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Abstract

Fungal species compete for space and nutrientggan@ matter, resulting in strong
morphological and biochemical reactions in the raxténg mycelia. Interspecific
mycelial interactions have attracted extensive istidbecause of their potential
applications in biological control, bio-pulping,reening for novel bioactive metabolites
and enhancement of extracellular enzyme productadies of interspecific mycelial
combat have also contributed to the understandinyeostructure and development of
fungal communities. Although the behaviour of iatging mycelia has been understood,
mainly at the morphological level, the biochemiasdpects have yet to be fully
elucidated. The main aim of this study was to emdeato understand the underlying
cellular and molecular response patterns and atilaypdaof the white-rot fungus,
Schizophyllum commun® a highly antagonistic strain ofrichoderma viride by
correlating the expression patterns of metabolig®teins and selected genes of
Schizophyllum communa response to the antagonist. The study alsostigeged the
implication of oxidative damage in these resporaitepns. Microscopic examination of
stained and unstained mycelia f communeonfronted by the mycelia of. viride,
revealed cell wall lysis, protoplasmic degeneratibyphal expansion and subsequent
hyphal disintegration, hence, cell death in the @ligcof S. communeafter 7 days of
mycelial contact. Metabolite patterns of both spechear the interaction zone were
profiled by HPLC and GC/MS, in comparison to theglf-paired mycelia. Sugar
alcohols, phenolic compounds and organic acids wereegulated in the interacting
mycelia of both species, whileaminobutyric acid, myo-inositol phosphate, pyriohex
and N-acetylglucosamine, were up-regulate@ircommunenycelia with a concurrent
decrease in the levels of fatty acids detectethenldtter. Expression patterns of selected
genes ofS. communeonfronted byT. viride were investigated by RT-PCR, relative to
patterns in its self-paired cultures. Genes engpgnoteins involved in the synthesis of
cell wall polymers, protein synthesis and proteuralgy control, signalling, and stress
response were up-regulated. On the other handsgéaé code for proteins associated
with glycolysis, nitrogen assimilation, membrangngport, mitochondrial ATP-synthetic

machinery, and cellular multiplication/growth wetewn-regulated. Changes in protein



expression were profiled in the mycelia of bothcspe paired against each other using 2-
Dimensional gel electrophoresis, and differentiakpressed proteins were identified by
MALDI-TOF-MS/MS, following peptide fragmentation.réteins involved in protein
synthesis and assembly, unfolded protein respaasppnse to cellular injury, synthesis
of phenolic compounds, recycling of carbon andogién were up-regulated in the
confronted mycelial domain d&. communeProteins involved in glycolysis and heat
shock response were predominantly down-regulatédeinmycelia ofS. communeaired
againstT. viride Proteins associated with antagonism, cellularabaism, glycolysis,
and ATP generation and protein synthesis were gplaged in the mycelia oF. viride
interacting withS. communevith a decline in the detected levels of protemlved in
cytoskeleton organisation. Biochemical assaysaledeincreases in the activity levels of
antioxidant enzymes, superoxide dismutase, catalaseccinic semialdehyde
dehydrogenase, glucose-6-phosphate dehydrogendse dhe levels of indicators of
oxidative stress and secondary metabolism, suchlimd peroxidation, protein
carbonylation, superoxide anion and phenolic leirethe mycelia oS. communeaired
againstT. viride Similarly, the activities and protein levels dfgmol-oxidising enzymes,
namely laccase and manganese peroxidase increasied confronted mycelial domain
of S. communeChitinase activity increased in mixed liquid cu#s of both fungi.
Protein, and gene expression patterns, in the aotgfd mycelia of5S. communsuggest
an increase in the flux through the protein symthetachinery, possibly resulting in
endoplasmic reticulum stress, which may have aetiVéghe unfolded protein response.
These are strong indications of oxidative stredsigtion and switch of mycelial growth
to secondary metabolism. There was little evidenteantagonism byS. commune
towardsT. viride, suggesting that the patterns reported herein, beag response rather

than an attack mechanism towards the latter.
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CHAPTER 1

