,
1997). They also have significant detrimental impacts as pathogens of mammals and
plants, which in turn impacts on food production.
The Eumycota is made up of four main phyla, the Chytridiomycota, Zygomycota,
Ascomycota, and Basidomycota (Webster, 2007). Some literature represents additional
phyla, in one case eradicating the zygomycetes and distributing them among the other
phyla (Stajich, 2007; Kwon-chung, 2012), but for the purposes of this thesis only the
four main phyla are discussed. Pathogens occur in all four fungal phyla, the lifecycles of
each characterising their ability to infect, colonise and parasitize or kill the host.
Chytridiomycota are found naturally in soil, mud and aquatic environments. Most exist
as saprotrophs, breaking down cellulose, chitin and keratin as primary substrates. Their
reproduction occurs mainly by zoospores and they are characterised by a single
posterior flagellum that allows motility of cells. It is this morphological characteristic
that originally resulted in members of the phyla being placed in the protist group. The
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saprotrophic lifestyle is represented by secretion of extracellular proteolytic enzymes
and the parasitic by the ability for the fungus to penetrate host cell walls (Money et al.,
2004, Krarup et al., 1994). Some chytrids are mycoparasites of mycelia and conidia of
terrestrial fungi and some are biotrophic parasites of filamentous algae and diatoms
(Ibelings et al., 2004). A serious disease of potato is caused by the obligate parasite
Synchytrium endobioticum (Van den Boogert et al., 2005) Chytrid parasites of
vertebrates are rare and only two been reported. The emerging pathogen
Batrachochytrium dendrobatidis, which was identified in the late 1990s, has received a
great deal of recent interest as a consequence of the devastating effect it is having on
amphibian populations (reviewed by Fisher et al., 1999, Rosenblum et al., 2010).

The Zygomycota is one of the most ancient phyla and is generally accepted to have
diverged from chytridiomycota early in terrestrial life and gave rise to the Ascomycota
and Basidiomycota. The lifecycle of the Zygomycota encompasses both sexual
reproduction, through the production of gametangia, and asexual reproduction, which
occurs through the production of asexual aplanospores or sporangiospores which rely on
wind, water or insects for dispersal as they contain no motile stage. Zygomycetes are
considered to be ubiquitous in soil where they exist for the most part saprotrophically.
Some genera of the zygomycota contain the arbuscular mycorrhizal fungi which have
important interactions with plants. However, this phylum also contains some important
pathogens of plants, animals and insects. Rhizopus stolonifer is the causative agent of
post harvest soft rot in a variety of fruit and vegetables, resulting in considerable
economic losses.
The Ascomycota are the largest group of fungi and comprise a huge variety of
pathogens, including the potato pathogen Colletotrichum coccodes, and the largely
beneficial fungus Trichoderma hamatum, the latter of which is the focus of this thesis.
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Asexual reproduction occurs through the production and germination of asexual conidia
(Aqeel et al., 2008; Steyaert et al., 2010). In some species of Trichoderma, however,
mating types have been identified and sexual teleomorphic stages (Hypocrea spp.) have
been identified (Seidl et al., 2009, Chaverri and Samuels, 2003). Ascomycetes
reproduce sexually by the production of sexual ascospores in a sac, the ascus, from
which the phylum derives its name. There is a large range of lifestyles among this genus
including saprotrophs, necrotrophs, and biotropic parasites of plants and animals. Fungi
in this phylum display unicellular (yeast), hyphal (filamentous) or dimorphic (yeast)
growth. There are many economically important pathogens within this group, such as
the rice blast pathogen Magnaporthe oryzae (Zeigler, 2007).

The Basidiomycota include important pathogens of wheat and corn, the smut and rust
fungi, as well as easily recognisable fruiting bodies known as mushrooms and
toadstools. A large number of basidiomycetes play important ecological roles in nutrient
cycling, facilitating the decay and recycling of organic matter in terrestrial ecosystems.

1.4 Ecological interactions in soil ecosystems
Soil ecosystems encompass interactions between plants, microbes and soil. Fungi have
an important role in the decomposition of plant material and nutrient cycling (Berendse
et al., 1989; Hawkes, 2003; Ingham et al. 1985). Fungi have diverse lifestyles and in
some cases beneficial relationships between organisms can occur. Fungi can survive in
soil as either free-living saprotrophs or as mycorrhiza, the latter group forming intimate
associations with plant roots, allowing certain families of land plants to form beneficial
symbiotic relationships. The mycorrhiza are considered to be key contributors in the
colonisation of plants on land (Pirozynski and Malloch, 1975), giving plants a
nutritional advantage by improving mineral and water utilisation by the root via an
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increased surface area of hyphae, In return, the benefit for the fungus is a source of
carbohydrates produced by the plant (Leake et al., 2004).
Mycorrhizal fungi are divided into groups based on their characteristics. The main
groups are the ectomycorrhiza and the endomycorrhiza, distinguished by their
interactions with the plant root. Endomycorrhiza penetrate the plant and colonise the
healthy tissue whereas ectomycorrhiza form a sheath around the plant root colonising
the intracellular space creating a network of hyphae known as the Hartig net which does
not penetrate the cells. (Bolan, 1991). Endomycorrhiza can be further divided into six
groups which are differentiated by the presence or absence of a combination of
characteristics including presence of hyphal septation, fungal mantle, Hartig net, and the
fungal and plant taxa in which they fall and have associations with respectively (Smith
& Read, 2008).
To facilitate nutrient acquisition, mycorrhiza secrete an array of extracellular enzymes
that allow them to degrade complex organic compounds releasing sugars and minerals
for plant nutrition. One of these, chitin, is the second most abundant biopolymer on the
planet (Stryer, 1994) and low pH, nutrient-poor, soils with a high humus content contain
a significant pool of nitrogen sequestered in chitooligosaccharide polymers of plant and
fungal origin (Kerley & Read, 1998). The release of nitrogen-containing N-acetyl-ß-Dglucosamine subunits from the terminal non-reducing ends of soil chitin through the
chitinolytic activities of ectomycorrhiza has been demonstrated (Kerley & Read, 1995,
1998; Leake & Read, 1990) and the fungal exo-chitinase, N-acetyl-ß-D-glucosamine
(EC3.2.1.52), has been shown to be a key biological catalyst in the de-polymerisation
process (Lindahl & Taylor, 2004), releasing sequestered nitrogen for assimilation by
fungi and subsequent transfer to host plants (Read & Perez-Moreno, 2003).
Despite their importance as decomposers of soil organic matter, little attention has been
paid to the nutritional chitinolytic activity of free-living soil saprotrophic fungi and yet
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their abundance is correlated to N-acetyl-ß-D-glucosamine activities in soil (Miller et
al., 1998; Parham & Deng, 2000). Trichoderma species are well-characterized
producers of extracellular chitinolytic enzymes (Bruce et al., 1995; Brunner et al., 2003;
Elad et al., 1982; Lorito, 1998; Viterbo et al., 2004). Consequently, it was hypothesised
that the plant-growth-promotion (PGP) properties of T. hamatum GD12 observed in
acidic, nutrient-poor organic peat soils (Thornton, 2008) might occur through the
enzymatic release of nitrogen from plant and fungal N-acetyl-ß-D-glucosamine. To test
this hypothesis, Ryder et al., (2012) disrupted N-acetyl-ß-D-glucosamine production by
insertional mutagenesis of the corresponding gene and found, contrary to expectations,
that enzyme inactivity significantly enhanced the PGP activities of the fungus. They
provided immunological and cytochemical evidence for altered cell wall architecture
and hyper-secretion as a result of this single gene disruption, concomitant with
enhanced PGP by water-soluble bioactive compounds. When considered together, their
results demonstrated that manipulation of the secretory pathway of a beneficial plantgrowth-promoting and biocontrol strain of T. hamatum had profound consequences for
increasing crop productivity in a sustainable manner.

1.5 Secretion by filamentous fungi.
Filamentous fungi secrete copious amounts of proteins, metabolites and organic acids
(Conesa et al., 2001). Secretion pathways have been studied extensively in the
filamentous fungi Aspergillus niger, A. oryzae, A. nidulans, and Trichodema reesei, and
in the yeast Saccharomyces cerevisiae (Nevalaine et al., 2005, Geysens et al., 2009).
Our understanding of the genetic and molecular basis of secretion, has enabled us to
exploit this process to produce heterologous proteins. Since the processes of plantgrowth-promotion and biological control by fungi have been shown to involve the
secretion of extracellular enzymes and secondary metabolites (Bailey & Lumsden 1998;
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Harman et al., 2004), the use of molecular genetics to manipulate the secretory potential
of these organisms may allow the development of strains with improved biocontrol and
PGP activities.
The secretion pathways in filamentous fungi share important physical components with
higher Eukaryotes and yeasts. Organelles such as the Endoplasmic Reticulum (ER),
Golgi apparatus and vesicles are common to all Eukaryotic organisms. However, hyphal
growth and elevated levels of secretion from vesicles containing proteins in a post
translational state at the Spïtzenkorper, are characteristics of filamentous fungi. Geysens
et al. (2009) describes over 100 proteins involved in the secretory pathways of A. niger
and A. nidulans, including those involved in protein folding, protein glycosylation and
quality control.
Secretory proteins are synthesized on ribosomes and then translocated to the ER.
Endoplasmic Reticulum membranes contain the enzymes which are crucial to the posttranslation modification of proteins, for instance, dolichol-dependent protein
glycosylation. In the lumen of the ER, proteins are subjected to Protein Disulfide
Isomerase (PDI)(Freedman et al., 1994), PPI (Cohen and Cohen, 1989), and chaperones
similar to the yeast Kar2 enzymes BIP (Rose et al. 1989). These result in N- and Olinked glycosylation, disulphide bond linkage and structural rearrangements such as
subunit assembly. Coated Vesicles transfer the proteins from the ER to the Golgi
apparatus. The gene SAR which encodes for a GTPase is integral to this process, but the
specific transport mechanism has yet to be fully elucidated (Huang, 2001). Further posttranslational modifications may occur before secretion, such as O-mannosylation
(Krewzewska et al., 1989), or the cleavage of secretory proteins (Goller et al., 1998).
From the Golgi, contents are transferred in vesicles to the vacuoles or plasma
membrane. Kurzatkowski et al. (1996) describes the process of secretion in
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Trichoderma, in which the secretory vesicles fuse with the plasma, allowing the
contents to be released into the periplasmic space.

1.6 Genetic manipulation of protein secretion
In Saccharomyces cerevisiae, the secretory capacity for single chain antibody fragments
was successfully increased by over-expressing BIP and PDI (Shusta et al., 1998).
However, overexpression of PDI in Chinese Hamster Ovary cells, in an attempt to over
express Interleukins and Tumor Necrosis Factor, resulted in an increased retention of
the protein in the cell rather than secretion (Davis et al., 2000), highlighting differences
in eukaryotic protein secretion processes. As cellulases and endoglucanases have
important applications in industry, there has been considerable interest in mutating
strains to hyper-secrete cellulose degrading enzymes (Bailey and Nevalainen, 1981).
Specific enzymes have particular applications that can be exploited (Van Tilbeurgh et
al. 1986), and so it is important to target specific genes for overexpression, rather than
wholesale overexpression of protein–encoding genes. Recent techniques have allowed
us to specifically target and over-express the proteins of the cellulolytic pathways to
increase enzyme production by increasing copy numbers of heterologous or
homologous genes, or by expressing the gene under an alternative promoter. In T.
reesei, the production of EGI (an endoglucanase) was increased by expressing the gene
eg1 under the cb1 promoter (Karhunen et al. 1993). A similar approach was taken when
EGII was overexpressed in T. reesei by replacing the cb1 and cb2 loci of the genes with
EGI and EGII respectively. Using this method, a higher secretion of the desired protein
was achieved with less contamination from other proteins (cellobiohydrolases)
(Miettinen-Oinonen, 2002).
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1.7 Trichoderma
Trichoderma species are a genus of Ascomycete fungi which have attracted sustained
academic and industrial interest as organisms that increase plant biomass under low
nutrient conditions and/or to can be used as biological control agents of root infecting
pathogens (Elad, 2000; Harman, 2006). Trichoderma species are recognised for their
prolific secretion of enzymes and it is this property that has resulted in their exploitation
within the textile and paper industries. The basis of these exploitable characteristics is a
consequence of the natural saprotrophic lifestyle of Trichoderma spp. They are
frequently found in habitats such as soils and on decaying vegetative matter where they
can utilise complex substrates such as chitin and cellulose through the secretion of
extracellular hydrolytic and oxidative enzymes.

1.7.1 Pathogenicity
Pathogenicity of Trichoderma strains to cultivated mushrooms is well documented
(Komoń-Zelazowska Hatvani et al. 2007, Chen et al., 1999). As an emerging human
pathogen, infections by T. longibrachiatum have also been reported in humans in
immunocompromised humans (Groll and Walsh, 2001) such as solid organ transplant
recipients (Richter et al., 1999, Furukawa et al., 1998, Chouaki et al., 2002), and
individuals with aplastic anemia (Munoz et al., 1997) and lymphoma (Myoken et al.,
2002).

1.7.2 Exploitation of Trichoderma
Trichoderma species are easy to grow in axenic culture, are abundant secretors of
enzymes, and are genetically tractable, making them desirable as organisms for
industrial exploitation. For example, the ‘stonewashed’ appearance of jeans is achieved
with Trichoderma cellulases acquired from secreted exudate of the growing fungus,
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resulting in a worn look to denim, a process known as ‘biostoning’ (Miettinen-Oinonen
2002). Textiles can also be softened with the cellulases (Pere, 2001).
In the pulp and paper industries, Trichoderma cellulases replace mechanical pulping
which reduces energy costs. Treatment with cellulases also increases the bleachability
of pulps by acting as a brightener (Kuhad et al., 2011). In agriculture, cellulases are
used for improvement of animal feed quality (Kuhad et al., 2011, Giraldo et al., 2007,
Yu et al., 2005), and for the conversion of cellulose materials to bioethanol fuels
(Kuhad et al., 2011).

1.7.3 Morphology
Trichoderma has a distinctive morphology characterised by rapid growth, bright green
or white conidial pigments and repetitively branched but poorly defined conidiophore
structures (Gams and Bisset, 1998). Trichoderma hamatum is a member of Section
Pachybasium that contains twelve species of Trichoderma. The members of this group
are morphologically similar, but paraphyletic (Kindermann et al. 1998), with green
conidia and elongated fertile or sterile conidiophores that develop from compact
pustules branching in a pyramidal pattern. Phialides are short and swollen and produced
in verticles of 2-7 (Chaverri and Samuels, 2003). Trichoderma hamatum can be defined
within this genus as having moderately rapid growth compared to other Trichoderma
species, reaching up to 6 cm after 4 days on 2% malt extract agar (Gams and Bisset,
1998).

1.7.4 Life cycle and taxonomy
Trichoderma species are considered ubiquitous but, due to their saprotrophic lifestyle,
are found predominantly on decaying wood and in soil. Members of the genus
Trichoderma are asexual ascomycetes, and for some strains, a teleomorph has been
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identified in the genus Hypocrea. Taxonomy of the fungus has remained unclear since
the first species was described by Persoon in 1794 (Schuster and Schmoll, 2010)
Modern molecular taxonomy has contributed to the most recent revisions of the genus.
The most recent reviews of Trichoderma taxonomy have named 104 species based on
the ITS1 and ITS2 sequences (International Sub-commission on Trichoderma/Hypocrea
(http://www.isth.info/biodiversity/index.php). Druzhinia, (2006) presented a taxonomy
based on NCBI GenBank and taxonomy browser entries with 85 species classified into
14 clades, and acknowledging 24 species names which are, at present, either outdated or
unpublished.

