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ABSTRACT

Trichoderma aggressivum is the causal agent of severe green mould disease in the
cultivated mushroom Agaricus bisporus (Samuels et al., 2002). This fungus was
first isolated in Ireland in 1987 during an epidemic of green mould disease and
has subsequently been isolated from mushroom farms across Europe and North
America (Largeteau et al., 2010). There are two subspecies T. aggressivum f.
aggressivum and T. aggressivum f. europaeum which are found in North America
and Europe respectively, the latter is the subject of this work.

The purpose of this study was to investigate the interaction of T. aggressivum
with A. bisporus and mushroom substrate, to study the epidemiology of T. ag-
gressivum in Bulk Phase I1I mushroom systems and to develop methods for the
detection of T. aggressivum. A separate results chapter is presented for each area
of research.

T. aggressivum has specific attributes which allow it to grow better in mush-
room substrate than other Trichoderma species, resist inhibition by A. bisporus
metabolites and ultimately cause more severe reductions in mushroom yield
(Largeteau et al., 2000b; Mumpuni et al., 1998). A proteomic method was em-
ployed to study the effect of mushroom substrate and A. bisporus tissue on T.
aggressivum in vitro. Proteins involved in the oxidative stress response were up-
regulated in T. aggressivum in both treatments. In vivo the production of oxida-
tive stress response proteins may be part of the ability of T. aggressivum to resist
inhibition by the microbial population of mushroom substrate and by A. bisporus,
thereby colonising the substrate and reducing mushroom yields (Largeteau et al.,
2000b; Savoie et al., 2001a; Williams et al., 2003a).

Much of the research on the epidemiology of T. aggressivum in mushroom
production was performed in in situ spawn run systems. The Bulk Phase III

system has become more common in Europe in recent years but there is little



Abstract viii

information about T. aggressivum in this system. Cropping experiments were
carried out to investigate the epidemiology of T. aggressivum in Bulk Phase I1I
with particular emphasis on the effect of bulk handling of spawn-run substrate on
infection. Infection of Bulk Phase III substrate during bulk handling was shwon
to be possible. The severity of infection depended on T. aggressivum load and
on the amount of mixing performed during bulk handling.

Identification of T. aggressivum can be problematic due to morphological sim-
ilarities with Trichoderma harzianum and other Trichoderma species found on
mushroom farms (Seaby, 1996a). The most common method for differentiating
T. aggressivum from other species is the of PCR (Chen et al., 1999a) with se-
lectve primers. In this study a real-time PCR method for identification of 7.
aggressivum was developed, novel selective primers were designed and compared
to existing T. aggressivum selective primers and HPLC analysis of secondary
metabolite profiles was assessed as an alternative method for the identification of
T. aggressivum.

Keywords: Agaricus bisporus, Bulk Phase III, green mould disease, pro-

teomics, real-time PCR, Trichoderma aggressivum
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1. INTRODUCTION

1.1 Kingdom: Fungi

Fungi are heterotrophic eukaryotes previously classified as plants which were sub-
sequently assigned their own kingdom (Whittaker, 1969) and can be shown to
be more closely related to animals in evolutionary terms (Nikoh et al., 1994), al-
though some authors have suggested that fungi are divergent from both animals
and plants (Veuthey & Bittar, 1998). The largest subdivision within the fungal
kingdom is the subkingdom Dikarya which contains ~ 98% of all described species
and is further divided into the phyla Ascomycota and Basidiomycota (Hibbett
et al., 2007; Stajich et al., 2009).

Phylum Ascomycota includes yeasts, filamentous fungi and some macrofungi.
Ascomycetes are primarily haploid but during sexual reproduction form diploid
offspring within an ascus which generally rapidly return to the haploid form.
Asexual reproduction in the phylum is achieved through the production of coni-
dia, which are thought to be the sole method of reproduction of those species
with no known sexual stage. The majority of fungi known to cause disease in
plants, animals and other fungi are members of phylum Ascomycota but others
are known for their beneficial applications in areas such as brewing, biotechnology
and biocontrol (Stajich et al., 2009).

Phylum Basidiomycota includes rusts, smuts and mushrooms in their own sub-
phyla (Pucciniomycotina, Ustilagomycotina and Agaricomycotina, respectively)
and accounts for most macro-fungi, other than Morels. Members of the phy-
lum include plant pathogens, insect pathogens, mycorhizal fungi, wood degrad-
ing fungi, the human pathogen Cryptococcus (Nguyen et al., 2010) and edible
mushrooms, the most important in relation to this work being Agaricus bisporus

(Hibbett et al., 2007).
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1.2 Genus: Trichoderma

Ascomycete fungi of the genus Trichoderma are ubiquitously distributed in nature
and commonly account for the majority of fungi cultured from soil samples from a
variety of habitats (Harman et al., 2004) including arid near-desert, subtropical,
tropical, temperate, sub-arctic and urban environments (Johnson et al., 1987,
Druzhinina et al., 2005; Idress et al., 2012). However, the diversity of Trichoderma
species observed in soil is poor (Hagn et al., 2007) and it has been suggested that
these fungi adapted to the soil environment relatively late in their evolutionary
history (Friedl & Druzhinina, 2012). Morphological characteristics common to
most Trichoderma species include rapid growth and the production of abundant
conidia (often green in colour) in vitro. Conidia are most commonly dry, small
(<5 pm) and round or oval but are sometimes surrounded by a liquid droplet
(Gliocladium like conidia) and may be smooth or rough. Chlamydospores are
larger than conidia and are formed within the hyphae, or terminally, or not at
all (Samuels, 1996).

Morphological methods for distinguishing Trichoderma are of limited useful-
ness as there is a high degree of similarity between species. Morphology may also
vary within a population of a given species and with environmental factors. The
lack of a sexual stage further complicates matters, as mating type identification is
not possible for all species. These factors often lead to morphological taxonomy
of Trichoderma species being limited to the identification of ’species-aggregates’
which may contain a number of distinct species sharing common morphological
characteristics (Samuels, 1996).

Molecular analysis of Trichoderma species can differentiate between species
at a higher level of resolution than morphological methods because molecular
characteristics vary more readily in Trichoderma than morphological ones (Tay-
lor et al., 2006). Molecular methods for distinguishing Trichoderma species in-
clude RAPD, selective PCR, DNA hybridisation, RFLP and comparative se-
quence analysis (Ospina-Giraldo et al., 1998; Chen et al., 1999a; Lu et al., 2000;
Staniaszek et al., 2010). All of these methods can distinguish between morpho-
logically identical Trichoderma species because divergent fungal populations can

develop significant differences on a genetic level before any observable phenotypic
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changes occur (Taylor et al., 2006; Meincke et al., 2010).

Non-DNA based molecular methods for species differentiation have also been
applied to Trichoderma taxonomy. These methods rely on chemical analyses to
describe phenotypes of Trichoderma species and classify them accordingly. This
method of classification is described as chemotaxonomy and involves techniques
such as HPLC (Thrane et al., 2001) and LC/MS (Kang et al., 2011) analysis
of secondary metabolites, and the characterisation of specific enzymes and gene
products which vary between species (Schickler et al., 1998).

Species assignment based on a single product of metabolism can be subjective
and careful attention must be given to assess the distribution of the compound in
nature, but it is useful for analytical purposes when the production of the com-
pound is the most relevant phenotypic characteristic exhibited by the fungus, as
is the cases with compounds such as mycotoxins (Keller et al., 2005). Chemo-
taxonomy based on a range of metabolites is more reliable and is referred to
as metabolite profiling. Reference profiles can be generated from known species
and directly compared to unknown isolates (Thrane et al., 2001). This can al-
low species assignment as well as construction of phylogenetic trees based on
profile similarity (Kang et al., 2011). The presence and relative abundance of
certain metabolites can be affected by culture conditions and age so standardis-
ation is of utmost importance (Smedsgaard, 1997; Nielsen & Smedsgaard, 2003;
Polizzi et al., 2011). A chemical approach to taxonomy is an attractive com-
promise between morphological and molecular methods because it combines the
advantage of grouping fungi displaying similar phenotypic characteristics and the
ability to differentiate between similar species at a high level of resolution (Kang
et al., 2011). However chemotaxonomy is a relatively unexplored area of fungal
taxonomy, with the overwhelming amount of research focusing on comparative
sequence analysis (Mukherjee et al., 2012).

Comparative sequence analysis is an expensive and time consuming method
for species identification but from a taxonomic perspective it is the most useful
because it allows direct comparison of data published by different authors. This
means that classifications can be reviewed more easily in the light of new infor-
mation. The principle of comparative sequence analysis is that genes common to

related species differ somewhat in sequence due to mutations accumulated over
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time. The degree of sequence divergence gives an indication of the evolutionary
relatedness of the species. The most common application of comparative sequence
analysis in Trichoderma taxonomy is ribotyping, in which conserved genes from
the rDNA region of the genome are amplified by PCR and then sequenced (Dodd
et al., 2000). Conserved genes are desirable for this type of analysis because they
are certain to be present in all specimens studied, however, a high degree of con-
servation limits the level of species resolution based on these genes (Druzhinina
& Kubicek, 2005). The internally transcribed spacer regions (ITS 1 and ITS
2) are particularly popular targets for this type of analysis, but the validity of
these genes as a criterion for species differentiation has been called into question
based on the high degree of sequence similarity between closely related species
and observation of paralogous copies of the genes in the same organism (Dodd
et al., 2000).

An inherent problem with comparative sequence analysis is that different
genes evolve at different rates, either randomly, or due to selective pressure. So,
it is possible for two species to be quite far removed in evolutionary terms, but to
still share genes with identical sequences. Increasingly, molecular characterisa-
tions of microbes employ a multi-gene approach (Kullnig-Gradinger et al., 2002;
Chaverri et al., 2003; Blaszczyk et al., 2011). Each gene, when analysed sepa-
rately, may produce a different clustering pattern for closely related species, by
combining multiple genes a better overall picture is obtained, with species seg-
regation being improved the more genes are analysed (Druzhinina & Kubicek,
2005).

The most powerful tool for the study of fungi on a molecular level is genomics.
To date, full genome sequences have been produced for three Trichoderma (Figure
1.1); Trichoderma reesei, Trichoderm atroviride and Trichoderma viride (Mar-
tinez et al., 2008; Kubicek et al., 2011). Based on comparison of these genomes
Kubicek et al. (2011) proposed mycoparasitism as the ancestral life-style of all
Trichoderma. They found that T. wiride and T. reesei are derived relative to
T. atroviride but that T. atroviride and T. viride both shared a significant por-
tion of mycoparasitism related genes. Kubicek et al. (2011) proposed that the
most recent ancestor of the three species was a mycoparasite, but 7. reesei (a

plant necrotroph) subsequently lost many of the genes associated with this niche.
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Martinez et al. (2008) found that while 7' reesei has a considerably reduced my-
coparasitic repertoire, it still maintains a significantly higher number of fungal
cell wall degrading enzymes and non-ribosomal peptide synthetases than might
be expected for a fungus which lives off decaying plant matter. 7. reesei also
possesses a surprisingly poor number of genes coding for plant cell wall degrading
enzymes, to the point that it is incapable of fully degrading woody plant tissues.

Authors have proposed that many Trichoderma species are mycoparasite de-
rived opportunists which are adapted to a wider range of ecological niches primar-
ily due to their ability to suppress and antagonise other microbes which would
otherwise out-compete them (Harman et al., 2004; Druzhinina et al., 2011). The
presence of prey fungi in association with plant material and in the soil may
have enticed ancestral Trichoderma species into new environments in which they
gained a competitive edge by antagonising their competitors using the same mech-
anisms previously employed to parasitise host fungi. Kubicek et al. (2011) sug-
gested that T. reesei is more suited to growth in wood that has been partially
degraded by other microbes and that the nitrate reductase gene that is one of
its adaptations to this niche (and which was obtained by horizontal gene transfer
(Slot & Hibbett, 2007)) may even have even been co-opted from its ancestral

Basidiomycete prey.
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1.2.1 Anamorphs and Teleomorphs

Fungi from the genus Trichoderma are pleiomorphic, the asexual (anamorphic)
and sexual (teleomorphic) life-cycle stages display distinct morphologies and
ecologies. Teleomorphs of Trichoderma are found in the genus Hypocrea, a
group of fungi first described in 1825 (Fries, 1825). Morphologically identical
Trichoderma species may be distinguishable based on the morphology of their
Hypocrea teleomorphs, however, some morphologically identical Hypocrea may
have anamorphs classified as distinct Trichoderma species and vice versa (Dodd
et al., 2003). Not all Trichoderma have a teleomorph, some (like Trichoderma
aggressivum) have only been described in the asexual state (Chaverri & Samuels,
2003). Classification of Trichoderma with no known teleomorphs is complicated
by the reduced variety of morphological features and because the production
of viable offspring through sexual reproduction is at the core of the biological
concept of species.

At the time of writing the standard for naming of Trichoderma/Hypocrea
species for which the entire lifecycle has been described is to assign the Hypocrea
name to the species. Due to the genetic identity of anamorph and teleomorph
there is an increase in the use of Trichoderma as the species name for Hypocrea
with Trichoderma anamorphs. This will be the standard convention as of January

2013 (Druzhinina et al., 2011).

1.2.2 Taxonomy of the Trichoderma harzianum group

Trichoderma harzianum as described by Rifai (1969) is one of the largest sub-
groups of Trichoderma. It can be divided into T. harzianum sensu stricto, the
species T. harzianum, and T. harzianum sensu lato, a range of morphologically
similar and related species (Druzhinina & Kubicek, 2005).

Gams & Meyer (1998) described the type specimen of T. harzianum sensu
stricto (CBS 226.95) by analysis of rDNA sequence and RFLP. The species clus-
ters with other 7. harzianum and Trichoderma inhamatum strains and is more
closely related to specimens which went on to be renamed Trichoderma aggres-
sivum than to Trichoderma atroviride or Trichoderma viride (Figure 1.2). Fur-
ther work by Dodd et al. (2000), Samuels et al. (2002), Kullnig-Gradinger et al.
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(2002) and Chaverri et al. (2003) showed similar findings, and went some way
to describing the diversity of species within the T. harzianum cluster as well as
showing T. harzanium sensu stricto to be the asexual stage of Hypocrea lixii.
Reliable species assignment within the 7. harzianum group has been an im-
portant topic of research because they are used in industry for the production of
enzymes and as biological control agents for plant pathogenic fungi. At the same
time related species are the cause of major economic losses within the mushroom
industry (Ospina-Giraldo et al., 1999). In order for safe application in the ar-
eas of biotechnology and biocontrol strict species identifications are absolutely
necessary for safety evaluation. Patenting of products containing, or produced
from T. harzianum also calls for accurate species description. In spite of this,
phylogeny within the T. harzianum cluster is still poorly described and there are
strains described as T. harzianum which may be distinct species or subspecies
(Druzhinina & Kubicek, 2005). Some of the strains used in industry are described
as T. harzianum, in spite of them differing significantly from 7. harzianum sensu
stricto (Mach et al., 1999). Since the degree of genetic and phenotypic difference
required to define new subspecies is poorly defined this is likely to remain the

case for some time.

1.3 Trichoderma aggressivum

Trichoderma aggressivum is a Trichoderma harzianum-like species found exclu-
sively in association with the cultivation of the edible mushroom Agaricus bis-
porus. It is the most significant causative agent of green mould disease in A.
bisporus cultivation. Green mould disease describes the growth of Trichoderma
species in the substrate and casing used for mushroom production. This causes
reduced mushroom formation and damage to A. bisporus fruiting bodies, result-
ing in economic losses in the mushroom industry. The condition can be caused by
many Trichoderma species but in the cultivation of A. bisporus, T. aggressivum

is the only species known to cause total crop failure.
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1.3.1 Early identification

Trichoderma aggressivum was originally identified in Ireland during an outbreak
of severe green mould disease in the late 1980s (Seaby, 1987; Staunton, 1987;
Seaby, 1989). Seaby (1987) identified three subgroups of Trichoderma harzianum
involved in the outbreak which were distinct from each other but all exhibited
morphology typical of T. harzianum (Rifai). These subgroups were assigned
the names Thl, Th2 and Th3. The Th2 subgroup was found to be the most
significant group involved in the outbreak and the one causing the most severe
damage to mushroom crops.

Subsequent outbreaks of severe green mould diseasee were reported in Britain
(Muthumeenakshi et al., 1994), the US (de la Fuente et al., 1998), Canada (Royse
et al., 1999), Spain (Hermosa et al., 1999), France (Largeteau et al., 2000a) and
across Northern Europe (Kredics et al., 2010; Sobieralski et al., 2010). The Th2
group was found to be the cause of the outbreaks in A. bisporus crops in Europe,
while phylogenetically distinct but related species are responsible for severe green
mould disease of A. bisporus in North America (Th4) and in the production of
other edible mushrooms worldwide (Trichoderma pleurotum, Trichoderma pleu-
roticola and others) (Muthumeenakshi et al., 1998; Hatvani et al., 2007; Komon-
Zelazowska et al., 2007; Kredics et al., 2009).

1.3.2 Species assignment

Most of the literature published regarding Trichoderma in mushroom production
during the 1990s uses the biotype nomenclature, classifying the most relevant
Trichoderma strains as Trichoderma harzianum biotypes Thl, Th2, Th3 and
Th4. These biotypes were distinguishable based on morphology and growth rates,
but due to the continuum of morphologies and growth types observed within
T. harzianum sensu lato identification and comparison based on these traits is
problematic. During the fifteen years following the first description of the biotypes
there was an increasing amount of molecular data pointing towards evolutionary
divisions between the biotypes.

Muthumeenakshi et al. (1994) described intraspecific polymorphisms between
81 Trichoderma isolates using RFLP of the mitochondrial DNA and PCR am-
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plified rDNA as well as ITS 1 sequence and RAPD. Their results distinguished
aggressive Th2 strains from the non-aggressive Th1l and Th3 biotypes as well as
showing that strains exhibiting the aggressive phenotype which had been previ-
ously classified as Thl or Th3 based on morphology clustered better with the
Th2 strains based on molecular similarities.

Seaby (1996a) differentiated the biotypes based on extensive microbiological
methods. The growth characteristics of each biotype and several other Tricho-
derma species were assessed at a range of temperatures and they were examined
microscopically on different growth media. Using different growth conditions a
wider range of morphologies was observed which can allow better differentiation
of species which exhibit very similar morphologies and growth rates under the
same culture conditions.

Muthumeenakshi et al. (1998) compared Th2 strains and aggressive strains
isolated from mushroom farms in North America to assess whether they were
the same biotype, which might indicate that they had spread to North America
from Europe. Their findings reinforced the genetic segregation of the Thl, Th2
and Th3 biotypes and showed that aggressive North America isolates were ge-
netically distinct from Th2. They proposed that the North American mushroom
competitors was not imported from Europe, but was a closely related indigenous
strain exploiting the same niche as Th2. They continued the use of the term Th4
to describe this North American biotype, as had already been done by Seaby
(1996a).

Castle et al. (1998) used a similar approach to Muthumeenakshi et al. (1994)
to study Trichoderma strains isolated from mushroom farms across North Amer-
ica. In this study a subgroup of 40 % of isolates which exhibited the same RAPD
character were identified as being those most commonly associated with severe
green mould disease. This study also confirmed that these Th4 isolates were
similar to Th2 isolates from Europe but that the two were genetically distinct.

Ospina-Giraldo et al. (1998) used sequence analysis of the ITS-1, ITS-2 and
5.85 rDNA genes to delineate the biotypes Thl, Th2 and Th4 from Th3, which
was shown to display more genetic identity with Trichoderma atroviride. Their
analysis showed that the biotypes Thl, Th2 and Th4 showed a small number of

nucleotide differences in the sequenced regions relative to one and other and that
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they grouped together, with Th2 and Th4 being more similar to each other than
to Thl. Th3 by contrast was highly divergent and did not group with any of
the other T. harzianum biotypes (Figure 1.3). The term T. harzianum Th3 was
subsequently abandoned, in favour of 7. atroviride to describe these strains.

Several papers published in 1999 showed that the Th2 and Th4 biotypes were
divergent from other Trichoderma strains that are used in biocontrol (Ospina-
Giraldo et al., 1999), and that the Th4 biotype was not the primary variety
associated with green mould disease in the United States prior to the epidemic of
the early 1990s (Chen et al., 1999b). A PCR based test which could distinguish
the Th2 and Th4 biotypes from non-aggressive strains was developed based on
a RAPD fragment unique to those biotypes (Chen et al., 1999a). These results
again emphasised that there is more genetic similarity between the Th2 and Th4
biotypes than there is between those biotypes and other Trichoderma varieties.

Dodd et al. (2000) used multiple gene sequences from the rDNA region to
describe the relationship between Trichoderma strains. This data supports that
of Ospina-Giraldo et al. (1998) in classifying biotype Th3 as T. atroviride and
grouping the other biotypes together but, depending on which gene was used for
tree construction four different evolutionary relationships between biotypes Thl,
Th2 and Th4 were supported with no consensus tree and low bootstrap values in
all cases. This is likely as a reult of the low-level of rDNA polymorphism between
these biotypes observed by Ospina-Giraldo et al. (1998).

In 2002 the three remaining mushroom associated Trichoderma biotypes were
reclassified. Based on available sequence data as well as novel sequences for the
tef-1 gene Samuels et al. (2002) reclassified Thl isolates as T. harzianum sensu
stricto while the Furopean and North American mushroom competitors Th2 and
Th4 were reclassified as Trichoderma aggressivum f. europaeum and Tricho-
derma aggressivum f. aggressivum, respectively. Further multi-gene sequencing
analyses supported this assessment, with both T. aggressivum subspecies being
closely related but distinctly divergent from 7. harzianum sensu stricto (Kullnig-
Gradinger et al., 2002; Chaverri et al., 2003).
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1.3.3 Cultural and morphological characteristics

Trichoderma aggressivum is fast growing, MEA cultures typically grow ~ Imm/
hr at 27 °C and half that rate at 17 °C (Seaby, 1996a). Optimum growth tem-
perature is in the 25-30 °C range on PDA, growth is significantly reduced at 35
°C (Samuels et al., 2012). Conidia are smooth, green, obovoid and ~ 3.4 pm in
diameter. Conidiation is typically observed at the colony edge and in central pus-
tules within ~ 96 hours in the dark (Seaby, 1996a). Early conidiation is enhanced
by growth under a light source but formation of conidia is not light dependent
(O’ Brien, unpublished data).

Phialides are flask shaped and held in branched conidiophores. Conidiophore
branching may be paired or unpaired. Long ’internode’ regions are frequently
observed between clusters of conidiophores. Chlamydospores are formed rarely or
not at all. The European and North American subspecies are not distinguishable

at a microscopic level (Samuels et al., 2012).

Fig. 1.4: Conidiophores of Trichoderma aggressivum f. europaeum (Left) and Tricho-
derma aggressivum f. aggressivum (Right).

Images reproduced from Samuels et al. (2012)
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1.4 Clultivation of Agaricus bisporus

Mushrooms of the genus Agaricus have been cultivated for consumption since
the 18th century (Abercrombie, 1779). Today Agaricus bisporus, the white but-
ton mushroom is the most commonly cultivated mushroom in Europe and North
America. Other Agaricus varieties such as Agaricus subrufescens and Agari-
cus bitorquis are popular in warm climates such as Brazil due to their ability
to produce fruiting bodies at higher ambient temperatures (Hernandéz et al.,
2011). Most A. bisporus strains cultivated worldwide are hybrids, valued for their
smooth, white sporophores and high yields of good quality mushrooms (Diaman-
topoulou & Philippoussis, 2001).

Worldwide production of mushroom is in the order of tens of millions of metric
tonnes. Figure 1.5 shows the production of mushrooms by the top nine mush-
room producing nations since 1990. The most significant trend is the increase in
production in China, which is by far the largest producer of mushrooms globally,
but of this A. bisporus only accounts for only a fraction (Chen et al., 2008). Most
nations show a gradual increase in production over the 20 years apart from the
UK and France, in which production declined (France was one of the top produc-
ers until 2008); the USA, which remained mostly constant; and Italy, in which
production increased considerably between 2006 and 2010.
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Fig. 1.5: Annual output of top 10 mushroom producing nations from 1990-2010

Figures from faostatistics.
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1.4.1 Mushroom cultivation systems

Mushroom production is a multi-step process (Figure 1.6). The first 2 phases
involve the production of mushroom substrate from raw materials by biological
composting processes. The substrate and casing is colonised by Agaricus bisporus
mycelium in subsequent phases, then fruiting body formation is induced and
mushrooms are harvested. Each of these steps is carefully controlled to maximise
mushroom yield and quality and to minimise the opportunity for contamination

with unwanted micro-organisms. Each phase is described in detail below.

Phase 1

Phase I is the first stage of mushroom substrate production. The raw materials for
this phase are straw (preferably wheat straw), manure (poultry, horse, or other,
depending on local availability) and gypsum (Pecchia et al., 2002). Raw materials
are mixed and wetted in piles; this process may take place in an open air yard or
covered bunkers may be used (Sharma et al., 2000). Piles are turned and wetted
repeatedly to ensure the components are thoroughly mixed and to prevent the
production of excessive heat or anaerobic conditions within the compost (Royse
& Chalupa, 2009).

There is no requirement for the addition of heat during Phase I; the breakdown
of the nutrient rich straw and manure by naturally occurring micro-organisms pro-
duces significant amounts of heat (Anastasi et al., 2005). Temperatures can reach
up to 80 °C in the centre of compost piles (Van Griensven & Vogels, 1990) with
thermophilic microbes proliferating as temperatures rise. Thermophylic bacteria
and fungi are important to the Phase I process (Fordyce, 1970; Straatsma et al.,
1991; Maheshwari et al., 2000; Singh et al., 2005; Sanchez et al., 2008). These
organisms partially breakdown the raw materials and sequester inorganic nitro-
gen and carbon, making the substrate more amenable to the growth of Agaricus
bisporus and less accessible to competitors. The dynamic microbial population
during Phase I a key part of the production of high yielding mushroom substrate
and inoculation of the compost with cultures of beneficial microbes has been
studied as a means of improving substrate quality (Straatsma et al., 1991; Singh
et al., 2005; Adams & Frostick, 2008).
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There is increasing interest in the use of by-products from food, agriculture
and other industries in the production of mushroom substrate (Kurbanoglu et al.,
2004; Stoknes et al., 2008; Parati et al., 2011; Philippoussis & Diamantopoulou,
2011; Savoie et al., 2011). The primary materials used in the production of
substrates for the cultivation of A. bisporus and other mushrooms are by-products
of the production of cereals and livestock. Bioconversion of agricultural and other
waste products into edible mushrooms improves food production efficiency and
promotes sustainability (Savoie et al., 2011). In addition, as both wheat straw
and chicken manure are in demand for other uses and contribute significantly
to the cost of producing mushroom substrate, so the utilisation of other raw

materials can reduce the cost of mushroom production (Martin, 2008).

Phase I1

The next stage of composting takes place in aerated bunkers. Compost temper-
ature is raised to 60 °C for 8 hr to pasteurise the compost with the intention
of killing any unwanted microbes which may be present in the raw materials
of Phase I. Modern composting facilities typically make use of forced aeration
through channels in the bunker floor to ensure that the process is fully aerobic as
well as for temperature control (Noble & Gaze, 1994). After pasteurisation the
temperature is reduced to 45 °C and composting proceeds until all ammonia and
other readily available nitrogen sources in the compost have been re-assimilated
by compost micro-flora (Noble & Gaze, 1996).