Introduction



1.1 Introduction
Decomposer fungi are capable of colonising a wadge of organic substrates in nature,

resulting in the formation of communities of inteiag species (Heilmann-Clausen &
Boddy, 2005). Colonisation of a virgin resourcetsas wood often commences with the
establishment of distinctive colonies of individusppecies, which spread with time,
leading to overlap of mycelial fronts that consedlyeinteract with one another (Boddy,
2000; Donnelly & Boddy, 2001). It is thought th&ingal mycelia possess a
“recognition” mechanism that allows them to detawtl respond to non-self mycelia -
inter-specific interaction, (Rayner, 1991; Rayaeal, 1995; Griffithet al, 1994 a, b &
c) or incompatible mycelia of the same speciesraiapecific interactions, (Saupe, 2000;
Demethonret al, 2003; Pinan-Lucarrét al, 2007). This allows fungi to directly defend
their territories and indirectly, restrict access taptured nutrients by the
invading/opposing individuals of the same or oppgsspecies (Raynest al, 1995;
Boddy, 1993).

Fungal species may possess defence or attack meeisaror both, for responding to
non-self and these mechanisms influence the reectexhibited by fungal mycelia
during non-self response. Based mainly on thesendefattack mechanisms, the
outcome of interactions, between fungal mycelia mdge classified as,

combative/antagonistic, mutualistic or neutraligfooke & Rayner, 1984).

Combative interspecific interactions among highemgi are typified by protoplasmic
degeneration, intra- and extracellular pigmentatioessation of mycelial growth and
sealing-off of mycelial front, marked increasestlie secretion of phenol-oxidases and
secondary metabolites, phase shifts-redistributtbnmycelia and barrage formation
(Boddy, 2000; Griffithet al, 1994 a, b & c; Raynest al, 1995; Peiriset al, 2008;
Peiris, 2009; Gregori@t al, 2006; Rayneet al, 1984; Sonnenbichlegt al, 1994).
These reactions are considered to be the aftecteftd resistance to axial deformation by

confronting mycelia (Rayneat al, 1995).



Following the work of Rayner and Todd (1979), fusdungus interactions have been
studied for the past three decades. Earlier stutbesentrated mainly on the structure
and development of fungal communities among woatatéers (Rayner & Todd, 1979).
Subsequent studies endeavoured to understand thgphohogy, chemistry and
biochemistry of these interactions (Boddy, 19939,2000; Griffithet al, 1994a, b &

c; Sonnenbichleet al, 1989, 1993, 1994; Scoe¢ al, 1997; Baldrin, 2004; Gloer, 1995;
Hyneset al, 2007; Gregorieet al, 2006; Rayneet al, 1994). The works of Griffitket

al. (1994a & b) and Rayneet al (1994) led to the suggestion that interspecific
antagonistic interactions influence the synthedishydrophobic metabolites, which
results in the sealing of mycelial boundaries betwateracting mycelial fronts. lakovlev
et al. (2004) and Adomast al (2006) used molecular tools, namely mRNA diffeian
display and macroarray technology respectivelypitobe gene expression patterns in
response to non-self mycelia. While the resultthefformer group showed the induction
of secondary metabolism and oxidative stress iaraating mycelia, the results of the
latter strongly implicated nutrient acquisition @ key mechanism employed by the

more antagonistic species.

Combative interspecific interactions have been shtahold promise as a screening tool
for the efficacy of bio-control fungi against phgtihogenic and wood-rot fungi
(Fokkema, 1973; Savoie & Mata, 1999; Rishbeth, 1#ighley & Ricard, 1988; Bruce
& Highley, 1991); for enhanced wood-pulping (Baigr2004; Chiet al, 2007); and for
optimizing enzyme production and screening for he@reymes with an industrial bias
(Zhanget al, 2006; Gregoriet al, 2006; Scoret al, 1997; Freitag and Morrell, 1992).
In addition to the modulation of metabolite expresgPeiriset al, 2007; Hynest al.,
2007; Rayneret al, 1994; Griffith et al, 1994b), combative interactions have been
demonstrated to cause the production of compounts novel chemical structures
(Peiris, 2009). This suggests that interspecificcefipl interactions could be used in
screening programmes for biologically active molesuHowever, the biochemical and
molecular basis of the strong physiological reargicassociated with interspecific