1.7.5 Biological control by Trichoderma species
The use of chemical fungicides has become the primary method of disease control
against crop pathogens. While in the short term they prevent yield loss from disease, in
the long term the negative effects of the use of chemical control methods include
damage and pollution to the environment, and development of resistant strains (Naseby,
2004). Ainsworth (1973) defines biological control as “the use of one or more
organisms (agents) to maintain another organism (pest) at a level at which it is no longer
a problem.” Some Trichoderma species have the capacity to control soil-borne plant
pathogens, and soils with disease suppressive properties were found to consistently
contain Trichoderma species, which could be isolated and introduced into other soils
(Chet, 1981).
Biological control activity by Trichoderma species requires a number of indirect and
direct interactions with the pathogen, the combination of these mechanisms resulting in
death or reduction in biomass of the pathogen with consequent suppression of plant
infection and disease (Vinale, 2008).
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1.7.6 Indirect and direct mechanisms of biocontrol
Competition with pathogens is an important part of biological control, either for
nutrients (Sivan and Chet, 1989; Benitez, 2004) or space (Gullino, 1992). Trichoderma
species are able to tolerate high levels of many toxic compounds, allowing them to
proliferate in the presence of other microorganisms due to the action of ATP-Binding
cassettes (ABC Transporters)(Ruocco et al., 2008).
Indirect, pre-contact events comprise the release of cell wall degrading enzymes
(CWDEs) (Dennis and Webster, 1971; Claydon et al., 1987; Schirmböck et al., 1994;
Lorito et al., 1996; Zeilinger, 2006), that hydrolyse the host cell wall, releasing low
molecular weight degradation products that, in turn, activate the ‘mycoparasitic gene
expression cascade’ (Vinale et al., 2008). Recognition of degradation molecules induces
expression of genes which in turn results in the production of secondary metabolites
including antibiotics and fungitoxic CWDE (Harman et al., 2004).
Direct contact then occurs, with some Trichoderma strains coiling around the host
hyphae with additional weakening of the pathogen cell wall by CWDEs. This
weakening allows the Trichoderma hyphae to enter with the aid of appressorium-like
structures with subsequent utilisation the host’s cellular contents for nutrition (Zeilinger
et al., 2006).
Recent work has shown that regulation of pathogenicity-related genes occurs through
intracellular signal transduction pathways stimulated by recognition of external signals
by G protein coupled receptors. Elucidation of the role of these proteins has established
a vital role in the biological control process (Reithner et al., 2005; Rocha-Ramirez et
al., 2002, Zeilinger et al., 2005). Silencing of the gpr1 gene resulted a complete lack of
pathogenicity in T. atroviride linking gpr1 activity to attachment of T. atroviride to host
hyphae, inducing expression of mycoparasitism related genes, and a deficiency in
attacking and lysing host fungi (Omann et al., 2012).
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1.7.7 Systemic Acquired Resistance
Systemic acquired resistance occurs in plants when signal transduction pathways are
triggered in response to the formation of a necrotic lesion as a consequence of the
infection of the plant by a pathogen or a hypersensitive reaction (Ryals et al., 1996).
The signal transduction pathway results in induction of plant defence responses across
the whole plant, thereby protecting it from further infection. Instances of Trichodermainduced SAR in plants has been documented. Meyer et al., (1998) demonstrated this
through studies in pepper, tomato, lettuce, tobacco and bean by T. harzianum strain
T39. The biological control agent was administered either as a soil inoculant or at areas
of the plant spatially separated to the inoculation sites of the pathogen, Botrytis cinerea,
which resulted in a reduction in infection. There are numerous further examples of the
SAR phenomenon occurring across several species of plant with different pathogens
and Trichoderma strains (Ahmed, 2000; De Meyer et al., 1998; Howell et al., 2000;
Harman et al., 2004, Yedida et al., 2003).
Despite extensive studies using Arabidopsis thaliana as a model organism, full details
of the molecular mechanisms underlying SAR have yet to be elucidated. SAR is known
to be induced through contact of a plant with pathogenic and non-pathogenic
microorganisms, such as Trichoderma spp. Gene expression is mediated by signalling
molecules, which induce changes in the plant resulting in protection against pathogens.
Major components of this system are salicyclic acid (SA) and reactive oxygen species
(ROS) which result in pathogenesis-related (PR) gene expression (Kitajima and Sato,
1999). These signals result in plant defence responses which protect against potential
pathogens.
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1.7.8 Plant-Growth-Promotion
Plant-growth-promotion has been shown to occur in the presence of some Trichoderma
species (Chun, 1986; Ousley et al., 1994). Plant-growth-promotion can be unpredictable
and its success depends on many environmental factors (Ousley, 1993; Maplestone,
1991). The mechanisms for PGP are thought to arise from direct effects on plants,
decreased activity of microflora, and inactivated toxic compounds in the root zone
(Harman et al., 2004). Trichoderma species can also enhance resistance to
environmental stresses such as drought, salinity and extremes in temperature (Bae,
2009, Shoresh 2010). Although the mechanisms underlying Trichoderma PGP are not
fully understood, there is the potential for Trichoderma species to be used as
‘biofertilisers’ to facilitate reductions in chemical fertiliser usage.

1.8 Introduction to current study
Previous research at Exeter University (Ryder et al., (2012)) had shown that the PGP
activity of a biocontrol strain of T. hamatum (strain GD12) could be dramatically
enhanced by targeted mutation of the N-acetyl-β-D-glucosaminidase-encoding gene
NAG. The chitinase-deficient mutant ΔThnag::hph has an altered cell wall structure,
with abnormal chitin deposition at the hyphal tip, and hyper-secretes water-soluble PGP
compounds that leads to dramatically increased PGP activity in the absence of root
pathogens. However, due to the loss in chitinase activities, ΔThnag::hph displays loss of
saprotrophic competitiveness and reduced fitness as a biocontrol agent.
In Chapter 3 of this thesis, I use Illumina technology to sequence the ~40MB genome of
T. hamatum GD12, and show how the genome can be exploited to generate gene
knockouts of the fungus, using a gene encoding a branched-chain amino acid transferase
(BCAT), an enzyme down-regulated in the chitinase-deficient mutant ΔThnag::hph, as
an example. In Chapter 4 of this thesis, I set out to investigate whether hyper-secretion
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and enhanced PGP activities can be engineered in GD12 without impairing biocontrol
activity. Over-expression of the S. cerevisiae gene Dolichol-phosphate mannose
synthase (DPM1) in T. reesei leads to altered cell wall architecture and increased
secretory potential. Using the constitutive promoter ToxA, I over-express the DPM1
gene in T. hamatum GD12 and assess its affects on the biocontrol and PGP activities of
the fungus. Sequencing of DPM1 overexpression mutants then allowed me to
investigate the regions of integration in the T. hamatum genome, and its consequences
for biocontrol and PGP in laboratory-based microcosms.
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2. General Materials and Methods

2.1 Fungal Cultures and Media
Trichoderma hamatum strains were cultured on V8 agar (200 ml V8; 800 ml dH2O; 10
g glucose; 20 g agar). For liquid cultures, T. hamatum spores, at a concentration of 1 x
106 ml-1, or 5 x 3 mm agar plugs, taken from the leading edge of V8 cultures, were
inoculated into 250 ml conical flasks containing 100 ml of Potato Dextrose Broth
(PDB; 24 g PDB/L dH2O) or 100 ml Vogel’s liquid medium (Sandhu and Kalra, 1982),
containing (per L) 20 ml Vogel’s salts solution (31.25 g C6H5Na3O7.2H2O, 31.25 g
K2HPO4, 25 g NH4NO3 2.5 g MgSO4.7H2O, 1.25 g CaCl2, 250 ml dH2O), 1 ml Vogel’s
vitamin solution (0.5 mg biotin, 200 mg inositol, 20 mg calcium pantothenate, 20 mg
pyridoxin hydrochloride, 20 mg thiamine, 100 ml dH2O), 1 ml Reese and Mandel’s
trace elements (5 ml conc. HCl, 4.68 g FeSO4.7H2O, 0.98 g MnSO4.4H2O, 1.76 g
ZnSO4.7H2O, 1.83 g CoCl2.6H2O, 95 ml dH2O), 1 g peptone, 10 g glucose, and 978 ml
distilled H2O. The pH was adjusted to pH 5.5. All media were autoclaved at 121oC for
15 min prior to use.

Stocks of fungi were maintained on Potato Dextrose Agar (PDA) (Sigma), slopes at
26°C under a fluorescent light regime of 16 h light and 8 h darkness. Strains carrying
selectable markers were single spore isolated and routinely passaged through media
containing the appropriate selection to ensure stability.
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2.2 Nucleic acid analysis
2.2.1 Fungal genomic DNA extraction

Trichoderma genomic DNA extraction was modified from the procedure of Raeder and
Broda (1985). Liquid cultures of T. hamatum were generated by inoculating 100 ml of
Vogel’s liquid medium with 20 ml of a dH2O suspension of phialoconidia prepared
from 2-week-old V8 Petri dish cultures to a final concentration of 106 mL-1. The
cultures were shaken at 125 rpm for 72 hrs at 26°C on an orbital shaker (New
Brunswick scientific) until colonies of mycelium had formed.

The resulting fungal biomass was harvested by filtration through sterile Miracloth
(Calbiochem), washed with sterile dH2O, and blotted dry with paper towel. Samples
were snap frozen in liquid nitrogen and placed in a chilled sterile mortar. Samples were
ground into a fine powder in liquid nitrogen and the powder was placed in a sterile
Eppendorf containing 1 ml of SDS buffer (SDS 1%, EDTA 0.025M pH 8.0, NaCl
0.25M, Tris-HCl 0.2M) and incubated at 65°C for 30 min with occasional shaking.
Following centrifugation at 17,000 x g for 10 min using a microfuge (IEC, Micromax),
the supernatants were transferred to new tubes containing 700µl phenol, followed by
vortexing and centrifugation at 17,000 x g . The supernatant was transferred to a fresh
tube and 700 µl phenol:chloroform was added. This was procedure was repeated with
700 µl chloroform:pentanol (24:1 vol/vol) and the supernatant decanted into a fresh
tube. The supernatant was removed and an equal volume of ice-cold isopropanol was
gently added to precipitate the nucleic acid. The tubes were incubated on ice for 5 min
and the DNA recovered by centrifugation for 10 min 17,000 x g. The supernatant was
discarded and 500 µl ice cold 70% ethanol was added and the samples re-centrifuged.
The supernatant was discarded and tubes were inverted on paper towel for 15 min. The
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pellets were re-suspended in 30 µl TE (10 mM Tris, 1 mM EDTA (pH 8.0)) with 2 µl
RNase and stored at -20 °C or -4°C. The quality and quantity of the DNA was
established on a Nanodrop spectrophotometer (Thermo scientific) and also by using gel
electrophoresis.

2.2.2 DNA manipulations
2.2.2.1 Digestion of genomic or plasmid DNA with restriction enzymes
Restriction endonucleases were routinely obtained from Promega UK Ltd.
(Southampton, UK) or New England Biolabs (Hitchin, UK). DNA digestion was carried
out using buffer solutions provided by the manufacturer. 0.2-1 µg DNA and 2-10 units
of enzyme in a total volume of 30 µl were incubated at the optimum temperature for 2-4
h. For Southern blot analysis, 10 µg DNA and 20 units of enzyme in a total volume of
50 µl were incubated at 37°C overnight.

2.2.2.2 Amplification of DNA by Polymerase Chain Reaction (PCR)
Standard PCR reactions were carried in an Applied Biosystems GeneAmp® PCR
system 2400 cycler using GoTaq® Flexi DNA polymerase (Promega). Unless otherwise
stated, each reaction contained the following components: 50 ng of template DNA,
GoTaq® Flexi DNA polymerase 5 x Colourless Flexi Reaction Buffer, 10 nM MgCl2,
100 nM of each dNTP, 1 µL of a 10 pM stock solution for each primer, 2.5 units of
GoTaq® Flexi DNA polymerase and made up to a final volume of 25 µL using sterile
H2O (Sigma).

2.2.2.3 DNA gel electrophoresis
DNA was fractionated by gel electrophoresis in 0.8% (w/v) agarose gel matrices in 1x
Tris-borate EDTA buffer (TBE; 0.09 M Tris-borate, 0.002 M EDTA), containing
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ethidium bromide (0.5 µg mL) to visualise the DNA. Unless otherwise stated, a 1-kb
plus ladder (Invitrogen) was used to standardise DNA fragment size. Gels were
typically run at 100V for 2h and photographed using a gel documentation system
(Image Master VDS) with a Fujifilm Thermal Imaging system (FTI-500, Phamacia
Biotech).

2.2.2.4 Gel purification of DNA fragments
DNA fragments were purified from agarose gels using Wizard SV Gel and PCR CleanUp Systems (Qiagen). The DNA was visualised using a UV transilluminator and
excised from the gel using a sterile razor blade and placed into a sterile Eppendorf tube.
The weight of agarose removed from the gel was determined and an equivalent volume
of membrane binding solution (4.5 M guanidine isothiocyanate, 0.5 M potassium
acetate, pH 5.0) was added. Samples were incubated at 65 °C and shaken occasionally
until the agarose had dissolved. Samples were then transferred to a SV Minicolumn held
in a 2 mL collection tube column and incubated at room temperature for 1 min prior to
centrifugation at 14,000 x g for 1 min, after which the flow-through was discarded and
the column returned to the collection tube. The column was washed with 700 µL of
membrane wash solution (10 mM potassium acetate (pH 5.0), 80% ethanol, 16.7 µM
EDTA, pH 8.0) and centrifugation for 1 min at 17,000 x g. The flow-through was
discarded and 500 µL of membrane wash solution added and centrifugation carried out
for a further 5 min at 17,000 x g. The flow through was discarded and the column
centrifuged for an additional min at 17,000 x g. The Wizard SV Minicolumn was placed
in a clean 1.5 mL microfuge tube, 30 µL of sterile water (Sigma) was added and, after 1
min of incubation at room temp, the column was centrifuged for 1 min at 17,000 x g.
The DNA solution was removed to a fresh tube and stored at -20 °C.
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2.2.2.5 Southern blot analysis

2.2.2.5.1 Membrane preparation
Blotting of agarose DNA gels was performed according to the procedure of Southern
(1975). Agarose gels containing fractionated DNA from genomic DNA digests were
submerged in HCl (0.25 M), for 15 min to de-purinate the fractionated DNA and then
denatured by immersing in denaturing solution (0.4 M NaOH 0.6M NaCl) for 30 min.
The gel was transferred to neutralisation buffer (1.5 M NaCl, 0.5M Tris-HCl, pH 7.5)
for 30 min before capillary blotting onto Hybond-N membrane (Amersham
Biosciences). Gel blots were performed by placing the inverted gel onto a sheet of filter
paper wick, which was supported on a perspex sheet with each end of the wick
submerged in 20 x SSPE solution (3.6M NaCl, 200mM H2NaO4P, 22mM EDTA). The
Hybond-N membrane was placed on the gel and overlaid with six layers of wet
Whatman 3 mm paper and six layers of dry Whatman 3 mm paper onto which a 10 cm
high pile of paper towels (Kimberley Clark Corporation) was placed. Finally, a 500 g
weight was placed on the stack and the blot was left to stand at room temperature
overnight. The transferred DNA was air-dried at room temperature and UV cross-linked
to the membrane using a BLX cross-linker (Bio-link®).

2.2.2.5.2 Radio-labelled DNA probe construction
DNA hybridisation probes were labelled by the random primer method (Feinberg &
Vogelstein, 1983) using a Ready-To-Go kit (Amersham Biosciences) according to the
manufacturer’s instructions. An 80 ng aliquot of DNA was made to a final volume of 47
µl in water. The sample was boiled for 5 min to denature the DNA and then rapidly
chilled on ice for 2 min. The tube was briefly subjected to centrifugation and the
contents were added to a Ready-To-Go reaction mix bead, containing buffer, dATP,
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dGTP,

dTTP,

FLPCpure™

Klenow

Fragment

(7-12

units)

and

random

oligodeoxyribonucleotides, primarily 9-mers. The reagents were mixed by gently
pipetting and 2 µl of [α-32P]dCTP (3,000 Ci/mmol) added. The labelling reaction was
then incubated at 37 °C for 10 min before being stopped by addition of 100 µl of
labelling stop dye (0.1% SDS, 60 mM EDTA, 0.5% bromophenol blue, 1.5% dextran).
Un-incorporated isotope was removed by passing the labelling reaction through a
Biogel P60 (Bio-Rad) column, and collecting the dextran blue-labelled fraction. The
probe was denatured by heating at 100 °C for 5 min and quenched on ice for 2 min,
before adding to the hybridisation mixture.