Inefficient aeration and temperature control during Phase II can lead to the
production of unwanted gases such as HyS and ammonia vapour and can result
in the production of substrate which produces low yields of mushrooms and is
susceptible to infection with other micro-organisms (Noble & Gaze, 1996). After
Phase II the compost is a uniform brown colour with softened straws of short
length and no odour. At this point the substrate is ready for inoculation with
Agaricus bisporus.

The objective of Phase II is to produce a substrate which is free from mi-
crobes which are pathogens or competitors of A. bisporus and which has a low
concentration of readily available nitrogen and carbohydrate. Low abundance

of easily acquired nutrition favours the growth of A. bisporus over undesired
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organisms in the later stages of production. A. bisporus is a secondary decom-
poser of plant matter which is able to degrade difficult-to-digest components of
plant cells such as lignin (Patyshakuliyeva & De Vries, 2011). The degradation
of lignin in mushroom compost and also increases the availability cellulose and
hemi-cellulose, which in turn can be broken down into high energy molecules such
as glucose and 5-carbon sugars (ten Have et al., 2003). Well prepared Phase II
compost acts as a semi-selective medium for the growth of A. bisporus as it does
not contain carbon or nitrogen sources which are readily available to organisms
which do not have the enzyme complement necessary to break down this complex
substrate (Durrant et al., 1990).

Phase II1

Phase III is the first stage in the growth of Agaricus bisporus but is also described
as one of the stages of compost production. Mushroom spawn is added to the
Phase II compost, ambient temperature is adjusted to 25 °C and air humidity is
raised to 90 %, this process is commonly referred to as spawn-run. After Phase
IIT the substrate is fully colonised with A. bisporus mycelium and mottled white
in appearance.

Mushroom spawn is a pure culture of A. bisporus mycelium grown on grains
such as barley or rye which is used to inoculate the Phase II compost (Sénchez,
2004). A. bisporus strains are produced through selective breeding (Sonnenberg
et al., 2011), mycelium is used as inoculum instead of spores to prevent sexual
recombination which might alter the properties of the strain and because spores
have a low germination rate and may transfer viral diseases. Measures are usually
taken by the producer to prevent the exposure of substrate or casing material
to spores from mature mushrooms on-site to prevent the transmission of viral
diseases and crossing between spores and mycelium (Callac et al., 2006).

The most important microbe during Phase Il is A. bisporus. Pains are taken
to exclude any other organisms from the substrate at this point and the mush-
room spawn is produced under high levels of sanitation to produce culturally and

genetically pure spawn (Scrase, 1995; Sharma et al., 2008).
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Phase IV

Phase IV of mushroom production begins with the addition of a layer of casing
soil to the top of the Agaricus bisporus colonised substrate. The casing layer is
typically made up of a blend of peat, sphagnum moss and lime (Barry et al.,
2008). Mushroom compost may be commercially available as Phase IV, pre-
cased substrate but it is more common for the casing to be added by the grower
in-house.

After the addition of casing a period of time is assigned to allow the A.
bisporus to fully colonise the casing layer, casing inoculum matching the strain
used in Phase III may be added to speed the colonisation process. Substrate
temperature is reduced to ~ 20 °C, humidity is maintained at 95-100 % and the
crop is watered on a regular basis until the formation of fruiting body primordia
(pins) becomes visible on the casing surface (Royse & Chalupa, 2009). Water is
essential to the formation of fruiting bodies as fruiting body tissue has a high
water content, however application of water directly on fruiting bodies impedes
their growth (Noble & Spurdens, 2000) and may cause damage or discolouration,
so water is typically withheld from the onset of pinning till the end of each flush
of cropping.

After mushrooms have been harvested from the substrate undersized pins and
residual fruiting body tissue are removed and watering begins again. In this way
a new flush of mushrooms is induced to form. Five or more flushes of mushrooms
may be obtained from a single batch of substrate but with each successive flush
the yield per unit area is reduced and the likelihood of pests and diseases occurring
increases (Staunton & Dunne, 1997). For this reason most commercial mushroom
producers harvest mushrooms in 3 flushes or less (Van Griensven & Van Roestel,
2004).

Casing soil is a vital component of the mushroom production system, fruiting
bodies cannot be induced to form without the addition of casing (Noble et al.,
2003). The role of the casing layer is three-fold, it must: absorb and hold mois-
ture, increasing the level of water available for the formation of fruiting bodies
and preventing damage cause by drying out of the substrate; have a consistency

which facilitates penetration of mycelial strands which supply nutrients and water
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to fruiting bodies from the substrate; and contain the microbial content necessary
to induce the formation of fruiting bodies (Vernooij, 2008).

The exact mechanism by which casing induces fruiting body formation is
unknown. The activities of Pseudomonas putida is known to stimulate fruiting
body formation, but whether the stimulation is caused by secreted factor from the
bacterium or an indirect result of the growth of P. putida is not clear (Zarenejad
et al., 2012). Fruiting body formation has been observed in casing substitutes
devoid of P. putida, so it has been suggested that the interaction may involve the

removal of an endogenous suppressor of fruiting body formation produced by A.
bisporus (Noble et al., 2003).

Post harvest and spent mushroom substrate

After the cropping cycle mushroom substrate, casing and facilities are treated
with high temperature steam. This process kills pests which may have been
present in the crop, prevents cross contamination between crops and cleans the
facilities for the next batch of substrate.The spent mushroom substrate (SMS) is
then disposed of.

After the growth of A. bisporus SMS still contains a significant organic matter
content as well as essential nutrients (Jordan et al., 2008). SMS has been used
for a long time as a soil supplement. It increases the porosity of heavy clay soils
and the water holding capacity of light sandy soils as well as adding nitrogen
and phosphorus which are available for uptake by plants; however, it often has
a high electrolyte content as well as a heterogenous composition which must be
assessed for effective use as a fertiliser (Rao et al., 2007; Jordan et al., 2008;
Paredes & Medina, 2009; Danai et al., 2011). SMS has a complex and variable
microbial content, even after steam treatment, however the absence of potential
human pathogens such as Campylobacter and Salmonella which are commonly
associated with manure based soil amendments makes it more suitable for use on
agricultural soils (Watabe et al., 2004; Rao et al., 2007).

Spent mushroom substrate is also biologically active and has been used in such
applications as bioremediation of contaminated soils (Chiu et al., 2009), detoxi-
fication of textile effluents (Ahlawat & Singh, 2009), as a source of raw enzymes

(Singh et al., 2003), a supplement for animal feed (Ayala et al., 2011) and as a
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replacement for casing soil in the production of further mushroom crops (Barry
et al., 2008). These add to the potential of mushroom cultivation in promoting
sustainable agriculture as it allows waste organic material from other industries
to be transformed into a food-source, while the by-products of mushroom pro-

duction themselves can be recycled into other useful materials.

1.4.2 The Bulk Phase III system

The Bulk Phase III mushroom system involves the production of mushroom sub-
strate up until the end of spawn-run in large batches by the compost producer
before it is transferred to the mushroom producer for Phase IV and the cropping
cycle. This system is different to older in situ spawn-run systems where Phase
III is carried out in-house by the mushroom grower.

Bulk Phase IIT production is advantageous to the grower because it allows
for a faster cropping cycle and therefore more crops per year (Van Griensven &
Van Roestel, 2004). The Phase III substrate is already colonised by Agaricus
bisporus mycelium and the grower need only apply the casing layer and allow it
to become colonised before the cropping cycle can begin. The faster turn-around
of crops generally leads to a more productive mushroom farm which offsets the
higher cost of Phase III substrate over Phase II substrate.

The production of Bulk Phase III substrate is more technologically advanced
than older production systems. Facilities are purpose built with environmental
control and sanitation in mind and there is a high level of automation. This
means that Bulk Phase III substrate is usually more consistent, more productive
and less susceptible to pests.

Bulk Phase III produced substrate is transported from the producer to the
grower in large volumes. Unlike older production systems the substrate is not
typically dispensed into bags during shipping and spawn run n situ. Instead it is
emptied directly into trucks and transported to the grower where it is filled into
trays or shelves and cased. This process is referred to as bulk handling.

While this system is less prone to contamination with unwanted micro-organisms
the nature of bulk substrate production raises concern over the impact that con-
tamination at such a facility could have. Many mushroom producers may source

substrate from the same supplier so contamination of a single batch of Bulk Phase
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IIT substrate could have more serious knock-on effects than the smaller volumes
produced in Phase II systems. The division of substrate into bags in Phase II
production systems may also present a barrier to the spread of infected material
within a batch of substrate (Seaby, 1996b). Bulk handling at the end of Phase
I can cause substrate from different parts of the Phase III tunnel to be mixed
together, which may spread infection throughout the substrate if it escaped de-
tection during the Phase III process.

The Bulk Phase III is becoming more common in Europe but there is still
relatively little information on the transmission and propagation of various mush-
room pests and diseases within the system. While outbreaks of Trichoderma ag-
gressivum green mould disease are less common with the use of Bulk Phase III

substrate they still occur (Lemmers, 2010).

1.5 Trichoderma aggressivum in the mushroom industry

1.5.1 Symptoms and identification

The point at which Trichoderma green mould infection is identified in a mush-
room crop varies with the severity and stage of infection as well as the Tricho-
derma species responsible. Trichoderma aggressivum is the species most com-
monly found growing within the mushroom substrate (Largeteau et al., 2000a),
it may become evident to visual inspection after Phase III (Figure 1.7 A) but
depending on the severity of infection the onset of symptoms may be delayed.

T. aggressivum infection is often identified during the cropping cycle when
green-sporulating patches of mycelium become visible on the casing surface (Fig-
ure 1.7 B). Growers may be aware of a problem before the first appearance of
spores due to a restricted pattern in pinning or colonisation of casing layer by
Agaricus bisporus mycelium or by an inability to control compost temperature
during room venting caused by increased biological activity in infected compost.
At this stage the damage is already done to the crop as T. aggressivum colonises
the mushroom substrate below the casing layer first and becomes highly antago-
nistic towards A. bisporus upon sporulation (Largeteau et al., 2000b).

Other species of Trichoderma which occasionally grow on mushroom substrate

or casing are difficult to distinguish from 7. aggressivum visually (Seaby, 1996a).
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A positive identification of species requires a PCR test, usually after culturing
the fungus in vitro (Chen et al., 1999a; Williams et al., 2003b). If a Trichoderma
species other than 7. aggressivum is the cause of the green mould then the damage
will likely be limited, but if T. aggressivum is present then there is a higher
likelihood of widespread contamination; it may be advisable to terminate the crop
early and proceed immediately to steam cook-out (Staunton & Dunne, 1997).
Early detection of infection is crucial when 7. aggressivum is involved. Cul-
ture based screening of compost and raw materials is a method for monitoring
Trichoderma levels on a farm or composting facility, however species assignment
in such cases is usually presumptive, so this method is most useful for producers
who have experienced problems with T. aggressivum previously. A direct PCR
method can be used to detect T. aggressivum from mushroom substrate, which
may be useful for monitoring purposes (Grogan et al., 2012), but this cannot be
employed in stages of the cropping process from which personnel are excluded
(i.e. bunker stages of Phases 2 and 3). Baars et al. (2011) developed a method
for detecting specific volatiles emitted by T. aggressivum growing in mushroom
substrate in vitro using GC/MS which is further developed in Baars et al. (2012).
This presents an attractive potential method for the detection of T. agressivum
by sampling head-space gases from sealed tunnels, identifying Trichoderma infec-
tion on a species specific level while eliminating the requirement for access and

sampling problems associated with other methods.
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Fig. 1.7: Symptoms of Trichoderma aggressivum infection at different stages of the

cropping cycle
A - T. aggressivum colonisation of Phase III compost visible as dark patch with
low-levels of green-sporulation. B - Heavy sporulation of T. aggressivum on
casing surface during cropping first flush. C - Discolouration of Agaricus bisporus

sporocarps during second flush caused by contact with 7. aggressivum.
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1.5.2 Impact on crops

Trichoderma aggressivum grows in mushroom substrate below the casing layer,
the same area occupied by the bulk of Agaricus bisporus mycelium and the pri-
mary source of nutrients for the formation of fruiting bodies. The general effect
of T. aggressivum is observed as the presence of bare areas on the casing surface
from which no mushrooms form, caused by the activities of T. aggressivum be-
neath the surface which may then grow through the casing layer producing visible
green spoulation. The presence of T. aggressivum may also cause cap spotting
(Figure 1.7 C) and deformation of fruiting bodies (Sharma et al., 1999). This is
a secondary effect of infection but also contributes to loss of saleable mushrooms.

Yield losses have been recorded in the region of 5-100 % (Sobieralski et al.,
2010; Rinker, 1997; Sharma et al., 1999; Danesh et al., 2000; Grogan et al., 2012),
considerably higher than with other species of Trichoderma (Sharma et al., 1999;
Grogan et al., 2000). The economic impact of T. aggressivum on the mushroom
industry has been estimated in the millions of euro (Seaby, 1996a; Kredics et al.,
2010).

Recovery of crops after the initial outbreak of green mould has been observed
(Guthrie & Castle, 2006). Fruiting bodies may form in areas that were previously
colonised by T. aggressivum, but due to the delay and reduction in yield this is
usually not enough to allow for the grower to recover the costs of substrate, staff

and power.

1.5.3 Mechanism of action

The exact mechanisms by which Trichoderma aggressivum interacts with Agari-
cus bisporus and impedes fruiting body formation are unknown. There are two
main hypotheses, the first is that T. aggressivum exhibits a parasitic activity to-
wards A. bisporus, the second is that competition for space and nutrients in the
mushroom substrate is the primary cause of fruiting inhibition, there is evidence
for both.

Parasitism of A. bisporus by T. aggressivum is plausible given the ecological
niche occupied by many Trichoderma species. Most Trichoderma species are

either mycoparasites (many of which primarily prey upon Basidiomycetes) or
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are derived from species with this lifestyle (Kubicek et al., 2011; Druzhinina
et al., 2011). The species most closely related to T. aggressivum is Trichoderma
harzianum, which is a hyperparasite used in the biological control of several plant
pathogenic fungi (Druzhinina & Kubicek, 2005; Thornton & Dewey, 1996).

Mycoparasitic Trichoderma species possess a variety of adaptations which
allow them to feed directly on living fungal tissues. These adaptations include
sensory faculties which allow the detection of other fungi (Inbar & Chet, 1995;
Seidl et al., 2009); a range of antifungal secreted metabolites which are induced
in the presence of prey fungi (Rubio et al., 2009; Montero-Barrientos et al., 2011),
including cell wall degrading enzymes (Carsolio et al., 1999; Sanz et al., 2005; da
Silva Aires et al., 2012); the ability to detoxify suppressive metabolites secreted by
other fungi (Seidl et al., 2009); and the formation of specialised hyphal structures
which allow penetration of host hyphae and the direct absorbtion of nutrients
from the intercellular space (Harman et al., 2004). Several, but not all of these
characteristics have been observed during interaction between T. aggressivum
and A. bisporus (Williams et al., 2003b).

T. aggressivum is described as the Trichoderma species most commonly found
growing in areas of mushroom substrate colonised by A. bisporus (Seaby, 1996a)
and while T. aggressivum is capable of growing in mushroom substrate in the ab-
sence of A. bisporus it does not sporulate as heavily in such a situation (Largeteau
et al., 2000b). Other species of Trichoderma occurring in compost are more of-
ten found in areas devoid of A. bisporus with a clear divide between the areas
occupied by the two fungi (Sharma et al., 1999). Observed co-localisation in vivo
as well as studies showing that the growth of 7. aggressivum is promoted by
metabolites produced by A. bisporus in wvitro, while other Trichoderma species
are impaired (Mumpuni et al., 1998) support the hypothesis that 7. aggressivum
may grow toward A. bisporus in a directed fashion.

Several metabolites secreted by T. aggressivum have been shown to hamper
the growth of A. bisporus (Mumpuni et al., 1998; Krupke et al., 2003). These in-
clude enzymes which degrade components of the fungal cell wall (Williams et al.,
2003a; Guthrie & Castle, 2006). However metabolites secreted by T. harzianum
have a more severe impact on the growth of A. bisporus in vitro (Mumpuni

et al., 1998). T. harzianum is known for its highly antagonistic activity towards
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a range of fungal species, it is used industrially for the production of chitinase
(Nampoothiri et al., 2004) as well as in the biological control of several fungal dis-
eases of plants (Otieno et al., 2003; Verma et al., 2007; Montero-Barrientos et al.,
2011). While T. harzianum is a highly successful, opportunistic mycoparasite
and often found on mushroom farms it is a relatively minor problem compared
to T. aggressivum.

The ability of T. aggressivum to overcome inhibition by A. bisporus has been
displayed in wvitro by its ability to overgrow ’brown-rings’ formed by the secretion
of laccase and other enzymes which are part of the response of A. bisporus to
the growth of competitors (Savoie et al., 2001b; Savoie & Mata, 2003). The
ability to overcome inhibition by substrate micro-flora other than A. bisporus is
also considered key to the activity of T. aggressivum (Savoie et al., 2001a). The
biological conditioning during Phases I and II of substrate production produce a
complex diversity of microbes in the substrate which inhibit the growth of many
competitor moulds, but not 7. aggressivum (Largeteau et al., 2000b).

Hyphal coiling and the formation of appressoria like structures is usually
associated with mycoparasitism in Trichoderma species (Harman et al., 2004).
Despite attempts to induce this kind of interaction between T. aggressivum and
A. bisporus it has rarely been observed (Williams et al., 2003b), whereas with
other Trichoderma species found on mushroom farms it occurs readily in witro
(Goltapeh & Danesh, 2000). The absence of hyphal coiling and the ability of T.
aggressivum to grow in mushroom substrate in the absence of A. bisporus have
led some researchers to suggest that antagonism of A. bisporus by T. aggressivum
is an example of aggressive competition, rather than true parasitism.

Mushroom substrate contains a limited amount of available nutrients and the
objective of mushroom cultivation is to convert as much of these nutrients into A.
bisporus fruiting bodies as possible. The growth of any microbes which cannot
subsequently be digested by A. bisporus sequesters some nutrients, reducing the
biological efficiency of mushroom production. In biocontrol strains of Tricho-
derma parasitism of plant pathogenic fungi has been described as opportunistic,
competitive antagonism (Harman et al., 2004). These species exhibit parasitic
behaviour towards a range of fungi but typically obtain most of their nutrition

from other sources, suggesting that they use mycoparasitism to maintain their
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Agaricus bisporus + Trichoderma aggressivum
Trichoderma aggressivum

Fig. 1.8: Spent mushroom substrate colonised by Trichoderma aggressivum and Agar-

icus bisporus.
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place in the rhizosphere free of competitors.

The ability of T. aggressivum to grow in mushroom substrate has been at-
tributed to its resistance to inhibition by a greater number of substrate micro-flora
(including A. bisporus) than T. harzianum or Trichoderma atroviride, rather than
a greater ability to obtain nutrition from the substrate (Largeteau et al., 2000b;
Savoie et al., 2001a). Both of T. atroviride and T. harzianum are facultative
mycoparasites and produce metabolites which are more detrimental to A. bis-
porus than those of T. aggressivum (Mumpuni et al., 1998). However when T.
harzianum or T. atroviride grow in mushroom substrate colonised by A. bisporus
the fungi exhibit a level of mutual antagonism towards each other; they do not
grow in the same space. This response is typical of many fungi in co-culture, hy-
phae at the point of contact accumulate toxic metabolites to prevent the growth
of the competitor but cannot grow themselves, resulting in a kind of deadlock
scenario (Silar, 2005; Verma et al., 2007).

T. aggressivum can colonise a large areas of substrate which also contain A.
bisporus mycelium before any apparent antagonism becomes evident (Figure 1.8).
This situation does not last indefinitely, 7. aggressivum eventually supplants the
A. bisporus mycelium although some A. bisporus may remain and replace T. ag-
gressivum subsequently (Guthrie & Castle, 2006). During interactions between
biocontrol strains of T. atroviride and fungal plant pathogens the majority of
genes upregulated in 7. atroviride are involved in the cellular stress response,
more so than those involved in attacking the host (Seidl et al., 2009). T. ag-
gressivum produces metabolites less toxic towards A. bisporus than T. atroviride
but it may have a similar system for detoxifying metabolites of A. bisporus which
allows the two fungi to grow in the same area without inhibiting each other.

During vegetative growth A. bisporus degrades lignin in the substrate, this
increases the bioavailability of holocellulose (ten Have et al., 2003). During fruit-
ing body formation the metabolism of cellulose and hemi-cellulose by A. bisporus
is increased (Durrant et al., 1990). Trichoderma reesei is known for its ability
to degrade ligno-cellulosic substrates but obtains most of its nutrition from cel-
lulose derivatives liberated by the breakdown of lignin than from the lignin itself
(Kubicek et al., 2011; Martinez et al., 2008). If T. aggressivum exhibits a similar

preference for cellulose as a nutrient source, then the secretion of lignin degrading
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enzymes by A. bisporus may provide a food-source for T. aggressivum. The two
fungi may occupy different ecological niches in the substrate environment, one
primarily decomposing lignin and the other utilising more easily available carbon
sources, with limited interaction. Nutrient limitation may then induce the op-
portunistic antagonistic side of T. aggressivum, causing it to become antagonistic
toward A. bisporus.

Chitinase production has been linked to the antagonistic effect of T. aggres-
sivum on A. bisporus (Guthrie & Castle, 2006) and chitinase production in other
Trichoderma species is linked to starvation. Under nutrient limiting conditions
T. aggressivum may produce chitinase and other metabolites which harm A.
bisporus in order to remove competition or to obtain additional nutrition. With-
out the ability to obtain nutrients from the more recalcitrant components of the
substrate such as lignin 7. aggressivum may then lose its selective edge and be

displaced by A. bisporus mycelium moving in from unaffected areas of substrate.

1.5.4 Epidemiology and spread

The epidemiology of Trichoderma aggressivum is a complex, multifactorial prob-
lem. Researchers have described the activities of 7. aggressivum in laboratory
and farm scale experiments and in industry (Grogan et al., 1996; Seaby, 1996b;
Chen et al., 1999b; Royse et al., 1999; Rinker & Alm, 2000; Beyer et al., 2000).
Results sometimes vary between researchers as the conditions and materials used
in mushroom production worldwide vary considerably and T. aggressivum infec-
tion can progress differently in vitro than in a larger scale.

In the mushroom industry there is usually a delay between the time of in-
fection and the first observation of symptoms, which can make pin-pointing the
point of entry difficult. The severity of infection can depend upon the point at
which T. aggressivum is introduced, the type of spawn used, compost quality and
probably the subspecies and strain of T. aggressivum in question, all of which
vary between producers and over time. These factors can complicate investiga-

tions into the epidemiology of T. aggressivum.
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1.5.5 Points of entry

The presence of T. aggressivum on the raw materials for Phase I of substrate
production and ineffective pasteurisation during Phase II has been proposed as
one avenue of entry for the microbe (Seaby, 1996b). The incidence of Tricho-
derma green mould is generally higher in crops grown on unpasteurised substrate
(Danesh et al., 2000). Reports vary on the susceptibility of T. aggressivum to
heat treatment; in vitro test have shown that 60 °C for 9 hr is sufficient to kill 7.
aggressivum (Morris et al., 2000), other researchers state that 7. aggressivum can
often survive industry standard pasteurisation to some extent (Beyer et al., 2000;
Rinker & Alm, 2000). A recent report showed that while standard pasteurisation
at 60 °C for 12 hr will reduce T'. aggressivum to undetectable levels, but reduction
in the temperature to 57 °C and time to 8 hr makes pasteurisation considerably
less effective (Grogan et al., 2012). Local temperature fluctuations in the order
of a few degrees within a large mass of substrate are conceivable, so it may be
the case that sub-optimal pasteurisation could lead to a reduction, rather than
removal of T. aggressivum from the substrate which may not become apparent
until the later stages of production, when T. aggressivum proliferates.

Spawning has been described as a prime point for infection of substrate by
T. aggressivum. The spawning process necessitates access to the substrate which
may allow transmission of T. aggressivum on workers and equipment (Rinker
& Alm, 2000). The spawn itself may present a source of easily available car-
bohydrate to give T. aggressivum a foothold in the substrate (Fletcher, 1997)
and colonisation of the spawn grains before the outgrowth of Agaricus bisporus
is likely to have severe impact on the crop. Infection of substrate at spawn-
ing has been shown to reduce yields considerably more than after the substrate
is colonised by A. bisporus (Rinker, 1997; Beyer et al., 2000) so the exclusion
of T. aggressivum from this process is a high priority for mushroom producers.
Contamination of the spawn itself with T. aggressivum has been blamed for the
introduction of the fungus, although considering the level of sanitation used in
the production of spawn this seems unlikely.

In in situ spawn run systems the possibility of introducing 7. aggressivum

after spawn run is minimal (Seaby, 1996b). Contamination of the casing or
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upper layer of compost can lead to superficial infections which reduce yield by
a relatively small amount. Emergence of severe green mould symptoms after
casing may occur as a result of infection at spawning with low levels of visible
sporulation. In the Bulk Phase III system bulk handling of substrate during
the emptying of Phase III tunnels, transport to the grower and filling offer an
additional opportunity for 7. aggressivum to gain access to the substrate. There
is currently little information regarding infection of crops at this point and it is
assessed in part in Chapter 4 of this work.

On farms where T. aggressivum is a problem it tends to persist. Seaby (1996b)
described lagoon water, dust debris and equipment as prime sources of T. ag-
gressivum infection. Infected material can be spread on workers clothing and
equipment (Royse et al., 1999) so separation of workers from areas where spore
loads are high (such as emptying of SMS) and areas susceptible to infection (such
as spawning) is crucial (Rinker & Alm, 2000).

Insect and arthropod pests have been linked to the spread of Trichoderma ag-
gressivum (Seaby, 1996a). Mites of the genus Pygmephorus are sometimes asso-
ciated with T. aggressivum infection and can become vectors for the transmission
of infection (Seaby, 1996b). Sciarid and phorid flies are associated with mush-
room production (Jess et al., 2007). They are a problem in and of themselves and
transmit disease-causing fungi such as Verticillium fungicola (Shamshad et al.,
2009) so they may also transmit Trichoderma spores. The Bulk Phase III sys-
tem reduces the risk of Trichoderma spread on arthropod vectors in general as
spawn-run is separated from later stages of production, where flies and mites are
more common.

Contamination during the cropping cycle typically leads to less severe infec-
tion than at spawning. However, as T. aggressivum is capable of colonising sub-
strate and casing previously colonised by A. bisporus (Largeteau et al., 2000b)
infection early in the cropping cycle will become increasingly severe with each
flush. Spent mushroom substrate can contain very high levels of disease-causing

organisms and special considerations must be taken in its disposal.
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1.5.6 Treatment and control

Fungicides can be used to control the growth of Trichoderma aggressivum. Direct
application of carbendazim to mushroom spawn reduces the risk of infection at
spawning (Grogan et al., 1996). Prochloraz, carbendazim, benomyl and thiaben-
dazol reduce the level of substrate colonisation by 7. aggressivum (Abosriwil &
Clancy, 2004). Benomyl, chlorothalonil, thiabendazole and thiophanate methyl
reduce the level of casing colonisation (Rinker & Alm, 2008).