combative interactions have remained poorly undetst



1.2 Mechanisms of interspecific antagonistic inter@ions between
higher fungi

Fungal species employ assorted mechanisms to r@¢paron-self mycelia. Mechanisms
of interspecific interactions in fungi can be briyadlassified into antagonism at a
distance, hyphal interference, mycoparasitism andsgmycelial contact (Boddy, 2000).
Antagonism at a distance is thought to be medidtgdvolatile/diffusible bioactive
compounds or fungal waste products (Boddy, 200@0n8obichleret al, 1994). In some
cases, mycelial degeneration in one of the intergqdpecies is observed before contact,
followed by overgrowth of the more adversely aféecspecies (Boddy, 2000). However,
mutual inhibition is often the outcome of antagomiat a distance (Boddy, 2000). This
signifies an exchange of chemical signals betwéenpaired species (Raynet al,
1984; Heilmann-Clausen & Boddy, 2005). The workH#ilmann-Clausen & Boddy
(2005), demonstrated the existence of a metablodised passive defence mechanism in
wood-rot fungi, where wood previously colonized bge fungus either promotes or
inhibits the growth of other species, possibly cbuting to the development of fungal
communities in the field. For instance, they foutidt wood decayed bgtereum
hirsutumcaused reduced mycelial extension rate, delayagtbrand in some cases, total
inhibition of the majority of the species testec{lrhann-Clausen & Boddy, 2005).

Hyphal interference is a programmed sequence ofoptagmic degeneration
characterized by granulation of cytoplasmic corgemticuolation, loss of opacity and
subsequent penetration of the degenerate hyphdeebynvading species (lkediugvet

al., 1970; Ikediugwu, 1976; Behrendt & Blanchette,020 Boddy, 2000). This
phenomenon is predominant amongst wood-decay fumgil, has been extensively
studied inHeterobasidion annosunbecause it is an economically important forest
pathogen (Rayner & Boddy, 1988; Jefferies, 1997ddo 2000). It has been suggested
that hyphal interference is mediated by non-enzyifitisible metabolite(s), which are
actively secreted when non-self mycelia are detkeete close range (Boddy, 2000).
Furthermore, it can be mediated by both active paskive secretion of non-enzymic

toxins in the presence and absence of confrontinggdl mycelia respectively, as



reported in Hypomyces aurantiu@nd Phanerochaete magnoliaé& Boddy, 1988;
Jefferies, 1997; Boddy, 2000; Ainswoehal, 1991).

1.2.1 Mycoparasitism

Mycoparasitism involves step-wise parasitizing duagus by another, involving host-
directed mycelial growth, host recognition and @ttaent, pronounced synthesis and
secretion of cell wall lytic enzymes and antibistipenetration and lysis of the host
fungus (Markovich & Kononova, 2003). Some studies/éh demonstrated that host
recognition is mediated by cell wall lectins (Jefs, 1997; Chegt al, 1997; Inbar &
Chet, 1994; Barak & Chet, 1986). Mycoparasitesizatilhost fungi as nutrients
biotrophically or necrotrophically (Boddy, 2000)xd&mples of mycoparasitic wood-
decay fungi includeLenzites betulinawhich is parasitic onCoriolus species and

Pseudotrametes gibbgsahich parasitizeBjernkanderaspecies (Rayneat al, 1995).

However, the most extensively studied mycoparagitigi are the members of the genus
Trichoderma Trichodermaspecies have been isolated worldwide from soitaglieg
wood and other forms of plant-related organic malefZeilinger & Omann, 2007). The
drivers of the mycoparasitic machinery ®fichoderma species include: cell wall
hydrolytic enzymes - chitinases, proteases, glisesiand laminarases (Kubicekal,
2001; Brunneet al, 2003; Cortegt al, 1998; Zeilingeet al, 1999; Howell, 2003; Elad
et al, 1983); competitive edge - advanced growth andient acquisition mechanisms
(Chet, 1987; Hulme & Shields, 1970), and secretibantifungal metabolites/peptides -
peptaibols/mycotoxins (Dennis & Webster, 1971; @tayet al, 1987; Schirmbrokt al.,
1994; Loritoet al, 1996; Jaworsket al, 1999). Other mycoparasitic mechanisms of
Trichodermaspecies include morphological adaptations suctodmg around the host
and the development of antagonistic appressoreadtkuctures (Eladt al, 1983; Luet
al., 2004). All of these mechanisms often work syrstigcally for host damage and

utilization of host components (Zeilinger & OmaeQ7).