2.2.2.5.3 Hybridisation conditions
DNA gel blot hybridisations were performed using standard procedures (Sambrook et
al., 1989).

Blots were incubated in hybridisation bottles (Hybaid Ltd.) in a

hybridisation oven (Hybaid) for at least 4 h at 65 °C in 30 ml of pre-hybridisation
solution ((6 x SSPE diluted from a 20 x stock; NaCl, 3 M, H2NaO4P, 0.2 M, EDTA, 25
mM, adjusted to pH 7.4 with 10 M NaOH) 5 x Denhardt’s solution (diluted from a 50x
stock; 5 g Ficoll (type 400, Pharmacia), 5 g polyvinylpyrrolidone, in 500 ml double
distilled water), SDS, 0.5%)) with 200 µl denatured Herring sperm DNA (1% (w/v) in
NaCl, 0.1 M)(Sigma). A denatured radiolabelled probe was then added and the mixture
incubated overnight at 65 °C.

Following hybridisation, the blot was washed at high stringency. The pre-hybridisation
solution was removed along with any unbound probe and 30 ml of 2 x SSPE wash
(SDS, 0.1%, sodium pyrophosphate, 0.1%, 2 x SSPE (diluted from the 20 x SSPE
stock)(pH 7.4)) was added. The mixture was then incubated for 30 min at 65 °C. The
wash solution was removed and replaced with 30 ml of 0.2 x SSPE wash (SDS, 0.1%,
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sodium pyrophosphate 0.1%, 0.2 x SSPE, pH 7.4) and the blot again incubated for 30
min at 65 °C. The wash was discarded and the membrane dried for 30 min.
Autoradiography was carried out by exposure of membranes to X-ray film (Fuji medical
X-ray film, Fuji Photo Film (UK) Ltd.) at -80 °C in the presence of an intensifying
screen (Amersham). X-ray films were developed using an OPTIMAX X-Ray Film
Processor (Protec).

2.2.2.6 DNA Cloning Procedures
2.2.2.6.1 Preparation of competent cells
Stocks of laboratory-prepared transformation-competent cells were generated using a
protocol adapted from Sambrook et al., (1989). Single bacterial colonies were obtained
by streaking bacterial cells across a plate of LB (tryptone, 10 g L-1, yeast extract, 5 g L1

, sodium chloride, 10 g L-1, (pH 7.5), agar 18 g L-1) and incubating at 37 °C for 16 h. A

single colony was used to generate an overnight culture in 10 ml LB broth (37 °C, 200
rpm). A 2.5 ml aliquot of this culture was inoculated into 250 ml of SOC (tryptone, 20 g
L-1, yeast extract, 5 g L-1, NaCl, 8.6 mM, MgSO4, 10 mM, MgCl2, 10 mM) and this was
allowed to grow until an OD600 of 0.6 had been reached (Sambrook et al., 1989). The
culture was then transferred to a 50 ml Oakridge tube and incubated on ice for 10 min.
Cells were recovered by centrifugation at 2,510 x g (Beckman J2-MC, JS13.1 rotor) for
10 min at 4 °C. To each tube, 15 ml filter sterilised FSB (CH3CO2K, 10 mM (pH 7.5),
MnCl2·4H2O, 45 mM, CaCl2·2H2O, 10 mM, KCl, 100 mM, [Co(NH3)6]Cl3, 3 mM,
glycerol, 10% (pH 6.4)) was added and the cells re-suspended by gentle pipetting.
Samples were incubated on ice for 10 min and the centrifugation step repeated once.
The cells were then re-suspended in 4 ml FSB and DMSO was added to a final
concentration of 3.4% (v/v). The mixture was incubated on ice for 15 min and a further
volume of DMSO was added, to give a final concentration of 6.5% (v/v). The cells were
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then dispensed into 100 µl aliquots in pre-chilled eppendorf tubes. Samples were
immediately frozen by immersion in liquid nitrogen and stored at -80 °C.

2.2.2.6.2 DNA ligation and selection of recombinant clones
Ligation reactions were carried out in a total volume of 10 µl, using 10 x reaction buffer
(Tris-HCl, 300 mM (pH 7.8 at 25°C), MgCl2, 100 mM, dithiothreitol, 100 mM,
adenosine triphosphate, 10 mM)(Promega), T4 DNA ligase, 3 units (Promega), and
vector and insert DNA at a 1:3 molar ratio. Ligation reactions were incubated for 3 h at
room temperature. DNA fragments amplified by PCR and gel-purified, were cloned by
ligation into the pGEM-T vector (Promega). pGEM-T allows T:A cloning of PCR
fragments generated by certain thermostable DNA polymerases and facilitates the
selection of recombinant clones using α-complementation of lacZ (Sambrook et al.,
1989). Ligations into the pGEM-T vector were incubated overnight at 4 ºC. Both kits
include vectors with a lacZ' α-complementation cassette for blue-white screening of
recombinant clones. For StrataClone cloning reactions, 50 ng of insert DNA was added
to 3 µl StrataClone™ cloning buffer and 1 µl StrataClone™ vector mix in a total
volume of 6 µl. Reactions were incubated for 5 min at room temperature and then
placed on ice.

2.2.2.6.3 Transformation of bacterial hosts
Transformation was routinely carried out using Escherichia coli strain XL1 Blue
(Stratagene). XL1 has the genotype supE44 hsdR17 recA1 endA1 gyrA46 thi relA1 lac[Fʹ′ pro AB+ lacIq lacZΔM15 Tn10 (tetr)]. One hundred-µL aliquots of competent cells
were decanted into pre-chilled 15 mL tubes (Falcon 2059, BD Biosciences). The tubes
were then incubated on ice for 10 min before 0.1-50 ng DNA was added and the
mixture incubated for a further 20 min on ice. Cells were heat-shocked at 42°C for 45-
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50 seconds and then transferred to ice for 2 min. Five hundred µL of room temperature
SOC was added to each tube and the recovering cells were incubated at 37°C for 1 hour
with gentle shaking (150 rpm). Aliquots were plated on LB agar with the appropriate
antibiotic. Where α-complementation selection was available (Sambrook et al., 1989)
the agar contained isopropyl-thiogalactoside (IPTG) at 0.8 mg mL-1 (Calbiochem
(VWR International Ltd.) and 5-bromo-4-chloro-3-indolyl-α-D-galactopyranoside (Xgal) at 0.8 mg mL-1 (Calbiochem (VWR International Ltd.). Plates were inverted and
incubated at 37°C overnight.

2.2.2.6.4 Bacterial DNA mini preparations (alkaline lysis method)
Small-scale preparations of plasmid DNA from bacterial colonies were made by
modifying a larger scale method based on Sambrook et al., (1989). Single bacterial
colonies were picked and used to inoculate 4 ml Luria-Bertani broth (LB; tryptone, 10 g
L-1, yeast extract, 5 g L-1, NaCl, 10 g L-1, pH 7.5) containing the appropriate antibiotic
in a universal bottle. Cultures were grown overnight at 37 °C, with vigorous aeration
(200 rpm) in an Innova 4000 rotary incubator (New Brunswick Scientific). For longterm storage of bacterial cells, 800 µl aliquots of bacterial solution were added to 1.5 ml
microfuge tubes containing 200 µl sterile 100% glycerol. Suspensions were vortexed
rapidly and stored at -80 °C. The remainder of the culture was transferred to another 1.5
ml microfuge tube and harvested by centrifugation at 14000 x g (IEC, Micromax) for 5
min. The supernatant was removed by aspiration and the bacterial pellet re-suspended in
200 µl of ice-cold cell re-suspension solution (glucose, 50 mM, Tris-HCl, 25 mM (pH
8.0), EDTA, 10 mM (pH 8.0)) by vigorous vortexing using a Whirlimixer (Fisher
Scientific). A 400 µl aliquot of freshly prepared lysis solution (NaOH, 0.2 M (freshly
diluted from a 10 M stock), SDS, 1%) was added to the cell suspension. The contents of
the tube were mixed by rapid inversion, ensuring that the entire surface of the tube came
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into contact with the solution. The tube was placed on ice for 5 min and then 300 µl of
ice-cold neutralisation solution (CH3CO2K, 3 M, glacial acetic acid, 11.5% (v/v)) was
added and the contents mixed by vortexing gently in an inverted position for 10 s. The
tube was stored on ice for 3-5 min, and processed by centrifugation at 12 000 x g for 5
min at 4 ºC in a microfuge. The supernatant was transferred to a fresh tube and the
double-stranded DNA was precipitated using an equal volume of isopropanol at room
temperature. Centrifugation at 12 000 x g for 5 min at 4 ºC was performed in a
microfuge and the resulting supernatant decanted. The pelleted nucleic acids were
washed with 1 ml of 70% (v/v) ethanol at 4 ºC and centrifugation carried out at 12 000
x g for 5 min in a microfuge. The supernatant was discarded and the pellet was air-dried
for 10 min. The pellet was re-suspended in 50 µl water (Sigma) containing DNase-free
pancreatic RNase, 20 µg ml-1. The DNA preparations were stored at -20 ºC.

2.2.2.6.5 High Quality Plasmid DNA preparation (Midi-Prep method)
To generate high quality plasmid DNA for transformations, 100 ml LB amp (5 µg/ml)
was inoculated from an isolated E. coli colony that had previously been confirmed by
PCR and restriction digest as positive for the required insert. Midi-preps were carried
out using the commercially available PureYield™ Plasmid Midiprep System (Promega
Cat. #A2492). One hundred mL of transformed E. coli bacterial cell culture were grown
overnight at 37°C. The cells were pelleted by centrifugation at 5,000 × g for 10 min and
the supernatant discarded. Tubes were drained on a paper towel to remove excess media
and the pellets were re-suspended in cell re-suspension solution. Three mL of cell lysis
solution was added and the tubes inverted 5 times and incubated for 3 min at room
temperature. Neutralization solution was added to the lysed cells and mixed by gently
inverting the tube 5–10 times. The resulting lysate was centrifuged at room temperature
(15,000 × g for 15 min.) The column stack was assembled by nesting a Clearing
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Column™ into the top of a Binding Column™, and this was placed into a vaccum
manifold. The cleared lysate was tipped into the clearing column and the vacuum
applied. This binds the DNA to the binding membrane in the binding column. The
vaccum was applied until all the liquid had passed through both columns. Five mL of
endotoxin removal wash was added to the column, and the vaccum applied to pull the
solution through the column. Twenty mL of column wash solution was then added to
the column, and the vacuum applied once more. The membrane was dried by applying a
vacuum for 30 seconds to 1 min. The column was removed from the vacuum manifold
and placed into a new 50 mL disposable plastic Falcon tube. Six hundred µL of
nuclease-free H2O was added to the DNA binding membrane which was then
centrifuged at 1,500–2,000 × g for 5 min to elute the DNA. The eluate was collected
and stored at -20 oC in a 1.5 ml Eppendorf.

2.3 Fungal transformations
Twenty mL aliquots of PDB were inoculated with 20 µl of T. hamatum spores at a
concentration of 106 spores/ml. These were incubated at 26 °C for 48 hours and the
resultant mycelium collecting by filtering through sterile Miracloth (Calbiochem). The
mycelium was washed with sterile dH2O and blotting dry with paper towel. Protoplasts
were prepared by shaking 0.3 g mycelium resuspended in filter-sterilized enzyme
solution (2 mg chitinase (Sigma), 7 mg Lyticase (Sigma), 44 mg cellulase (Sigma), in
2.4 ml of mannitol osmoticum (5 ml 1M CaCl2. 9.11 g mannitol, 1.06 g MES, 95 ml
dH2O, pH adjusted to 5.5 with KOH) in a Falcon tube (Becton Dickinson) at 225 rpm
on a flat bed shaker at room temperature for 25 minutes. Protoplast number was
determined by using a haemocytometer. Protoplasts were filtered through sterile
Miracloth and rinsed with 5 ml of sterile osmoticum. The diluted protoplasts were
centrifuged at 5,500 x g for 5 min, the osmoticum supernatant removed by aspiration
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and the protoplasts washed twice more by centrifugation and re-suspension, and were
finally re-suspended in 300 µl sterile osmoticum. Protoplast transformation was carried
out by adding 250 µl of protoplasts at 107 mL-1 to 6-10 µg of DNA in a total volume of
260 µl. The control contained 200 µl of protoplasts and 60 µl of osmoticum only. After
incubation on ice for 2 min, 130 µl of PEG solution (40% Polyethylene Glycol 8000 in
osmoticum) was added, the tubes mixed gently by inversion, and then incubated at
room temperature for 30 min. The contents of the tubes were then added to either 150
ml PDA containing 0.8 M sucrose (for hygromycin transformations) or 150 ml BDCM
(yeast nitrogen base without amino acids and ammonium sulfate, 1.7 g L -1 (Difco),
ammonium nitrate, 2 g L -1, asparagine, 1 g L -1, glucose, 10 g L -1, sucrose, 0.8 M, pH
6) (for transformations with plasmids conferring sulfonylurea resistance) at 42 °C,
mixed gently, and poured into five 9 cm Petri dish plates. Plates were incubated in the
dark at 26 °C for 24 h and then the appropriate top agar containing selection was added.
For selection of hygromycin-resistant transformants PDA containing hygromycin B
(Caliobiochem) 600 µg mL

-1

was added as an overlay to the plates. For selection of

sulfonyl-resistant transformants, BDCM top agar containing chlorimuron ethyl, 50 µg
ml-1. Regenerating protoplasts whose hyphae emerged through the top selective agar
were isolated and sub-cultured onto appropriate selection and also onto V8 plates.

2.4 Plant Growth Promotion Assay
One litre (400g) of sieved sphagnum moss peat (Shamrock) was mixed with 400 ml
distilled water and sterilised by autoclaving at 121°C for 15 min. Bran inoculum was
prepared by combining 10 g wheat bran (Badminton) with 30 ml water and sterilised by
autoclaving at 121°C for 15 min. Bran was inoculated by taking five 4 mm plugs of
agar from the leading edge of a 3-day-old culture of the fungus to be tested, grown on
PDA. The contents were mixed thoroughly and the inoculum incubated for 5 days at
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26°C under a 16 h light regime. Twenty-five lettuce seeds (Lactuca sativa cultivar
Webb’s Wonderful) were planted in plastic dishes (120mm x 120mm x 12mm)
containing 300g sterile peat and 8g bran inoculum. Microcosms were incubated at 24 °C
under a 16 h light , 8 h dark regime. After 21 d, plants were harvested, washed and oven
dried (75 oC) to a constant weight. Shoot and root dry weights were determined and the
data analysed by using ANOVA and Tukey Post hoc tests.
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Table 2.1 Laboratory suppliers used in this study

COMPANY NAME

ADDRESS

Abcam

330 Cambridge Science Park
Cambridge
CB4 0FL
UK

Agar Scientific Ltd

Unit 7, M11 Business Link
Parsonage Lane
Essex, CMC4, 8DA
610 Wharfedale Road IQ Winnersh
Wokingham Berkshire RG41 5TP United
Kingdom
3 Fountain Drive Inchinnan Business
Park Paisley PA4 9RF, UK
Little Chalfont, Buckinghamshire, HP7
9NA.
Anachem House, Charles Street, Luton,
1 & 2 Titan Court Laporte
Way Luton Bedfordshire LU4 8EF U.K.
Lingley
House,
120
Birchwood
Boulevard, Warrington, WA3 7QH.
Edmund Halley Road - Oxford Science
Park OX4 4DQ Oxford
Oakley Court, Kingsmead Business Park,
London
Road,
High
Wycombe,
Buckinghamshire, HP11 1JU
Bio-Rad House, Maxted Road Hemel

Agilent Technologies UK Ltd.
Ambion Inc.
Amersham Biosciences UK Ltd.
Anachem Ltd.
Applied Biosystems
(Formerly Perkin-Elmer)
BD Biosciences Clontech UK Ltd.
Beckman Coulter (UK) Ltd
Bio-Rad Laboratories Ltd.