The number of fungicides approved for use in mushroom production varies
between countries, in the EU the number is becoming increasingly small. There
have also been reports of T. aggressivum strains resistant to fungicides (Romaine
et al., 2008). These factors have prompted research into alternatives to fungicides
for the control of T. aggressivum such as spawn strain resistance (Anderson et al.,
2000), plant essential oils (Regnier et al., 2012) and biological control (Gyorfi &
Gedsel, 2008).

Currently, rigorous hygiene is considered the best method for prevention of 7.
aggressivum infection. Steam cook-out after every crop and use of disinfectant
on surfaces and equipment are now standard practice for reducing spread of
all mushroom diseases. Physical separation of the different stages of production
reduces the chance of material being transferred from the latter stages of cropping
(where disease levels may be high) and those in the earlier stages (which are
more vulnerable to infection) (Rinker & Alm, 2000; den Ouden, 2012). The use
of any chemical agent to deal with T. aggressivum adds to the cost of mushroom
production as well as raising food safety and resistance issues. A rigorously
applied hygiene management system can reduce the occurrence of all mushroom

diseases, not just T. aggressivum.
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1.6 Aims and Objectives of this Study
The overall objectives of this study were:

e To investigate the reaction of Trichoderma aggressivum to Agaricus bisporus

tissue and to mushroom substrate using a proteomic approach.

e To study the effect of bulk handling on T. aggressivum infected mushroom

substrate and its epidemiology in the Bulk Phase III mushroom system.

e To compare and evaluate methods for the detection and quantification of

T. aggressivum in Bulk Phase III mushroom substrate.

e To develop a method for the identification of T. aggressivum using real-time

PCR with novel selective primers.

e To assess HPLC profiling of secondary metabolites as a method of differen-

tiating T. aggressivum from other Trichoderma species.



2. MATERIALS AND METHODS

All chemicals apart from enzymes were purchased from Sigma-Aldrich Limited
unless otherwise noted. Enzymes were purchased from Promega unless otherwise

noted.

2.1 Fungal cell culture

2.1.1 Culture media
Malt extract agar (MEA)

Malt extract agar (25 g) or 10 g each of malt extract and agar (technical grade)
were added to 500 ml of distilled water and autoclaved at 115 °C for 10 min. The
liquid agar was allowed to cool to ~55 °C and aseptically transferred into sterile
plastic Petri dishes (~20 ml agar per dish) in a laminar flow hood. The medium

was allowed to cool for 1 hr and either stored at 4 °C or used immediately.

Trichoderma minimal medium (TMM)

Ammonium tartrate (0.5 g), MgSO, (0.1 g), KsHPO,4, KCI1 (0.08 g) and glucose
(5 g) were dissolved in distilled water (500 ml). Agar (7.5 g) was added and the
medium was sterilised by autoclaving at 121 °C for 15 minutes. The liquid agar
was allowed to cool to ~55 °C and aseptically transferred into sterile plastic Petri
dishes (~20 ml agar per dish) in a laminar flow hood. The medium was allowed
to cool for 1 hr and either stored at 4 °C or used immediately. Adapted from
(Williams et al., 2003a).
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Malt extract agar/ streptomycin sulphate (MEAS)

Malt extract agar was prepared as above. After cooling the sterile agar to ~55 °C
and prior to dispensation into Petri dishes streptomycin sulphate stock solution
(1 ml per 100 ml) was added. The final concentration of streptomycin sulphate

in the medium was 10 ppm.

Ohio agricultural experimental station medium (OAES)

Glucose (5 g), yeast extract (2 g), sodium nitrate (1 g), magnesium sulphate (0.5
g), potassium phosphate monobasic (1 g), dessicated ox bile (1 g) and sodium
propionate (1 g) were dissolved in 1 L distilled water. Agar (15 g) was added and
the medium was sterilised by autoclaving at 121 °C for 15 minutes. The molten
agar was kept at 55 °C until use and streptomycin sulphate stock solution (1 ml
per 100 ml) was added. Adapted from (Kaufman et al., 1963).

Streptomycin sulphate stock solution

Streptomycin sulphate was dissolved as a 1 % w/v solution in autoclave sterilised
water in a sterile container under aseptic conditions. The solution was stored at

4 °C for up to 1 month.

Malt extract broth

Malt extract was dissolved in distilled water as a 1% or 2 % w/v solution. The
solution was transferred to 250 ml conical flasks in 100 ml volumes and sealed
with cotton-wool and tinfoil prior to autoclaving at 115 °C for 10 min. Sterile
broth was stored in the autoclaved containers at room temperature for up to 4

days.

Malt extract broth with Bulk Phase 1II mushroom substrate

Bulk Phase I1I mushroom substrate was obtained from Carbury compost Ltd at
end of spawn run and lyophilised. Lyophilised bulk Phase ITI mushroom substrate
(1 g) was added to malt extract (1 g) and 100 ml distilled water in a 250 ml conical
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flask, sealed with cotton wool and covered with tinfoil. The medium was sterilised

by autoclaving at 115 °C for 10 minutes and stored at room temperature.

Malt extract broth with Agaricus bisporus cap tissue

Closed sporocarps of Agaricus bisporus were obtained from Barretstown Farm
Ltd. Caps were finely chopped and the tissue (1 g) was added to malt extract (1
g) and 100 ml distilled water in a 250 ml conical flask, sealed with cotton wool
and covered with tinfoil. The medium was sterilised by autoclaving at 115 °C for

10 minutes and stored at room temperature.

2.1.2 Sterile water

Distilled water was autoclaved at 121 °C for 15 min, sealed tightly and stored at

room temperature.

2.1.3 Strain maintenance and reference isolates

Trichoderma aggressivum reference isolates were acquired from Centraalbureau
voor Schimmelcultures (CBS, Royal Netherlands Academy of Arts and Sciences,
Ultrecht, the Netherlands) and were added to the National University of Ire-
land, Maynooth culture collection under liquid nitrogen. Additional Trichoderma
strains were retrieved from long term storage at -70 °C in the Teagasc Kinsealy
culture collection. A list of Trichoderma isolates used in this work is given in
Table 2.1.

Primary cultures were inoculated onto MEA from long term storage and grown
for three days at 20 °C before being used to inoculate secondary cultures for ex-
perimental work. Subcultures were performed every 6-8 weeks but no more than
three secondary subcultures were performed before retrieving a fresh primary

culture from storage.

2.1.4 Long term strain storage

Trichoderma isolates were cultured on MEA at 20-25 °C with periodic illumina-
tion for 5 days to promote of sporulation. Plugs (5 mm diameter) were excised

from the growing edge of the culture and added to cryotubes containing 1 ml 60
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Tab. 2.1: Trichoderma isolates used in this work.

Code Classification Source

100526  T. aggressivum f. europaeum CBS

433.95  T. aggressivum f. europaeum CBS

K417 Trichoderma aggressivum biotype Th2 AFBI Loughall
FM 2 Trichoderma harzianum biotype Thl — FERA

FM 5 Trichoderma harzianum biotype Thl ~ FERA

FM 10 T. aggressivum f. europaeum FERA

FM 11  T. aggressivum f. europaeum FERA

FM 18 T. aggressivum f. europaeum FERA

K387 Trichoderma aggressivum biotype Th2 Teagasc Kinsealy
K363 Trichoderma sp. Teagasc Kinsealy
355 Trichoderma atroviride Teagasc Kinsealy
T. atro  Trichoderma atroviride Teagasc Kinsealy
413 Trichoderma sp. Teagasc Kinsealy
433 Trichoderma sp. Teagasc Kinsealy
430 Trichoderma harzianum Teagasc Kinsealy
K517 Non-aggressive Trichoderma sp. Poland

K516 Non-aggressive Trichoderma sp. Poland

% (v/v) autoclave sterilised glycerol (3 plugs per tube). Cryotubes were stored

at -70 °C and/or in liquid nitrogen.

2.1.5 Liquid culture of Trichoderma isolates

Plugs (5 mm diameter) were cut from the growing edge of Trichoderma mycelium

cultured on malt extract agar for 3 days at 25 °C. Plugs were aseptically trans-

ferred to 100 ml of sterile liquid growth medium and incubated in the dark at 25

°C on a shaking incubator at 100 rpm.
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2.1.6 Liquid culture of Trichoderma aggressivum with Agaricus bisporus tissue
and Bulk Phase III mushroom substrate

Malt extract broth (1 %, control), malt extract broth with Bulk Phase IIT mush-
room substrate and malt extract broth with Agaricus bisporus cap tissue were
inoculated with Trichoderma aggressivum strain CBS 100526 as per section 2.1.5

and cultured for 7 days.

2.1.7 Colony counting methods

All colony counting procedures were carried out in a class 2 biological safety cab-
inet under aseptic conditions. All incubations were carried out at 25 °C in the
dark. For full weed mould analysis and most probable number analysis one plate
per sample showing growth of Trichoderma was retained and the species was con-
firmed as Trichoderma aggressivum by PCR. In some experiments where counts
were performed on T. aggressivum infected mushroom substrate corresponding

mushroom substrate subsamples were sent to FERA, UK for q-PCR testing.

Full weed mould analysis

Mushroom substrate subsamples (20 g) were mixed with sterile water (200 ml) in
a polythene bag using a BagMixer 400 R (Interscience) stomacher at 100 cycles
per minute for 1 minute, left stand for 5 minutes and mixed for a further 1
minute. The homogenised compost extract was then serially diluted from 10~!-
107 in sterile water and 1 ml subsamples were added to plastic Petri dishes
in duplicate. Molten OAES medium (~20 ml) which had been cooled to ~55
°C was added to the Petri dishes. The extract was mixed with the agar by
gentle swirling and allowed to set. OAES plates were incubated for 2 days and
Trichoderma colonies were counted on plates showing 20-200 colonies. The count
was repeated 1 day later. The initial fungal load in the compost was calculated in
terms of cfu/g fresh weight by multiplying the mean number of colonies observed
by the dilution factor of the extract used (the neat extract had a dilution factor
of 10).
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Most probable number (MPN) analysis

Homogenized compost extract was prepared as per full weed mould analysis and a
dilution series was prepared in the range of 10711075, Five 10 ul drops of diluted
compost extract were spotted onto MEAS plates, distributed evenly. Plates were
incubated for 3 days and each plate was scored for the number of drops showing
growth of Trichoderma aggressivum. The count was repeated after a further 2
days incubation. The total score was measured for each dilution level and the
initial fungal load in the compost was estimated in terms of cfu/g fresh weight by
using the MPN method (Halvorson & Ziegler, 1933; Briones et al., 1999; Herigstad
et al., 2001).

101 1072 103 104 103

Fig. 2.1: Example of results of most probable number assay
Test performed on a single substrate subsample serially diluted 5 times and

plated.

Direct plating assessment

Individual straws of mushroom substrate were removed from a thoroughly mixed
subsample of mushroom compost and cut to approximately 3 cm in length using
sterilised forceps and scissors. Cut straw pieces (10 per sample) were placed
aseptically onto 140 mm diameter MEAS plates and incubated for 2-4 days. The
amount of T. aggressivum in the substrate was scored based on the number of
compost pieces from which growth of Trichoderma was observed. The plates were

re-incubated and recounted after a total of 7 days.
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High » Low Control

Fig. 2.2: Example of results of a direct plating assay.
Trichoderma aggressivum mycelium is visible growing from more straws in sub-

strate infected at higher levels. No growth is observed from the control substrate.

2.1.8 Clulture waste disposal

Used agar plates, liquid media and all gloves and other non-sharp materials which
were used in microbial culture were autoclave sterilised at 130 °C for 30 minutes.
Contaminated sharps were disposed of in a contaminated sharps bin and de-

stroyed by incineration.

2.2 Proteomic reagents

2.2.1 Protein extraction buffer

Protein extraction buffer was prepared by adding 1 pl/ ml of a 10 mg/ ml solution
of the protease inhibitors pepstatin A, TLCK, leupeptin and aprotinin to cell

homogenisation buffer (Section 2.6.2).

2.2.2 10X sample buffer

SDS (2 g), DTT (1.54 g), Bromophenol Blue (2 ml), 50 % (w/v) sucrose solution
(2 ml), 3 M Tris-HCI (2.1 ml, pH 6.7) and 200 mM EDTA (0.5 ml, pH 7.0) were
added to a disposable 15 ml falcon tube and the volume was adjusted to 10 ml
with Milli-Q water (3.4 ml). The buffer was stored at -20 °C as 500 pl aliquots.
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2.2.3 10 % w/v APS solution

APS (1 g) was added to Milli-QQ water (10 ml) in a sterile 15 ml Falcon tube and
allowed to dissolve at room temperature. The solution was stored at -20 °C as 1

ml aliquots.

2.24 10 % w/v SDS solution

SDS (10 g) was added to Milli-Q water (100 ml) and dissolved at room tempera-
ture with constant stirring. The solution was stored at room temperature. Note:
as SDS is highly irritating to the eyes and respiratory tract it must be weighed

in a fume cabinet or appropriate PPE must be worn to prevent exposure to dust.

2.2.5 SDS-PAGE running buffer

10X SDS-PAGE running buffer was prepared by dissolving Tris-base (30.2 g/L),
SDS (10 g/L) and glycine (144 g/L) in Milli-Q water with constant stirring. The
pH of the buffer was adjusted to 8.9 if necessary. Prior to use the buffer was
diluted 10:1 for a final concentration of 25 mM Tris, 0.1 % (w/v) SDS and 192
mM glycine.

2.2.6 Iso-electric focusing (IEF) buffer

Urea (48 g), Triton X100 (1 ml), CHAPS (4 g), Tris-HCL (0.158 g) and Thiourea
(15.22 g) were added gradually to an initial volume 20 ml Milli-Q water with
constant stirring. After all solutes had dissolved the final volume was adjusted to
100 ml with Milli-Q water for a final concentration of 8 M Urea, 1 % (v/v) Triton
X100, 4 % (w/v) CHAPS, 10 mM Tris-HCL and 2 M Thiourea. It is necessary
to start with a small initial volume of water as the urea increases the volume of

the solution as it dissolves. The IEF buffer was stored at -20 °C in 2 ml aliquots.

2.2.7 IEF equilibration buffer

Glycerol (150 ml), SDS (10 g), Urea (180.18 g) and Tris-base (3.94 g) were added
to 350 ml Milli-Q water with constant stirring. The pH of the solution was
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adjusted to pH 6.8 prior to adjusting the volume to 500 ml with Milli-Q) water.
The buffer was stored at -20 °C as 40 ml aliquots.

2.2.8 Polyacrylamide gels
1-D Separating gel (12.5 %)

Sufficient separating gel to cast two 1-D gels was prepared by adding Protogel
(5 ml), 1.5 M Tris-Base (3 ml, pH 8.8), 10 % SDS (120 ul), 10% APS (75 nl)
and TEMED (3 pl) to Milli-Q water (3.8 ml). APS solution and TEMED were
added immediately before mixing and pouring the gel as they cause the mixture

to begin to set.

1-D Stacking gel (5 %)

Sufficient stacking gel to cast two 1-D gels was prepared by adding Protogel (830
nl), 0.5 M Tris-HCL (630 pl, pH 6.8), 10 % w/v SDS (50 nl, 10 % APS (50 pl)
and TEMED (5 pnl) to Milli-Q water (3.4 ml). APS solution and TEMED were
added immediately before mixing and pouring the gel as they cause the mixture

to begin to set.

2-D Separating gel

To prepare 4 gels Protogel (100 ml), 1.5 M Tris (60 ml, pH 8.8), 10 % SDS (2.4
ml), 10 % APS (1.5 ml) and TEMED (60 pl) were added to Milli-Q water (76
ml). APS solution and TEMED must be added immediately before mixing and
pouring the gel.

2.2.9 Agarose sealing solution

Molecular biology grade Agarose (1 g) and bromophenol blue (~0.01 g) were
added to 1X SDS-PAGE running buffer (100 ml) and heated in a microwave oven
until the agarose dissolved. The solution was prepared on the day of use and

allowed to cool to ~50 °C before application.
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2.2.10 Staining solutions
Coomassie stain

Brilliant blue (2 g) was added to Methanol (450 ml), acetic acid (100 ml) and
Milli-Q water (450 ml). The stain was stored at room temperature in a flammables

cabinet.

Coomassie destain buffer

Acetic acid (100 ml) and ethanol (200 ml) were added to Milli-QQ water (700 ml).

The solution was stored at room temperature

Protein fixing solution

Ethanol (500 ml) and phosphoric acid (30 ml) were added to Milli-QQ water (470

ml). The solution was stored at room temperature.

Pre-incubation buffer

Ethanol (340 ml), ammonium sulphate (170 g) and phosphoric acid (30 ml) were
added to Milli-Q water (630 ml). The solution was stored at room temperature

in a flammables cabinet.

2.3 Proteomic methods

2.3.1 Cellular protein extraction

Protein was extracted from Trichoderma mycelium grown in liquid culture for
7 days. The whole mycelial mass was filtered through a double layer of auto-
claved Miracloth and washed twice with sterile water to remove residual culture
medium. The mycelium was then press dried and flash frozen in liquid nitrogen.
To lyze cells mycelium (4 g fresh weight) was ground to a fine powder using an au-
toclaved mortar and pestle which had been cooled with liquid nitrogen. Protein
extraction buffer (4 ml) was added to the powder and allowed to freeze (addi-
tional liquid nitrogen was added at this point if the buffer did not freeze readily).

The mycelium was then ground further until the homogenisation buffer had fully
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thawed. Using a wide-bore pipette tip the cell lysate was transferred to 1.5 ml
Eppendorf tubes in 1 ml aliquots and centrifuged at 1,000 rcf for 5 minutes at 4
°C. The supernatant containing the protein was transferred to a fresh Eppendorf
tube and the pellet discarded.

2.3.2 Protein quantification by Bradford assay

Protein extract (20 pl) prepared as per Section 2.3.1 was added to pre-diluted
(1/5) Biorad protein assay reagent to (980 pl) in a 1 ml plastic cuvette. Ab-
sorbance at 595 nm was measured using an Eppendorf Biophotometer and pro-
tein concentration was determined using standard curve of range of 100 pg/ml to
1,500 pg/ml calibrated using BSA standard (M.M., 1976).

2.3.3 Acetone precipitation of proteins

A volume of protein extract containing the desired quantity of protein was added
to 3 volumes of ice cold acetone and incubated at -20 °C for at least one hour.
The protein was pelleted by centrifugation at 16,000 rcf for 30 min at 4 °C. The

supernatant was discarded and the pellet retained and dried.

2.3.4 2-Dimensional SDS-PAGE
Iso-electric focusing

Protein samples were acetone precipitated to give a pellet of 350 pg protein. The
protein was resuspended in IEF buffer (250 pl) amended with pH 4-7 ampholytes
(2 pl) and DeStreak reagent (1 pl). When fully dissolved the sample was trans-
ferred to a porcelain coffin at the negative end and an IPG strip (pH 4-7, 14
cm) was placed on top of it (gel side down) so that the sample became evenly
distributed across the length of the strip. Any air bubbles between the strip and
the base of the coffin were removed and IPG cover fluid was layered on top of the

strip. Iso-electric focusing was carried out according to the protocol in Table 2.2.
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Tab. 2.2: Iso-electric focusing protocol for pH 4-7 IPG strips

Cycle Stage Step Type Voltage (V) Time (hr)

1 Step 50 10
2 Step 250 0.25
3 Gradient 8000 5
4 Step 8000 8

Immobiline Drystrip equilibration

After focusing, Immobiline Drystrips were carefully removed from coffins and
transferred to clean 20 ml test-tubes. Strips were incubated on a rocker at room
temperature in IEF equilibration buffer containing DTT (0.01 g/ml) for 20 min-
utes and IAA (0.0125 g/ml) for a further 20 minutes. Excess equilibration buffer
was removed by dipping the strips in 1X SDS-PAGE running buffer prior to the

second dimension of focusing.

Protein separation in the second dimension

Slab gels (12.5 %, 1.5 cm thickness) for 2-D electrophoresis were cast in bulk in
a Biorad Protean II multi-gel casting chamber to minimise gel to gel variation.
Focused and equilibrated IEF strips were laid on top of the gel and sealed with
agarose sealing solution. Gels were run in triplicate for 18 hr at a constant
wattage of 1.5 Watts per gel in a Biorad Protean Plus Dodeca-Cell system using
1X SDS-PAGE running buffer at 10 °C.

Colloidal coomassie staining

Gels were carefully removed from between glass plates and incubated in fixing
solution (200 ml/ gel) in a sealed plastic container for a minimum of 3 hours
on an orbital shaker at 40 rpm at room temperature. Gels were washed 3 times
in Milli-Q water and transferred to pre-incubation buffer for 20 min under the
same conditions as above. Serva blue powder (0.5 g/100 ml) was added to the

pre-incubation buffer and the gels were left to stain for 7 days. After this period
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the gels were transferred to a clean plastic container and destained by rinsing

with Milli-Q water until no colloidal Serva remained.

2.3.5 Image acquisition and analysis

Stained proteins were visualised on an Epson ImageScanner III (Epson (UK)
Ltd., Westside London Road, Hemel Hempstead, Hertfordshire, UK) and scanned
as transparencies at 16 bit, 600 dpi, greyscale. This method was determined
empirically to be the optimum on the basis of maximising bit depth and resolution
without introducing saturation or producing files of unmanageable size.

Images were analysed using Progenesis same spots software version 3.3 (Non-
linear Dynamics). All experimental gels were aligned to a reference gel and
spots were detected and filtered. Images were then separated into treatment
groups, with 3 replicate gels per group and spots were analysed to determine
significant changes between treatments by densitometry and one-way ANOVA
analysis. Spots with p value scores lower than 0.05 were taken to have changed

significantly in expression and were analysed by LC/MS.

2.4 Mass spectrometry

2.4.1 Reagents

All solutions used in these procedures made up in HPLC grade solvents and were

prepared on the day of use unless otherwise noted.

Ammonium bicarbonate solution (100 mM)

Ammonium bicarbonate (0.3953 g) was dissolved in water (50 ml).

Spot destain buffer
Ammonium bicarbonate solution (5 ml,100 mM) was added to HPLC grade water
(5 ml).
Formic acid solution (5 % v/v)

Formic acid (1 ml) was added to water (19 ml).
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Peptide extraction buffer

Formic acid solution (3 ml, 5 % v/v) was added to acetonitrile (6 ml).

Peptide resuspension buffer

Formic acid solution (0.1 ml, 5 % v/v) was added to water (4.9 ml).

Trypsin reconstitution buffer

Acetonitrile (1 ml) was added to 10 mM ammonium bicarbonate (1 ml) and water
(8 ml).

Trypsin solution

Sequencing grade trypsin (Promega) was reconstituted in trypsin reconstitution

buffer (1 ml) and stored at -20 °C. The final concentration of trypsin was 13
ng/nl.

LC-MS buffer A

Formic acid (1 ml) was added to water (1 L) and stored at room temperature.

LC-MS buffer B

Formic acid (1 ml) was added to acetonitrile (900 ml) and water (100 ml). The

solution was stored at room temperature.

2.4.2 Sample preparation for mass spectrometry

Individual protein spots were manually excised, transferred to sterile Eppendorf
tubes (1.5 ml) and destained with spot destain buffer (100 pl) by incubation at
room temperature for 30 minutes. Spot destain buffer was removed, acetonitrile
(500 pl) was added and the plugs were incubated at room temperature until
they had become dehydrated (up to 30 min). The acetonitrile was removed
and reconstituted trypsin (50 pl) was added to the plug followed by overnight
incubation at 37 °C. Peptide extraction buffer (100 pl) was added and the samples

were incubated at 37 °C for 10 minutes. The supernatant was removed and
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lyophilised in a vacuum centrifuge. Lyophilised peptides were stored at -20 °C
until the day of analysis. Peptide resuspension buffer (20 ul) was added and
samples were sonicated for 10 min. Resuspended peptides were passed through

a 0.22 pm filter and transferred to autosampler vials (Shevchenko et al., 2006).

2.4.3 LC-MS analysis of trypsin digested proteins

Trypsin digested peptides were separated on an Agilent 1200 series nanoflow
liquid chromatograph and analysed with an Agilent 6340 series ion trap mass
spectrometer. Capillary voltage was set to 1800 V with a constant capillary flow
rate of 2 pl/ min. The mobile phase consisted of water and 90 % acetonitrile both
containing 0.1 % v/v formic acid. Sample injection size was 5 ul. Compounds
were generated from the obtained spectra using Agilent software and exported
as Mascot generic (.mgf) files. Protein homologies were obtained by performing
Mascot MS/MS Ion Search (Matrix Science, London, UK) of the NCBInr and

SwissProt databases under the parameters listed in Table 2.3.

Tab. 2.3: Search parameters for Mascot searches

Enzyme Trypsin

Missed cleavages Up to two

Fixed modifications Carboxymethyl (C)
Variable modifications Oxidation (M)

Peptide tolerance 2 Da

MS/MS tolerance 1 Da

Peptide charge 1+, 24 and 3+
Precursor m/z n/a
Instrument ESI-TRAP

2.5 Mushroom cropping experiments

Cropping experiments were performed at the Teagasc Kinsealy mushroom re-

search unit under standard mushroom growing conditions. Bulk Phase III and
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pre-spawned Phase II mushroom substrate were purchased from Carbury Com-
post Ltd. (Kildare, Ireland) or Kaybeyun compost Ltd. (Monaghan, Ireland).
Mushroom substrate supplement (Nutrigain (®)) was obtained from Carbury
Compost Ltd. The details of the methods are closely related to the experi-
mental design and so are described in a separate experimental section in Chapter
4 (Section 4.2).

2.5.1 Statistical analysis

Statistical analysis was carried out using GraphPad Prism 5. Data were checked
for normality using Lilliefor’s test prior to applying parametic analysis. Mush-
room yield data was analysed by 2 way ANOVA. Colony count and qPCR data
was tested using Pearson’s correlation test with 2 tailed P values and a confidence
interval of 95 %.

2.6 Molecular biology methods

Filtered pipette tips were used in all DNA e xtraction and manipulation pro-
cedures to prevent cross-contamination between samples. Set-up for PCR and
real-time PCR were carried out in a laminar flow hood. All procedures involving
ethidium bromide were carried out with extreme care on a designated ethidium
bromide workbench and all waste generated was disposed of in an ethidium bro-

mide waste bin.

2.6.1 DNA extraction methods
Manual DNA extraction by salt precipitation

DNA was extracted from 7Trichoderma aggressivum mycelium grown in liquid
culture (Section 2.1) according to the method of Aljanabi & Martinez (1997). In
brief: Trichoderma aggressivum mycelium was removed from liquid culture and
filtered through 2 layers of autoclaved Miracloth. The mycelial mass was washed
with sterile water and snap frozen in liquid nitrogen. Frozen mycelium (4 g)
was added to liquid nitrogen in a sterile mortar and ground into a fine powder.