According to Kubiceket al (2001), the median lethal concentration {)Gralues of

Trichodermachitinases are too high to explain mycoparasigxiusively on the basis



of their action. However, this was clarified by tlientification of antifungal peptides
(peptaibols/mycotoxins) produced Byichodermaspecies during interactions with host
fungi (Kubiceket al, 2001). Peptaibols are linear oligopeptides, wHmrm voltage-
gated ion channels in lipid membranes thereby modjf membrane permeability
(Kubicek et al, 2001; El Hajjiet al, 1989). While chitinases reduce cell wall rigydi
peptaibol antibiotics impair the ability of the Hge to repair cell wall damage by
inhibiting the activities of membrane-bound syntwmf the cell wall (figure 1.1)
(Kubicek et al, 2001). Nonetheless, these factors do not excthdeparticipation of
other mechanisms in the synergistic lysis of he#twall.

Cell membrane

Battery of hydrolytic
enzymes (chitinases

Host fungus &»

2\

Membrane-bound proteins \

Trichoderma

Peptaibols

Membrane pores

Fig 1.1 Hypothetical model of synergism betweeiirichoderma cell wall hydrolases
and membrane disturbing compounds such as peptaib®l employed in
mycoparasitism (adapted from Kubiceket al., 2001).



The chitinases ofTrichoderma species have been shown to be induced by stress
conditions such as prolonged carbon and nitrogawation, acidic pH, cold temperature
(4°C), high temperature (40°C), high osmotic pressind the presence of ethanol (Mach
et al, 1999; Margolles-Clarkt al, 1996; Carsoliet al, 1994; Garciat al, 1994). This
suggests that contact with host fungi might impplsgsiological stress on the mycelia of
Trichodermaspecies, eliciting the expression of the mycop@camachinery. The work
of Inbar and Chet (1995) showed thatichoderma harzianunproduced different
combinations of chitinase isozymes in responseifferdnt host/confronting species.
This underscores the antagonistic adaptabilityTo€hodermaspecies, and could be
attributed to variations in host cell wall compasitand varying antagonistic pressures
posed by different host species.

1.2.2 Gross mycelial contact

Gross mycelial contact occurs predominantly amomngsid decay fungi (Boddy, 2000;
Webber & Hedger, 1986). As shown in figure 1.2 sgranycelial contact is characterized
by morphogenetic and physiological changes, sudiorasation of mycelial barrages at
the contact interface to stave off invasion, myaefans and cords, a shift in mycelial
distribution, inter- and intracellular pigmentatjogealing-off of the mycelial front,
release of hydrophobic metabolites and profoundesse in the secretion of phenol-
oxidases (Boddy, 2000; Griffitht al, 1994 a, b & c; Raynest al, 1994; Gregoriet al,
2006; Peiriset al, 2007; Peiris, 2009). Incorporation of uncoupliagent, 2,4-
dinitrophenol in the growth medium of unpaired fahgultures, resulted in morphologies
and metabolite profiles similar to interspecifigafiaired cultures (Griffitret al, 1994).
However, addition of phenol-oxidase inhibitor tcethinpaired cultures enhanced the
release of metabolites (Griffitet al, 1994; Raynerget al, 1994), suggesting that a
relationship exists between mycelial morphologi#se extracellular chemistry and
activity of phenol-oxidising enzymes during grosycelial contact (Boddy, 2000;
Rayneret al, 1995).

Outcomes of antagonistic interactions may be eiteptacement or deadlock (Boddy,

2000). Where the former occurs, one fungus invaldeserritory occupied by the other,



while in the latter, neither fungus is able to @rew the other (Boddy, 2000; Owers,
al., 1994). Partial replacement may occur, where @nboth fungi make some initial
incursion into the territories occupied by the ottiellowed by stalemate (Boddy, 2000).
Replacement is largely influenced by the combatnachinery available to one/both
interacting species. This may include secretiolytid enzymes, faster mycelial growth
rate and more advanced nutrient acquisition meshani and/or production of
biologically active compounds deleterious to thempetitor(s). Repeated pairings
between the same fungi do not always produce the sautcome (Boddy, 2000). For
instance, pairing ofPeniophora lycii with Coriolus versicolorin twenty replicates
resulted in overgrowth d®. lycii by C. versicolorin two cases, whil®. lycii replacedC.
versicolorin the other pairings (Raynet al, 1995).