Hempstead Hertfordshire HP2 7DX

British Biocell International

73 Ty Glas Avenue Cardiff, CF14 5DX,
UK

Calbiochem-Novabiochem Biosciences
UK Ltd.
Clontech Ltd.
Difco
Epicentre
(distributed by Cambio
Ltd.)
EUROSCARF

Boulevard Industrial Park, Padge Road,
Beeston, Nottingham, NG9 2JR.
See BD Biosciences Clontech UK Ltd.
See BD Biosciences Clontech UK Ltd.
1, The Irwin Centre, Scotland Road, Dry
Drayton, Cambridge, CB3 8AR.
Institute
of
Microbiology
Johann Wolfgang Goethe-University
Frankfurt
Marie-Curie-Strasse 9; Building N250
D-60439 Frankfurt, Germany
Bishop Meadow Road, Loughborough,
Leicesterschire, LE11 5RG.
Orchard House The Square Hessle East
Riding of Yorkshire HU13 0AE
FUJIFILM UK Limited Unit 10A, St
Martins Business Centre St Martins

Fisher Scientific UK Ltd.
Flowgen
Fuji Photo Film (U.K.) Ltd.
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Hybaid Ltd.
ICN Pharmaceuticals Ltd.
IEC (International Equipment Company)
Invitrogen
Jencons Scientific Ltd.
Kimberley Clark Corporation
Kodak UK Ltd.
LI-COR Biosciences UK Ltd.
Melford
MO BIO Laboratories, Inc

Way, Bedford MK42
0LF,
United
Kingdom
Unit 2 Action Court Ashford Road
Ashford Middlesex TW15 1XB
Cedarwood, Chineham Business Park,
Crockford Lane, Chineham, Basingstoke,
Hampshire, RG24 8WG
Thermo Life Sciences, Unit 5, Ringway
Centre, Edison Road, Basingstoke, RG21
2YH.
3 Fountain Drive, Inchinnan Business
Park, Paisley PA4 9RF.
Cherrycourt Way Industrial Estate,
Stanbridge Road, Leighton Buzzard, LU7
4UA
1 Tower View, Kings Hill, West Malling,
Kent, ME19 4HA.
Kodak House, Station Road, Hemel
Hempstead, Hertfordshire, HP1 1JU.
St. John’s Innovation Centre, Cowley
Road, Cambridge, CB4 0WS.
Bildeston Road, Chelsworth, Ipswich,
Suffolk, IP7 7LE
.2746 Loker Avenue West
Carlsbad, CA 92010

MWG Biotech - AG

Mill Court, Featherstone Road, Wolverton
Mill South, Milton Keynes, MK12 5RD.
Nalgene
Unit 1a, Thorn Business Park, Hereford,
HR2 6JT.
New Brunswick Scientific Co.
Edison House, 163 Dixons Hill Road,
North Mymms, Hatfield, Hertfordshire,
AL9 7JE.
New England Biolabs UK Limited
73, Knowl Pierce, Wilbury Way, Hitchin,
Hertfordshire, SG4 0TY
Perkin Elmer
See Applied Biosystems
PGC Scientifics
P.O Box 15, Bristol, BS99 5NN.
Philip Harris Ltd
Navara House, Excelsior Road, Ashby
Park, Ashby-de-la-Zouch, Leicestershire,
LE65 1NG.
Promega UK Ltd.
Delta House, Chilworth Science Park,
Southampton SO16 7NS.
Qiagen
Boundary Court, Gatwick Road, Crawley,
West Sussex, RH10 9AX.
Reichert-Jung
(now
Leicha Davy Avenue, Knowlhill, Milton Keynes
Microsystems UK)
Bucks. MK5 8LB
Roche Diagnostics Ltd.
Bell Lane, Lewes, East Sussex, BN7 1LG
Sarstedt Ltd.
68 Boston Road, Beaumont Leys,
Leicester LE4
1AW.
Sartorius AG.
Longmead Business Centre, Blenheim
44

Road, Epsom, Surrey, KT19 9QQ.
Fancy Road, Poole, Dorset, BH17 7NH.
Stratagene Europe, Gebouw California,
Hogehilweg 15, 1101 CB Amsterdam
Zuidoost, The Netherlands
TAAB
2 Minerva, Calleva Park, Aldermaston
Berks. RG7 8NA
Ultraviolet Products (UVP Inc.)
Unit 1, Nuffield Road, Trinity Hall Farm
Estate, Cambridge CB4 1TG.
VWR International Ltd. (Formerly Merck House, Poole, Dorset, BH15 1TD.
Merck)
Waring, Christison Scientific Equipment Albany Road, Gateshead, NE8 3AT.
Ltd.
Web Scientific
Web Scientific, Crewe, Cheshire, CW2
5PR
Whatman International Ltd.
St Leonard’s Road, 20/20 Maidstone Kent
ME16 0LS.
Zeiss UK
Carl Zeiss Ltd , 15 - 20 Woodfield Road
Welwyn Garden City, Hertfordshire
AL7 1JQ
Sigma-Aldrich Chemical Co. UK Ltd.
Stratagene UK Ltd.

Table 2.2 List of fungal strains used in this study
Trichoderma hamatum
GD12 wild type
∆Thnag::hph
∆Thbcat::hph/1
∆Thbcat::hph/2
∆Thbcat::hph/3
DPM1/11
DPM1/12
DPM1/53

CBS1
CBS1

Saccharomyces cerevisiae
Sclerotinia sclerotiorum
1

CBS,

Centraalbureau

Thornton 2008
Ryder et al., 2012
This study
This study
This study
This study
This study
This study

voor

Schimmelcultures

Uppsalalaan 83584 CT Utrecht, the Netherlands
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Chapter 3.

Genomic Sequencing and Targeted Deletion of Branched Chain Amino
Acid Transaminase in Trichoderma hamatum GD12

3.1 Introduction
Previous studies with T. hamatum GD12 (Ryder et al., 2012) demonstrated a key
feature of the ΔThnag::hph mutant that appeared to be linked to its improved ability to
promote plant growth, namely hyper-secretion of water soluble plant growth promoting
compounds. Analysis of the metabolome of the mutant showed a wholesale shift in its
secondary metabolite profile compared to the wild type strain GD12. Furthermore,
analysis of the proteome of the mutant compared to GD12, revealed subtle changes in
protein abundance, with up- and down-regulated proteins evident in Difference Gel
Electrophoresis (DIGE) assays. The work in this chapter aims to build on this
preliminary work by analysing proteins that might be involved in secondary metabolite
production, and determining the correct location of the disruption of the nag gene
through genomic sequencing of strains ΔThnag::hph and GD12.
Secondary metabolites are defined as “compounds biosynthesized by organisms that
appear not to have a crucial role in the organisms that produce them” (Sivasithamparam
and Ghisalbert, 1998). Despite this definition, it is believed that secondary metabolites
are important to many fungi by allowing them to occupy and retain ecological niches
during saprotrophic competition in their natural environments. Secondary metabolite
production is not unique to Trichoderma species and occurs throughout the Kingdom
Fungi. Arguably, the best characterised producers of secondary metabolites are the
ascomycetes Aspergillus, Fusarium and Penicillium, whose metabolites act as toxins
and which have important implications for both human and animal health as well for
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crop production and food hygiene (reviewed by Reverberi 2010). Despite this, the
ubiquitous nature of Trichoderma species and their unique properties as biocontrol
agents and plant growth stimulants has meant that their production of bioactive
secondary metabolites has become a focus for academic study and commercial
exploitation in the agriculture sciences.
Secondary metabolites are not produced constitutively. Their production depends on
external factors stimulating the pathways through which they are produced. Regulators
of secondary metabolite production are light (Tisch and Schmoll, 2010), temperature,
pH (Especo et al., 2003), nutrition, host derived signals, and oxylipin-mediated
communication (Reverberi et al., 2010). Secondary metabolite pathways are conserved
to a certain degree across species and the recent increase in genomic sequencing data
has exposed spatial information on the biosynthetic gene clusters that encode secondary
metabolites (Hohn et al., 1993). In addition, there is a growing body of evidence to
suggest that whole gene clusters can be transferred between fungi (Khaldi et al., 2008).
Secondary metabolites are grouped into different categories based on their properties,
functions and the biochemical pathways through which they are synthesized. In
Trichoderma species these include secondary metabolites not derived from acetate,
those produced via the metabolism of glucose to pyruvate through the EmbdenMeyerhof or Pentose Phosphate pathway, the Shikimic acid pathway, the tricarboxylic
acid (TCA) cycle, fatty acid metabolism, polyketide, oxygenated heterocyclic
compounds, and pyrone, terpenoid, and polypeptide biosynthesis. A large number of
currently uncharacterised metabolites are also produced by Trichoderma species.
In a previous study (Ryder, 2009), the proteome of T. hamatum GD12 was compared to
that of the ΔThnag::hph mutant using difference gel electrophoresis DIGE. This
enabled the identification of proteins whose abundance was up- or down-regulated as a
consequence of the mutation, and which might contribute to its increased activity as a
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plant growth stimulant. In this chapter, I used the DIGE results to identify a protein
implicated in the production of secondary metabolites by ascomycete fungi. This
protein, the enzyme Branched Chain Amino Acid Transaminase (BCAT), catalyses a
transamination reaction in the biosynthesis and breakdown of Branched Chain Amino
Acids (BCAAs).
There are three BCAAs, Leucine, Isoleucine and Valine. The pathway for synthesis of
BCAAs is shared by eubacteria, archaebacteria, fungi and green plants, all of which
derive BCAAs from pyruvate and α-ketobutyrate. This pathway is not found in
mammals where BCAAs must be present in the diet, since mammals do not have the
capacity to produce them independently (Kohlhaw et al., 2003). It is understood that
the richness of BCAAs in the diet of mammals may have resulted in loss of this
pathway. Despite this, BCATS do however play a role in mammals in the breakdown of
BCAAs from their ingested forms into α-keto acids.
Branched Chain Amino Acid synthesis and breakdown has been studied across a variety
of organisms including bacteria, yeasts and filamentous fungi. While essential
components in the diet of mammals, they play a vital role in muscle protein synthesis,
brain amino acid absorption and insulin secretion (Brosnan, 2006). This is compatible
with the distribution of BCAA in the human body, where the majority are located
within skeletal muscle, adipose tissue and the brain (Brosnan, 2006). Recent work has
focused on the role of BCAAs as precursors to molecules released in response to brain
injury in mice and the essential transamination reaction undertaken by BCATS to
synthesize these (Cole, 2010).
Work during the 1950s-1970s established two different types of BCAT in the
filamentous ascomycete Neurospora crassa, one mitochondrial and one cytosolic
(Bergquist, 1974; Collins and Wagner, 1973), one of which is homologous to the T.
hamatum BCAT-encoding gene. In plants, the role of BCATs has been extensively
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studied due to the disruption of BCAA synthesis by commercial herbicides. In plants
and fungi, BCATS are widely recognised as being involved in secondary metabolism
and are enzymes found in a number of different biosynthetic pathways. In the
filamentous fungus Cochliobolus carbonum, HC-toxin production is dependent on the
TOXF gene, the product of which has homology to the BCATs from the bacterium
Escherichia coli and the yeast Saccharomyces cerevisiae. Disruption of the C.
carbonum gene results in loss of pathogenicity of the fungus. In plant cells, the
inhibitory effect of gliotoxin on acetolactate synthase, one of the major enzymes
catalysing the reaction of pyruvate to α-acetolactate (a precursor of both valine and
leucine), is overcome by supplementation with BCAAs (Haraguchi et al., 1996).
Although there are homologs of murine BCATS such as eca39 and eca40, which
encode mitochondrial and cytosolic BCATS respectively, in the yeast S. cerevisiae,
their similarities in function, and relation to mammalian BCATs, is still not fully
understood (Eden et al., 1996; Kohlhaw et al., 2003; Kispal et al., 1996).
In this chapter, I set out to investigate the role of the BCAT protein in plant growth
promotion by T. hamatum GD12. In order to achieve this it was necessary to undertake
de novo sequencing of the strain, which is reported here also. I hypothesised that
disruption of the BCAT gene and loss of BCAA production would result in decreased
PGP activity and loss of fitness of the fungus as a biocontrol agent, since secondary
metabolites are implicated in both processes in Trichoderma species.
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3.2 Materials and Methods

3.2.1 Preparation of T. hamatum GD12 and ΔThnag::hph genomic DNA for
Illumina sequencing
DNA was extracted from strains GD12 and ΔThnag::hph as described in section 2.2.2.
10 µg Genomic DNA was submitted to the University of Exeter sequencing service.
DNA was prepared for sequencing by producing a paired-end library following the
protocol of TruSeq™ DNA Sample preparation Guide (Illumina, 2010).Withing the
aequencing service, libraries are prepared by fragmenting 1 µg DNA into dsDNA
fragments of 300-400 bp with 3’ or 5’ overhangs by Covaris shearing (Fisher et al.,
2011). Overhangs on the fragmented DNA are converted to blunt ends by removal of 3'
overhangs and filling in of 5' overhangs by 3' to 5' through exonuclease and polymerase
activity during a 30 min 30°C incubation. Purification of the DNA is undertaken
through the addition of 160µl AMPure XP beads followed by a 15 minute incubation at
room temperature. The plate is placed on a magnetic stand, supernatant removed and the
beads washed twice with 80% EtOH. Following this the purified DNA is recovered by
addition of resuspension buffer. Single A nucleotides are added to the 3' ends of the
blunt fragments, to stop them from ligating to one another during the adaptor ligate
reaction, through the addition of A-Tailing mix and an incubation at 37°C for 30 min. T
nucleotides are present on the 3’ end of adaptors to allow a complementary overhang to
ligate the adaptor to the fragment. Ligation is carried out for 10 minutes at 30°C after
the addition of 2.5 µl DNA Ligase mix and 2.5 µl DNA adaptor Index to each sample.
Stop Ligase mix is then added to terminate the reaction. Purification of the DNA using
AMPure beads is repeated as above to remove impurtities. Ligation products are further
purified through gel electrophoresis on a 2% agarose Gel containing SyBr Gold, by
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excising only DNA fragments of 300-400 bp from the Gel. Gel extracts are purified
using a MinElute Gel Extraction Kit. Gel slices are incubated in QG solution at room
Temperature, and vortexed every two minutes until they have dissolved. PCR is carried
out on a mixture of 20 µl of the eluted solution to enrich fragments which have adaptors
on both ends and amplify the amount of DNA in the library under the following cycling
conditions; 98°C for 30 s, 10 Cycles of: 98°C for 10 s, 60°C 30 s, 72°C for 30s; 72°C
for 5 minutes, Hold at 4 °C. DNA was purified using AMPure beads for a third time
following PCR. DNA was eluted form the beads by the addition of resuspension buffer
and validation of the library took place in two ways: by quantification (undertaken
according to the qPCR Quantification Protocol guide) and spectrophotometrically on a
2100 bioanalyser (Agilent, Cheshire, UK).
Following Library preparation, samples were sequenced in House using the Illumina
HiSeq 2000 Platform. This process begins with the addition of the single stranded DNA
Library to a flow cell to which they bind randomly. Unlabelled nucleotides and
enzymes are added to this, facilitating the initiation of solid-phase bridge amplification.
The enzyme incorporates nucleotides which reults in double stranded bridges where
each of the Ds bridges has one end unattached to the solid phase substrate.
Denaturation then occurs resulting in Single stranded DNA templates anchored to the
template. The first base is determined by adding labelled reversible terminators, primers
and DNA polymerase to the flow cell. Emitted fluorescence in response to laser
excitation is captured and the first base is identified. Further cycles repeat the addition
of labelled reversible nucleotides primers and DNA polymerase, completed with laser
excitation and fluorescence capture resulting in the identification of bases on the strands
of DNA (Illumina, 2010).
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3.2.2 De novo assembly of T. hamatum GD12 and ΔThnag::hph genomes
De novo assembly of the genomes was carried out by the University of Exeter
sequencing service, Samples were filtered using the FASTX toolkit (v 0.13) (Hannon,
2010) excluding any reads with <90% of positions having at least Q20 scores or above.
Any reads containing adaptor sequence were removed. Reads were assembled using
Velvet algorithms (1.1.04) with Velvet optimiser (v2.1.7) to optimise the assembly with
a parameter sweep between k=27 and k=69 (Zerbino and Birney, 2008). Once
assembled ORFs were called using EMBOSS getorf program (Rice, 2000). The
standard codon usage table and a minimum length of 103 bp were used. BLASTn and
BlastP searches were carried out using NCBI NT and NR databases respectively. An evalue cut off of 1e-6 was used. A Pfam scan was also then run on the ORFs using the
program pfam_scan.pl and PFAM database number 25.0.