Cell homogenisation buffer was added and the frozen mixture was ground until
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it thawed. Aliquots (0.4 ml) were removed from the mortar, transferred to 1.5
ml Eppendorf tubes. Proteinase K (8 nul; 20 mg/ml) and 20% SDS (40 ul) were
added and tubes were incubated at 55 °C for 1 hr, if RNA contamination was
expected RNAse A (10 pl) was added at this point. Saturated sodium chloride
(300 pl) was added and samples were vortexed, then centrifuged at 10,000 rcf for
30 min. The supernatant was transferred to a fresh tube with an equal volume
of ice cold isopropanol and incubated at -20 °C for 1 hr. DNA was pelleted by
centrifugation at 10,000 rcf for 20 min (4 °C), washed with 70 % ethanol (1 ml),

resuspended in nuclease free water (100 pl) and stored at -20 °C.

Qiagen Plant Dneasy spin kit

DNA was extracted from Trichoderma mycelium grown in liquid culture (Section
2.1) according the manufacturer’s protocol. The whole mycelial mass was filtered
through 2 layers of autoclaved Miracloth, washed with sterile water and ground
in liquid nitrogen. A ~200 mg subsample of ground mycelium was transferred
to 1.5 ml Eppendorf tube for DNA extraction. All buffers and reagents were

supplied with the kit, apart from molecular grade ethanol.

Sigma Plant genomic DNA extraction kit

DNA was extracted from Trichoderma mycelium grown in liquid or solid culture
(Section 2.1) according to the manufacturers protocol. For liquid cultures the
whole mycelial mass was filtered through 2 layers of autoclaved Miracloth, washed
with sterile water and ground in liquid nitrogen. For solid cultures mycelium was
removed from a 3 day culture of T. aggressivum with a sterile scalpel, trans-
ferred to a 2 ml Eppendorf tube and freeze thawed repeatedly in liquid nitrogen.
All buffers and reagents were supplied with the kit, apart from RNAse A and

molecular grade ethanol.

Promega Wizard Magnetic Food DNA extraction kit

DNA was extracted from Trichoderma mycelium grown in liquid culture (Section
2.1) or from liquid spore suspensions of T. aggressivum (10° spore/ ml) according

to the manufacturers protocol. Mycelium was ground in liquid nitrogen before
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extraction, spore suspensions were added directly to lysis buffer. All buffers and

reagents were supplied with the kit, apart from molecular grade ethanol.

Chemagen Chemagic Food DNA extraction kit

DNA was extracted from 7Trichoderma aggressivum mycelium grown in liquid
culture (Section 2.1), from T. aggressivum spore suspensions (10° spore/ ml) and
from lyophilised Bulk Phase IIT mushroom substrate. The manufacturer’s proto-
col was followed in each case, except that brief vortexing was used for mixing in
place of repeated pipetting. Prior to extraction lyophilised mushroom substrate
was ground in liquid nitrogen and mixed with a 7. aggressivum spore suspen-
sion (10° spore/ g substrate). Mycelium was ground in liquid nitrogen before
extraction, spore suspensions were added directly to lysis buffer. All buffers and

reagents were supplied with the kit, apart from molecular grade ethanol.

ZR Fungal/ Bacterial DNA extraction kit

DNA was extracted from Trichoderma aggressivum mycelium grown in liquid
culture (Section 2.1) according to the manufacturer’s protocol. All buffers and

reagents were supplied with the kit.

2.6.2 Cell homogenisation buffer

NaCl, Tris-base and EDTA were dissolved in nuclease free water to concentrations
of 1 M, 0.1 M and 0.1 M respectively in separate sterile 50 ml falcon tubes. Tris-
Base and EDTA solutions were both adjusted to pH 8. Cell homogenisation
buffer was prepared by adding 20 ml, 5 ml and 1 ml respectively of these stocks
to 24 ml nuclease free water. The final concentration of reagents in the solution
was 0.4 M NaCl, 10 mM Tris and 2 mM EDTA.

2.6.3 TAE buffer

A 50X solution of TAE was prepared by adding Tris-base (242 g), to acetic acid
(57 ml) and of 0.5 M EDTA (100 ml, pH 8.0) and filling to 1 L with Milli-Q water.

The solution was autoclaved and stored at room temperature. Prior to use 50X
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TAE was diluted to 50:1 with Milli-Q water for a final working concentration of
40 mM Tris, 20 mM acetic acid and 1 mM EDTA.

2.6.4 Determination of DNA concentration by UV absorbance

DNA concentration was measured using a NanoDrop 1000 spectrophotometer.
Samples were kept on ice and 2 pl aliquots were removed, placed on the pedestal
of the spectrophotometer and absorbance was measured. Blank measurements
were performed using either nuclease free water or elution buffer in place of
sample, depending on the extraction protocol. The concentration of DNA in the
sample was calculated automatically by the NanoDrop software and samples with
an A 260/280 value of 1.8 were taken to contain pure DNA (A 260/280 is the

ratio of absorbance at 260 nm to 280 nm).

2.6.5 DNA gel electrophoresis and visualisation

Agarose (1.5 g) was added to 1X TAE (100 ml) and heated in a microwave oven
until the agarose dissolved. The solution was allowed to cool to a handleable
temperature before adding ethidium bromide solution (1 pl, 100 mg/ml) and
casting gels with 20 pl wells. Genomic DNA or PCR product were mixed with 6X
gel loading dye and 10-20 pl was loaded into the wells of the gel. Electrophoresis
was carried out in a using 1X TAE buffer at 60 V for 10 minutes followed by 80 V
for 20 minutes. The DNA was visualised and images were captured on a G-box

using UV transillumination and an ethidium bromide lens filter.

2.6.6 Endpoint PCR using Sigma Accutaq

Reactions were carried out in 200 pl PCR tube (nuclease and nucleic acid free)
with a reaction volume of 20 ul containing 10X LAB Buffer (2 pl), 10 mM dNTP
mix (1 pl), DMSO (0.4 pl), 20 uM forward primer (0.5 pl), 20 pM reverse primer
(0.5 pl), nuclease free water (14.4 ul), template DNA (1 pl) and Sigma Accutaq
DNA polymerase (0.2 pl). An Eppendorf Mastercycler was used for temperature

control under the parameters listed in Table 2.4 with a lid temperature of 96 °C.
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Tab. 2.4: PCR amplification protocol using Sigma AccuTaq

Step Temperature (°C) Time (min:sec) Cycles
Initial separation 94 5:00 1
Amplification 94 0:30
55-60 0:30
68 0:45 35
Final amplification 68 7:00 1
Cooling 4°C Indefinite 1

2.6.7 Endpoint PCR using Bioline 2X Mastermix

Reactions were carried out in a 20 pl volume containing Bioline 2X mastermix (10
nl), template DNA (4 pl), 20 uM forward primer (0.5 pl), 20 pM reverse primer
(0.5 pl) and nuclease free water (5 pl). Bioline 2X master mix contains gel loading
dye so the product can be run on a gel immediately after the completion of the
reaction. An Eppendorf Mastercycler was used for temperature control under the

parameters listed in Table 2.5 with a lid temperature of 105 °C.

Tab. 2.5: PCR amplification protocol using Bioline Mastermix

Step Temperature (°C) Time (min:sec) Cycles
Initial separation 94 0:30 1
Amplification 94 0:30
55-60 0:30
72 0:30 30
Cooling 4 Indefinite 1

2.6.8 Quantitative real-time PCR (qPCR)

Real-time quantitative PCR was carried out on a Lightcycler 480 machine (Roche)
using SyBr green as the fluorophore. Reactions consisted of template DNA (1
nl), Bioline SyBr Green 2X Mastermix (5 pl), forward primer (0.25 pl), reverse
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primer (0.25 pl) and nuclease free water (3.5 nul) and were carried out in opaque,
white 96 well plates (Roche). PCR was carried out for 35 cycles according to
Table 2.6. Quantitation was performed once per cycle and melt curve analysis
was performed at the end of the run. Standard curves, efficiency and melt curves

were generated using the Roche Lightcycler software version 1.5.0 SP3.

Quantitative PCR instrumentation was funded by Science Foundation Ireland
Grant no.: SFI/07/RFP/GEN/571/EC07.

Tab. 2.6: Real-time PCR cycling parameters

Step Temperature Time Ramp rate Cycles Quantitation
(°C) (min:sec)

Activation 94 10:00 4.4 1 None
Amplification 94 00:20 4.4 45 None
55-60 00:15 2.2 None
72 00:15 4.4 Single

Melt Curve 95 00:05 4.4 1 None
70 1:00 2.2 None

95 n/a 0.11 5/°C

Cooling 40 5:00 2.2 1 None

2.6.9 Primers

Details of primers used for real-time PCR are shown in Table 2.7. Primers were
purchased from Integrated DNA technologies (Belgium). Existing Trichoderma
aggressivum selective primers were designed by Chen et al. (1999a) (THF+THR)
and Warwick HRI (18SInt+THI Int rev). Novel selective primer sets (41+180,
434199 and 44+4199) were designed as described in Section 5.3.
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Tab. 2.7: Primers used in this study

Name Primer sequence Orientation Tm (°C)
THF! CGGTGACATCTGAAAAGTCGTG Forward 56.1
THR! TGTCACCCGTTCGGATCATTCG Reverse 59.4
18S Int? TAACAACACGCCTGCTTAAGA Forward 54.4
Thl Int rev? GAGAAGGCTCAGATAGTAAAAAT  Reverse 50.2
413 TTCGAGAAGGTAAGCGCCAACTGA Forward 60.1
1803 AATCTTGTGTCGCTGCAAAGGAGG Reverse 59.6
433 AGAAGGTAAGCGCCAACTGA Forward 56.5
1993 GCACAAGGAACCCCACTAAA Reverse 55.3
443 GAGAAGGTAAGCGCCAACTG Forward 56.0

Y Trichoderma aggressivum selective primers published by Chen et al. (1999a)
2 T. aggressivum f. europacum selective primers developed by Warwick HRI
(Grogan, pers. comm. )

3 Novel selective primers designed targeting the tefl gene

2.7 HPLC

All reagents used were of HPLC grade unless otherwise noted.

2.7.1 HPLC extraction buffer

Ethyl acetate, dichloromethane and methanol were mixed in a 3:2:1 ratio. This
buffer was stored at room temperature in a flammables cabinet. Formic acid was
added to a concentration of 1 % (v/v) immediately prior to use.

2.7.2 HPLC Buffer A
Trifluoroacetic acid (1 ml) was added to water (1 L) in a dark glass container.
The solution was prepared on the day of use and stored at room temperature

2.7.3 HPLC Buffer B

Trifluoroacetic acid (1 ml) was added to acetonitrile (1 L) in a dark glass con-

tainer. The solution was prepared on the day of use and stored at room temper-
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ature

2.7.4 Organic extraction of fungal metabolites for analysis by HPLC

For the extraction of fungal secondary metabolites Trichoderma cultures were
grown on MEA or Trichoderma minimal medium at 20 °C for 16 days in the
dark. Plugs (5 mm diameter) were then excised from the media at 2.5 mm, 22.5
mm and 42.5 mm from the centre of the dish and transferred to a sterile 1.5
ml Eppendorf tube. HPLC extraction buffer (500 ul) was added to each sample
followed by sonication for three 20 minute cycles. The water in the sonication
bath being replaced between cycles to prevent excessive heating. The buffer was
then removed and transferred to a fresh tube. Plugs were discarded and the buffer
containing the extracted metabolites was evaporated overnight in a fume cabinet.
The extract was redissolved by sonication for 10 minutes in 90 % methanol, 10
% water (20 pl) and transferred to an autosampler vial for reverse phase HPLC

analysis (Smedsgaard, 1997).

2.7.5 Reverse phase HPLC' analysis of fungal metabolites

Organic extracts from 7Trichoderma cultures were analysed by reverse phase
HPLC (RP-HPLC) on an Agilent 1200 series system with a C-18 RP-HPLC
column using diode array detection with multiple wavelengths (210, 230, 254 and
280 nm). Prior to use any gas in the machine was purged by opening the column
bypass valve and running 95 % HPLC Buffer A, 5 % HPLC Buffer B through
the system at a rate of 5 ml/ min for 5 minutes. The flow rate was reduced to
1 ml/min prior to closing the bypass valve. Blank samples were run through the
column prior to loading sample to ensure that any previous samples had been
fully eluted. Two HPLC methods were used in this study and a wash step was
performed at the end of each run to ensure that there was no crossover of samples
between experiments. For all methods column flow rate was constant at 1 ml/min
and maximum and minimum pressure tolerances of 400 and 0 bar respectively,
standard automated sample injection was performed with a sample size of 10 nl.
Table 2.8 and Figure 2.3 show the gradients for each of the methods and the wash
step.
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Tab. 2.8: HPLC elution methods.
Method 1 Method 2 Wash
Time % B | Time % B | Time % B
0 5 0 5 0 5
5 5 5 5 5 5
25 100 6 20 15 100
28 30 25 80 20 100
30 5 30 100 35 5
33 100 40 5
35 5
40 5
PMP1 , Solvent B
% 1
] — \
80 _— \
] - B
] - |
60 o \
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Fig. 2.3: HPLC gradient profiles.
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2.7.6 Comparison of metabolite profiles

Metabolite profiles of Trichoderma isolate obtained by HPLC were analysed with
COWtool (Nielsen et al., 1998). Full unintegrated results for each detector were
exported from Agilent Chemstation as .CSV files. For each sample signals from
each detector were collated into columns using Microsoft Excel, then transferred
to Notepad++. Tabs between signals for each datapoint were replaced with
spaces and the spectra were saved as ASCII plain text files. Spectra were opened
in COWtool, baseline corrected, log normalised and compared by co-phenetic
correlation using the similarity function of COWtool. Reference spectra were
prepared from base-line corrected, log normalised spectra using the averaging
function of COWtool.



3. CELLULAR PROTEOMICS OF TRICHODERMA
AGGRESSIVUM

3.1 Introduction

Green mould disease of Agaricus bisporus is caused by fungi of the genus 7Tri-
choderma growing in the mushroom substrate and later casing. Green mould
disease caused by Trichoderma aggressivum causes severe loss of yield whereas
other Trichoderma species are less harmful.

T. aggressivum was previously classified as a Trichoderma harzianum biotype
(Samuels et al., 2002). T. harzianum is commonly isolated from soil and leaf
litter and occasionally occurs in mushroom substrate. T. aggressivum has only
been reported on mushroom farms, and it has several adaptations which allow
it to grow uninhibited in mushroom substrate (Largeteau et al., 2000b; Savoie
et al., 2001a)

The activities of T. aggressivum in mushroom substrate are poorly under-
stood. It produces metabolites which inhibit the growth of A. bisporus (Mumpuni
et al., 1998; Krupke et al., 2003; Guthrie & Castle, 2006) and it is able to overgrow
A. bisporus mycelium (Savoie et al., 2001b) but metabolites produced by other
Trichoderma are more toxic to A. bisporus and T. aggressivum is able to grow in
mushroom substrate in the absence of A. bisporus (Largeteau et al., 2000b). The
ability to better colonise mushroom substrate is considered to be a key difference
between T. aggressivum and other, less harful Trichoderma species, but it also
produces enzymes capable of degrading A. bisporus cell walls (Williams et al.,
2003a; Guthrie & Castle, 2006).

Whether T. aggressivum primarily reduces mushroom yields by mycopara-
sitism of A. bisporus or by competing for nutrients in the substrate is unknown,

but as Trichoderma species are known for opportunistically antagonising and par-



3. Cellular proteomics of Trichoderma aggressivum 62

asitising competitors the true relationship is likely a mixture of the two (Kredics
et al., 2010; Druzhinina et al., 2011).

Comparative proteomics is a powerful tool used to study disease (Pasini et al.,
2010) and host-pathogen interactions (Reales-Calderén et al., 2012) as well as
symbiotic and commensal interactions between organisms (Marra et al., 2006;
Mathesius, 2009) and the action of antibiotics and fungicides in vitro (Wenzel &
Bandow, 2011; Seneviratne et al., 2010). In a comparative proteomic study the
organism of interest is exposed to different conditions and changes in its protein
expression profile are measured, commonly by 2-dimensional gel electrophoresis.
Knowing what proteins are increased or decreased in expression under different
conditions gives insight into the response of the organism to those conditions.

In this study T.aggressivum was exposed to mushroom substrate and A. bis-
porus tissue. Whole cell protein was then extracted, separated and visualised by
2-D SDS-PAGE. Individual proteins were isolated from the gels and tryptic digest
of these proteins were analysed by mass spectrometry. This allows the identifica-
tion of homologous proteins from other fungi from which a an be inferred without
requiring sequence data from 7. aggressivum.

In addition, using densitometric analysis it is possible to determine the relative
expression level of proteins in each condition. If a protein is up-regulated or down-
regulated when the fungus is grown in the presence of mushroom substrate or
A. bisporus tissue it can be inferred that the protein in question may play a role
in the survival of 7. aggressivum in mushroom substrate and/or its capacity for
reducing mushroom yields.

Better understanding of how T. aggressivum operates in mushroom substrate
may lead to better treatments or preventative methods for green mould disease.
Knowing how T. aggressivum resists inhibition by substrate micro-flora and A.
bisporus may allow for the production of substrate which is selective against 7.
aggressivum growth and understanding the mechanisms by which T. aggressivum
antagonises A. bisporus may aid in the breeding of strains more resistant to green

mould disease.
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3.2  2-D electrophoretic profile of Trichoderma aggressivum across

a pH 4-7 range

Whole cellular protein was obtained from 5 day liquid cultures of two reference
isolates of Trichoderma aggressivum f. europaeum, CBS 433.95 and CBS 100526
(Sections 2.1.5, 2.3.1). Iso-electric focusing was performed across a pH range
of 4-7, proteins were separated by mass using 2-D SDS-PAGE (12.5 % gel) and
visualised with colloidal coomassie staining (Section 2.3.4). Figure 3.1 and Fig-

ure 3.2 show the electrophoretic profile of strain CBS 433.95 and CBS 100526

respectively.

3.3 Identification of protein homologs in Trichoderma
aggressivum strain CBS 433.95 by LC/MS analysis of tryptic
digests

Trichoderma aggressivum strain CBS 433.95 was grown in liquid culture for 5
days and protein was extracted, focused, separated and stained as described
previously (Section 2.1.5, 2.3.1, 2.3.4). Figure 3.3 shows each protein spot which
was excised, digested and analysed by LC/MS (Section 2.4). Spots were selected
for analysis based on good separation, definition and intensity.

Table 3.1 shows results of Mascot searches using the compounds generated
from the mass spectra of each protein (Section 2.4), searches were performed
against all genera of fungi in the NCBInr database.

Table 3.2 shows the Uniprot accession number (www.uniprot.org/uniprot) for
each homologous protein as well as the Mascot score, coverage, pl (pI"™)and
molecular weight. Mascot scores greater than 57 indicate significant homology.
The pl of the T. aggressivum proteins (pI"*) can be estimated from the gel and
are also included for reference.

Of the 41 spots which were processed 37 returned positive hits from the
database searches of which 32 have known or inferred functions. The largest
portion of the matches were proteins from 7Trichoderma species (8/38 results)
with the rest being from various different fungi, Fusarium solani being the most

commonly occurring (5/38 matches).
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4 pH 7

Fig. 3.1: 2-D electrophoretic profile of Trichoderma aggressivum strain CBS 433.95.
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4 pH 7

Fig. 3.2: 2-D electrophoretic profile of Trichoderma aggressivum strain CBS 100526.
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Mascot scores ranged from 58-876 and % coverage ranged from 2-71%. The
best matches in terms of Mascot score were for ATP dependent RNA helicase
elF4A from Botryotinia fuckeliana, Hsp70-like protein from Glomerella gramini-
cola and 14-3-3 like protein from Metarhizium anisopliae (Mascot scores 876, 720
and 621, respectively). Three out of four of the highest coverage matches returned
were proteins from Trichoderma harzianum; protein Hex 1 returned 2 hits with
coverages of 52 and 50 % while Copper-Zinc Superoxide dismutase matched to
spot 40 with 71% coverage.

The inferred function of the analysed proteins based on the known functions
of their homologs covers a broad range of cellular activities. They can be broken
down into 7 areas: cell metabolism (8/32), protein processing (7/32), translation
(4/32), homeostasis (2/32), oxidation-reduction (2/32), stress response (2/32)
and other (7/32).

The pl of the matched proteins were generally close to that measured from the
gel for high Mascot score and/or % coverage matches. Matches with low Mascot
scores and coverages, on the other hand, diverged widely from their expected
pl, including 4 which fell outside of the isoelectric range used (spots 13, 19, 31,
38). Since these analyses were performed using tryptic digests rather than whole
proteins it is possible to match one or more small sequences from a larger protein
which may have different characteristics from the one which was digested. While
it is possible that homologous proteins from 2 different species can have somewhat
different pl and retain the same function if the differences occur outside the active
site, it seems unlikely that a protein with a pl outside the 4-7 range could be a

true homolog of those analysed in this study.
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Fig. 3.3: Protein spots analysed by LC/MS from Trichoderma aggressivum strain CBS
433.95.
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Tab. 3.2: Accession number, Mascot score and additional information for proteins anal-

ysed from Trichoderma aggressivum strain CBS 433.95.

Spot | Accession | Mascot score | Coverage | MW (kDa) | pI*om | pInat
1 E3QX97 740 23% 72.671 495 | 4.82
2 074568 239 12% 54.669 4.83 | 4.65
3 None found - - - 5.00
4 AG6RIS9 338 12% 47.168 5.26 | 5.20
5) Q5BAW5S 143 6% 54.852 5.17 | 4.80
6 A6RJ45 876 53% 44.875 5.13 | 5.00
7 B2B1%Z3 183 22% 31.439 4.81 | 5.00
8 QIHEM9 449 37% 3.0432 4.89 | 4.95
9 Q27JQ9 621 47% 29.865 4.85 | 4.80
10 | QIUWS86 72 5% 35.568 5.29 | 5.00
11 Q875E8 89 4% 26.102 4.37 | 4.20
12 CbM3J4 61 2% 69.790 4.7 5.35
13 Q4WC61 59 13% 9.288 9.97 | 4.65
14 CTYMG7 202 12% 35.468 5.04 | 5.50
15 C9SGP9 306 30% 23.251 5.46 | 5.60
16 ATECN3 164 25% 18.621 4.84 | 4.80
17 Q6CFH1 67 12% 21.818 5.94 | 5.55
18 P58371 67 2% 57.170 6.44 | 4.55
19 | Q6RFG1 82 2% 59.997 8.89 | 5.45
20 | None found - - - - 5.45
21 | C7YP39 185 9% 63.140 5.01 | 5.55
22 Q75909 446 24% 51.403 5.31 | 540
23 C7YI26 391 16% 53.799 5.05 | 6.25
24 Q5BAWS 65 3% 54.852 5.17 | 6.40
25 CTYKLG6 573 21% 57.753 5.99 | 6.20
26 P24590 210 12% 44.381 6.16 | 6.15
27 B6HI6S8 95 8% 45.645 5.05 | 5.80
28 E3Q914 58 3% 75.456 4.85 | 5.60
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Tab.: 3.2: Continued

Spot | Accession | Mascot score | Coverage | MW (kDa) | pIho™ | pInat
29 | E4UZI4 383 26% 41.661 5.45 | 5.80
30 | D5G5R4 283 14% 46.827 597 | 5.75
31 | C1L3C1 277 15% 44.883 8.21 | 5.50
32 | AOPCXS 71 12% 14.356 6.23 | 6.55
33 | None found - - - - 6.55
34 | Q8NK50 157 20% 28.478 5.76 | 6.40
35 | C7ZD60 103 8% 25.220 5.87 | 5.55
36 | EOYRV9 429 52% 24.334 6.75 | 5.30
37 | CI9SFN3 65 11% 16.214 9.24 | 4.90
38 | EOYRV9 475 50% 24.334 6.75 | 5.20
39 | ASBAS3 321 1% 15.767 5.58 | 5.60
40 | AOPCXS8 81 12% 14.356 6.23 | 5.80
41 | None found - - - - 5.00

3.4 Identification of protein homologs in Trichoderma
aggressivum strain CBS 100526 by LC/MS analysis of tryptic
digests

Two dimensional SDS-PAGE followed by LC/MS analysis of protein spots was
performed for Trichoderma aggressivum strain CBS 100526 as described previ-
ously (Section 2.1.5, 2.3.1, 2.3.4, 2.4).

Figure 3.4 shows the 49 individual protein were excised for LC/MS analysis
(Section 2.4). Spot selection criteria were the same as in Section 3.3. Table 3.3
shows results of Mascot searches using the compounds generated from the mass
spectra of each protein (Section 2.4.3). Table 3.4 shows the accession number for
each homologous protein as well as the Mascot score, coverage, pl (pI"°™) and
molecular weight (MW) of the homologous proteins and the estimated pI (pi™®)
of the T.aggressivum protein measured from the gel.

Of the 49 spots analysed in this section 44 returned matches from the NCBInr
database, 33 of those were matched with significant homology (Mascot score >57)
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and of those 31 have known or inferred functions. The majority of matches are
from the Trichoderma virens and Trichoderma reesie genome databases (18 and
4 matches, respectively), many of these spots returned multiple matches to the
same protein in different Trichoderma species, the match with the highest Masoct
score is shown. These proteins are putative, based on presumed coding regions
in the genome, and as such are not assigned names (the names listed in Table 3.3
are the names of the open reading frames) but functions have been proposed for
most based on sequence similarity with genes of known function. The remaining
matches came from Trichoderma harzianum (3), Candida spp. (3) and others
(6).

Mascot scores ranged from 36-943 and % coverage ranged from <1-75%. The
highest matching Mascot scores were TRIVIDRAFT 74949 (Mascot score 943 &
913), Actin (Mascot score 676) and TRIVIDRAFT 71413 (Mascot score 636). In
terms of % coverage the best matches were Superoxide dismutase, HEX_1 and
TRIVIDRAFT_74949 with coverages of 75%, 57% and 48%, respectively.

The functions assigned to the analysed proteins can be grouped into oxi-
doreductases (8/31), protein transport and synthesis (5/31), glycolytic enzymes
(4/31), cytoskeletal proteins (3/31), degradative enzymes (3/31) and other (8/31).

The relation between the pl of homologous proteins and that expected value
is not as clear for these data as for strain CBS 433.95. There is a large difference
between the theoretical pl of the homologs (based on sequence) and that of the
native proteins estimated from their position on the gel in many cases, even for
high confidence matches. This may be as a result of differences in the proteins
outside of the matching region or due to the subjective nature of the estimation

of native pl.
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Fig. 3.4: Protein spots analysed by LC/MS from Trichoderma aggressivum strain CBS
100526.
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Tab. 3.4: Accession number, Mascot score and additional information for proteins anal-

ysed from Trichoderma aggressivum strain CBS 100526.