Gross mycelial interactions have been observeaan litter and soil between mycelial
cord formers and fairy ring-forming basidiomyce{@éigure 1.2) (Boddy, 2000). This
manifests as brownish/yellowish pigmentation antit lyesponse in both cord formers
and ring formers after contact (Boddy, 2000). Samileactions have also been observed
in woody materials evident as a variety of patteafisdiscolouration separated by
interactions zone lines, which are often darkermuiecayed wood is sawed into sections
(Boddy, 2000).

Although laboratory media have been extensivelyduser the study of fungal
interactions, according to Boddy (2000), cautionglduto be exercised in the
interpretation of results from agar-based intecactitudies. This is because a wider range
of factors influences interactions in natural stdist hence, outcomes of interactions in
nature would most likely vary from those on agao\Bonet al, 1988; Griffith &
Boddy, 1991; Pearce, 1990). Dowsenal (1988) showed that where&f/pholoma
fasciculare replaced Steccherinum fimbriatununder ambient conditions on agar, it
deadlocked with it in soil and was replaced byl#tter in wood. Water activity, gaseous
regimes, and to a lesser extent temperature, heete $hown to have a sizeable effect on
the outcomes of interactions in agar cultures (@rif& Boddy, 1991; Boddyet al,



1985; Boddyet al, 1987). However, it is worth mentioning thatfeient species are
affected differently (Boddy, 2000).

Figure 1.2 Macroscopic images of combative interaicins in soil and wood. A-C:
mycelial cord formers growing from wood block inocda on non-sterile soil at
12.5°C. D-F: transverse (d & e) and longitudinal (f sections of sawed beech logs,
four and a half years after felling, showing dark nteraction zone lines demarcating

different fungal individuals (adapted from Boddy, 200).



1.3 The physiology, chemistry and biochemistry of amnbative

interactions in fungi

1.3.1 The chemistry of combative interactions

Development of pigments in cultures of interspeaifly paired fungi has been strongly
attributed to increased synthesis and secretiorseasbndary metabolites (Rayner &
Boddy, 1988; White & Boddy, 1992; Griffitat al, 1994 a, b & c; Raynest al, 1994,
Scoreet al, 1997; Peiriet al, 2008; Hyne®t al, 2007; Peiris, 2009). Several workers
demonstrated the increased expression of a widgrahsecondary metabolites in paired
fungal cultures (Ayer & Miao, 1993; Gloer, 1995; iphris, 2001, Wheatly, 2002; Peiris
et al, 2007; Peiris, 2009). Establishment of the fhat some of these metabolites exert
antifungal activities, participate in pH regulatiand adjustment of moisture content of
the medium led to the assumption that they may pligck or defence roles during
interactions (Woodward & Boddy, 2008).

Pigmentation during combative interactions is tHaug be mainly an after effect of the
interplay between phenolics and phenol-oxidasevities (Gregorioet al, 2006; Rayner
et al, 1994; Griffithet al, 1994 a, b & c; Boddy, 2000; Peigs al, 2008; Peiris, 2009).
This assumption was strengthened by the work afiPei al (2008), who reported a
preponderance of metabolite peaks with mass spettomgly indicating that they
possess aromatic structures such as 1-methyl-Byshdixybenzene and 1,2-
dihydroxyanthraquinone, potent inducers of laccasefjanese peroxidase, during
combative interactions betweeBtereum hirsutumand its two competitor€oprinus

micaceusandCoprinus disseminatus

Furthermore, Hynest al (2007) reported synchronized detection of vaabrganic
compounds (VOCs) mainly sesquiterpenes (with bemzatructures) and a quinolinium
type compound and induction of pigment accumulationpaired cultures ofH.
fasciculareand Resinicium bicolar These more recent studies lend more weight to the
suggestion that interactions between phenolicspdigthol-oxidases account for pigment
production during mycelial conflict. Tsujiyama arMinami (2005) concluded that

phenol-oxidizing enzymes play a central role in die¢oxification of harmful compounds
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during fungus-fungus interactions, as species Wilperior phenol-oxidase-secretory
abilities in their study were more predominant dgrimycelial conflicts. Their
assumption was reinforced by Hynetsal (2007), who suggested that the outcomes of
interactions may be greatly influenced by the gbdif the interacting species to detoxify

the opponent’s “arsenal” of secondary metabolites.