3.2.3 Confirmation of hph insert in ΔThnag::hph
BLAST was implemented to determine the location of the hph resistance cassette
within the ΔThnag::hph genome. The nucleotide sequence of the hph gene was taken
from the NCBI website. The BLAST search was carried out under the following
parameters:

Blastall –d database(ΔThnag::hph contigs) –i query(hph nucleotide sequence) –p
Program(blastn) –o (output file) hph_vs_6.1contigs.fa –e (expectation value)1e-5.

Output sequences in the text file were then input as queries to the NCBI database and
the flanking regions identified.
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3.2.4 Identification of down-regulated bcat gene
The BCAT gene was identified using mass spectrometry analysis of down-regulated
proteins in the T. hamatum mutant ΔThnag::hph. (Ryder, 2009). The accession number
and protein sequence for this enzyme was obtained from the NCBI database
(www.http://www.ncbi.nlm.nih.gov/). Sequence alignments were carried out for 13
closely related ascomycete species, which included sequences from the Trichoderma
genomes databases (T. atroviride, T. reesei, and T. virens), using GeneDoc (Nicholas,
1997). Prior to the availability of the T. hamatum GD12 genome sequence, degenerate
primers were designed based on homologous regions of amino acids from aligned
sequences. However, following in-house sequencing of the GD12 genome, the program
basic local alignment search tool (BLAST) was used to identify the ORF and up- and
down-stream nucleotide sequence of the GD12 bcat gene. This sequence was then used
to design GD12-specific primers for bcat gene disruption.

3.2.5 Determination of bcat copy number and generation of ΔThbcat::hph mutants

T. hamatum GD12 genomic DNA was digested in separate reactions with either EcoRI,
BamHI, HindIII or XbaI. Southern blot analysis was carried out as described in section
2.2.3 and the membrane was probed with the radio-labelled bcat ORF. Gene disruption
was achieved using the split marker PCR-based method of targeted gene replacement
(Catlett et al., 2003). This method includes two rounds of PCR to make the construct.
The first is amplification of four individual PCR products, two consisting of ~1kb of
gene sequence representing the up- and downstream flanks of the targeted ORF. The
other products constitute the two halves of the hygromycin phosphotransferase gene
cassette (hph), which replaces the bcat ORF during the final stage of gene replacement.
The primers designed for this PCR possessed, on their inner flanks, an extension which
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was complementary to the outer sequence of the hph cassette. This allows fusion of the
two templates during the second round PCR reaction. Two separate second round fusion
PCR reactions, using the first round products as templates (Left flank + HY and Right
flank + YG) results in the addition of parts of the hygromycin cassette to their
respective flanks. These two final constructs are used to transform protoplasts of the
fungus. Successful transformation is dependent on three independent homologous
recombination events, occuring between the left flank genomic DNA and the left flank
of the construct, the right flank genomic DNA and the tight flank of the construct, and
the 3’ and 5’ HY and YG ends of the constructs resulting in a functional hph cassette in
place of the gene.

3.2.6 Southern Blot analysis
Putative transformants were selected based on resistance to hygromycin. Genomic DNA
was digested with the restriction endonucleases BamHI and HindIII, and Southern blot
analysis was carried out as described in section 2.2.3. The membrane was probed with
the radiolabelled bcat ORF.

3.2.7 Determination of BCAT enzyme activities
Branched Chain amino acid levels were measured as a marker of BCAT activity in
ΔThbcat::hph1 . Assays were carried out using a Branched Chain amino Acid Kit
(abcam). Triplicate flasks containing 100 ml Synthetic media ((NH4)2NO3, 1 g;
MgSO4.7H2O 0.2 g; K2HPO4, 0.9 g; KCl, 0.15 g; FeSO4.7H2O, 0.01g; ZnSO4.7H2O,
0.009 g; MnSO4.H2O, 0.007 g; Thiamine, 0.0001 g; Glucose, 10 g; Agar, 18 g; per
litre) was inoculated with 1 ml aliquots containing spores of either T. hamatum GD12 or
Thbcat::hph at 106 ml-1. Cultures were shaken at 120 rpm at 26 ºC under a fluorescent
light regime for 3 days. Resulting mycelial growth was harvested, rinsed with sterile
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dH2O and Lyophilised. Triplicate samples of 20 mg lyophilised tissue was homogenized
in 100 µl Assay buffer and centrifuged at 15 000 g for 10 min. 50 µl aliquots were used
in the assay. Reagents (BCAA enzyme mix, WST substrate mix and Leucine standards)
were prepared as per manufacturers instructions, A Reaction master mix was prepared
with (per 50 µl reaction): 44 µl assay buffer, 2 µl enzyme mix, 2 µl substrate mix.
Triplicate samples of background control containing no enzyme was also set up. 50 µl
of reaction mix was added to the test and control samples, mixed by pipette and
incubated at room temperature for 30 mins. O.D. was measured at 450 nm. Samples
were normalised by subtracting the value derived from the 0 BCAA standard from raw
readings. A standard curve was plotted from samples containing Leucine standards of 0,
2, 4, 6, 8, 10 nmol/well. BCAA concentration was calculated by C = Sa/Sv (nmol/ml or
µM) Sa= BCAA content of unknown samples (nmol) from standard curve. Sv= sample
volume (ml added into the assay wells). Samples were analysed statistically using
Students T Test.

3.2.8 Plant growth promotion assays
These were determined using the procedures described in section 2.4
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3.3 Results
3.3.1 Genomic sequencing of T. hamatum GD12 and ΔThnag::hph
DNA submitted to the Exeter sequencing service is shown in Figure 3.1. Illumina
Sequencing of this T. hamatum GD12 and ΔThnag::hph DNA returned a 127 fold and
66 fold genome coverage respectively for each strain.

3.3.2 Confirmation of hph insert in ΔThnag::hph
A Basic local alignment search was performed using the nucleotide sequence from the
hph ORF as a query against the ΔThnag::hph genome. This returned two nodes where
homologous sequences of DNA were present. The resulting two nodes were
subsequently input as query sequences into the NCBI database. This confirmed the
flanking regions of the N-acetyl-ß-D-glucosaminidase gene of T. hamatum GD12
(Accession no. JN107809.1) to the hph cassette showing that hph has successfully
disrupted the Open Reading Frame of the targeted gene.
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Figure 3.1 Agarose gel electrophoresis of T. hamatum GD12 and ΔThnag::hph
genomic DNA submitted for sequencing. DNA was extracted using standard
procedures and treated with RNase.1 µl DNA was loaded in a 1 % agarose gel.
The ladder (L) is Invitrogen 1 kb Plus ladder.
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3.3.3 Identification of up- and down regulated proteins in the T. hamatum
ΔThnag::hph mutant
Proteomic analysis of the ΔThnag::hph mutant was undertaken as part of the thesis of
Ryder (2009) to determine whether the proteome of mutant ΔThnag::hph was altered as
a consequence of the mutation, and which might account for its increase PGP activity.
Using DIGE, the total proteome of ΔThnag::hph was compared to that of the wild type
strain GD12 (figure 3.2). Up- and down regulated proteins were identified through
cyanine staining. Proteins were selected for further study based upon identification by
mass spectrometry of excised spots from a replica silver stained 2D gel (figure 3.3).
Identification was considered ‘significant’ with a protein value of >65. Accession
numbers of the proteins were used to identify intact protein sequence in the NCBI
databases. A summary of the proteins is shown in figure 3.4.
The protein that was chosen for further analysis was spot 5912 (figure 3.4). This is
down regulated 6-fold in the ΔThnag::hph mutant. BLAST searches confirmed that the
protein was a Branched Chain Amino acid Transaminase (BCAT). It was decided to
study the BCAT protein because of its known role in the synthesis and breakdown of
branched chain amino acids, which are important primary metabolites used as
precursors to many secondary metabolites in eukaryotic organisms.
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Figure 3.2. Comparison of T. hamatum GD12 and ΔThnag::hph proteome (adapted
from Ryder 2009).
Different Gel Electrophoresis (DIGE) showing up- and down-regulated proteins in the
ΔThnag::hph mutant compared to the wild type strain GD12. GD12 proteins are stained
with Cyanine 3, while ΔThnag::hph proteins are stained with Cyanine 5. The composite
(overlay) image shows proteins which are up- (Red) or down- (green) regulated.
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Figure 3.3. T. hamatum proteome (adapted from Ryder 2009)
Replica silver stained 2D gel of T. hamatum total protein extract.
Numbered spots show proteins which are significantly up- or downregulated in the ΔThnag::hph mutant. Spot number 5912 (circled) indicates
the position of the BCAT protein, identified by mass spectrometry.
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3.3.4 Identification of the T. hamatum bcat ORF
More than one strategy was employed to elucidate the T. hamatum gene sequence
encoding the BCAT protein. Initially, as the genome sequence for T. hamatum strain
GD12 was not available, degenerate PCR primers were designed based on an alignment
of bcat genes in similar organisms. (figure 3.5) This technique was not successful and,
as the genome sequence became available during the course of this work,
oligonucleotide primers could be designed specifically for amplification of the T.
hamatum GD12 gene (figure 3.6). The DNA sequence was identified in GD12 by
reverse translating the protein sequence from the fungal species with the greatest
homology (Neurospora crassa), and then using the local blast tool tblastx to interrogate
the GD12 genome for a gene with the highest homology against all of the contigs. This
ORF was then input as a query in a BLAST search of the NCBI databases to confirm
correct gene identification.
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Figure 3.5 Alignment of BCAT protein sequences from a variety of
fungal species, including T. reesei, T. virens and T. atroviride. Degenerate
primers were designed based on homologous regions of these amino acids.
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Figure 3.6 Nucleotide sequence of the T. hamatum bcat gene with flanking regions.
Up- and down-stream primers were designed based on this sequence. The predicted
ORF of the gene is shaded grey.
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3.3.5 Copy number of the T. hamatum GD12 bcat gene
Models of pathways involving the BCATS typically show two or more active enzymes.
Because the mass spectrometry data enabled us identify the ORF for a specific enzyme,
we were able to target the exact BCAT which was down-regulated in the ΔThnag::hph
mutant. Southern blot analysis was used to confirm a single copy in the genome as the
genome sequence data held at the time did not give comprehensive coverage of all
ORFs. Genomic DNA was digested with restriction enzymes, which did not digest
within the known bcat ORF sequence. The Southern blot was probed with the
radiolabelled bcat ORF and overlayed with x-ray film. This confirmed a single copy of
bcat in the T. hamatum GD12 genome (figure 3.7).
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Figure 3.7 Southern blot to determine copy number of bcat gene. T. hamatum
gDNA was digested with different restriction enzymes and fragments were separated
by gel electrophoresis on a 0.8% agarose gel. Lane 1, Invitrogen 1kb+ ladder; Lanes:
2&6 BamHI; 3&7 HindIII; 4&8 XbaI: 5&9 EcoRI.
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3.3.6 Assembly of the knockout construct for targeted deletion of the bcat-encoding
gene
Gene disruption was carried out using the split marker approach of homologous
recombination as illustrated in figure 3.8. The left (upstream) and right (downstream)
flanking regions of the bcat ORF were amplified using the primer pairs
BCATLF_F/BCATLF_R and BCATRF_F/BCATRF_R, respectively (Table 3.1). The
primers were designed to contain an extension on the 5’ and 3’ inner regions which are
complementary to the outer 5’ and 3’ regions of the hph cassette. This enables the first
round PCR products to be fused to the hph ORF fragments in the second round PCR
reaction, resulting in two end PCR products to be used for fungal transformation.
Transformation was undertaken using the second round LF+HY and RF+YG PCR
products. Where both homologous recombination events take place in the correct
position, the bcat ORF is displaced with the hph resistance gene, thereby conferring
hygromycin resistance in transformants.
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Second Round

First Round

Produ
ct
BCAT
ORF
BCAT
Right
Flank
BCAT
Left
Flank

Pro
duct
size
(kb)
1.2
kb
0.92
7
1.31
6

BCAT
RF+
YG

1.7

BCAT
LF+H
Y

2.5
kb

Primer
name

Primer Sequence

Template

Fb
Rb
Bcat_RF_F

TCGTCTTTGGCAAGGAGTTCA
TACTGGATGGCCTCAATCCA
TCCTGTGTGAAATTGTTATCCG
CTGCGTCATGTAGATATGC
ATTGCGGCCCCGAAACAT
AGAGGAGAACATGATGCGTCG

GD12 Genomic
DNA
GD12 Genomic
DNA

Bcat_RF_R
BCAT_LF_
F
BCAT_LF_
R
BCAT_RF_
R
YG Split

GTCGTGACTGGGAAAACCCTGG
CGAAGAGGGCGCTGTACAGAGG
TA
ATTGCGGCCCCGAAACAT
CGTTGCAAGACCTGCCTGAA

BCAT_LF_
F

AGAGGAGAACATGATGCGTCG

HY Split

GGATGCCTCCGCTCGAAGTA

Anneali
ng
Temper
ature
58°C

Extensi
on time

58°C

2 min

GD12 Genomic
DNA

58°C

2 min

BCAT Right
flank
YG Template
(0.8 kb)
BCAT Left
Flank
HY Template
(1.2 kb)