Spot | Accession number | Mascot score | % Coverage | MW (kDa) | pl"™ | pInet
1 014139 46 0 159744 6.32 | 5.00
2 GINAQO 122 12 54165 5.88 | 5.00
3 A3LYZ4 31 1 172492 8.86 | 5.15
4 GIMTNI9 561 37 51591 5.33 | 5.50
5 GIMTNI9 636 41 51591 5.33 | 5.45
6 E9DS21 97 7 54461 6.06 | 5.15
7 D6C5B7 586 39 41827 5.45 | 5.45
8 GIN455 216 28 24963 4.33 | 4.50
9 GORNEG 357 29 41183 5.86 | 5.10
10 | None found - - - - 4.40
11 None found - - - 5.00
12 | FOXBV7 178 9 42053 6.97 | 5.00
13 | GOMRQS8 518 29 41416 5.95 | 5.10
14 | None found - - - - 4.50
15 | Q12449 44 5 39585 7.03 | 4.60
16 | GONAQO 206 10 54165 5.88 | 4.25
17 | None found - - - - 5.00
18 | Q6FS5H7 61 27258 9.98 | 5.00
19 | P06634 32 0 73026 841 | 4.75
20 | G9N428 415 41 30119 543 | 4.75
21 | GOMQT2 114 18 17852 5.16 | 5.00
22 | GIN2AS 151 18 21480 5.35 | 5.40
23 | C4Y9HO 27 0 114603 6.43 | 5.50
24 | EOYRV9 623 57 24334 6.75 | 5.25
25 | GORS881 132 17 17414 5.66 | 5.50
26 | None found - - - - 4.80
27 | 014139 48 0 159744 6.32 | 5.25
28 | GIN370 598 22 65088 54 | 5.80
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Tab.: 3.4: Continued
Spot | Accession number | Mascot score | % Coverage | MW (kDa) | pIt™ | pInat
29 | Q6FNH2 48 3 59242 5.8 | 6.00
30 | A3LYZ4 71 2 81530 5.73 | 6.10
31 | EOYRV9 293 38 24334 6.75 | 7.00
32 | GINIF6 72 3 75548 5.84 | 6.45
33 | GORFA6 352 19 65175 6.04 | 6.40
34 | GOMVH9 370 16 54459 5.72 | 6.30
35 | GONAQO 913 38 54165 5.88 | 6.45
36 | GONAQO 378 23 54165 5.88 | 6.25
37 | GONMQ9 154 7 42580 6.15 | 6.40
38 | GOYMU97 98 3 28630 5.12 | 6.25
39 | GONAQO 943 48 54165 5.88 | 5.55
40 | D6C5B7 676 46 41827 5.45 | 6.00
41 | Q00640 115 6 36751 6.02 | 6.10
42 | GOMEXG6 99 2 39234 5.51 | 6.20
43 | None found - - - - 6.00
44 | A1D8LS8 60 4 47956 5.44 | 5.80
45 | None found - - - - 5.75
46 | None found - - - 5.50
47 | GORALO 219 39 16717 5.80 | 5.75
48 | A8BAS3 478 75 15874 5.58 | 5.80
49 | None found - - - - 6.15
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3.5 2-D electrophoretic analysis of Trichoderma aggressivum
strain CBS 100526 grown in the presence of mushroom

substrate and mushroom tissue.

Malt extract broth, malt extract broth with Bulk Phase I1I mushroom substrate
and malt extract broth with Agaricus bisporus tissue were inoculated with Tri-
choderma aggressivum strain CBS 100526 in duplicate (Section 2.1.6). Cellular
protein was extracted from 7. aggressivum mycelium as per Section 2.3.1 and
pooled between the replicates in each treatment. Strain 100526 was selected for
this analysis as it gave more significant response to both treatments than strain
433.95 during preliminary analysis.

Protein was separated in 2 dimensions and visualised as per Section 2.3.4. For
each treatment 2-D PAGE was performed in triplicate. Figure 3.5 shows one gel

from each treatment.
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3.6 Differential protein expression in Trichoderma aggressivum
strain CBS 100526 grown in the presence of Bulk Phase II1

mushroom substrate and mushroom tissue.

Stained proteins spot pattern and density was analysed using Progenesis Samespots
software (section 2.3.5). Each gel was aligned to a reference gel so that the spots
could be matched between treatments and normalised. Relative expression level
was calculated automatically.

Statistically significant differential expression was observed for 23 protein
spots of which 19 were analysed by LC/MS. Differential spots which were anal-
ysed by LC/MS (section 2.4) are shown in Figure 3.6. The relative expression
levels for each treatment are shown in Table 3.5 and Figure 3.7.

Mascot searches were performed using the NCBInr and SwissProt databases
returning 14 matches of which 7 displayed significant homology, no matches were
obtained for spots 8-13. Table 3.6 shows the matches found for each spot, sig-
nificant homology is indicated by Mascot scores in excess of 57 and 42 for the
NCBInr and SwissProt databases, respectively.

Spot 1 was upregulated slightly in the presence of Agaricus bisporus tissue and
downregulated in the presence of mushroom substrate. This spot was matched
with a probable Xaa-Pro aminopeptidase from Unicocarpus reesei, albeit with
low confidence. Xaa-Pro amino peptidases are Manganese dependent proteases
which cleave any peptide on the N-terminal side of proline residues.

Spot 2 was down-regulated in the presence of mushroom substrate and was
matched with oligosaccharyl transferase subunit stt3 from Schizosaccharomyces
pombe although the Mascot score was too low to ensure significant homology.
This is a transmembrane protein which is thought to catalyse the site specific
N-glycosylation of proteins in the endoplasmic reticulum. Glycosylation is an
important post-translational modification which can significantly alter protein
function and localisation.

Spot 3 was upregulated in the presence of both mushroom tissue and sub-
strate. Three results were obtained from the analysis of this spot, all displaying
significant homology. The first hit is an un-named protein from 7Trichoderma

viride which displays sequence motifs which suggest an RNA binding function.
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Fig. 3.6: Differentially expressed protein in Trichoderma aggressivum strain CBS
100526 with exposure to Agaricus bisporus tissue and/or Bulk Phase ITI mush-

room substrate.
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The second and third hits were for a 60S acidic ribosomal protein from Tricho-
derma reesei and Neurospora crassa, respectively. Both of these proteins are
constituents of the ribosome and may be analogs of the T. viride protein.

Spot 4 was upregulated in the presence of mushroom substrate. The highest
ranking hit for this spot (and the only one with a characterised function) was iron-
manganese superoxide dismutase from 7. viride. Superoxide dismutase detoxifies
superoxide free radical, producing hydrogen peroxide in the process. It is an
important part of the cell’s ability to resist harm by oxidative stress.

Spot 5 was down-regulated in both treatments relative to the control. Analysis
of this protein yielded 4 Mascot results of which the three significant matches were
proteins in the spermidine/spermine synthase family. Spermidine is a growth fac-
tor for many micro-organisms and may play a role in macromolecular stabilisation
and cellular longevity in eukaryotes.

Spot 6 was downregulated in both treatments and displayed homology with
maintenance of telomere capping protein 2 from Zygosaccharomyces rouxii. Telom-
eres are repetitive DNA sequences at the ends of chromosomes which protect them
from degradation and improve the fidelity of chromosome duplication. Telomere
shortening also plays a role in cell senescence, so effective telomere capping may
promote cell longevity.

Spot 7 was upregulated slightly (1.25 fold) in the A. bisporus tissue treatment
and downregulated in the Phase III substrate treatment. This spot was matched
to orotidine 5’ phosphate decarboxylase from Paracoccoides brasiliensis but not
with significant homology. Orotidine 5" phosphate decarboxylase is involved in
the biosynthesis of pyrimidines, including 3 which are components of RNA and/or
DNA. It is worth noting that this was also analysed in Section 3.4 (spot label 19)
without any significant matches, in spite of it being a relatively abundant protein
in both cases. It is also not immediately apparent in the 2-D electrophoretic
profile of T. aggressivum strain CBS 433.95 3.1.

Spots 8-13 were downregulated in both treatments but returned no matches
after LC/MS and Mascot analysis. Whether this is a result of the low relative
abundance of the proteins or because of poor matching in the databases searched
is unknown. Spot 8 was also analysed in Section 3.4 (spot label 26) and returned

no significant hits in either case.
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Tab. 3.5: Normalised expression levels and relative fold changes of spots differentially

expressed in Trichoderma aggressivum strain CBS 100526 in response to

Agaricus bisporus tissue or Bulk Phase IIT mushroom substrate.

Expression level

Fold change

Spot | Control | Tissue Compost || Tissue | Compost | P value
1 8.05E+6 | 8.72E+6 | 4.85E+6 | +1.08 -1.66 5.0E-2
2 1.12E+48 | 1.20E48 | 5.76E+7 || +1.07 -1.95 3.4E-2
3 | 3.50E+7 | 6.69E+7 | 6.18E+7 || +1.91 +1.76 | 5.0E-3
4 | 6.81E+6 | 7.82E+6 | 1.97E+7 | +1.15 +2.89 | 1.0E-3
5 7.70E+6 | 5.86E+6 | 4.87TE+6 || -1.31 -1.58 3.4E-2
6 | 4.26E+7 | 2.21E+7 | 2.33E+7 || -1.93 -1.82 3.2E-2
7 1.47E+8 | 1.84E+8 | 5.59E+7 || +1.25 -2.62 5.5E-5
8 1.48E+48 | 2.02E+48 | 3.51E+8 || +1.36 +2.37 | 7.0E-3
9 1.77E47 | 1.68E+47 | 8.08E+46 || -1.06 -2.19 3.2E-2
10 | 241E+7 | 1.55E+7 | 8.67E+6 || -1.55 -2.78 3.4E-2
11 | 9.46E+6 | 5.38E+6 | 5.10E+6 || -1.76 -1.85 3.1E-2
12 | 4.29E46 | 2.63E+6 | 2.13E+6 -1.63 -2.01 7.0E-3
13 | 5.06E+6 | 2.41E+6 | 3.51E+6 -2.10 -1.44 4.0E-3
14 | 4.66E+6 | 1.00E+7 | 2.29E+6 || +2.15 -2.03 2.0E-3
15 | 1.66E+7 | 7.44E+6 | 9.29E+6 | -2.23 -1.78 4.0E-3
16 | 9.62E+7 | 2.68E+7 | 1.47TE+7 || -3.59 -6.54 1.7E-4
17 | 4.78E+7 | 9.24E+7 | 1.45E+8 || +1.93 +3.04 | 4.9E4
18 | 1.69E+7 | 2.17TE+7 | 4.44E+7 || +1.28 +2.63 | 3.8E-4
19 | 1.39E+7 | 2.26E+7 | 3.18E+7 || +1.62 +2.29 | 4.0E-3
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Spot 14 displayed 2-fold upregulation in the A. bisporus tissue treatment and
2-fold down regulation in the substrate treatment. The best matching protein
for this spot was guanylate kinase from Grosmannia clavigera. This protein may
be involved in purine biosynthesis and the production of nucleic acids.

Spot 15 was down regulated in both treatments. The spot was matched to
a putative cytochrome DASH, but not with significant homology. This protein
is a light induced enzyme that repairs DNA strand breaks which are caused by
exposure to UV radiation.

Spot 16 was the most strongly downregulated protein observed in the experi-
ment. It was downregulated 3.6 fold in the A. bisporus tissue treatment and 6.5 in
the mushroom substrate treatment. This protein displayed homology with NAD-
specific glutamate dehydrogenase from Saccharomyces cerevisiae, although the
score was just below the significance threshold. This protein produces ammonia
from glutamate and is involved in the metabolism of various nitrogen containing
compounds.

Spots 17-19 did not return any significant hits in this study, but they can be
shown to be the same as spots 48, 23 and 25 respectively from Figure 3.4 by gel
alignment.

Spot 17 was upregulated 1.9 and 3.0 fold in the A. bisporus tissue and mush-
room substrate treatments, respectively. When analysed in section 3.4 this spot
showed extensive homology with copper-zinc superoxide dismutase. This protein
detoxifies superoxides in the same manner as iron-manganese superoxide dismu-
tase, but has a different cellular location and metal co-factor.

Spot 18 was upregulated in both treatments and was matched with a probable
zinc metalloprotease in Clavispora lusitaniae, but without significant homology.
This protein is a glycosylated transmembrane peptidase. It does not induce site-
specific cleavage but instead is involved in general proteolysis.

Spot 19 was upregulated in both treatments. It was matched to a putative

protein from Trichoderma reesei of unknown function.
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3.7 Discussion

3.7.1 Protein homologies

Trichoderma aggressivum is unique among Trichoderma species in the damage it
causes in the mushroom industry. It is also a recently characterised species and
there is still much to be learned about its ecology, genetics and propagation.

Two dimensional SDS-PAGE coupled with LC/MS is a powerful tool for the
isolation and identification of proteins. In the absence of a genome sequence
for T. aggressivum comparative proteomics can provide unique insights into the
biology of the fungus by identifying protein homologs in other fungi and thereby
assigning functions to the T. aggressivum proteins.

In this study 75 protein homologs were identified for Trichoderma aggressivum
proteins with functions having been assigned to 69 of them. These homologs were
drawn from a wide range of species, the recently annotated Trichoderma reeset,
Trichoderma harzianum and Trichoderma atroviride genome databases provided
the majority of homologs with many others coming from yeasts, probably be-
cause the proteomes of those organisms are well studied and there are several
complete genome sequences for them. Protein functions can be broadly described
as metabolic, informational, structural and other.

Metabolic proteins are involved in the uptake of nutrition and production
of energy. Unsurprisingly for such a fast growing fungus, metabolic proteins
account for a large proportion of the identified proteins from T. aggressivum.
Thirty of the identified proteins had functions such as carbohydrate degradation,
the glycolytic pathway, ATP synthesis and protein degradation. Some of the
more interesting functions were those involved in the metabolism of xylose and
arabinose (Spot 34, Tab 3.1) as these sugars are present in the hemicellulose
component of mushroom substrate and the pentose phosphate shunt, which is an
alternative to the glycolytic pathway where pyruvate is converted into a 5-carbon
sugar so that it can be processed similarly to xylose and arabinose. None of the
identified proteins showed any evidence of being involved in the degradation of
fungal cell wall components, which would be a good indicator of the mycoparasitic
potential of the fungus (Williams et al., 2003a; Guthrie & Castle, 2006). However,

these types of enzymes are generally secreted from the cell so that is not to
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Fig. 3.7: Relative expression levels of differentially expressed proteins in Trichoderma
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say that they were not being produced during the experiments. Further studies
involving the secreted protein fraction obtained from the culture supernatant
might yield more information on the production of chitinase and other cell wall
degrading enzymes by T. aggressivum.

Informational proteins are those that are involved in DNA duplication, tran-
scription and translation. These proteins are generally more conserved between
organisms than proteins involved in metabolism as their purpose is largely in-
dependent of the ecological niche of the organism. Ten of the analysed proteins
have functions in this category, including transcription factors, ribosome com-
ponent proteins and other proteins which interact with nucleic acids. Without
knowing the exact nature of these proteins, whether they are linked to specific
genes or cell division it is difficult to assess their significance. The only elonga-
tion factor with known function identified was Hex 1, which has homologs in all
Trichoderma species. Hex 1 is a major component of the woronin body complex
as well as a transcription factor. Woronin bodies are present at the periphery of
fungal hyphae where they prevent cellular leakage by blocking septal pores when
hyphae are sheared (Lew, 2011). Hex1 has been implicated in the response of
T. atroviride to plant pathogenic fungi (Marra et al., 2006). This protein was
identified 4 times in this study, possibly because it accounts for a large proportion
of total protein in the cell envelope of Trichoderma spp. and because it forms
complexes which may be visualised at different positions in a 2 dimensional gel
(Curach et al., 2004).

Structural proteins are core components of the cell which allow it to main-
tain integrity and segregate other molecules into cellular partitions. Ten of the
analysed proteins had structural or homeostatic roles including cytoskeletal com-
ponents such as actin and actin binding proteins, transmembrane transporter
proteins and redox enzymes. Cytoskeletal proteins have an important role in
the physical shape of the cell. Actin is often constitutively expressed by cells
as it forms the cellular “backbone”, it can also be mobilised to cause the cell to
grow or move in a specific direction (chemokinesis) and so can be important in
saprotropism. The maintenance of homeostasis is important for any organism,
particularly those in harsh environments. Transmembrane proteins allow com-

munication between the intracellular and extracellular environment. Two classes
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of transmembrane proteins were observed in this study, 14-3-3 like proteins and
membrane transport channels. 14-3-3 like proteins are a large class of proteins
conserved in all Eukarya, they have a variety of functions but are predominantly
involved in the induction of signals across cell membranes. This signal transduc-
tion allows cells to adapt to their external environment and allows intercellular
communication. Membrane transport channels are involved in the movement of
molecules across membranes, they may be involved in the uptake of nutrient from
the environment, the secretion of molecules such as digestive enzymes into the
environment and the movement of molecules between internal cell compartments,
such as in the Golgi apparatus (Klemsdal et al., 1996).

Other proteins did not fall into any of the above 3 categories. Epll protein
is a protein first isolated from Trichoderma atroviride which has been described
as the most commonly secreted protein in that species (Seidl et al., 2006). Epll
belongs to a class of proteins which ellicit an immune response in plants, but it has
been described as an important aspect of the biocontrol faculty of Trichoderma
spp. which are used for controlling plant pathogenic fungi.

Superoxide dismutase and Hsp70/90 like proteins are proteins involved in cel-
lular stress response, the former is discussed in Section 3.7.2. Hsps, or heat shock
proteins are stress inducible chaperone proteins. They are induced in response
to a variety of stresses, not just heat, which are characterised by changes in free
energy levels within the cell. Hsps ensure correct folding of proteins so that
non-functional proteins are not produced, which would result in cellular damage.

The last subset of proteins identified are those with unknown functions. Some
of these proteins are putative, based on open reading frames which do not have
a function assigned to them as yet, others returned Mascot scores below the
significance threshold. If there was no match found for a protein there are two
possible explanations. The initial concentration may have been below the limit
of detection of the mass spectrometer used, this is likely the case for many of the
unknown proteins which are either faint or very small spots on the gel. There were
a number of proteins for which no database match was found which were clearly
in high abundance, however, and it is possible that these are novel T. aggressivum
proteins for which no homolog exists in the databases. In the future it would be

ideal to re-analyse these spots using de novo sequencing to determine the amino



3. Cellular proteomics of Trichoderma aggressivum 94

acid sequence of the protein and possibly assign functions to them. Novel proteins
would give particular insight into the specific adaptations for T. aggressivum as
they are not present in other Trichoderma which have been sequenced. Unique
T. aggressivum proteins could also be useful diagnostic markers for species/strain

differentiation and may also be virulence markers.

3.7.2 Differentially expressed proteins and the virulence of Trichoderma

aggressioum,

Densitometric analysis also allows the relative expression levels of each protein to
be compared under different conditions. By challenging Trichoderma aggressivum
with different environments it is possible to measure the up, or down-regulation
of proteins in response to the environment.

In this study homologs for 7 proteins were which changed in expression in the
presence of mushroom substrate or Agaricus bisporus tissue were identified with
high confidence by LC/ MS. A further 5 returned database hits, but the quality
of the sequence match (based on Mascot score) was not statistically significant.

Proteins which were upregulated in the presence of A. bisporus tissue included
a 608 acidic ribosomal protein PO, guanylate kinase, copper zinc superoxide dis-
mutase and a protein of unknown function. Each of these proteins was also
up-regulated in the presence of Phase III mushroom substrate apart from guany-
late kinase, which was down-regulated. In the Phase III substrate treatment iron
manganese superoxide dismutase was also up-regulated.

60S acidic ribosomal protein PO is a protein conserved in all eukaryotes which
is the ortholog of the Escherichia coli protein L10 (Rich & Steitz, 1987). This
protein has a specific conserved protein binding C-terminus which allows it to
form a complex with 2 other proteins and an RNA binding N-terminus region
which attaches the complex to the ribosomal RNA where it is involved in protein
elongation (Hagiya et al., 2005); similar proteins are virulence factors in the
human parasite Plasmodium (Arevalo-Pinzon et al., 2010), they are expressed on
the organism’s cell surface and interfere with the host immune response. The
human PO protein has been implicated as a target for the autoimmune condition
lupus erythematosus (Frampton et al., 2000). Different forms of this protein

can infer resistance to the sordarin class of fungicides (Santos & Ballesta, 2002;
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Santos et al., 2004). As a component of the ribosome 60S ribosomal protein PO
can affect the translation of other proteins and has been linked with the cellular
response to stress and toxins (Abramczyk et al., 2003; Maniratanachote et al.,
2006). PO is a phosphoprotein, with several phosphorylation sites, protein kinase
60S is one of the enzymes that phosphorylates PO in Saccharomyces cerevisiae.
This protein is inactivated by superoxide dismutase (Abramczyk et al., 2003), the
resultant dephosphorylation of PO may play a role in changing protein expression
under oxidative stress conditions.

Superoxide dismutase is an important part of the oxidative stress response and
is vital to growth in aerobic environments (Peskin, 1997). All aerobic organisms
produce superoxide radicals during respiration, so production of these enzymes
is vital to minimise damage due to oxidative stress from within the cell and from
the external environment (Bai et al., 2001). Superoxide dismutase is also involved
in other stress responses such as temperature dependant stress and certain toxins
(Giles et al., 2005; Hwang et al., 2003).

Superoxide is commonly produced by organisms as a non-specific anti-microbial
agent. Mammalian and insect immune cells produce superoxide, among other re-
active oxygen species, to destroy internalised or adjacent pathogens (Condliffe
et al., 1998; Bergin et al., 2005; Munoz, 2007). In the yeasts Candida albicans
and Cryptococcus neoformans production of superoxide dismutase is a virulence
factor, because it allows them resist attack by host immune cells (Hwang et al.,
2002; Cox et al., 2003).

The immune response of plants involves the accumulation and release of su-
peroxide radicals in oxidative bursts (Lamb & Dixon, 1997). In Phythoptora and
Botrytis it has been shown that challenging a host plant with a non pathogenic
fungal strain results in an initial oxidative burst, followed later by a more intense
production of reactive oxygen species and other antimicrobials which prevents the
fungus from colonising the host plant (Perrone et al., 2003; Unger et al., 2005).
Pathogenic varieties of these fungi prevent the occurrence of this secondary oxida-
tive burst. In Phythoptora this evasion of the immune response can be directly
attributed to the enzymatic removal of superoxide (Able et al., 1998) and in
Botrytis a higher concentration of hydrogen peroxide associated with virulent

strains points to a possible similar mode of action.
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Many fungi produce exogenous superoxide using cell wall bound NADPH
oxidases as a deterrent to competing microbes in co-culture (Silar, 2005). Pro-
duction of superoxide is thought to be part of the response of A. bisporus to stress
(Largeteau et al., 2010). Plant matter decomposing basidiomycetes like Agari-
cus also produce superoxide to degrade lignin (Hammel et al., 2002; Tornberg &
Olsson, 2002; Guillén et al., 1997) and there is a link between the production of
laccase and other polyphenol oxidases which depolymerise lignin and superoxide
production (Munoz et al., 1997). Laccase production is promoted in A. bis-
porus confronted with antagonists (Flores et al., 2009; Savoie & Mata, 1998) and
pathogens (Largeteau et al., 2000b). Enhanced secretion of extracellular laccase
is associated the formation of brown-rings of depolymerised phenolic compound
at the border between competing fungi and a cessation of growth (Tsujiyama &
Minami, 2005). In co-cultures between A. bisporus and T. aggressivum brown
line formation occurs but the growth of T. aggressivum is not inhibited and it
proceeds to overgrow the mycelium of susceptible A. bisporus varieties (Savoie
et al., 2001b). It is possible that the ability of T. aggressivum to overgrow brown-
rings produced by A. bisporus may be as a result of tolerance to oxidative stress
provided by the induction of superoxide dismutase and other stress tolerance
proteins.

There is also a correlation between the ability of a T. aggressivum strain to
colonise unpasteurised mushroom substrate and its ability to overgrow brown-
lines produced by A. bisporus (Savoie et al., 2001b). The microbial flora of
mushroom substrate is one of the factors which is thought to ensure that it is
selective for the growth of A. bisporus and inhibit the growth of non-aggressive
Trichoderma species (Savoie et al., 2001a). The upregulation of the two identified
superoxide dismutase proteins suggest that T. aggressivum was also under oxida-
tive stress in the mushroom substrate treatment, so the oxidative stress response
of T. aggressivum may have a dual role in its ability of to resist growth inhibition
by substrate micro-flora and by A. bisporus.

Guanylate kinases are enzymes which catalyse the phosphorylation of guano-
sine monophosphate to guanosine diphosphate using ATP as the donor molecule
requiring magnesium ions as a metal co-factor (Berger et al., 1989; Blaszczyk

et al., 2001). They are essential to the production of deoxyguanosine triphos-
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phate, the monomeric form of the purine base guanine. Loss of function of the
gene coding for this protein is lethal in Saccharomyces cerevisiae (Konrad, 1992).
Guanosine diphosphate is also one of the intermediaries in the cyclic guanosine
monophosphate pathway. Cyclic GMP is a key signalling molecule in a variety
of organisms and in fungi is known to be involved in such processes as conidi-
ation (Li et al., 2010), cell division (Eckstein, 1988) and hyphal extension and
branching (Robson et al., 1991). Whether it is producing guanosine di-phosphate
for the synthesis of DNA or signalling molecules guanylate kinase is likely asso-
ciated with cell growth. This protein was upregulated in 7. aggressivum in the
presence of A. bisporus tissue and down regulated in the presence of mushroom
substrate. Other researchers have found that the presence of A. bisporus enhances
the growth of T aggressivum (Mumpuni et al., 1998; Largeteau et al., 2010), and
T. aggressivum suffers some degree of growth inhibition in mushroom substrate
(Largeteau et al., 2000b), which may be related to this differential expression of
guanylate kinase.

Proteins homologous with spermidine synthase and maintenance of telomere
capping protein 2 (MTCP2) were downregulated in the presence of mushroom
substrate and mushroom tissue, with spermidine synthase being more strongly
reduced in expression in the substrate treatment. Spermidine synthase is an
aminopropyltransferase which catalyses the production of the polyamine sperim-
idine from putrecine (Pegg, 1986). Spermidine is the precursor of spermine and
hypusine, an essential amino acid in eukaryotes (Chattopadhyay et al., 2003).
Spermidine is involved in many other biological processes, such as the response
to thermal and oxidative stresses (Kuznetsov et al., 2006; Tkachenko & Fedotova,
2007) and specific toxins (Qin & Lan, 2004) and pathogens (Fu et al., 2011). The
number of pathways and regulatory mechanisms involving spermidine, as well as
the sometimes contrary effects of polyamines in these processes makes it diffi-
cult to suggest an explanation for the reduction of the expression of spermidine
synthase in both the A. bisporus tissue and Bulk Phase III compost treatment,
or the possible outcome of such downregulation. Perhaps the most reasonable
explanation is based on experiments with spermidine-synthase-deficient S. cere-
vistae, in which the addition of exogenous spermidine induced a reduction in the

expression of several oxidative stress response genes, including glutathione per-
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oxidase and cytosolic catalase (Chattopadhyay et al., 2009). Both these enzymes
protect the cell from peroxide induced damage. With an increase in the levels of
superoxide dismutase in the cell there would be an increase in cellular hydrogen
peroxide which may be removed by proteins induced by a reduction in spermidine
concentration.

Maintenance of telomere capping protein 2 (MTCP2) belongs to a class of
proteins which have been shown to exacerbate telomere-shortening-induced cell
cycle arrests in S. cerevisiae (Addinall et al., 2008) which were previously unchar-
acterised open reading frames. Without knowing the mechanism by which these
proteins improve the viability of telomere deficient mutant yeast it is difficult to
suggest what role MTCP2 might serve in T. aggressivum. Many telomere associ-
ated proteins are also involved in DNA repair outside of telomeres and might be
expected to be upregulated in an oxidative stress response but MTCP2 has no
assigned catalytic function or DNA binding domains so is unlikely to be directly
responsible for the ligation of double stranded DNA breaks. Further study of this
protein in 7. aggressivum might reveal that it has a different function than in S.
cerevisiae.