Responses occurring before contact are likely tonteliated by volatile/diffusible
compounds (Rayneat al, 1994; Rayner & Webster, 1985; Heilmann-ClauseBagidy,
2005). This was well illustrated by the study ofilal@nn-Clausen & Boddy (2005), who
demonstrated the existence of a passive metalibalged defence system in selected
wood-rot fungi. However, Hynest al (2007) reported that VOCs production in paired
cultures ofH. fasciculareand R. bicolor was detected only after contact, negating
possible existence of antagonism at a distance degtwwhese species. However, it is
worth mentioning that the latter study was caroed in liquid culture, while Heilmann-
Clausen & Boddy (2005) used a solid medium for rtretudy. This variation in
experimental design may have contributed to therejmncy in the results of the two

studies.

1.3.2 The enzymology of combative interactions

The ability of fungi to thrive in a broad range efivironments/substrates is largely
dependent on their highly developed enzyme segrgimperty. Although enzymes are
central to the nutrient acquisition machinery ohduy they also play accessory roles
essential for survival. During intra- and intergfiednteractions in fungi, enzymes have
been strongly implicated in detoxification, attatdgfence and nutrient acquisition
functions that influence the outcome of competitio®avoieet al, 1998; Freitag &
Morrell, 1991; White & Boddy, 1992; Raynet al, 1994; Griffithet al, 1994a, b, & c;
Scoreet al, 1997; Corte®t al, 1998; Zeilingeret al, 1999 ; Boddy, 2000; lakovlev &
Stenlid, 2000; Kubicelet al, 2001; Brunneet al, 2003; Tsujiyama & Minami, 2005;
Adomas,et al, 2006; Gregorieet al, 2006; Chiet al, 2006; Zhanget al, 2006; Peiris,
2009). Phenol-oxidases are perhaps the most stugliegmes in connection with

interspecific antagonistic interactions betweenghlrspecies (Freitag & Morrell, 1991,
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White & Boddy, 2992; Rayneet al, 1994; Griffithet al, 1994a, b, & c; Scoret al,
1997; Boddy, 2000; lakovlev & Stenlid, 2000; Tsajya & Minami, 2005; Gregoriet
al., 2006; Chiet al,, 2006; Zhanget al, 2006; Peiris, 2009). Although they are known to
be involved in the degradation of lignin and/or ad&fication of products of lignin
breakdown, they have also been shown to be invalvgadgmentation and sporulation
(Thurston, 1994). In addition, their ability to deify a wide range of xenobioticm
vitro, particularly those with the phenolic/aromatiastures with subsequent production
of pigments/discolouration (Thurston, 1994; Reinh@n & Malstrom, 1981; Guillergt
al., 1994; Eggereet al, 1996) has strengthened the assumption that thajor role
during fungal interactions is to oxidise toxic cavapds produced by the same or
confronting species during mycelial conflict (Rayeeal, 1994; Griffithet al, 1994a, b,

& c; White and Boddy, 1992; Tsujiyama and Minanflp3; Gregoricet al, 2006).

Gregorioet al. (2006) reported a rapid rise in the activitiesesfracellular laccase and
manganese peroxidase when liquid culturedafasmiellus troyanusand Marasmius
pallescensvere mixed. More interestingly, they also reporéechore rapid increase in
the activities of these enzymes when filter-stegili culture broth oM. pallescensvas
added to growing cultures &fl. troyanus The authors ascribed this to phenol-oxidase
inducers/substrates secreted into the culture bogthihe former. Another interesting
implication of this finding is that such compound®re secreted passively (without
mixing or confrontation from another fungus) thespporting the work of Heilmann-
Clausen and Boddy (2005) which demonstrated thetende of a passive defence
mechanism in studied fungi. Freitag and Morrell9q1Palso showed that laccase activity
increased when liquid cultures dfametes versicoloand Trichoderma harzianunwvere
mixed. According to Tsujiyama and Minami (2005)epbl-oxidase activity was detected
predominantly in the confrontation zones and unelatfm mycelia overgrowing another
fungus during inter-specific combat involvifjeurotus sotreatysTrametes versicolor
Pynoporus occiney$anoderma applanturandSchizophyllum commuros agar. In this
study, species that were more efficient at phemaase secretion were more successful