62°C

3 min

62°C

3 min

2 min

Table 3.1 Primer Sequences and PCR conditions for construction of ΔThbcat::hph
Strain.
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Figure 3.8 Schematic diagram showing split marker method for generation
of bcat transformants
Gel electrophoresis showing PCR amplicons for a) first round Left Flank (1316
bp product), and b) first round Right Flank (927 bp product). Fusion PCR was
carried out to fuse c) LF first round product to HY half of hygromycin (HYG)
cassette resulting in a 2.5 kb split marker, and d) RF first round product to YG
half of HYG cassette resulting in a 1.7 kb split marker. e) represents ORF after
three independent events of homologous recombination resulting in replacement
of ORF with HYG resistance cassette.
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3.3.7 Southern blot analysis of putative transformants
Putative transformants were selected based on resistance to hygromycin B and then subcultured on PDA. To confirm the absence of the bcat ORF, genomic DNA was isolated
and digested with the restriction enzymes BamHI and HindIII. Following fractionation
by gel electrophoresis, DNA was transferred to a Hybond-N membrane (Amersham)
and then probed with the bcat ORF fragment. Only one mutant, ΔThbcat::hph1 was
identified based on the absence of a band (figure 3.9).
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Figure 3.9. Southern blot analysis of putative ΔThbcat::hph
transformants.
a) Genomic DNA was double digested with the restriction enzymes BamHI
and HindIII. b) Gene deletion transformants were identified by the absence
of a band when probed with the bcat gene. Only ΔThbcat1 is a true mutant,
while 2, 3, 4, and 5 are ectopic, hygromycin-resistant, strains.
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3.3.8 Complementation of ΔThbcat transformants
A 4kb DNA fragment was amplified by PCR using primers BCATCOMP_F
/BCATCOMP_R. This Fragment was ligated into pGemT and excised using the
restriction enzymes apaI and speI. The resulting fragment was ligated into a pCB1532
plasmid at the same restriction sites, and the ΔThbcat1 mutant transformed with this
plasmid. Stable transformants could not be generated using this method, despite three
separate attempts at complementation.
3.3.9 Branched Chain Amino Acid Assay of ΔThbcat mutants
To quantify the activity of branched chain amino acid transaminases, mycelium was
generated for each strain and freeze dried. Twenty mg of this material was used to
determine the amount of BCAAs present in each sample. Samples of the growth
medium was also used and showed no difference between control GD12 or
ΔThbcat::hph1 mutant (data not shown), showing that BCAAs are not secreted into the
surrounding environment under those conditions. BCAA/mg in ΔThbcat::hph1 was
shown to be significantly less compared to GD12 (P= <0.05) (figure 3.10).
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Figure 3.10 BCAA measurement of GD12 and ΔThbcat::hph mutants
T. hamatum GD12 and ΔThbcat::hph were grown in synthetic media for 14
days. 2 mg lyophilised tissue was used in assay. Error bars represent SE of
three experimental replicates.
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3.3.10 Plant Growth Promotion activity of ΔThbcat::hph1 mutant
Lettuce PGP assays were carried out in replicate peat microcosms containing bran
inoculum of T. hamatum GD12, ΔThbcat::hph1 and the ectopic hygromycin-resistant
strains 2 and 5, to investigate whether loss of BCAT activity had a deleterious effect on
PGP capabilities. Percentage emergence was recorded, as well as the dry weights of the
roots and shoots of plants after harvesting at 21d. Treatment with GD12 and
ΔThnag::hph showed significant increases in both root and shoot biomass compared to
control (uninoculated) plants (figure 3.11), which is consistent with previous results
(Ryder et al., 2012). Treatment with ΔThbcat::hph1 and the ectopic mutants 2 and 5
resulted in reduced emergence of lettuce seedlings, and erratic growth, with some plants
exhibiting significantly larger growth than others within each microcosm (figure 3.12).
Root and shoot dry weights of plants treated with ΔThbcat::hph1 were significantly
reduced compared to ΔThnag::hph treatments (P= <0.05) but not compared to GD12
treatment (P= > 0.05).
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Figure 3.11. Dry weights and emergence of lettuce plants.
-1
Emergence is shown as a %, and standard errors were determined after arcsin
transformation. Lettuce plants were harvested after 21 d growth in peat amended
with bran inoculum of GD12, the mutant ΔThnag::hph, the BCAT mutant
ΔThbcat::hph1, and the ectopic strains 2 and 5.
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Figure 3.12 Plant growth promotion Assay on ΔThbcat::hph1 mutant
Growth of lettuce plants in peat microcosms treated with a) ΔThnag::hph,
b) ΔThbcat::hph1, c) control (uninoculated), and d) T. hamatum GD12
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3.4 Discussion
Previous research at Exeter University (Ryder et al., 2012) has shown that the PGP
activity of a biocontrol strain of T. hamatum (strain GD12) can be dramatically
enhanced by targeted disruption of the N-acetyl-β-D-glucosaminidase-encoding gene
nag. Comparison of the proteome of this mutant with that of GD12 showed that a
number of proteins were up- or down-regulated in the ΔThnag::hph mutant.
The literature suggests that branched chain amino acids (BCAAs) are principal
precursors to many secondary metabolites and play a number of significant roles in
animals, plants, and fungi. Branched chain amino acids are essential nutrients for
animals and must be present in the diet, but plants, fungi and other microorganisms are
able to synthesize these through a specific biosynthetic pathway. One of the crucial
enzymes in the pathway is a Branched Chain Amino acid Transaminase (BCAT) which
catalyses the final step of biosynthesis and the initial step of breakdown of BCAAs
(Patek, 2007).
One of the down-regulated proteins of the ΔThnag::hph mutant was a BCAT. In order
to determine whether loss of BCAT activity might account for the increased PGP
activity of the mutant compared to GD12, targeted gene deletion was used to disrupt
enzyme activity of the fungus. Targeted deletion of the bcat-encoding gene in GD12
was achieved by replacement of the open reading frame with the hph gene conferring
resistance to the antibiotic hygromycin, using a split marker method of homologous
recombination. This resulted in a reduction in BCAT activity (demonstrated by a
reduction in BCAA production by a BCAT-deficient mutant) concomitant with erratic
germination of lettuce seedling and significantly reduced PGP activity compared to the
ΔThnag::hph mutant. It can be concluded therefore that the 6-fold reduction in the
BCAT protein of the ΔThnag::hph mutant demonstrated in DIGE gels cannot account
for the enhanced PGP activity of the N-acetyl-ß-D-glucosaminidase-deficient strain.
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A link has been made previously between BCAA levels and germination of Kochia
scoparia seedlings. In the study of Dyer (1993), naturally occurring sulphonyl urea
resistance in seedlings was shown to correlate with increased BCAA levels and
increased seedling germination (Dyer 1993). In the present study we have shown that a
reduction in BCAA production by a growth promoting soil saprotrophic fungus leads to
reduced germination of lettuce seedlings.
There are limitations and advantages of our approach. The benefit of working from the
DIGE results is the ability to identify proteins altered in abundance in a mutant strain of
the fungus. The main limitation was the availability of annotated protein sequences for
identification of T. hamatum proteins up- or down-regulated in the mutant strain. The
restricted number of genes we could target for deletion, based on knowledge of known
biological function, raises issue of the functionality (if any) of these proteins in the PGP
phenomenon and whether changes in the abundance of the identified proteins is related
to the PGP activities of the wild type and mutant strains.
The use of SUR as a selective marker to complement the BCAT-deficient mutant is
questionable as there is a distinct link between the acetolactate synthase enzyme
encoded by the ILV1 gene bestowing sulfonyl urea resistance, and the biosynthesis of
BCAAs. We attempted to complement the ΔThbcat::hph1 mutant three times using the
plasmid pCB1532 which confers resistance to SUR, without success.
Notwithstanding these results, the work reported here is the first study of targeted gene
deletion in T. hamatum using a genome sequence of the fungus. The initial sequencing
work only gave 2x coverage of the genome, further restricting the number of genes that
could be easily identified and targeted within the project. However, as genome
sequencing of T. hamatum GD12 and the mutant strain ΔThnag::hph has now been
repeated with dramatically improved coverage and quality, the availability of the T.
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hamatum genome will substantially improve the prospects for others workers
attempting to undertake genetic modification of this PGP and biocontrol fungus.
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Chapter 4.
Overexpression of the Saccharomyces cerevisiae Dolichyl Phosphate
Mannose Synthase gene in Trichoderma hamatum GD12
4.1 Introduction
The ability of Trichoderma species to control plant disease caused by root-infecting
pathogens is well documented (Chet, 1981; Chet, 1981b; Harman, 2004; Papavizas,
1985; Rojo, 2007; Samuels, 1996; Verma, 2007; Vinale, 2008). Less well known is the
ability of some Trichoderma strains to promote plant growth, despite early reports of
the use of strains as ‘biofertilisers’, a term used misleadingly to describe plant-growthpromotion (PGP)(Chang et al., 1986). Certain strains, for example Trichoderma
hamatum strain GD12, are able to stimulate plant growth during antagonistic
interactions in the plant rhizosphere (Ryder et al., 2012), but the mechanisms
underlying the PGP phenomenon are poorly understood compared to those of biocontrol
(Harman et al., 2004). However, it is known that bioactive secondary metabolites
contribute to this process (Contreras-Cornejo et al., 2009) and that, in the case of T.
hamatum GD12, water-soluble compounds produced by the fungus are able to enhance
root growth and canopy development when applied to soil. Furthermore, it was shown
that increases in the PGP activity of T. hamatum GD12 were possible though
modification of its secretory potential (Ryder et al., 2012).

4.1.1 Enhancing enzyme production by Trichoderma reesei
Trichoderma strains have been widely exploited in the food and textile sectors due to
their capacity to secrete copious amounts of industrially relevant enzymes (Liu, 2007;
Xia, 2009). Reese (1969) showed that the addition of Tween-80 or other non-ionic
surfactants to fungal cultures resulted in higher yield of enzymes (depending on growth
conditions), attributable to an alteration in the permeability of the hyphal cell wall.
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More recently, Kruszewska et al., (1990) showed that the supply of exogenous choline
or Tween-80 resulted in an increase in the activity of the enzyme dolichyl phosphate
mannose (DPM) synthase, however this work was not able to distinguish if this was a
direct stimulation of the production of the enzyme or a more general increase in the
formulation of the endoplasmic reticulum (Schreiber et al., 1986).

The enzyme DPM synthase (EC2.4.1.83) is implicated in the glycosylation of secreted
proteins, a post-translational process that takes place in the endoplasmic reticulum in
eukaryotic cells. Glycosylation results in glycan being attached to a protein via an
aspargine residue (N-linked) or hydroxylysine, hydroxyproline, serine or threonine
residues (O-glycosylation)(Caraway and Hull, 1989). This process is the final step in
the synthesis of proteins and contributes to the secretion, stability and immunogenicity
of proteins (Lee et al., 2003).

DPM synthases have been known to play a role in the secretion of proteins in yeasts for
many years. Publication of the cloning and sequencing of the gene (DPM1) encoding
this protein in yeast was successfully completed in 1988 by expressing the DPM1 gene
in E. coli with resultant DPM synthase activity (Orlean et al., 1988). The gene is
known to code for a 30 KDa, 267 amino acid, protein (Haselbeck, 1989). Analysis of
the protein and its function have established its role in the transfer of mannose from
Guanosine-5’-diphosphate mannose (GDP-Man) to Dolichol-phosphate (Dol-p),
resulting in Dol-p-Man. Dol-p-Man has a universal role amongst eukaryotes in the
endoplasmic reticulum in the glycosylation of proteins.

DPM1 genes have been isolated in several species and lack of DPM1 activity has been
shown to be lethal in Saccharomyces cerevisiae (Orlean, 1988). Although DPM1 is
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present in all eukaryotic organisms, further characterisation of the enzymes by
comparison of the DPM1 amino acid sequences of S. cerevisiae, Ustilago maydis,
Trypanosoma

brucei,

Homo

sapiens,

Caenorhabditis

briggsiae

and

Schizosaccharomyces pombe. showed that there are two classes, each with a slightly
different secondary structure. One of these possesses a cytoplasmically-orientated
hydrophobic tail and transmembrane helix, which appears to be consistent with the
presence of a COOH terminus (Colussi et al., 1997). The presence of this tail makes the
enzyme unit function independently; S. cerevisiae, T. brucei, and U. maydis DPM1
enzymes belong to this group. The second group (which includes the T. reesei DPM1
enzyme) does not function independently, requiring further subunits to carry out
transfer of mannose groups.

Overexpression of the DPM1 gene in T. reesei under the native pki promoter resulted in
an overall seven-fold increase in protein secretion in the T. reesei mutant and a 697%
increase in secretion from protoplasts (Kruszewska et al., 1999). Other phenotypic
characteristics of DPM1 overexpression were changes in the content of the cell wall
carbohydrate polymers including 51-68% more N-acetylglucosamine, 8-24% less
glucose and approximately 65% less mannose. Altered distribution of chitin throughout
the cell wall and sensitivity of transformants to the chitin-binding drug calcofluor white
were also observed. These changes all indicate a significant alteration in cell wall
structure, with consequences for secretion, since the process of secretion in filamentous
fungi occurs at the hyphal tip. Indeed, staining with cellulase-specific antibodies
showed intense secretion at the tips of mycelia, concomitant with increased production
of extracellular celluloytic enzymes.
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4.1.2 Enhancing biocontrol abilities of Trichoderma species
Genetic modification of Trichoderma strains by constitutive overexpression of
chitinase, β-glucanase and proteinase genes has, in certain instances, resulted in the
generation of Trichoderma strains with enhanced biocontrol capabilities (Flores et al.,
1997; Limón et al., 1999; Viterbo et al., 2001). For example, improved biocontrol
activity against Rhizoctonia solani was observed with Trichoderma harzianum carrying
from 3 to 10 copies of the protease-encoding gene prb1 (Flores et al., 1997). In contrast,
overexpression of a chitinase gene (cht42) in T. virens Gv29-8 did not significantly
improve its biocontrol activity (Baek et al., 1999). Furthermore, ß-1,6-glucanase (bgn3)
overexpression in T. virens, while allowing effective growth inhibition of Pythium
ultimum, gave only a marginal improvement in seedling protection compared to the
control wild type strain (Djonovic et al., 2007).

Because overexpression of single genes encoding hydrolytic and proteolytic enzymes
only slightly improves the biocontrol activities of Trichoderma species, other
approaches have been adopted to enhance antagonistic properties. Previous studies had
shown that many of the extracellular proteins secreted by Trichoderma species are
glycosylated, and O-glycosylation was predicted to be associated with secretion in these
fungi (Kruszewska et al., 1990; Kubicek et al,. 1987; Perlinska-Lenart et al,. 2006).
Furthermore, the activity of a key enzyme in the O-glycosylation process, DPM1, was
observed to be upregulated during increased protein secretion in T. reesei (Kruszewska
et al., 1990; Perlinska-Lenart et al,. 2006).

Recent work by Zembek et al., (2011), has shown that overexpression of the S.
cerevisiae DPM1 gene in the biocontrol fungus Trichoderma atroviride doubles DPM
synthase activity, with concomitant elevation of cellulolytic activity. They also reported
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improved antifungal activity against the plant pathogen Pythium ultimum in vitro and
enhanced biocontrol of bean disease caused by R. solani.

4.1.3 Enhancing plant-growth-promotion by Trichoderma hamatum GD12
While genetic modification of Trichoderma strains has allowed the generation of
biocontrol strains with enhanced biocontrol abilities, less attention has been paid to
enhancing the PGP activities of these fungi via genetic modification, and the impact that
any such modification might have on their biocontrol abilities. Previously, work by
Ryder and co-workers (Ryder et al., 2012) showed that the PGP activity of the
biocontrol fungus Trichoderma hamatum (strain GD12) could be dramatically enhanced
by targeted mutation of the N-acetyl-ß-D-glucosaminidase-encoding gene nag. The
chitinase-deficient mutant ΔThnag::hph has an altered cell wall structure, with
abnormal chitin deposition at the hyphal tip, and hyper-secretes water-soluble PGP
compounds that leads to dramatically increased PGP activity in the absence of root
pathogens. However, due to the loss in chitinase activities, ΔThnag::hph displays loss of
saprotrophic competitiveness and reduced fitness as a biocontrol agent during
antagonistic interactions with R. solani and the plurivorous pathogen Sclerotinia
sclerotiorum.