The overall impression given by the identified differentially expressed proteins
is of T. aggressivum reacting with an oxidative stress response to A. bisporus tis-
sue and, more strongly, to mushroom substrate. There is an alteration in gene
expression, as evidenced by an increase in ribosomal protein production and there
are changes to metabolic pathways involved in the biosynthesis of spermidine and
guanine, both of which are important signalling molecules and growth factors.
These changes in protein expression may be due to components of the Agaricus
tissue and mushroom substrate which cause oxidative damage to the T. aggres-
stwum cell, or which induce changes in the metabolism of 7. aggressivum leading
to increased production of reactive oxygen species. This oxidative stress response
may be part of the reason for the enhanced aggressiveness of T. aggressivum,
its ability to grow uninhibited in mushroom substrate and to out-compete and

displace A. bisporus, ultimately resulting in reduced mushroom yields.



4. TRICHODERMA AGGRESSIVUM IN BULK PHASE IIT
MUSHROOM SUBSTRATE

4.1 Introduction

4.1.1 Epidemiology of Trichoderma aggressivum in Bulk Phase II1 mushroom

substrate

In the Bulk Phase III systems pasteurised Phase II substrate is mixed with Agari-
cus bisporus spawn and incubated in large tunnels under stringent environmental
controls to ensure that it is thoroughly s colonised by A. bisporus mycelium and
free from unwanted micro-organisms; this incubation period is called spawn-run.
These systems are generally considered less susceptible to Trichoderma aggres-
stvum infection than in situ spawn run systems because of the more advanced
exclusionary measures, stricter hygiene and greater level of automation involved
and because substrate fully colonised by A. bisporus has been shown relatively
resistant to infection by 7. aggressivum (Fletcher, 1997; Rinker & Alm, 2000).

With the increase in the popularity of the Bulk Phase III system there was
an observed decrease in the incidences of T. aggressivum infection in Europe.
However, T. aggressivum infections have appeared in Bulk Phase III produced
substrate subsequently (Lemmers, 2010).

Research into T. aggressivum infection of fully spawn-run substrate was car-
ried out on in situ spawn run substrate, which is different from Bulk Phase III
substrate in that it is not bulk handled after spawn-run is complete. In the Bulk
Phase III system the substrate is bulk handled at the end of spawn-run when the
Phase III tunnel is emptied, the substrate is filled into trucks, transported to the
grower and filled into shelves. This raises the question of whether fully spawn
run substrate retains its resistance is to 1. aggressivum when bulk handled.

A further question is whether the addition of nutritional supplements to Bulk
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Phase III substrate after spawn run can promote the growth of T. aggressivum.
The high level of susceptibility of substrate to infection at spawning gas has been
linked to the easily available carbohydrate present in the spawn grains, which
may provide a foothold for T. aggresivum to grow in the relatively inhospitable
environment (Seaby, 1996b). This source of carbohydrate is depleted by Phase
T, which has been described as a possible reason for the relative resistance of
fully spawn run substrate to T. aggressivum infection (Rinker, 1997). However,
the addition of nutritional supplements to substrate after spawn-run has become
a common method of increasing mushroom yield and quality. These supplements
contain additional nutrients, including carbohydrates, which may promote the
growth of T. aggressivum, but there is currently no information available on this
subject.

This study involved 3 medium scale cropping experiments where healthy Bulk
Phase III substrate was inoculated with T. aggressivum inoculum at the bulk
handling stage. T. aggressivum inoculum was produced from Phase II substrate
which was infected with T. aggressivum at spawning and then spawn-run to pro-
duce a Phase III compost with a high 7. aggressivum load. This inoculum was
then diluted into healthy Bulk Phase III substrate, cased and cropped. This
mimics a Bulk Phase III process in which a localised infection occurs during
spawn-run and is diluted into the whole mass of substrate during bulk handling.
In the first two experiments replicate plots were prepared using substrate sup-
plemented with Nutrigain (a commercially available mushroom supplement) and
unsupplemented substrate to assess whether the addition of a nutritional supple-

ment after spawn-run has an effect on 7. aggressivum infection.

4.1.2 Methods for the detection of Trichoderma aggressivum in mushroom

substrate

It is desirable to be able to quantify the level of Trichoderma aggressivum in
mushroom substrate for monitoring purposes and in order to assess factors which
may improve or impede the growth of the fungus.

Microbiological methods for enumeration of T. aggressivum propagules are
relatively simple and inexpensive but can be time consuming and do not allow

an immediate species identification (Hagn et al., 2007). Molecular methods have
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the ability to selectively detect and identify 7. aggressivum in a one step process
but they are technically more complex and considerably more expensive than
microbiological methods.

In this study 7. aggressivum infected Phase III substrate was screened using
microbiological and molecular detection methods. The objective was to assess
the relative efficacy of these methods in terms of precision, accuracy, sensitivity,
speed and ease of use. These attributes are important for the detection of T.

aggressivum on both an experimental and industrial scale.
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4.1.3 Aim of the study

To assess the potential for Trichoderma aggressivum infected mushroom
substrate to infect Bulk Phase III substrate.

To assess the effect of bulk handling on the impact of T. aggressivum in-

fection in Bulk Phase III mushroom substrate.

To determine the effect of adding substrate supplements during bulk han-

dling on T. aggressivum in Bulk Phase III mushroom substrate.

To assess the efficacy of molecular and microbiological detection methods
for the detection and enumeration of T. aggressivum propagules in Bulk

Phase III mushroom substrate.
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4.2 Experimental

4.2.1 Fungal strains

In each cropping experiment the Agaricus bisporus strain used was Sylvan A15

and the Trichoderma aggressivum isolate used was FM10.

4.2.2 Preparation of inoculum

Phase II mushroom substrate was inoculated with Trichoderma aggressivum spores
on spawn grains at spawning. Six grains were coated with ~ 10% T. aggressivum
spores per grain and added to 18 kg Phase II mushroom substrate. The sub-
strate was covered and incubated under standard spawn-run conditions to pro-
duce Phase III substrate which was heavily colonised by 7. aggressivum (Figure
4.1 B, C and D); this infected substrate was used as inoculum in subsequent ex-
periments. At the end of spawn-run inoculum was thoroughly mixed by hand to
ensure an even distribution of T. aggressivum and samples were taken to quantify
the initial level of T. aggressivum colonisation in terms of propagules per gram

inoculum. Inoculum was prepared separately for each cropping experiment.
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D1

Fig. 4.1: Production of Trichoderma aggressivum infected Phase 3 compost.
Control (A) and infected (B,C,D) compost spawn running 14 (1) and 25 (2)

days post infection.
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4.2.3 Infection of Bulk Phase III substrate

Inoculum prepared in Section 4.2.2 was added to uninfected Bulk Phase 11T mush-
room substrate to produce 4 infection levels, 100 g/kg, 10 g/kg, 1 g/kg and
0.1 g/kg (weight inoculum /weight healthy substrate), equivalent to a dilution of
1071,1072,1073, 10~ % infected substrate by weight. A control group of uninfected
Phase III substrate was also prepared.

Each experiment included 5 infection levels (including uninfected) exposed
to two treatments, with each combination of infection level and treatment being
replicated 4 times, for a total of 40 experimental plots per experiment (Table
4.1). Plot dimensions were 52 cm X 40 cm x 25cm and contained 18 kg (fresh
weight) of mushroom substrate for experiments 1 and 2, and 16 kg (fresh weight)
of substrate for experiment 3. Experimental plots were laid out in a random
block design with a space of 1 cm (Experiment 1) or 5 cm (Experiments 2 and 3)
between plots and were incubated under standard mushroom growing conditions.
Mushrooms were harvested in 1-3 flushes and weighed.

Sampling of substrate for T. aggressivum quantification was carried out prior
to plot filling during Experiments 2 and 3. For each plot the full mass of substrate
was laid out on a work surface after infection and 2 x 100 g samples were taken by
pooling multiple smaller volumes of substrate from 10 points distributed evenly
across the total mass of substrate. One of the 100 g subsamples was sent to
FERA (York) for qPCR analysis and the other was mixed a further time prior
to analysis by WMA, MPN and DPA (Section 2.1.7).

Tab. 4.1: Generalised treatment composition for cropping experiments

No. of plots
Infection level Treatment A Treatment B Total
Control 4 4 8
1074 4 4 8
1073 4 4 8
1072 4 4 8
1071 4 4 8

Total 20 20 40
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4.2.4 Cropping experiment 1

The factors studied in this experiment were the effect of dilution of Trichoderma
aggressivum infected Phase III substrate (inoculum) into healthy Bulk Phase I11
substrate and the effect of supplement of 7. aggressivum. The two treatments
in this experiment were supplemented (Phase III substrate supplemented with
0.75 % w/w Nutrigain supplement added at casing) and unsupplemented (no
additional supplements added to the substrate).

The level of substrate mixing during the preparation of experimental units in
this experiment was low, simulating a low level of mixing during bulk handling.
Infected substrate was added to the bottom of crate in which cropping was to be
performed and mixed with approximately 25 % of the total volume of substrate.
The remainder of the substrate was filled into the crate on top.

The number of T. aggressivum propagules per gram inoculum was determined
to be 2.62E+8 cfu/g by MPN analysis (Section 2.1.7).

4.2.5 Cropping experiment 2

The experimental treatments in this experiment were the same as in Section
4.2.4 but with more mixing of inoculum and substrate, simulating a higher level
of mixing during bulk handling.

Prior to filling into crates the healthy Bulk Phase III substrate was weighed
into polyethylene bags to which the infected substrate and supplement (Nutrigain
0.75% w/w) were added. The substrate was then emptied onto a clean plastic
sheet and mixed manually before filling into crates.

The number of T'. aggressivum propagules per gram inoculum was determined
to be 1.76E+09 cfu/g by MPN analysis (Section 2.1.7).
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4.2.6 Cropping experiment 3

In this experiment the factors studied were Trichoderma aggressivum infection
level and type of mixing. The same dilution (by weight) of infected Phase I1I sub-
strate into healthy substrate was performed as previously but in one half of the
experimental units mixing was performed as in section 4.2.4 (light mixed treat-
ment) while the other half was mixed as in section 4.2.5 (heavy mix treatment).
No supplement was used in this experiment.

The number of T aggressivum propagules per gram in the inoculum was de-
termined to be 1.42E+08 cfu/g by MPN analysis (Section 2.1.7).

4.2.7 Quantification and detection of Trichoderma aggressivum infection in

inoculated Bulk Phase III mushroom substrate

Samples (100 g) of Phase III mushroom substrate were taken from each treatment
in cropping experiment 2 and the heavy mix treatment of cropping experiment 3
after inoculation with infected substrate. Trichoderma aggressivum levels in each
sample were measured by most probable number analysis (MPN), weed mould
analysis (WMA) and direct plating assay (DPA) (Section 2.1.7). An additional
subsample (100 g) of substrate was sent to FERA UK for q-PCR analysis.



4. Trichoderma aggressivum in Bulk Phase III mushroom substrate 108

4.3 Results

4.3.1 Cropping experiment 1

Figure 4.2 shows the first flush mushroom yield from each treatment and infection
level. Table 4.2 shows the results of 2 way ANOVA performed on the yield data.

Infection level had a highly significant effect on mushroom yield (P<0.0001)
with reductions in yield of up to 60 % at the highest level of infection. Supplemen-
tation was not shown to have a significant impact on mushroom yield (P=0.8533).
No significant interaction was observed between these factors (P=0.4874), mean-
ing that the addition of supplement did not tend to enhance the growth of Tri-

choderma aggressivum regardless of infection level.
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Fig. 4.2: Effect of infection level and supplement on first flush mushroom yield - ex-

periment 1. Mean and standard error for 4 replicates.

Tab. 4.2: Two way ANOVA of mushroom yield - experiment 1.

Source of variation % of total variation P value Df F

Infection level 74.41 <0.0001 4 24.39
Supplementation 0.03 0.8533 1 0.035
Interaction 2.69 0.4874 4  0.880

Residual 30
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4.3.2 Cropping experiment 2

Figure 4.3 shows the mushroom yield from each treatment and infection level in
experiment 2. In this experiment yield reductions were noticeably more severe
than in experiment 1, with total crop loss occurring in the first flush for the 2
highest infection levels, but the overall trend is similar.

Infection level was the only factor to significantly affect the result (P<0.0001).
Supplementation did not significantly affect the mushroom yield (P=0.89) and
no significant interaction was observed between the factors (P=0.99).
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Fig. 4.3: Effect of infection rate and supplement on first flush mushroom yield - exper-

iment 2.Mean and standard error for 4 replicates.

Tab. 4.3: Two way ANOVA of mushroom yield - experiment 2.

Source of variation % of total variation P value Df F

Infection level 87.78 <0.0001 4 53.94
Supplementation 0.01 0.8915 1 0.018
Interaction 0.01 0.9999 4 0.005

Residual 30
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4.3.3 Cropping experiment 3

The first flush mushroom yield from each treatment and infection level are given
in Figure 4.4. Two way ANOVA was performed on the yield data, results are
given in Table 4.4.

In this experiment both factors significantly affected the mushroom yield
(P<0.0001) and there was also a significant interaction between the factors (P=0.0090).
This indicates that the heavy mix treatment had an increasingly more severe im-
pact on yield as the infection level increased.

Figure 4.5 is a composite image of photographs taken of each plot at the
beginning of the third flush of the crop, it also illustrates that the green mould
symptoms and crop reduction are exacerbated in the heavy mix treatment.

E& Heavy mix

5000-
B3 Light mix

4000
30004

2000+

1000+

Mushroom Yield (g)

Infection level

Fig. 4.4: Effect of infection level and supplement on first flush mushroom yield - ex-

periment 3. Mean and standard error for 4 replicates.

Tab. 4.4: Two way ANOVA of mushroom yield - experiment 3.

Source of variation % of total variation P value Df F

Infection level 77.21 <0.0001 4 54.46
Mixing 8.92 <0.0001 1 34.48
Interaction 4.91 0.0090 4 8.314

Residual 30
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Fig. 4.5: Composite image of mushroom growth - experiment 3
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4.3.4 Comparison of microbiological and molecular methods for quantifying
Trichoderma aggressivum infection level in Bulk Phase I1I mushroom

substrate

Four methods for the quantification and detection of Trichoderma aggressivum
in Bulk Phase III substrate were compared. The effect of the addition of sup-
plement on the detection methods was not considered, so the results from both
sample sets from experiment 2 were combined. Samples from the unmixed treat-
ment of experiment 3 were not tested, as it was assumed samples would not be
representative.

Tables 4.5 and 4.6 show the qPCR, MPN and DPA results for substrate
samples from cropping experiment 2 and cropping experiment 3, respectively.
Due to the time consuming nature of weed mould analysis this method was only
performed on the 1072 and 10~* dilution levels in experiment 2, results are shown
in Table 4.5. DNA extraction and qPCR analysis were carried out by FERA
(York) using SyBr fluorescence detection and primers targeting the TEF-1 gene
sequence, the exact sequence of these primers is not disclosed.

The units for MPN and WMA counts are cfu/g and are log (base 10) trans-
formed. Zero values were given a nominal value of 1 prior to transformation.
Results for qPCR analysis are given in terms of crossing point (Cp), the num-
ber of cycles at which the signal intensity becomes greater than the background.
Co-efficient of variation (CV) for all data was calculated by dividing the sample
mean by the sample standard deviation. Co-efficient of variation for sample sets
with a mean count of zero is denoted with nd because the CV is not defined.

Results were analysed by Pearson’s correlation test. The WMA results were
excluded because there were not enough data points for this type of analysis
but ANOVA analysis showed them to be not significantly different to the MPN
results (P=0.11). Significant correlation was observed between the results of
each detection method and the infection level in both experiments. A negative
correlation was observed for the qPCR analysis and a positive correlation was
observed for the microbiological methods. This is because Cp in qPCR analysis
is inversely proportional to the amount of 7. aggressivum target DNA present

in the sample, while microbiological counts are proportional to the amount of 7.
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aggressivum, cells present.

A correlation matrix was generated to test the similarity of the response
of each detection method and is shown in Table 4.7. The WMA results were
again excluded due to lack of data points. For samples from experiment 2 qPCR
and DPA results correlated significantly but the results for MPN analysis did
not correlate well with either. This may be as a result of a larger number of
negative results for this method at the 1072 and 10~* infection levels, which
was not expected and did not correspond with the results for qPCR or DPA
analysis in this experiment. When samples from experiment 3 were analysed each
detection method gave results which were correlated significantly, indicating that

each detection method responded similarly to T. aggressivum infection level.

Tab. 4.5: Detection of Trichoderma aggressivum in Bulk Phase III mushroom substrate

by qPCR, MPN and DPA - experiment 2.

qPCR MPN DPA WMA

Treatment Mean! CV  Mean? CV  Mean®? CV Mean* CV
101 24 0.04 6.2 0.03 9.4 0.14 - -
102 27 0.03 4.8 0.15 6.8 0.42 4.3 0.28
1073 29 0.04 0.8 0.58 6.8 0.22 - -
10~4 35 0.02 0.0 n/a 1.7 0.61 0.1 0.58
Control 40 000 00 =n/a 00 n/a - -
Pearson R -0.98 0.94 0.96 -

R? 0.97 0.88 0.92 -

P value 0.002 0.018 0.009 -

1 Cp, 2 logefu/g, 2 pieces positive of ten, 4 logcfu/g
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Tab. 4.6: Detection of Trichoderma aggressivum in Bulk Phase IIT mushroom substrate

by qPCR, MPN and DPA - experiment 3.

qPCR, MPN DPA
Treatment Mean! CV Mean? CV Mean® CV
101 28 0.06 6.52 0.11 9.50 0.06
1072 32 005 3.04 075 750 0.44
1073 37 0.09 255 020 250 0.52
1074 40 0.00 0.00 n/a 0.25 2.00
Control 40  0.00 000 =n/a 000 n/a
Pearson R -0.95 0.95 0.96
R? 0.90 0.89 0.92
P value 0.014 0.015 0.009

1

Cp, 2 logefu/g, 3 pieces positive of ten

Tab. 4.7: Correlation analysis of methods used for the detection of T. aggressivum.

Pearson R
qgPCR  MPN DPA

P value

qPCR MPN DPA

qPCR - -0.87  -0.98 - 0.055 0.003
Experiment 2 MPN  -0.87 - 0.82  0.055 - 0.092
DPA -0.98  0.82 - 0.003  0.092 -
qPCR - -0.96 -0.99 - 0.010 0.002
Experiment 3 MPN  -0.96 - 0.93 0.010 - 0.023
DPA -0.99  0.93 0.002 0.023 -
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4.4 Discussion

4.4.1 The effect of substrate infection rate, supplementation and mixing on

mushroom yield in Trichoderma aggressivum infected crops

The aim of the presented work was to increase our understanding of how Tricho-
derma aggressivum affects Bulk Phase III production systems if a small volume
of substrate becomes infected at spawning, colonised by 7. aggressivum and then
get mixed throughout a larger volume of uninfected Phase III substrate during
bulk handling. It was shown that healthy Bulk Phase III substrate is vulnerable
to infection by T. aggressivum during the bulk handling stage. The severity of
subsequent crop losses is proportional to the quantity of substrate which is in-
fected as well as the T. aggressivum fungal load in the infected substrate and the
degree of mixing. The addition of a supplement at bulk handling was not shown
to affect the severity of T. aggressivum infection.

The more severe impact of T. aggressivum infection in experiment 2 was un-
expected. While the number of T. aggressivum propagules in the inoculum was
higher than in experiment 1 the reduction in mushroom yield was not propor-
tional, in fact the mushroom yield from the least infected plots in this experiment
was on average less than that from the highest infection level in experiment 1.
It was hypothesised that the manner in which the substrate was mixed may
have had a role in exacerbating the action of T. aggressivum. Experiment 3 was
designed to test this hypothesis.

The results of experiment 3 show that a more thorough mixing of infected
and uninfected Phase III substrate results in greater reductions in yield with the
same inoculum. An interaction between the effects of infection level and mixing
on yield was observed. This suggests that mixing exacerbates the effect of T.
aggressivum more significantly the higher the initial infection level.

One hypothetical explanation for these results is that mixing of spawn-run
Bulk Phase III substrate puts Agaricus bisporus under stress, making it more
susceptible to T. aggressivum. Fully spawn run substrate is generally considered
to be less susceptible to diseases, including Trichoderma green mould, due to the
strong presence of A. bisporus mycelium (Seaby, 1987; Rinker, 1997). At the
end of the Phase III process the substrate is very thoroughly colonised by A.
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bisporus which makes access more difficult for other microbes. However when
Bulk Phase III substrate is bulk handled during tunnel emptying and transport
this may present an opportunity for 7. aggressivum to infect the substrate which
does not occur when the substrate is spawn-run in situ. If the ability of A.
bisporus to exclude competitors from the substrate is linked to the integrity of
its mycelium then it is likely that bulk handling and the disruption of the A.
bisporus mycelium might facilitate colonisation by 7. aggressivum. It has been
shown that metabolites produced by A. bisporus have a stimulatory effect on
the growth of T. aggressivum (Mumpuni et al., 1998). Breaking the A. bisporus
hyphae in Bulk Phase III substrate may also cause the release of more of these
metabolites, thus stimulating the 7. aggressivum to grow, but further study in
this area is required to test this hypothesis.

Another hypothetical explanation is that the transfer of 7. aggressivum spores
or mycelium from infected substrate to uninfected substrate due to mixing re-
sults in more rapid colonisation of the substrate by T. aggressivum. Fully infected
substrate exhibits a high load of T. aggressivum propagules per gram, in the or-
der of 10%-10%, with the majority of these colony-forming-units almost certainly
being conidia rather than hyphae, based on the visible green colouration of the
infected substrate. Spores of T. aggressivum are known to be able to germinate
in mushroom substrate colonised by A. bisporus, but the growth of T. aggres-
sivum is relatively slow in non-sterilised substrate (Largeteau et al., 2000b). It
is possible that mixing results in a lower level of infection across a larger area of
substrate which is then colonised by germinating 7. aggressivum spores, resulting
in more severe crop losses. Further study is required to test this hypothesis as
the relative importance of spore germination and mycelial growth in this type of

T. aggressivum infection is not known.

4.4.2  Detection of Trichoderma aggressivum in Bulk Phase I1I mushroom

substrate

Four methods for the detection and/or enumeration of Trichoderma aggressivum
in mushroom substrate were tested and compared. Three of the methods were
microbiological in nature and culture dependent, one method was a culture inde-
pendent qPCR method.
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Of the two microbiological counting methods (MPN and WMA) it was de-
termined that there was no significant difference in their ability to enumerate 7.
aggressivum in substrate (P=0.11). The MPN method is widely used as an al-
ternative to traditional colony counting methods (Garthright & Blodgett, 2003)
and based on these data is a time-saving alternative to full weed mould anal-
ysis. Both methods returned false negative results at lower infection rates and
displayed increases in the co-efficient of variation as the concentration of infected
substrate decreased. This is likely due to the heterogeneous nature of mushroom
substrate and is discussed below.

The direct plating assay (DPA) is a very simple method of determining
the presence or absence of T. aggressivum in bulk handled Phase III substrate
and also gives an indication of the severity of infection. The number of pieces
of substrate showing growth of T. aggressivum is related to the infection rate
(P<0.0001). However, the co-efficient of variation for this test also increased in
the more dilute the infection levels, similar to the other two growth dependent de-
tection methods. This method had the lowest number of false negative results of
those tested and was the only method to detect T. aggressivum at the lowest level
of infection in Experiment 3 although, only in one sample four. Considering these
factors the direct plating assay represents a surprisingly attractive option for the
detection of Trichoderma in bulk handled Phase III substrate when enumeration
is not essential.

Quantitative PCR was the most technologically advanced method used to enu-
merate 1. aggressivum infection in this study. In these experiments this method
was more sensitive than the two microbiological counting methods and could
detect T. aggressivum at the 107% level in experiment 2, but returned negative
results at this dilution in experiment 3, where the amount of T. aggressivum in
the inoculum was an order of magnitude lower. The problem of increasing vari-
ation between samples was not observed with qPCR, the co-efficient of variation
remained largely constant, regardless of the dilution level. Quantitative PCR is
the fastest method, results can be obtained on the day of processing, and it allows
direct measurement of T. aggressivum, whereas the other methods are dependent
on subsequent PCR testing for species identification. However, unlike culture

dependent methods this method does not distinguish between living and dead
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cells and this should be taken into account when interpreting results.

The most significant challenge to the accurate enumeration of 7. aggressivum
in Bulk Phase III substrate may be sampling. Each method of T. aggressivum
enumeration other than qPCR showed increasing variability with reduced infec-
tion level, which suggests that the T. aggressivum is not evenly distributed in
the substrate after mixing. Results from the direct plating assay show that there
is a transfer of T. aggressivum between infected and uninfected substrate straws,
but that it is much less efficient than dispersal would be in a liquid medium, for
example. The higher reliability of the qPCR method at low infection levels may
be in part due to the larger sample size processed. The total 100 g of substrate
was tested by qPCR whereas 20 g was used for MPN and WMA and individual
straws are tested using DPA.

Although it was the most sensitive technique using qPCR did not reliably
detect T aggressivum in the lowest infection level in experiment 3, even though
the mean spore load in the substrate was in the order of 10 cfu/g. This is likely
a result of non-homogenous distribution of T. aggressivum infected substrate and
T. aggressivum propagules within the total volume of substrate.

In order to determine the average concentration of cells in a volume of sub-
strate it is necessary to assume that the cells are evenly distributed and equally
likely to be present in any subsample selected randomly from the whole (Gy,
2004a,b,c). It is clear from these results that are inherent problems in obtaining
a representative sample of Bulk Phase III substrate through mixing alone. In the
Bulk Phase III system mixing of spawn-run substrate is undesirable as it damages
the Agaricus bisporus mycelium, so samples taken from an industrial facility are
likely to be of a similarly heterogenous nature to those tested in this work.

Representative sampling is key to the determination of the concentration of a
given species within a population without sampling the entire population. That
is to say, if a sample is taken from any mass of material and subjected to a test
the measurement thereby obtained is only true for the sample tested, and in order
to extrapolate the measurement to the whole mass it is necessary to assume that
the sample contains the exact same constituent as the whole mass, in the same
proportions (Petersen et al., 2004). This assumption is key to any destructive

sampling technique, like those used above, because it is not possible to sample
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the whole population.

The assumption that a sample is representative is usually valid for liquids since
they can be mixed effectively to produce homogeneous solutions, for many biolog-
ical assays the contribution of sampling error to total error is minimal because the
material tested is naturally homogenous (Esbensen & Heydorn, 2004). Mushroom
substrate is a solid made of large, irregularly shaped particles which makes attain-
ing a representative sample by mixing much more difficult (Petersen et al., 2005).
There is an additional barrier to the sampling of Phase IIT mushroom substrate,
in that most methods for accurate mass reduction would completely destroy the
A. bisporus mycelium (Thy et al., 2009; Petersen et al., 2005). It is possible
to deal with this sort of problem statistically but it would first be necessary to
estimate the level of heterogeneity in the substrate empirically (Minkkinen, 2004;
Tonning et al., 2006).