4.1.4 Aim of Chapter 4
In this chapter, I set out to investigate whether hyper-secretion and enhanced PGP
activities could be engineered in GD12 without impairing biocontrol activity. This was
achieved by exploiting technologies used in Trichoderma reesei and Trichoderma
atroviride to increase enzyme production and biocontrol efficacies respectively. The S.
cerevisiae DPM1 gene was overexpressed using the Pyrenophora tritici-repentis
promoter ToxA, and the abilities of T. hamatum mutant strains, carrying different gene
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copy numbers, to promote plant growth, and to control damping-off disease of lettuce
caused by S. sclerotiorum, determined.
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4.2 Materials and Methods

4.2.1 Saccharomyces cerevisiae genomic DNA extraction
Saccharomyces cerevisiae genomic DNA was isolated from a 10 ml overnight culture
of S. cerevisiae in YPD (20 g peptone, 20 g Glucose, 10 g yeast extract/L). Cells were
collected by centrifugation for 5 min at 17, 000 x g (IEC, Micromax), the supernatant
discarded, and the cells washed in 1 ml sterile MilliQ water. Cells were re-centrifuged
at 17, 000 x g, the supernatant removed, and the cells resuspended in 200 µl of glass
bead buffer (10 mM Tris pH8, 100 mM NaCl, 1 mM EDTA, 2% Triton X-100; 1%
SDS). Two hundred µl phenol:chloroform (1:1 v/v) and 0.3 g sterile glass beads were
added to the cell suspension and mixture samples vortexed for three minutes. Two
hundred µl TE (10 mM Tris pH 8, 1 mM EDTA) was added and mixed by inverting the
tubes several times, followed by centrifugation (5 min 17 000 x g) to pellet the cells.
The aqueous phase was transferred to a fresh tube, 1 ml ethanol was added, and the
solutions mixed by inversion followed by centrifugation at 17000 g for 5 min. The
pellet was resuspended in 400 µl TE and 10 µl RNase A (10 mg/ml) and incubated for 1
h at 37 °C. To precipitate the DNA, 10 µl sodium acetate (3M, pH 5.2), and 1 ml
isopropanol were added and mixed by inversion. The mixture was incubated on ice for
10 min and centrifuged for 10 min at 17, 000 g. The supernatant was removed and the
pellet air-dried and resuspended in 50 µl 10 nM Tris, pH8. DNA quality and quantity
was determined using a Nanodrop spectrophotometer (Thermo scientific) and using gel
electrophoresis.
4.2.2 Generation of the ToxA-dpm1 fusion construct
The gene encoding yeast dolichyl phosphate mannose synthase was identified in the
Saccharomyces Genome database (http://www.yeastgenome.org) and the gene
amplified from genomic DNA using polymerase chain reaction (PCR) as described in
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Chapter 2. The forward and reverse primers used for DPM1 amplification are shown in
Table 4.1. The ToxA gene was amplified from the pGEMt7 Plasmid (obtained from the
University of Exeter M. Badaruddin, pers. Comm.) using ToxA_Forward and
ToxA_Reverse primers (Table 4.1). Bases highlighted in grey denote sequence added to
the primer that overlaps with the DPM1 gene sequence to provide a complementary
region for the fusion PCR. The PCR was carried out as described in Chapter 2 with an
annealing temperature of 58°C and a 1 minute extension time. The resulting ToxADPM1 construct was ligated into the Strataclone vector as described in Chapter 2
section 2.2.3.8, and excised using the restriction enzymes ApaI and SpeI as described in
Chapter 2.2.3. The Plasmids pCB1004 and pCB1532 (Carroll et al., 1994; S) were
linearised with the restriction enzymes ApaI and SpeI and the sticky ends were dephosphorylated using Antarctic phosphatase (NEB) (DNA x; 0.5 µl Antartic
Phosphatase; 3.5 µl buffer; Sterile water to total volume 35 µl) incubated at 37°C 30
min and the reactions were stopped by incubating at 65°C for 5 minutes. This reaction
removes the 5' phosphate groups to stop the plasmid from self-annealing during
ligation. Following this, the ToxA-DPM1 construct was ligated into the pCB1004 and
pCB1532 plasmids separately as described in Chapter 2. The complete plasmid
constructs was then transformed into E. coli competent cells and transformed colonies
selected on LB medium containing chloramphenicol. High quality plasmid preparations
were prepared from colonies and 10 µg of each plasmid DNA was used to separately
transformation of T. hamatum GD12. Transformation was carried out as described in
Chapter 2 using PDA containing 0.8% (w/v) sucrose as transformation medium and
PDA containing hyg as the overlay selection medium for transformations undertaken
with pCB1004 and BDCM bottom and BDCM containing SUR for transformations
undertaken with pCB1532.
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Produ
ct

First Round

ToxA
promot
er
DPM1
ORF

800bp

1.2 kb

Second
Round

ToxADPM1
constru
ct

Produ
ct size
(kb)
397bp

Primer
name

Primer Sequence

Templa
te

ToxA_forwa
rd
ToxA
reverse
DPM1_Forw
ard
DPM1_Reve
rse

CATGGAGGAGTTCTGTACGCG

pGemT
7

ToxA_forwa
rd
DPM1_Reve
rse

CATGGAGGAGTTCTGTACGCG

CGATGCTCATGGACTATATTCATTC
AATG
ACACAAACATACACGCACCCACA
TTAAAAGACCAAATGGTATAGC

TTAAAAGACCAAATGGTATAGCCCT
AGGAA

S.
cerevisi
ae
Genomi
c DNA
ToxA
Promot
er
DPM1
ORF

Annealing
Temperat
ure
58°C

Extensi
on time
1 min

1 min

62

2 min

Table 4.1 Primer Sequences and PCR conditions for construction of DPM1
overexpression transformation vector.

4.2.3 Southern blot analysis of putative overexpression mutants
NEBcutter (http://tools.neb.com/NEBcutter2/) was used to determine if any restriction
sites existed within the sequence of the ToxA-DPM1 fragments, and genomic DNA was
digested with two enzymes that didn’t cleave the probe sequence. Southern blot analysis
was carried out as described in Chapter 2, using a ToxA-DPM1 PCR product as the
probe DNA.

4.2.4 Total RNA Extraction
RNA was isolated using the lithium chloride methods as described in Barlow et al.,
(1963). Liquid cultures of T. hamatum were generated by inoculating 100 ml of Vogel’s
medium (VM) with 20 ml of a distilled water suspension of T. hamatum phialoconidia
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prepared from two- week-old V8 plates giving a final concentration of 106 conidia mL-1.
The cultures were shaken at 125rpm for 72 h at 26°C on an orbital shaker (New
Brunswick scientific) until colonies of mycelium had formed. Mycelium was harvested
by filtering the flask contents through sterile miracloth, blotted dry with paper towels
and ground into a fine powder in liquid nitrogen. The powder was mixed by inversion
on ice for 1 min with 5 ml phenol and 5 ml extraction buffer (0.1 M LiCl, 0.1 M Tris
(pH8), 10mM EDTA, 1% SDS) in Oakridge tubes. 0.5 vol of chloroform:pentanol at a
ratio of 24:1 (v/v) was added and mixed by inversion for 30s. The tubes were
centrifuged (Beckman J2- MC) at 4 °C for 30 min at 15,700 x g. The supernatant was
added to 1 vol of 4M LiCl and incubated overnight at 4°C. The tubes were then
centrifuged for 20 min at 15,700 x g at 4°C and the supernatant decanted. The pellet
was washed with 5ml 70% (v/v) ethanol and resuspended in 500 µl DEPC water.
Samples were then transferred to eppendorf tubes and 500 µl of phenol:CIA was added
and vortexed for 30 s. The tubes were centrifuged (Hermle) at 17 000 x g for 10 min at
4°C. Two volumes of 100% ethanol and 0.1 vol 3M NaAc was added to the top phase in
a fresh tube and left at -20 to precipitate overnight. The RNA was recovered by
centrifuging for 20 min at 4°C at 17,000 x g. The supernatant was removed and the
pellet was washed in 70% (v/v) ethanol and air-dried. Pellets were suspended in 500 µl
DEPC water and quality was checked using a Nanodrop spectrophotometer (Thermo
scientific) and by eye on a formaldehyde gel. RNA samples were stored at -80 prior to
use.

4.2.5 RNA Manipulation
4.2.5.1 RNA Gel electrophoresis
RNA samples were fractionated by denaturing gel electrophoresis. Samples were first
denatured in 50% (v/v) formamide (2.2M formaldehyde, 1 x MOPS/EDTA buffer (20
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mM 3-[N-morpholino]-propanesulfonic acid, 5 mM sodium acetate, 1 mM ethylene
diaminetetraacetic acid, pH 7.0) at 65 °C for 15 min. Gel electrophoresis was then
performed in 1.2% (w/v) agarose gels containing 2.2 M formaldehyde, and 1 x
MOPS/EDTA buffer (Sambrook et al. 1989). A 0.5-10 kb RNA ladder (Invitrogen) was
used as the standard.
4.2.5.2 Comparative quantitative real-time-PCR
Mycelium was harvested from VM shake cultures and total RNA was extracted as
described in section 3.2.4. To prepare RNA for qPCR, and remove any residual DNA,
samples were treated with DNase1 (Invitrogen)(1 µg RNA sample, 1 µl 10 x DNase1
reaction buffer, 1µl DNase 1, Amp Grade 1 U/µl) and DEPC treated water to 10 µl.
Samples were incubated for 15 min at room temp, then 1 µl of a 25 mM EDTA solution
was added and incubated for further 15 min at 65 °C. Complementary DNA was
synthesized using an AffinityScript cDNA kit (Agilent) according to the manufacturer’s
instructions. A solution was prepared using 10 µl of 2x first strand master mix, 3.0 µl of
oligo(dT) primer or random primers (0.1 µg/ µl), 1.0 µl of AffinityScript RT/RNase
block enzyme mixture, x µl of RNA (0.3 pg–3 µg total RNA) and RNase-free H2O, to a
total volume of 20 µl. The mixture was incubated at 25°C for 5 min and then at 42°C
for a further 15 min. The reaction was terminated by incubation at 95ºC for 5 min, and
then placed on ice.
qPCR was carried out using Brilliant III Ultra-Fast SYBR® Green QPCR master mix
(Agilent). Triplicate reactions were set up, each containing 10 µl SYBR Green Master
mix, 500 nM F Primer 500 nM R primer, 50 ng cDNA, made up to 20 µl with nucleasefree water (Sigma). Reaction mixtures were centrifuged at 1000 x g for 45 s to eliminate
air bubbles before loading on to a 96-well plate. The reactions were placed in a
Thermal Cycler MxPro-Mx3005P system (Stratagene). The cycling conditions were 1
cycle of 3 min at 95 °C, 40 cycles of 20 s at 95° C, and 1 cycle of 20 s at 60 °C.
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Following amplification, a dissociation curve was generated to allow differentiation
between specific and non-specific amplicons. The tub2 β-tubulin-encoding gene from T.
hamatum was used in the assay for the purpose of normalisation. Reactions were
prepared with three technical replicates per sample. Standard curves were generated to
establish actual amplification efficiency values for both the gene of interest and the
normaliser. The fluorescent signal was measured while amplification was still
progressing (real-time) and data were collected for each sample during each PCR cycle.

4.2.6 SDS-PAGE and Western blotting
Western blotting was performed to determine DPM1 enzyme expression in the
mycelium of T. hamatum GD12 compared to the overexpression mutants. Mycelium
harvested from 3-day-old VM shake cultures was freeze dried and 10 mg samples
ground into 1 ml PBS for 1 min followed by centrifugation at 14000 rpm for 5 min.
Solubilised antigens were denatured by mixing 1:4 (v/v) with Laemmli buffer (1970),
followed by heating for 10 min at 100°C. Electrophoresis was carried out at 165V,
under denaturing conditions, using 4-20% Tris-HCl gradient gels (Bio-Rad MiniProtean II ready gels) and SDS-PAGE running buffer (3.0g Tris, 14.4 g glycine, 1.0 g
SDS in 1 litre Milli-Q H2O). Proteins were transferred electrophoretically for 2 h at 4°C
and 75V onto a Millipore PVDF membrane, which had been activated by soaking in
methanol for 2 min and rinsing in dH2O. The transfer buffer contained (per litre Milli-Q
H2O) 2.9 g Tris, 14.5 g glycine, and 200 ml methanol 200ml. The membrane was
blocked overnight (16 h) at 4°C in PBS containing 1% (w/v) bovine serum albumin
(BSA; Sigma, A7906), with gentle agitation on a rocking mixer. The membrane was
incubated for 2 h at room temperature in PBSA (PBS containing 0.5% (w/v) BSA)
containing a 1 in 1000 dilution of monoclonal antibody (abcam, 113686; clone 5C5A7)
raised against yeast DPM1 protein and was then given 3 washes with PBS at 5 min
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intervals. After washing the membrane was incubated for 1 h in PBSA containing a 1 in
15,000 dilution of goat anti-mouse IgG (whole molecule) alkaline phosphatase
conjugate (Sigma, A3562). The membrane was washed three times (5 min each) in
PBS, once with PBST and then placed in alkaline phosphatase substrate buffer (APSB;
100 ml dH2O containing 0.584 g NaCl, 0.102 g MgCl2.6H2O, 1.21 g Tris, adjusted to
pH 9.5 with HCl) for 5 min. Bound antibody was then visualised by incubation in 10 ml
substrate solution (10 ml APSB containing 66 µl NBT stock (50 mg nitroblue
tetrazolium (Sigma, N6876) in 1 ml 70% (v/v) dimethyl formamide) and 33 µl BCIP
stock (25 mg 5-bromo-4-chloro-3-indoylphosphate (B8503) in 500 µl 100% dimethyl
formadine). After colour formation, the membrane was washed repeatedly in dH2O and
then air-dried between sheets of Whatman No.3 filter paper.
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4.3 Results
4.3.1 Construction of the ToxA-DPM1 transformation vector
In order to amplify S. cerevisiae DPM1 the nucleotide sequence was obtained from the
Saccharomyces cerevisiae online database (SGD http://www.yeastgenome.org/). Figure
4.1 shows the full ORF nucleotide sequence including 50bp upstream and downstream
sequence. The ToxA promoter was amplified from a Plasmid pGEMt7 (obtained from
M. Badaruddin, University of Exeter) using primers designed up and downstream.
(Table 4.1). The ToxADPM1 construct was assembled through two rounds of PCR. In
the first round, ToxA and DPM1 were amplified separately from relevant templates.
The primers were designed so that the reverse ToxA primer contained an overlap of the
beginning of the DPM1 fragment. A second round fusion PCR using the first round
products as templates resulted in a 1.2kb construct which was subsequently ligated into
Strataclone. The plasmid was transformed into E. coli and purified. The plasmid was
digested with apaI and speI restriction enzymes, liberating the construct from the
backbone of the plasmid leaving sticky ends. pCB1004 and pCB1532 were digested
with the same enzymes apaI and speI to linearize the plasmid and dephosphorylated to
stop the plasmid annealing to itself during ligation. The ToxADPM1 construct was then
ligated separately into both plasmids resulting in two transformation vectors. These
were sequenced to confirm correct insertion of ToxADPM1 (figure 4.4).
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Figure 4.4 Generation of ToxA-dpm1 transformation vector
a) Gel electrophoresis of 397bp ToxA first round product, amplified from pGEMt7 b) Gel
electrophoresis of DPM1 ORF from S. cerevisiae. c) Fusion PCR product of ToxA-DPM1
which was ligated into d) pGEM-T, digested out with apa1 and spe1 cleaving and ligated
into pCB1004 which had been digested with the same restriction enzymes to provide
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complementary sticky ends.
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4.3.2 Southern Blot analysis of putative transformants
Transformants were selected based on resistance to hygromycin B or SUR and cultured
on PDA. Stable strains could only be recovered from transformations with pCB1004.
Strains transformed with pCB1532 did not retain resistace to SUR and therefore all
further work was carried out with pCB1004 transformed, hygromycin B resistant
mutants. To confirm the presence of the S. cerevisiae dpm1 gene in these putative
mutants, DNA was isolated and digested with salI and xbaI. Following fractionation by
gel electrophoresis, DNA was transferred to Hybond-N (Amersham) and subsequently
probed with the DPM1 fragment used in construction of the over-expression plasmid.
The southern blotting confirms three positive transformants, two with multiple
insertions (12 and 53). Further analysis was carried out on these transformants.
4.3.3 Expression of DPM1 in transformants
DPM1 expression was determined by qPCR. RNA was isolated from transformants
which had a positive band in the southern blot analysis. Quality and quantity of the
RNA was checked on a formaldehyde gel. cDNA from this RNA was used to determine
DPM1 expression using β tubulin as a normaliser. DPM1 expression is significantly
increased in all overexpression mutants compared to Wild type (Figure 4.6). This qPCR
result show that the expression level of DPM1 is not linked to the number of copies of
the gene.