5. INTERSPECIFIC MOLECULAR AND CHEMICAL
VARIATION IN TRICHODERMA ISOLATES

5.1 Identification of fungi using PCR

Polymerase chain reaction has become a core process in molecular biology since
it was first described in the 1980s (Mullis et al., 1986), to the extent that the
two terms are practically synonymous. PCR dependent molecular analyses such
as AFLP, RAPD-PCR and comparative sequence analysis are increasingly the
standard methods for differentiating micro-organisms with similar morphological
characteristics (Domig et al., 2003). Comparative sequence analysis of the inter-
nally transcribed spacer region of the rDNA (ITS ribotyping) is a particularly
common tool in the classification of fungi and other microbes (Blanc et al., 1999;
Chen et al., 1999b). The ribosomal DNA is conserved at a genus or higher level,
but the I'TS region is relatively variable. This means that the region can be am-
plified using the same set of primers for multiple species and then sequenced to
identify small differences between them (Ospina-Giraldo et al., 1999; Lu et al.,
2000).

If the sequence for the ITS region (or any other gene) displays specific se-
quences which are conserved at species level, but not higher, then PCR using
primers complimentary to those sequences can be used to identify fungal species
directly. Species specific PCR is a rapid and effective method for the detection
and identification of fungal species. Chen et al. (1999a) developed a set of selec-
tive primers for T. aggressivum based on a RAPD product which was observed
in T. aggressivum but not other Trichoderma strains. These primers amplify the
same region of both T. aggressivum subspecies which can be distinguished from
each other by restriction digest of the product, due to a small amount of polymor-

phism within the amplified sequence (Staniaszek et al., 2010). An additional set
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of primers for the identification of both T. aggressivum subspecies was developed
at Warwick HRI based on the ITS region (Grogan, pers. comms).

Quantitative real-time PCR allows not only for the detection and identifica-
tion of fungal species, but also estimation of the amount of that species within
a population or sample. In this study, a quantitative real-time PCR assay spe-
cific for T. aggressivum was developed. Different DNA extraction methods were
compared for their suitability for the purification of PCR amplifiable DNA from
Trichoderma cultures and mushroom substrate. Existing species specific primers
were tested for their suitability in qPCR, and novel primer sets were designed
based on sequence analysis of published 7. aggressivum genes. The efficiency and
specificity of published and novel T. aggressivum specific primers were compared

using a panel of Trichoderma specimens containing aggressive and non-aggressive
isolates (Table 2.1).

5.1.1 Differentiation of fungi based on secondary metabolite profiles

Secondary metabolites are gene products not directly associated with cell growth
or metabolism, many of which are bioactive molecules such as antibiotics and
toxins (Mukherjee et al., 2012). Fungal species differ in the type, number, and
relative quantity of secondary metabolites they produce (Keller et al., 2005). The
study of secondary metabolite production is described as metabolite profiling, or
metabolomics.

The degree to which the production of secondary metabolites varies between
two fungal species depends on the taxonomic relatedness of the species (Keller
et al., 2005), as a result metabolite profiling can be used as an alternative method
for species classification, this is called chemotaxonomy. Chemotaxonomy has been
applied to Trichoderma classification previously (Kang et al., 2011), producing
similar phylogenetic groupings as molecular analyses. Thrane et al. (2001) and
Kang et al. (2011) showed that Trichoderma agressivum was taxonomically dis-
tinct from Trichoderma harzianum and other related species by LC/MS, GC/MS
and UPLC/Q-TOF-MS. Thrane et al. (2001) described the identification of Tri-
choderma species by comparative analysis of HPLC metabolite profiles, but T.
aggressivum was not included in their study.

In this study comparative analysis of HPLC metabolite profiles was assessed
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as a method for the identification T. aggressivum and differentiation of T. aggres-
sivum from non-aggressive Trichoderma species. The use of secondary metabolite
production to identify T. aggressivum is attractive because secondary metabolites
produced by T. aggressivum are known be antagonistic towardf Agaricus bisporus
(Krupke et al., 2003) and as such metabolite profile may be a good indicator of

the mushroom-aggressive phenotype.
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5.2 Evaluation of DNA extraction methods for the purification of
PCR amplifiable DNA from Trichoderma cultures

5.2.1 Manual DNA extraction by salt precipitation

Genomic DNA was extracted from 3 day liquid cultures of Trichoderma aggres-
stwum grown in malt extract broth as per the method of Aljanabi & Martinez
(1997) (Section 2.1, 2.6.1). This method yielded large amounts of high molecular
weight DNA (Figure 5.1 A) but in some cases the DNA was degraded (5.1 B).
This method also co-purified RNA along with DNA so the addition of RNAse A
during the lysis step proved necessary.

DNA was PCR amplifiable, with A 260/280 values of 1.8-2.0 (closer to 1.8
when RNAse was used). Quantification by spectrophotometry was unreliable due
to the presence of degraded DNA which had to be assessed by gel electrophoresis.
As a result this method was less suitable for the extraction of DNA for real-time
PCR analysis. Due to the large volume of mycelium required this method was not

suitable for the extraction of DNA from mycelium harvested from solid cultures

but due to ease of scale up it is useful when high quantities of DNA are desired.

Fig. 5.1: EtBr gel of genomic DNA extracted by Aljanabi & Martinez (1997) method.
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5.2.2 DNA extraction with Qiagen Plant DNeasy spin kit ()

DNA was extracted from 3 day liquid cultures of Trichoderma aggressivum grown
in malt extract broth (Section 2.1, 2.6.1). This method yielded high molecular
weight DNA with little break-down visible by gel electrophoresis (Figure 5.2 A).
DNA concentration and purity, as determined by NanoDrop spectrophotometry,

were high although the A 260/230 ratio was variable due to impurities absorbing

at 230 nm. Carbohydrate based contaminants are the most common which absorb
at this wavelength and they do not interfere with PCR.

This method was also used for the extraction of DNA from lyophilised Bulk
Phase IIT mushroom substrate but yielded no DNA (Figure 5.2 B).

Fig. 5.2: DNA extract by Qiagen Plant Genomic method from T. aggressivum
mycelium (A) and colonised Bulk Phase III mushroom substrate (B).
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5.2.3 DNA extraction with Sigma Plant Genomic DNA extraction kit (R)

DNA was extracted from 3 day liquid cultures of T.aggressivum grown in malt
extract broth and 3 day solid cultures grown on malt extract agar using meth-
ods described in Sections 2.1 and 2.6.1. This method produced high molecular
weight DNA with no visible degradation (Figure 5.3 A). DNA concentration was
generally lower for solid cultures than liquid cultures but was still acceptable.
RNA contamination was rare but the addition of RNAse A to the lysis buffer
removed RNA completely. NanoDrop spectrophotometry showed the DNA to
have an A 260/280 ratio within the range of pure DNA (1.8-1.9). Carbohydrate
contamination was present as for the Qiagen kit but it did not interfere with
PCR.

This method was also used for the extraction of DNA from lyophilised Bulk
Phase III mushroom substrate. A small amount of DNA was obtained (Figure
5.3 B) which was amplified by standard PCR using T. aggressivum selective

primers. No product was observed after amplification suggesting that template

concentration was too low or PCR inhibitors were co-purified with the DNA
(Figure 5.3 C).

Fig. 5.3: DNA extract by Sigma Plant Genomic method from T. aggressivum mycelium
(A), colonised Bulk Phase III mushroom substrate (B) and PCR product of

mushroom substrate extract (C).
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5.2.4 DNA extraction with Promega Wizard Magnetic Food DNA extraction
kit
DNA was extracted from Trichoderma mycelium and spore suspensions of 7.
aggressivum using methods described in Sections 2.1 and 2.6.1. Extraction from
mycelium yielded high molecular weight DNA with little to or break-down prod-
uct. The A 260/280 ratio was high in some cases but this can occur due to the
presence of a small number of magnetic beads in the purified sample. No RNA
contamination was observed on gel electrophoresis (Figure 5.4 A). Extraction

from spore suspension yielded no DNA (Figure 5.4 B).

Fig. 5.4: DNA extract by Promega Magnetic method from 7. aggressivum mycelium
(A) and spore suspension (B)
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5.2.5 DNA extraction with Chemagen Chemagic Food DNA extraction kit

DNA was extracted from Trichoderma aggressivum mycelium, spore suspensions
and lyophilised Bulk Phase IIT mushroom substrate. Extraction from mycelium
yielded high molecular weight DNA with a small amount of breakdown product.
Extraction from a spore suspension yielded no DNA. Extraction from Bulk Phase
IIT mushroom substrate yielded DNA which was heavily degraded and contained
a high level of impurities (Figure 5.5).

Fig. 5.5: DNA extract by Chemagen Magnetic method from T. aggressivum spore sus-
pension (Left) and colonised Bulk Phase III mushroom substrate (Right).
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5.2.6 DNA extraction with ZR Fungal/ Bacterial DNA extraction kit

DNA was extracted from 7Trichoderma aggressivum mycelium grown in liquid
culture and ground in liquid nitrogen. This method yielded high concentrations
of high molecular weight DNA with no visible breakdown or RNA contamination
(Figure 5.6). The purity of DNA obtained with this method was high (A260/280

~ 1.80) and no carbohydrate contamination was observed by spectrophotometry.

Fig. 5.6: EtBr gel of Genomic DNA extracted with ZR Fungal/ Bacterial DNA extrac-
tion kit
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5.2.7 Summary

DNA extraction procedures were assessed for their suitability for use with 7.
aggressivum. They included one manual method, 3 column based commercial
kits and 2 magnetic-bead based commercial kits.

The manual method had the advantage of being able to process a large amount
of material but it was the most time consuming method and produced DNA which
was sheared in some cases. This method is suitable when a large quantity of DNA
is required and integrity is not essential.

The three column based kits were less time-consuming and yielded higher
integrity DNA. The Sigma and ZR kits produced DNA of higher integrity than
the Qiagen kit. The Sigma extraction kit allowed extraction of DNA from solid
cultures, which was the most convenient method for rapid species identification.
The ZR kit was the fastest column based method and produced the highest
concentration of DNA, making it more suitable for DNA intensive down-stream
processes.

The magnetic-bead based extraction methods were the least time consum-
ing, with the Promega kit allowing slightly faster sample processing than the
Chemagen kit. When DNA was extracted from mycelium grown in liquid culture
both methods yielded decent quantities of DNA, but the Chemagen kit produced
DNA which was degraded to some extent. Since the lysis step for neither kit re-
lies on mechanical disruption they were tested from their ability to extract DNA
from liquid suspensions of T. aggressivum spores, but neither yielded workable
amounts of DNA from this sample type.

Three methods were tested for their suitability in extracting DNA from Bulk
Phase IIT mushroom substrate, but none was successful. The Qiagen kit yielded
no quantifiable amount of DNA from this sample type. The Sigma kit yielded
a very small quantity of DNA which was of high molecular weight, but also
co-purified PCR inhibitors from the substrate which prevented down-stream pro-
cessing of the DNA. The Chemagen kit successfully extracted some DNA from
the substrate but it was heavily degraded and contained a high level of impurities,

rendering it unsuitable for PCR.



5. Interspecific Molecular and Chemical Variation in Trichoderma Isolates 130

5.3 Sequence analysis and novel selective primers

All available gene sequences for T. aggressivum were retrieved from GenBank
(http://www.ncbi.nlm.nih.gov/genbank/). A nucleotide BLAST search was per-
formed for each of these genes to determine the degree of sequence conservation
with other species. The translation elongation factor 1 alpha (tefl) gene was se-
lected based on its greater degree of sequence divergence with other Trichoderma
species and published material (Samuels et al., 2002; Komon-Zelazowska et al.,
2007; Kredics et al., 2009; Blaszczyk et al., 2011). Other genes considered for
primer design were I'TS-1, I'TS-2, RNA polymerase II subunit and calmodulin.

A high similarity MegaBLAST search of the GenBank Nucleotide (nr/nt)
database using the tef 1 gene as the query sequence reveals varying degrees
of sequence homology with other Trichoderma isolates (Figure 5.8, 5.7). The
most similar sequences are those from other T. aggressivum f. europaeum strains
followed by T. aggressivum f. aggressivum, Trichoderma harzianum and other
related species.

Blast alignment of the tefl gene from Trichoderma aggressivum f. europaeum
strains CBS 100526 and CBS 433.95 (accession numbers AF348096.1 and AF348097.1,
respectively) showed them to be identical sequences. Primers were designed using
the tefl sequence from CBS 100526 (Fig 5.1).

Tab. 5.1: Nucleotide sequence of tefl gene from T. aggressivum strain CBS 100526

CBS 100526 tefl

1 ctaccagtge ggtggtatcg acaagegtac catcgagaag ttcgagaagg taagcgcecaa
61 ctgactttcg  cctcgattect  cectccacat  ccaattgtge — tcgatcattc  tgaagagaat
121 tgtcgacaat ttttcatcac  cccgetttcc  attaccccte ctttgecageg  acacaagatt
181 ttttttgetg  tegtttggtt  ttagtggget  tecttgtgea  cccccactag  ctcactgett
241  tttttttgtg cttcactatc  actacccagc cgtegttcaa — cgtgetetgt  ctetegteat
301 ccagtgatgec taaccacttt  ttccatcaat — aggaagccge cgaactcgge —aagggttect
361 tcaagtacgc ttgggttctt  gacaagctca aggccgageg tgagegtggt  atcaccateg
421 acattgcect  ctggaagttc  gagactccca  agtactatgt — caccgtcatt — ggtatgtcete
481 cttcatcacc ccgatgcage aattacaagc cagtgctaac — aggcaattca  cagacgctee
541 cggeccaccgt gattttatca  agaacatgat cactggtact — tcccaggecg  attgegetat
601 cctcatcatt  gccgecggta ctggtgag
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Fig. 5.7: MegaBlast search sequence alignment of genes homologous with T. aggres-

stoum tefl.

Distribution of 101 Blast Hits on the Query Sequence &

Color key for alignment scores

<40 40-50 BO-200 >=200
G e oy | —
1 1 1 1 1 1 1
1 100 200 3200 400 500 G600

Each red bar represents an accession with sequence similarity, the length and position of bars

indicates areas of homology. Accession details given in Figure 5.8.
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Fig. 5.8: Sequences aligning with 7. aggressivum tefl query sequence.
Sequences producing significant alignments:

Accession Description ‘ s%e ;I:]trael cov:era e ‘ i%l ‘
AF343089.1 Trichoderma aggressivum f. europaeum isolate CBS 689.94 1160 1160 100% 100%
AF348095.1 Trichoderma aggressivum f. europaeum isolate CBS 100525 1160 1160 100% 100%
AF348094.1 Trichoderma aggressivum f. aggressivum isoclate GIS 99-29 1127 1127 100% 99%
AF348098.1 Trichoderma aggressivum f. aggressivum isolate DAOM 2221 1127 1127 100% 99%
AYB05798.1 Trichoderma aggressivum f. aggressivum strain DAOM 2221! 1007 1007 89% 99%
AYB05794.1  Trichoderma aggressivum f. aggressivum strain DAOM 2221¢{ 1007 1007 89% 99%
F1467645.1 Trichoderma aggressivum strain CBS 689.94 translation elor 283 983 85% 99%
AYB05795.1  Trichoderma aggressivum f. aggressivum strain DAOM 22217 878 979 86% 99%
AYG05758.1 Trichoderma sp. DAOM 229901 translation elongation factor 867 867 89% 95%
AF348093.1 Hypocrea lixii isolate GIS 99-227 translation elongation fact 848 843 100% 91%
AF348092.1 Hypocrea lixii isolate IMI 359823 translation elongation fact 846 846 100% 91%
AF348101.1 Hypocrea lixii isolate CBS 226.95 translation elongation fact 846 846 100% 91%
AF348108.1 Hypocrea lixii isolate GIS 99-231 translation elongation fact 845 845 100% 91%
AF348107.1 Hypocrea lixii isolate GIS 99-230 translation elongation fact 845 845 100% 91%
EU488322.1  Hypocrea epimyces strain CPK2487 translation elongation f: 838 239 88% 94%
EF191330.1 Hypocrea lixii strain JB NZ12 translation elongation factor 1 839 839 99% 91%
EU488320.2  Hypocrea epimyces strain CBS120534 translation elongatior 837 837 88% 94%
AF348100.1 Hypocrea lixii isolate CBS 227.95 translation elongation fact 835 835 100% 91%
AF348104.1 Hypocrea lixii isolate NR 6931 translation elongation factor | 832 832 100% 91%
EF392751.1 Hypocrea lixii strain DAOM 233353 translation elongation fac 826 826 98% 91%
EF392750.1 Hypocrea lixii strain DAOM 233987 translation elongation fac 826 826 98% 91%
EF392749.1 Hypocrea lixii strain DAOM 233986 translation elongation fac 826 826 98% 91%
EF191337.1 Hypocrea lixii strain JB RO111 translation elongation factor 826 826 98% 91%
EF191335.1 Hypocrea lixii strain JB PER42 translation elongation factor 826 826 98% 91%
F1465384.1 Trichoderma aggressivum strain Dis 53A translation elongati 813 813 92% 92%
EF191332.1 Hypocrea lixii strain JB NZ72 translation elongation factor 1 808 209 96% 91%
EU488321.1  Hypocrea epimyces strain CPK2417 translation elongation f: 808 203 85% 94%
AF348103.1 Hypocrea lixii isolate NR 6929 translation elongation factor | 808 203 100% 90%
AF348099.1 Hypocrea lixii isolate CBS 273.78 translation elongation fact 806 306 100% 90%
10040412.1 Hypocrea lixii strain GYHB1005 translation elongation factor 804 204 99% 90%
F1463382.1 Hypocrea lixii strain CBS 257.62 translation elongation factc 804 04 92% 92%
EU488318.1  Hypocrea epimyces strain CPK1980 translation elongation f: 804 804 84% 94%
AF348102.1 Trichoderma pleuroticola isolate GIS 95-81 translation elong 802 goz 100% 90%

Figure shows 33 most similar sequences (of 101). Alignment shown in Figure 5.7.
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PrimerQuest software (http://eu.idtdna.com/Scitools/Applications/Primerquest)

was used to design specific primers based on the tefl sequence. Primers were
designed with the desired parameters of amplicon length 100-150 bp, primer
length 20-25 bp, melting temperature 55-60 °C, no secondary structure, no self-
complementary regions and primer pair melting temperatures not to differ by
more than 1.5 °C. The designed primers were named according to the first com-
plementary base in the target sequence and are listed in Table 2.7.

Primer specificity was assessed in silico by performing a BLAST search using
the primer base sequence as the query sequence. The first five results for each
primer, their coverage and identity are summarised in Table 5.2.

The specificity of these primers for T. aggressivum according to in silico anal-
ysis is good, apart from reverse primer 199, which shows a high degree of speci-
ficity for Trichoderma harzianum also. The relative discriminatory ability of the

primers is tested in wvitro in Section 5.3.3.

5.3.1 Primer efficiency and standard curves

Genomic DNA was extracted from T. aggressivum strain CBS 100526 using the
Promega Wizard Magnetic kit and DNA concentration was calculated by spec-
trophotometry using methods described in Sections 2.6.1 and 2.6.4. A four-fold
dilution series was prepared from 4.00 ng/ pl to 9.76 fg/ ul and qPCR was carried
out in triplicate as per (Section 2.6.8).

Crossing point (Cp) values for each concentration with each set of primers
was determined using the 2nd derivative max method. Standard curves and
efficiencies were calculated automatically using the Roche Lightcycler software
and are presented in Figure 5.9.

Amplifications efficiencies were 2.19, 1.97, 2.17, 1.93 and 2.00 for primer sets
414180, 434199, 444199, THF+THR and 18SInt+THI Int rev, respectively.

Each standard curve had an error value below the accepted 0.2.
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Tab. 5.2: In silico analysis of primer specificity.

Query Max
Primer Sequences matched coverage % identity %
T. aggressivum f. europaeum tefl 100 100
T. aggressivum f. aggressivum tefl 100 100
41 Trichoderma sp. DAOM 229901 tefl 100 96
Exophiala jeanselmei elongation factor 79 100
Pseudomonas syringae genomic sequence 95 100
T. aggressivum f. europaeum tefl 100 100
Trichoderma epimyces tefl like 83 100
180 T. aggressivum f. aggressivum tefl 83 100
Flavobacteriaceae bacterium genomic sequence 79 100
Trichoderma harzianum tefl 66-83 95-100
T. aggressivum f. europaeum tefl 100 100
T. aggressivum f. aggressivum tefl 100 100
43 Planctomyces limnophilus genomic sequence 90 100
Candida tropicalis MYA-3404 mRNA 85 100
Puccinia graminis pyruvate carboxylase 80 100
T. aggressivum f. europaeum tefl 100 100
T. aggressivum f. aggressivum tefl 100 100
199  Trichoderma harzianum (2 strains) tef 1 100 100
Mustela putorius mitochondial sequence 85 100
Trichoderma harzianum tef 1 100 95
T. aggressivum f. europaeum tefl 100 100
T. aggressivum f. aggressivum tefl 100 100
44 Planctomyces limnophilus genomic sequence 90 100
Candida tropicalis MYA-3404 mRNA 85 100
Beijerinckia indica genomic sequence 85 100
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5.3.2 Melt curve analysis

After amplification, melt curve analysis was performed on PCR products from
Section 5.3.1 to assess the specificity of the PCR reaction. This analysis works by
heating the PCR product until it becomes fully single stranded and SyBr fluores-
cence is removed. Non-specific PCR products can be discriminated from specific
products on the basis of melting temperature, since the melting temperature of
an oligonucleotide depends on base sequence.

Melt curves were transformed by differentiation to produce melting peaks,
which displays a peak at the temperature at which half of the DNA molecules in
the sample have become single stranded (Tm). Melting peaks for the products
of each primer set are shown in Figure 5.10.

Primer set 18SInt+THI Int rev shows an irregular melt curve. DNA elec-
trophoresis of this product did not show multiple bands so the unusual melt
curve was attributed to the large size of the amplicon generated (~ 800 bp).
Amplicon sizes greater than 200 bp are generally considered unsuitable for real-
time PCR, partially because a large amplicon does not become single stranded
rapidly across a narrow temperature range, instead regions of the amplicon can
become single stranded at a range of different temperatures according to local CG
content. Melt curve analysis cannot be reliably performed on primers with large
amplicon size and the reaction specificity cannot be determined directly from the
results of real-time PCR. Because of the large amplicon size produced by primer
set 18SInt+Thl Int rev they were excluded from further real-time PCR analysis.

Primer set ThF+ThR amplify an arbitrary 444 bp section of the 7. aggres-
stvum genome. The melting peaks for these primers show the PCR product
melting in two stages. The majority of the DNA becomes single stranded at ~
85 °C with a smaller overlapping melt peak at ~ 83 °C. This makes these primers
unsuitable for more advanced melt curve analysis, such as Melt-Curve genotyp-
ing or sequence differentiation by Tm calling, but the melt curve is probably
characteristic enough to allow these primers to be used for basic real-time PCR.

The novel primers used in this study were designed specifically for real-time
PCR and produce amplicons <150 bp in length for effective melt-curve analysis.

No non-specific melt peaks were observed for any of the of the novel primer sets



5. Interspecific Molecular and Chemical Variation in Trichoderma Isolates 137

and the melting curves were all of the expected shape. There was a slight increase
in amplicon melting temperature with decreasing DNA template concentration,
but this may occur ordinarily when this type of analysis is performed on serially
diluted template (Filion et al., 2003).
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5.3.3 Comparison of novel and existing primers for differentiating Trichoderma

isolates

DNA was extracted from 15 Trichoderma isolates using the Promega Wizard
magnetic kit (Section 2.6.1) and DNA concentration was adjusted to 1 ng/ pl.
Each of these isolates is a Trichoderma harzianum-like strain which was found
growing on or near mushroom substrate and which were identified based on mor-
phology and/or PCR. Species are listed in Table 2.1. For each isolate 4 pl was
used as template for real-time PCR analysis (Section 2.6.8). PCR was carried
out in duplicate for 4 sets of primers with the annealing temperature adjusted
to the optimum for each primer set. Following amplification Melt curve and Tm
calling analysis were carried out on the PCR product.

The Cp values for each combination of primer set and isolate were calculated
by the second derivative max method and are listed in Table 5.3. Average Cp
values were subtracted from 30 (the total cycle number) to give a measure of the
reactivity of each primer with each template (Cp’) shown in Figure 5.11.

Each primer set positively identified all of the Trichoderma aggressivum iso-
lates in the reference group except for isolate FM 11, which was only amplified by
the primer set 414+180. Novel primers gave faster reactivity than those of Chen
et al. (1999a), possibly because the copy number of the tefl gene is higher in 7.
aggressivum than the arbitrary sequence targeted with these primers.

Primers ThF+ThR were the most selective and displayed no reactivity with
any non-aggressive isolates. Primers 414180 showed additional reactivity with
two Trichoderma harzianum isolates and two Trichoderma sp. isolates, although
reactivity with isolate 433 was weak. Primers 43+199 were strongly reactive
with one Trichoderma atroviride isolate tested and weakly reactive with one 7.
harzianum and one Trichoderma sp. isolate. Of the novel primers set 44+199
gave results most similar to those of Chen et al. (1999a). These primers were
reactive with the same isolates as primers ThF+ThR but also showed a very low

level of reactivity with one T. harzianum isolate.
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Tab. 5.3: Validation of novel and existing primers for identification of T. aggressivum

isolates using real-time PCR.

Isolate*

Cycle crossing point (Cp)
414180 434199 444199 ThF+ThR

100526

FM 2

FM 5

FM 11

FM 18

K363

K387

K417

K516

K517

T. atro

355

413

433

430

Blank

19.31 18.67 18.58 24.26
19.20 18.88 18.59 24.29
19.79 27.48 29.08 30.00
19.60 27.33 29.43 30.00
30.00 30.00 30.00 30.00
30.00 30.00 30.00 30.00
19.20 30.00 30.00 30.00
19.15 30.00 30.00 30.00
20.51 20.33 19.87 24.31
20.63 20.18 20.28 25.20
30.00 30.00 30.00 30.00
30.00 30.00 30.00 30.00
18.83 19.17 19.16 23.70
20.18 19.04 19.00 25.20
20.47 19.77 19.69 23.12
20.67 19.85 19.69 23.87
30.00 30.00 30.00 30.00
30.00 30.00 30.00 30.00
30.00 30.00 30.00 30.00
30.00 30.00 30.00 30.00
30.00 19.77 30.00 30.00
30.00 19.85 30.00 30.00
30.00 30.00 30.00 30.00
30.00 30.00 30.00 30.00
21.05 28.03 30.00 30.00
21.26 28.25 30.00 30.00
27.13 30.00 30.00 30.00
26.88 30.00 30.00 30.00
18.87 30.00 30.00 30.00
17.86 30.00 30.00 30.00
30.00 30.00 30.00 30.00
30.00 30.00 30.00 30.00

*Species listed in Table 2.1.
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Fig. 5.11: Reactivity of novel and existing primers with Trichoderma isolates.
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5.4 Differentiation of Trichoderma isolates using HPLC
metabolite profiling

5.4.1 Optimisation of elution protocol

The initial HPLC elution protocol was based on a standard 30 minute cycle with
an equilibration period using 5 % acetonitrile in the mobile phase followed by
a linear gradient increasing from 5 % to 100 % acetonitrile with a hold step at
100 % to fully rinse the column and 10 minutes post run re-equilibration with 5
% acetonitrile. After running several Trichoderma extracts it was observed that
there was a lag-phase after all the water soluble components were eluted followed
by a large number of peaks with poor resolution between 5 and 10 minutes as
the acetonitrile concentration increased from 20 % to 80 % (Figure 5.12). Few
peaks were observed eluting at between 80 % and 100 % acetonitrile or during
the ramp down period back to 5 % acetonitrile.