4.3.4 MDP presence in Overexpression mutants
After verifying the insertion and expression of the dpm1 gene in the genomic DNA and
RNA of the mutants, MDP presence was determined by western blot using a yeast
antiDPM1 antibody. Figure 4.6 shows an increase of MDP in all three mutant strains
compared to wild type although at different levels.
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Figure 4.6 Analysis of Putative DPM1 overexpression mutants.
A.Southern blot analysis. Genomic DNA was Digested with salI and XbaI. Fragments were
separated by Gel electrophoresis on a 0.8% agarose gel. B. DPM1 overexpression mutants
were identified by presence one or multiple bands, representing copies of the construct in
the genome. C. qRT PCR was carried out on total RNA samples to confirm transcription of
the gene. D. Western blotting was carried out by denaturing whole protein extract of each
putative mutant, separating by SDS PAGE and transferring to a membrane which was
probed for DPM1 using a DPM1 specific antibody.
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4.3.5 Plant Growth Promotion of lettuce by T. hamatum strains GD12 and DPM1
over expression mutants.
Plant growth promotion assays were carried out in replicate microcosms containing peat
inoculum from WT GD12, and DPM1 11, 12 and 53 to determine if the increase in
MDP synthase had an effect on the plant growth promotion effect of T. hamatum. %
emergence was recorded (figure 4.7) as well as the dry weights of the roots and shoots
in the assay after harvesting at 21d. Treatment with GD12 and ΔThnag::hph showed an
increase which is consistent with previous results (Ryder 2012). Treatment with DPM1
11, 12 and 53 resulted in growth promotion (P< 0.05).

Strain
control

ΔThnag::hph
DPM1 11
DPM1 12
DPM1 53

Fold change from GD12
roots
shoots
0.73
0.54
3.84
3.47
3.03
2.38
1.76
1.47
3.06
2.91

p value
roots
2.354E-15
2.354E-15
9.0693E-14
0.00027656
1.1084E-12

shoots
7.18934E-08
1.31706E-15
7.95784E-09
0.00089851
8.06849E-13

Table 4.2. Growth Promotion seen by Trichoderma mutants represented in fold
change. Each value is derived from the mean of three replicates.
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Figure 4.7 Peat based Lettuce Plant Growth Promotion Assays on DPM1
overexpression mutants
A.Photograph of Peat based Lettuce Assays showing treatments (clockwise from top
left):DPM1-53, DPM1-12, DPM1-11, Control, GD12, ΔThnag::hph. B.Emergence
of lettuce seedlings, C. Shoot Dry weight D.Root Dry weight.
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4.3.6 Biological Control Fitness of DPM1 overexpression mutants
Biological control assays were carried out in replicate microcosms containing peat
inoculum from WT, GD12, ΔThnag::hph and DPM1 11, 12 and 53 to determine if the
increase in MDP synthase had an effect on the biological control observed in GD12 but
lost in ΔThnag::hph of T. hamatum. % emergence was recorded (figure 4.8A) as well as
the dry weights of the roots and shoots in the assay after harvesting at 21d (4.8 B and
C). Treatment with GD12 and ΔThnag::hph showed biological control fitness and loss
of fitness respectively, which is consistent with previous results (Ryder 2012).
Treatment with DPM1 11 and 12 resulted in Biological control as seen in GD12
however strain DPM1-53 resulted in complete loss of biological control (P< 0.05).
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Figure 4.8 Biological Control Assay of DPM1 overexpression Mutants
Microcosms were treated with the lettuce pathogen S. sclerotinia and DPM1
strains. A. Emergence of lettuce seedlings with each treatment. B. Shoot dry
weight of seedlings. C. Root dry weight of seedlings
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4.4 Discussion
The aim of this Chapter was to investigate the impact of S. cerevisiae dpm1 over
expression in the growth promoting strain of T. hamatum GD12. Attempts to achieve
this using transformation vector PCB1532 carrying ToxA- dpm1 were unsuccessful,
with all transformants dying after going through several rounds of selection on
sulfonylurea, although a southern blot showing the ToxA- dpm1 presence in one strain
was achieved. An explanation for this is yet undiscovered and has not been explored,
however previous work has reported poor results when transforming with nonauxotrophic selection markers (Schindler, 1993).
Successful and stable transformants were achieved through transforming with PCB1004
carrying ToxA- dpm1, a transformation vector carrying the selective resistance to
hygromycin with the desired construct ligated into the multiple cloning site. Further
discussion refers to the latter hygromycin resistant transformants.
Integration of the ToxA-dpm1 construct into the genome of the mutant was confirmed
by southern blot where three transformants were regarded as successful and
subsequently stable following single spore isolation. The three mutant strains ‘DPM111’ ‘DPM1-12’ and ‘DPM1-53’ were subjected to further phenotypic analysis.
Southern blot analysis showed that each of the mutants took up a different copy number
of the gene. It was initially thought that this may be linked to the expression levels of
the MDP synthase protein however qPCR and western blotting showed that in there is
no correlation between the copy number and expression as mutant 53 contains multiple
copies and there is no significant increase in relative expression of the gene compared to
the single and double mutant. An explanation for this may be that the gene has inserted
into a part of the genome which results in little or no expression of the functional
protein or that a pleotrophic effect occurs which may have an adverse phenotype.
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The present study implicates that copy number of the gene introduced in to the genome
does not directly correlate to the amount of mRNA transcribed or the final expression
level of protein. Several studies using similar overexpression techniques have stated
similar conclusions. For example, Flores, 1997 showed that biological control can be
enhanced in T. harzianum through overexpression of the prb1 gene. This study also
concluded that the copy number of the gene did not correlate to the amount of protein
produced even if the mRNA levels of the prb1 transcript are high.
Limited studies have explored the potential for Trichoderma strains to be improved as
biological control agents and for plant growth promotion. Zembec et al., (2011) overexpressed S. cerevisiae dpm1 in T. atroviride and tested biological control fitness using
three mutants, each containing two inserted copies of the DPM1 gene. Each mutant
showed enhanced biological control activity against the oomycete Pythium ultimum in
vitro through confrontation assays, and in vivo against both P. ultimum and R. solani,
where bean seedlings had a higher rate of % germination and increased plant height
than plants in soil treated with the wild type strain. Consistancy of the results did
however vary between pathogens with enhanced biological control in P. ultimum more
consistant than against R. solani.
Other work has shown that over-expression of S. cerevisiae DPM1 in T. reesei can alter
secretion and cell wall structure (Kruszewska, 1999). Our work shows that expression
of the same gene under the toxA promoter alters secretion which in addition has an
effect on the plant growth promotion seen by T. hamatum.
As the Wild type strain used in this study is a confirmed biocontrol agent against the
pathogen S. sclerotinia (Thornton, 2004; Ryder et al., 2012) it would be expected that
all three expression mutants resulted in an enhanced biocontrol effect. This would be
consistant with results published in 2011 by Zembeck et. al. which showed enhanced
biocontrol competence in a DPM1 expression mutant of T. atroviride. In the present
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work two of the three mutants showed a biological control profile of the same
competence as GD12. The multiple copy did not provide any biological control
competence. This highlights the main disadvantage of vector transformation is the lack
of precision as to where the gene is inserted in contrast to targeted deletion where the
disrupted gene and its function is known. One Method to find out why this is occurring
would be to sequence the strains and find out the location of where all the copies have
inserted and identify possible gene disruptions which may contribute to this.
It is clear from both the literature and the present study that MPD-synthase activity has
a central role in the secretion of metabolites leading to both plant growth promotion and
biological control competence. Advances in genetic engineering and molecular biology
techniques have resulted in a continual advance in our understanding of the role it plays
and the resulted in a potential application of GM strains to increase yield and control
plant pathogens in the future.
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Chapter 5.
General Discussion
Food production must intensify over the next century in order to meet the increased
demands of a growing global population. However, this intensification must occur
sustainably, with reduced reliance on environmentally damaging chemicals. Modern
energy-intensive agriculture relies heavily on synthetic NPK fertilisers to obtain
optimum crop yields, but the spiralling cost of fossil fuels means that to many farmers,
particularly in developing countries, the use of fertilisers to improve crop productivity is
simply not cost effective. There is therefore a pressing need to develop sustainable
alternatives to synthetics fertilisers and pesticides for crop nutrition and protection. The
use of beneficial soil microorganisms is a credible option, and one fungal genus in
particular, Trichoderma, holds enormous promise for the development of sustainable
biofertiliser and biocontrol agents.

The principal aim of this thesis was to use molecular genetics to modify the genome of
the soil-borne saprotroph Trichoderma hamatum GD12, through targeted gene deletion
and gene overexpression, to improve its beneficial biological properties (biological
control of root pathogens and plant growth promotion). In doing so, we aimed to
increase our understanding of the mechanisms underpinning these beneficial traits. The
work relied upon sequencing of the GD12 genome, utilising next generation Illumina
genomic sequencing technology, to facilitate the molecular genetic studies.
Early work in this thesis set out to exploit proteomic profiling of GD12 and a hypersecreting mutant, ∆Thnag::hph, that displays dramatically enhanced PGP activities but
reduced biocontrol fitness, as a consequence of N-acetyl-β-D-glucosaminidasedeficiency (Ryder et al., 2012). Previous work using metabolomics (Ryder, 2009) had
shown that the mutant hyper-secretes water-soluble bioactive secondary metabolites that
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stimulate plant growth in the absence of disease pressure. De novo sequencing of GD12,
allowed us to identify a protein, a Branched Chain Amino acid Transaminase (BCAT),
that was down-regulated in the ∆Thnag::hph mutant. We hypothesised that downregulation of this enzyme might contribute to the enhanced PGP activity of the mutant
strain, since BCATs are known to be involved in the biosynthesis of fungal secondary
metabolites (Cheng et al., 1999). To test this hypothesesis, we used targeted deletion of
the BCAT encoding gene (bcat) to disrupt BCAT production. However, rather than
improving PGP activity of the fungus, germination and growth of lettuce plants was
impaired, showing that BCAT could not account, in isolation at least, for the enhanced
PGP activity of the ∆Thnag::hph mutant.

The approach we adopted to select proteins for functional genomic analysis had clear
shortcomings, as many of the proteins identified by DIGE analysis of the GD12 and
∆Thnag::hph proteomes were either hypothetical or have yet to be assigned biological
functions. Nevertheless, this analytical method allowed us to identify using mass
spectrometry a protein with well characterised biological, and by using genome
sequencing technology, we were able to disrupt the corresponding gene with
concomitant reduction in Branched Chain Amino Acids (BCAAs) production. That
BCAA production was reduced in the mycelium and not in the culture medium shows
that the reduced capacity of the BCAT-deficient mutant ∆Thbcat::hph1 to stimulate
lettuce seed germination and to increase plant development must occur through a
currently unidentified alteration in secondary metabolite biochemistry, and supports the
hypothesis that BCAAs are the precursors of secreted secondary metabolites.

The increase in plant growth promotion loss of biocontrol fitness observed in
ΔThnag::hph mutant, prompted us to investigate genetic modification strategies that
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would allow the generation of mutant strain with improved PGP activities while
retaining biocontrol efficacies. Genetic manipulation of Trichoderma species has been
used previously to develop strain with improved biocontrol activities by constitutive
over-expression of enzymes implicated in Trichoderma hyperparasitism, including βglucanases, proteases and chitinases (Flores et al., 1997; Baek et al., 1999; Limón et al.,
1999; Viterbo et al., 2001; Djonovic ́ et al., 2006). Other studies have also shown
potential for expression of heterologous peptides for biocontrol of pathogens. For
example Jones and (Prusky, 2002) showed that it was possible to express antifungal
peptides which had biological activity against the tomato post-harvest storage pathogen
C. coccodes. In addition, Trichoderma species used in industrial processes, such as T.
reesei, have been genetically modified to hyper-secrete hydrolytic enzymes by
increasing the copy number of genes involved in cellulase production (MiettinenOinonen and Suominen, 2002). Over-expression of the Saccharomyces cerevisiae DPM
synthase gene (dmp1) has been shown to increase cellulose production and extracellular
secretion in T. reesei through increased O-glycosylation of proteins as a consequence of
elevated transcription of the DPM synthase genes (Kruszewska et al., 1999).

The link between secretion and plant growth promotion demonstrated in the
∆Thnag::hph mutant led us to the investigate whether over-expressing the S. cerevisieae
dmp1 gene in T. hamatum GD12 could generate mutant strains with enhanced PGP, but
which also retained biological control activity. Such an approach was recently reported
by Zembec et al., (2011) who used dmp1 over-expression in T. atroviride to develop
strains with improved biocontrol capabilities. Nevertheless, this is the first time, to our
knowledge, that such a system has been used in a T. hamatum strain that displays both
PGP and biocontrol properties.
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The yeast dpm1 gene was over-expressed in GD12 through integration of a plasmid
conferring resistance to hygromycin generated and with the S. cerevisiae gene under the
promoter ToxA. Three mutants displaying resistance to hygromycin and carrying the
ToxA-dpm1 construct were selected for further phenotypic analysis. All three mutants
showed enhanced growth promotion in the absence of disease pressure. Two of the
mutants dpm1-11 and dpm1-12, containing single and double copies of the yeast gene,
respectively, retained biological control fitness, but the remaining mutant, dpm1-53,
with 5 copies of the gene, showed a complete loss of biological control activity against
the plurivorous soil-borne pathogen Sclerotinia sclerotiorum. This work has
demonstrated that over-expression of a yeast gene that increase the secretory potential
of filamentous fungi, can be used to develop genetically modified strains of GD12 that
display improved PGP, but which retain biocontrol fitness. Further genotypic and
phenotypic characterisation of these mutants in needed to determine the mechanism(s)
through which enhanced PGP is achieved. To this end, Illumina sequencing of all three
mutants has been undertaken to establish the locations of the ToxA-dmp1 integrations in
the fungal genomes. The significant improvement of PGP in the dpm1-53 mutant, but
complete loss of S. sclerotiorum biocontrol is particularly fascinating and may imply
disruption of a gene(s) crucial to biocontrol activity of this fungus.

My work has shown that a naturally-occurring PGP and biocontrol strain of the
common soil fungus T. hamatum can be used to increase plant growth and to control
root disease in the absence of exogenous supplies of fertilisers and pesticides in
laboratory-based microcosms. Furthermore, significant improvements in the PGP
activities of the fungus can be achieved through genetic modification, without the
simultaneous reductions in biocontrol activity witnessed with the N-acetyl-β-Dglucosaminidase-deficient mutant ΔThnag::hph.
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At present, the development and testing of GM microbes in UK agriculture is prevented
by stringent government legislation, due to widespread public concern over transgene
escape, and the contamination of the natural environment and food chains. Future
studies should attempt to develop beneficial Trichoderma strains with enhanced PGP
and biocontrol activities that do not contain antibiotic resistance markers. Arguably,
removal of resistance markers is less problematic in gene deletion mutants than in overexpression mutants, since there is a single insertion of a heterologous gene only (the
gene hph bestowing hygromycin resistance), whereas in the yeast dpm1 over-expression
mutants described here, genes conferring both hygromycin resistance to the fungus and
ampicillin resistance for selection when cloning into E. coli are present. The
development of a recyclable marker system would allow deletion of a gene and then
removal of the selectable resistance marker. Such a system has been described in T.
reesei (Steiger et al., 2011), using the cre/loxP system first described by Sauer, (1987).
With the application of T. hamatum as a BCA and PGP agent there are two advantages
to employing this system. Firstly, the same selection marker can be re-used to produce
strains with multiple gene modifications and, secondly, the resultant mutant strains
contain no selectable markers, thereby limiting the risk of transfer of antibiotic
resistance genes into the environment.

Nothwithstanding this, the work I have presented here shows that the beneficial freeliving soil fungus T. hamatum GD12 hold enormous potential for the sustainable
intensification of agriculture, and further improvements in its beneficial PGP and
biocontrol properties can be achieved through genetic modification.
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