Gradients were modified for use with Trichoderma extracts by reducing the
time between 5 % and 20 % to one minute. The gradient between 20 % and 80
% was prolonged to 19 minutes. The post run re-equilibration step was replaced
with a 5 minute in-run re-equilibration step with detection on. Optimisation
led to improved peak resolution in the busy areas of the chromatogram and the
detection of more hydrophobic products in the latter stages of elution (Figure
5.13).

5.4.2 Metabolite profiles of Trichoderma isolates grown on different media

HPLC analysis was performed on plugs taken from Trichoderma isolates grown
on MEA (Section 2.7.4, 2.7.5). Metabolite profiles of each isolate were compared
to that of CBS 100526 as per Section 2.7.6, results are presented in Table 5.4
(Column A).

The correlation of the profiles of CBS 100526 and CBS 433.95 was good (0.96)
but a high degree of correlation was observed with each other isolate tested. Other
than isolate 355 (a Trichoderma atroviride isolate) every profile obtained from
Trichoderma isolates grown on MEA showed a correlation co-efficient of 0.9 or
greater with that of CBS 100526.
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Fig. 5.12: HPLC chromatogram of Trichoderma
Method (Abs 254 nm).
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Fig. 5.13: HPLC chromatogram of Trichoderma metabolites using modified HPLC

Method (Abs 254 nm).

It was decided to replace the standard malt extract media with a synthetic

medium using 1 % glucose as carbon source (Section 2.1.1). Extracts were pre-

pared and analysed by HPLC and spectra were prepared as before. Results are

presented in Table 5.4 (Column B). A better differentiation of isolates was ob-

served using synthetic medium compared to malt extract. The similarity of each

profile to that of CBS 100526 was reduced, representing a greater variety in the

secondary metabolites being observed from isolates grown in this medium. The

similarity of other T. aggressivum isolates tested was decreased, but to a less

extent than for other isolates.
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Tab. 5.4: Cophenetic correlation of metabolite profiles from Trichoderma isolates.

Correlation

Strain  Classification A B C

100526  Trichoderma aggressivum - - 0.98
433.95  Trichoderma aggressivum 0.97 0.94 0.97
FM18  Trichoderma aggressivum 0.97 0.93 0.92
K387 Trichoderma aggressivum  0.96 0.92 0.93
FM2 Trichoderma harzianum — 0.95 0.85 0.69
FM5 Trichoderma harzianum — 0.98 0.88 0.84
430 Trichoderma harzianum — 0.94 0.90 0.91
355 Trichoderma atroviride 0.88 0.68 0.66
K363 Trichoderma sp 0.97 0.72 0.73
K516 Trichoderma sp 0.97 0.90 0.84
K517 Trichoderma sp 0.97 0.89 0.84

A - Correlation of metabolite profile of isolates grown on MEA with CBS 100526

metabolite profile.

B - Correlation of metabolite profile of isolates grown on

TMM with CBS 100526 metabolite profile. C - Correlation of metabolite profile
of isolates grown on TMM with composite profile of CBS 100526 and CBS 433.95.
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5.4.3 Comparison of Trichoderma metabolite profiles to a Trichoderma

aggressivum reference profile

A reference chromatogram for Trichoderma aggressivum was prepared by com-
bining the profiles of CBS 100526 and CBS 433.95 grown in TMM using COWtool
software. This profile was then compared with that of other Trichoderma iso-
lates as a means of determining their similarity to T. aggressivum. Results are
presented in Table 5.4 (Column C).

This method gave the best resolution of isolates. The similarity of each Tri-
choderma isolate other than Trichoderma harzianum 430 dropped below 0.90.
The correlation of metabolite profiles of T. aggressivum with the reference chro-

matogram was in the range 0.92-0.98.
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5.5 Discussion

5.5.1 DNA extraction methods

Species specific PCR amplification is the current standard method for the iden-
tification of Trichoderma aggressivum. Accurate PCR identification depends on
effective DNA extraction methods and selective primers.

In this study methods for the isolation and purification of T. aggressivum
DNA from a variety of sample types were assessed. For cultured T. aggressivum
mycelium DNA extraction is relatively simple and several methods proved satis-
factory. Of the methods which yielded good quality DNA from mycelial samples
the Promega Wizard Magnetic DNA extraction kit was the least, while the ZR
fungal /bacterial extraction kit provided highest concentration of DNA. Either of
these methods is ideally suited for the purification of DNA from Trichoderma
cultures to test by PCR.

Obtaining DNA from 7. aggressivum spores and colonised mushroom sub-
strate proved to be more difficult. Most of the methods tested relied on mechani-
cal disruption with liquid nitrogen for complete cell lysis, this is not possible with
liquid spore suspensions. Two methods were tested which used chemical lysis but
neither produced quantifiable amounts of DNA from 7. aggressivum spore. This
may be because the conidia were too resilient to chemical lysis or the amount
of DNA released from spores was too low to yield a useful concentration after
extraction.

None of the DNA extraction methods tested proved suitable for the extraction
of DNA from Bulk Phase III mushroom substrate. Obtaining PCR quality DNA
from Bulk Phase III mushroom substrate poses several unique problems. In
mushroom substrate 7. aggressivum may be present in low abundance or as
spores which are difficult to lyse. The fibrous nature of mushroom substrate
creates difficulties with several common methods of mechanical disruption, and
may trap DNA, reducing yields. During lysis the substrate tends to remain
particulate, which interferes with filtration and centrifugation steps. The final
barrier to the extraction of PCR amplifiable DNA from mushroom substrate is
the presence of PCR inhibitors, such as humic acid.

Humic acids are breakdown product of organic matter, produced by Maillard
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reaction (Jokic et al., 2001). Due to their chemical similarity and binding affinity
for each-other DNA and humic acids are co-purified by most DNA extraction
methods (Crecchio & Stotzky, 1998; Allard, 2006). The presence of humic acids
in a DNA sample prevent accurate quantification by spectrometry (Zipper, 2003)
and may cause DNA degradation (Alaeddini, 2012). They are potent inhibitors
of PCR and many other DNA manipulation procedures, concentrations as low as
8 pg/ul can prevent PCR (Tebbe & Vahjen, 1993). Humic acid contamination is
a common problem in soil molecular biology (Ma & Michailides, 2007). Organic
composts contain a significantly higher amount of humic substances than most
soils (Howeler et al., 2003), spent mushroom substrate can contain humic acid
concentrations accounting for up to 35 % of all organic carbon (Paredes & Medina,
2009) as well as a high level of phenolic substances (liyama et al., 1994), which
also interfere with PCR (Ma & Michailides, 2007).

An effective extraction method for the purification of PCR amplifiable DNA
from Bulk Phase ITI mushroom substrate is desirable for the direct quantification
of T. aggressivum by PCR, but at present none has been published. There are
several complicating factors unique to this type of extraction and a successful
DNA extraction method must eliminate all of them, without over-manipulating
or diluting the DNA to the extent that it becomes unusable. A reasonably short
sample preparation time would also be advantageous, so that large sample sets
can be analysed. There are several commercially available kits for the purification
of DNA from soil, stool samples, and other humic acid rich sources and several
published methods make use of these kits for the extraction of DNA from soil
(Filion et al., 2003; Hagn et al., 2007) and compost (Reuter et al., 2009) but
without any information on their use with mushroom substrate it is difficult
to assess how they would perform. Chemical and physical variation between
different soil types and green compost is commonly enough to warrant adjustment
of DNA extraction procedures, and mushroom substrate is considerably different
from either.

There are several published methods for the extraction of DNA from com-
post and soil which make use of two stage extractions to purify DNA and elimi-
nate PCR inhibitors separately. Such techniques as pre-lysis washing (He et al.,
2005; Hagn et al., 2007), cell separation by differential centrifugation (Ma &
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Michailides, 2007), agarose gel electrophoresis (LaMontagne et al., 2002) and re-
peated purification steps in C-TAB (Blanc et al., 1999) or chloroform-isoamyl
alcohol (Howeler et al., 2003), which may be useful in the extraction of DNA

from mushroom substrate.

5.5.2 Identification of Trichoderma aggressivum by real-time PCR

A method for the identification of Trichoderma aggressivum with real-time PCR
was developed. Real-time PCR has several advantages over end-point PCR such
as speed, sensitivity, reduced risk of cross-contamination, high through-put, and
quantitation (Klein, 2002). In real-time PCR analysis the point at which the
fluorescence of the amplicon crosses the noise baseline (Cp) is calculated, this
gives an indication of the copy number of the target DNA present which can be
used to directly estimate the biomass of the organism from which the DNA was
amplified (Lépez-Mondéjar et al., 2010).

The use of PCR with species specific primers is the most common method
for the identification of T. aggressivum. There is no published information on
the use of real-time PCR for this procedure. Primers used for real-time must
meet certain criteria which are not necessary for standard PCR. Real-time PCR
primers are recommended to have a GC content of 40-60 %, amplicon length of
100-200 bp and annealing temperatures for forward and reverse primers which are
within 1 °C. Existing species selective primers for 7. aggressivum did not meet
all of these criteria so novel primers were designed.

To select a suitable target gene for primer design all available sequence in-
formation for T. aggressivum in GenBank was surveyed. Based on a BLAST
similarity search the tefl gene was determined to be the least conserved among
closely related Trichoderma species and therefore the most suitable target for
selective primers. Due to the 99 % sequence similarity between the tefl gene in
T. aggressivum f. europaeum and T. aggressivum f. aggressivum it was not pos-
sible to create primers which would differentiate the two subspecies. At present
both subspecies are geographically isolated and so subspecies can be assigned
presumptively, based on origin, but for future epidemiological studies it may be
desirable to develop subspecies selective primers, to assess whether there is any

overlap between the two populations.
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Novel and existing primers displayed good reaction efficiency when used in
real-time PCR with serially diluted 7. aggressivum DNA. Two of the novel primer
sets displayed efficiencies above the theoretical maximum, but melt curve analysis
showed no non-specific binding. Reaction efficiencies above 2.0 may be observed if
primer dimer artifacts are formed in later reaction cycles when the DNA template
concentration is low relative to the primer concentration.

Melt curve analysis of the existing primers which target the I'TS region showed
irregular amplicon melting temperatures. This was attributed to the ~800 bp size
of the PCR product generated by these primers. Long PCR products are more
likely to contain motifs with different GC contents, resulting in multi-step DNA
strand separation which does not follow predictable reaction kinetics. Without
a reproducible melting curve it is difficult to assess whether the correct target
sequence has been amplified from the real-time PCR data. As a result primer set
18S Int+Thl Int rev were determined to be unsuitable for use in real-time PCR.

The melting profile obtained from PCR amplification with the primers of
Chen et al. (1999a) deviated from the ideal, again because of the size of the PCR
product, but not to the extent that it could easily be mistaken for non-specific
binding. These primers were used as a reference to determine the specificity of
novel primers by testing them against a panel of aggressive and non-aggressive
Trichoderma isolates. Melt curve analysis using novel selective primers showed
no irregularities.

DNA was extracted from 15 Trichoderma isolates which had already been
identified based on morphology and/or PCR, each of them having been isolated
from mushroom growing facilities. Each T. aggressivum isolate tested except FM
11 showed reactivity with all of the selective primers. The reason for lack of
reactivity with FM 11 is unclear.

The Novel primers showed considerably faster reactivity than those of Chen
et al. (1999a), which is advantageous for detection of low level of T. aggressivum
DNA. However the primer set ThF+ThR was the most selective as they showed no
reactivity with any non-7. aggressivum Trichoderma isolates. The novel primer
sets 41+180 and 434199 showed reactivity with 2 and 3 non-aggressive 7Tri-
choderma isolates, respectively. Primer set 44+199 showed a very low level of

reactivity with one Trichoderma harzianum isolate, but with further optimisation
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these primers may prove to be as selective as the published primers.

Real-time PCR quantitation adds an extra dimension to the identification of
T. aggressivum by PCR because it allows for simultaneous species assignment
and quantification. In the future this method may allow for more rapid screening
of mushroom farms and substrates for T. aggressivum contamination by elimi-
nating the requirement for a two step quantification and identification process.
This could be implemented in conjunction with cultural methods to quantify
the amount of T. aggressivum growing in a mixed culture of fungi or, with the
proper DNA extraction method and sampling regime, the direct quantification

of T. aggressivum in mushroom substrate.

5.5.3 HPLC metabolite profiling

HPLC profiling of secondary metabolites was assessed as a means for differentiat-
ing Trichoderma aggressivum isolates from non-aggressive Trichoderma isolates.
Optimisation of HPLC elution gradients allowed for better separation of Tricho-
derma metabolites, which showed a conserved pattern of elution with regards to
time and acetonitrile concentration.

The degree of difference between metabolite profiles was shown to be depen-
dant on the growth medium used. Trichoderma isolates grown on malt extract
agar had highly similar metabolite profiles. More diverse profiles were observed
when isolates were grown on a synthetic, defined medium.

A reference chromatogram was produced for T. aggressivum by combining
chromatograms of two reference isolates. By comparing profiles of other Tricho-
derma isolates to this reference chromatogram it was possible to distinguish 7.
aggressivum isolates from non-aggressive isolates. The exact level of correlation
between profiles required for positive species identification cannot be accurately
defined, as it is impossible to estimate intraspecies variation in the production of
secondary metabolites (Thrane et al., 2001). However, a correlation of 0.92-0.98
was observed between the reference chromatogram and that obtained from two
other T. aggressivum isolates while the profiles of all other Trichoderma isolates
tested was in the 0.66-0.91 range, with highest correlation being observed for a
Trichoderma harzianum isolate.

This technique offers a new method for the identification and characterisa-
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tion of T. aggressivum. Metabolite profiling may be a more practical method
for species identification than PCR because it differentiates species based on
expressed phenotypes, rather than molecular sequence. The identification of
metabolites unique to 7. aggressivum could allow for highly effective species
identification and provide information on the unique traits which make T. ag-
gressivum a much more serious problem in the mushroom industry than other

Trichoderma species.



6. GENERAL DISCUSSION

The fungus Trichoderma aggressivum is an economically significant pathogen of
the cultivated mushroom Agaricus bisporus (Samuels et al., 2002). It was first de-
scribed in 1987 as a novel Trichoderma harzianum biotype (Seaby, 1987). Unlike
other Trichoderma which are sometimes found growing in mushroom substrate
this new variety caused massive crop losses and an epidemic affecting A. bis-
porus cultivation worldwide (Kredics et al., 2010). Subsequent molecular anal-
yses showed T. aggressivum to be a separate species from T. harzianum with
two subspecies Trichoderma aggressivum f. aggressivum and Trichoderma ag-
gressivum f. europaeum, responsible for the green mould outbreaks in North
America and Europe, respectively (Muthumeenakshi et al., 1994; Castle et al.,
1998; Chen et al., 1999a,b; Samuels et al., 2002). Technological advances in
mushroom cultivation, particularly the introduction of the Bulk Phase III sys-
tem reduced the incidence of T. aggressivum in Europe, but in the last decade
reports of T. aggressivum infection of Bulk Phase IIT mushroom substrate began
to surface (Lemmers, 2010). This raised questions about how well we understand
the epidemiology of T. aggressivum and its interaction with A. bisporus, as well
as prompting renewed interest in methods for detection of the fungus and to
differentiate it from related, non-aggressive species.

While there has been research into the activities of T. aggressivum toward A.
bisporus the exact mechanisms by which it reduces mushroom yields are poorly
understood. Secreted metabolites from T. aggressivum have been shown to sup-
press the growth of A. bisporus in vitro, but to a lesser extent than other, non-
aggressive species (Mumpuni et al., 1998). The ability of T. aggressivum to
colonise mushroom substrate and resist inhibition by substrate microflora bet-
ter than other Trichoderma species has been linked to its virulence (Largeteau

et al., 2000b; Savoie et al., 2001b), but T. aggressivum grows better in ster-
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ilised substrate, and there are conflicting reports on how necessary A. bisporus is
to substrate colonisation by T. aggressivum (Largeteau et al., 2000b; Mumpuni
et al., 1998). T. aggressivum has been shown to produce compounds harm-
ful to A. bisporus in vitro and in wvivo, including cell wall degrading enzymes
(Mumpuni et al., 1998; Krupke et al., 2003; Williams et al., 2003a; Guthrie &
Castle, 2006) but coiling of T. aggressivum hyphae around those of A. bisporus
is not frequently observed (Williams et al., 2003a) so it is not clear whether
T. aggressivum parasitises A. bisporus mycelium or impedes its growth through
antibiosis and competition for nutrients.

In the first part of this work a proteomic analysis of T. aggressivum was
performed. By studying the proteins of T. aggressivum we can obtain information
about its biochemistry and lifestyle (Kim et al., 2007). By using comparative
proteomics it is possible to measure the change in expression of proteins in relation
to stimuli and thereby identify proteins which are important to the response of 7.
aggressivum to those stimuli. Comparative proteomics has been used previously
to study the interaction of Trichoderma species with plants and plant-pathogenic
fungi (Sanz et al., 2005; Marra et al., 2006; da Silva Aires et al., 2012) and has
been used to study the relationship of 7. aggressivum with A. bisporus (Williams
et al., 2003a; Guthrie & Castle, 2006).

In this study 7. aggressivum was grown in the presence of mushroom substrate
and A. bisporus cap tissue and proteins changing in expression were identified.
None of the upregulated proteins observed were enzymes that might be involved
the degradation of fungal cell walls such as laminarase or chitinase, which would
indicate a mycoparasitic or antagonistic response. However as these proteins are
secreted from the cell in vivo it is possible that they were not observed because
this study focused on the cellular proteome, rather than the secretome. A stress
response was observed in 7. aggressivum induced by both treatments, but more
strongly by the mushroom substrate treatment.

There was an upregulation in the expression of superoxide dismutase, which
is an enzyme that detoxifies superoxide and one of the key components of the
oxidative stress response (Bai et al., 2001). There was also a change in the
expression of spermidine synthase and ribosomal protein P60, both of which

are indirectly involved in the oxidative stress response (Abramczyk et al., 2003;
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Maniratanachote et al., 2006; Chattopadhyay et al., 2009). The production of
superoxide and other reactive oxygen species is a common method by which
micro-organisms inhibit the growth of competitors and defend themselves against
pathogens (Silar, 2005). The oxidative stress response of T. aggressivum may
have a role in its ability to resist growth inhibition by mushroom substrate micro-
flora and A. bisporus.

Expression of the protein guanylate kinase by T. aggressivum was upregu-
lated in the mushroom tissue treatment and down-regulated in the presence of
mushroom substrate. This protein is involved in DNA synthesis and cell sig-
nalling (Berger et al., 1989; Robson et al., 1991; Blaszczyk et al., 2001; Li et al.,
2010), its differential expression may be related to the enhanced growth of 7.
aggressivum in the presence of A. bisporus and the inhibition of the growth of 7.
aggressivum caused by substrate micro-flora.

For several of the proteins analysed in this study homologs were not found in
on-line databases. A number of these proteins were present in high abundance
and were analysed repeatedly but still returned no match. This raises the ques-
tion of whether the lack of a homolog was due to technical limitations or whether
these proteins may not have a homolog in the databases searched. In the future
de novo sequencing of these proteins might yield further insight into the unique
characteristics of T. aggressivum which make it more harmful to mushroom culti-
vation than other Trichoderma species. Other research carrying on from this work
could look at the protein expression of non-aggressive Trichoderma species under
the same conditions to see if they behave differently from 7. aggressivum, repeat
of the differential expression experiment using live A. bisporus and mushroom
substrate to stimulate T. aggressivum and, in light of the observed importance
of the oxidative stress response of T. aggressivum analysis of the activities of
enzymes relating to oxidative stress in 7. aggressivum under different conditions
and in strains exhibiting varying degrees of aggressive behaviour.

Chapter 4 of this work assessed the epidemiology of T. aggressivum in Bulk
Phase III mushroom systems. In these systems substrate is spawn-run in bulk un-
der strict hygiene and environmental controls to produce a high quality substrate,
free from disease. Fully spawn-run mushroom substrate is known to be relatively

resistant to colonisation by T. aggressivum (Fletcher, 1997; Rinker & Alm, 2000),
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however, this information pertains to in situ spawn-run systems, where the sub-
strate is not bulk handled after spawn-run. This raised the question of how the
bulk handling performed after spawn-run in Bulk Phase III system might affect
the susceptibility of mushroom substrate to infection by T. aggressivum.

In this study 7. aggressivum colonised Phase III substrate was produced by
infecting Phase II substrate with a T. aggressivum strain at spawning. This in-
fected substrate was then used to inoculate healthy Phase 11T at the bulk handling
stage at different infection levels. A secondary objectives assessed the effect of a
compost supplement added at bulk handling on T. aggressivum infection.

It was shown that inoculation with infected substrate at bulk handling re-
sulted in a significant reduction in mushroom yield in a dose dependant manner.
No significant difference was observed in the yield loss between the supplemented
and unsupplemented treatments, suggesting that the supplement used did not
affected the growth of T. aggressivum when applied in this manner.

The experiment was repeated with more mixing at the bulk handling stage
to simulate a higher level of mixing during tunnel emptying and transport, as
well as to facilitate the removal of sub-samples for colony counting. In the re-
peated experiment the impact of T. aggressivum on the crop was considerably
more severe. The level of T. aggressivum infection in the inoculum used for this
experiment was found to be higher, but the relative reduction in yields seemed
disproportionately high. It was hypothesised that the higher level of mixing ex-
acerbated the effect of T. aggressivum on the crop, and a third experiment was
designed to test this hypothesis.

In the third experiment supplement was not considered, as supplementation
had not significantly affected the result in either previous experiment. Instead the
two treatment were heavy and light mixing, to allow a direct comparison of the
two mixing levels in a single experiment. Yield losses in the heavy mix treatment
were significantly higher than for the light mix treatment, confirming that the
level of mixing does affect crop loss caused by T. aggressivum. A significant
interaction was observed between the effects of the mixing treatment and the
infection level on crop yield. The yield loss caused by increasing infection level
was exacerbated by a mixing.

During these cropping experiments methods for the detection and enumer-
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ation of T. aggressivum in Bulk Phase III mushroom substrate were assessed.
Quantitative PCR (qPCR) (Lane, 2010), weed mould analysis (WMA) (Kauf-
man et al., 1963), most probable number analysis (MPN) (Halvorson & Ziegler,
1933; Briones et al., 1999) and a direct plating assay (DPA) were compared.
There was an increasing trend in the variability of results obtained from each
method other than qPCR with decreasing infection levels. The qPCR method is
more technically advanced than the others and made use of a larger sample size,
which may account for its greater precision at low infection levels. The two micro-
biological counting methods gave comparable results, but the WMA method was
more time-consuming, so the MPN method was deemed superior. DPA proved
to be a simple method for the detection of T. aggressivum with a good level of
sensitivity, but it is semi-quantitative, so only gives a rough indication of the
level of infection.

With each method the experimental results were correlated with infection
level, but they differed from the values expected based on the dilution levels used.
It was observed that some transfer of T. aggressivum occurred between infected
substrate and uninfected, but that this did not result in an even distribution of
T. aggressivum particles throughout the substrate. The heterogeneous distribu-
tion of T. aggressivum in mushroom substrate makes obtaining a representative
sample difficult, particularly at low infection, which is something that must be
taken into consideration when sampling Bulk Phase III substrate in industry.

Future work following from this study could assess a wider range of supple-
ments for their effect on T. aggressivum. The biochemical characteristics of Bulk
Phase 111 substrate before and after bulk handling could be studied to determine
what factors influence susceptibility to 7. aggressivum infection at this point. Re-
peat experiments using different methods of inoculation at bulk handling could
be performed, it is unknown whether spores or hyphae are more important for
infection of substrate at this point, or whether other factors associated with in-
fected substrate might also be important. With regards to detection methods,
industrial scale experiments could be used to develop an effective sampling system
that addresses the level of heterogeneity in Bulk Phase I1I mushroom substrates.

In the final section of this study molecular and chemical methods for the

detection and identification of T. aggressivum were studied. DNA extraction
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methods were compared for their efficacy at purifying PCR quality DNA from
T. aggressivum spores, mycelium and infected substrate. No method proved
suitable for extraction from substrate due to complicating factors such as the
co-purification of PCR inhibitors, but a number of methods produced high in-
tegrity, good quality DNA from T. aggressvum cultures. T. aggressivum selective
primers were assessed for their suitability for use in real-time PCR. Existing se-
lective primers produced amplicons larger than recommended for real-time PCR
so novel selective primers were designed. It was not possible to design a primer
set which distinguished between subspecies of T. aggressivum but a set was devel-
oped which identified T. aggressivum with a similar degree of accuracy to existing
primers and better characteristics for real-time PCR. Future work on molecular
identification of T. aggressivum could survey a larger range of Trichoderma iso-
lates for reactivity with these primers, assess primer modifications for improving
specificity and attempt to identify genes which are less conserved between Tri-
choderma species to develop more selective primers and possibly discriminate
between T. aggressivum subspecies.

In the second part of Chapter 5 HPLC profiling of secondary metabolites was
assessed as an alternative method for differentiating Trichoderma isolates. This
method has been used to describe Trichoderma species previously, with results
similar to those obtained by comparative sequence analysis (Thrane et al., 2001;
Kang et al., 2011). Chromatographic profiles were found to be medium depen-
dent, with more similar profiles being produced by isolates grown on MEA than
on a synthetic minimal medium. A reference chromatogram was constructed us-
ing the profiles of two T. aggressivum reference isolates and comparison with this
profile gave the best separation of aggressive and non-aggressive isolates. Future
work in this area could include a wider range of Trichoderma species to estimate
the overall variability in profile between species and set a similarity threshold for
identification of T. aggressivum. Different media could be used to induce produc-
tion of different secondary metabolites, similarly to the differential expression of
proteins in Chapter 3, and thereby identify metabolites which may be associated
with the growth of T. aggressivum in association with A. bisporus. Isolation and
identification of chromatographic peaks unique to 7. aggressivum could give fur-

ther insight into the aggressive nature of the species and potentially lead to the
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development of new diagnostic measures for the detection of T. aggressivum in
VIVO0.

In conclusion, the work described in this thesis has shown:

e The activity of the proteomic stress response of Trichoderma aggressivum

in response to Agaricus bisporus and mushroom substrate.

e That T. aggressivum infected mushroom substrate can spread infection to
healthy Bulk Phase III substrate during bulk handling.

e That a higher level of mixing during bulk handling increases the severity of

a T. aggressivum infection.
e A new real-time PCR method for the identification of T. aggressivum.

e The potential for use of HPLC metabolite profiling to identify 7. aggres-

stvum isolates.
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