at overgrowing less efficient ones.
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Cellulases, chitinase, proteases, and glucanases lheen implicated in antagonistic
interactions as well (Eladt al, 1982; Freitag and Morrell, 1991; Zeilingetr al, 1999;
Kubiceket al, 2001; Brunneet al, 2003; Howell, 2003;). They are recruited mgaioy
mycoparasiticTrichodermaspecies for the lysis and subsequent utilizatiotheir host’s
components. Proteolytic activity is a requiremamtdomplete lysis of fungal cells (Scott
& Schekman, 1980; Andrewet al, 1987). This is because the key components afdun
call wall, chitin and/or fibrils of3-glucan are embedded into a protein matrix (Wessels
1986; Peberdy, 1990). In addition to the productioh chitinases, Trichoderma
harzianumalso secretes an alkaline protease Prbl amongyit®parasitic repertoire
(Markovich & Kononova, 2003). Furthermore, theree andications that proteases
produced by Trichoderma species may be involved in the inactivation of Ivita
extracellular enzymes of their host species, esaffgcthose involved in nutrient
hydrolysis and absorption (Elaet, al, 1999).

Adomaset al (2006) studied gene expression in the bioconfnagus Phlebiopsis

gigantea as it overgrew the phytopathogeteterobasidion parviporumin a plate

confrontation assay. Profiling by cDNA macroarrdnypwed the up-regulation of genes
encoding intracellular enzymes involved in variethdtions such as protein folding,
stress response and virulence (cyclophilin, heatlslprotein 90), toxin detoxification
(cytochrome p450 mono-oxygenase) and nutrient roésab (fructose biphosphate
aldolase, glyceraldehyde-3-phosphate dehydrogengigamine synthetase, endo-
galacturonase). Other functions included, transpfracuolar ATPase), protein
degradation/stress response (ubiquitin) and ribasoproteins (protein synthesis)
(Adomaset al, 2006). The gene expression profile observedisdtudy (Adomast al.,

2006) suggests that the encoded enzymes may haveuperegulated in the invading
fungus, thereby implicating stress response/totaradetoxification, transport, protein
synthesis/folding, protein degradation and pronedncnutrient acquisition and

processing in the antagonistic machineryPofigantea

13



1.3.3 The physiological consequences of interspécifombative interactions

A switch of mycelial growth to secondary metabolieas been suggested as one of the
major consequences of non-self fungus-fungus iaterss (Rayneet al, 1994; Griffith

et al, 1994a, b &c; Raynest al, 1995; Rayner, 1997). Disruption of resource §upy
nutrient limitation, impaired ability to absorb dad process nutrients is an established
cue for the inception of secondary metabolism (Rat al, 1995). Such disruption
might result in drop in energy charge, with a cepending rise in the levels of the
secondary messenger, CAMP (Rayratral, 1995). The ensuing physiological and
metabolic effects include increased production etomdary metabolites such as
phenolics, inhibition/disrutption of ATP synthesigtobably by uncoupling oxidative
phosphorylation and electron transport with a sqbsat rise in the levels of free radicals
(Rayneret al, 1995). Lyr (1958; 1963) reported the evidenceeaiprocal correlation
between oxidative phosphorylation and the actifyphenoloxidases. This perhaps
explains why the exposure of single fungal spediesthe uncoupling agent 2,4-
dinitrophenol resulted in the same reactions asetigyconfronted by another species
(Griffith et al, 1994; Rayneet al, 1994). Based on these observations, it could be
inferred that non-self mycelial interactions havesignificant impact on nutrient
supply/uptake/processing, thereby stimulating actwof mycelial growth to secondary
metabolism, with pivotal effects on the energy gatien machinery of the

mitochondrion (Rayneet al, 1995).

These assumptions were supported by the work avlak et al. (2004) who, using
differential display of mRNA, reported the repressiof a gene encoding a fimbrin
protein and a gene that codes for a mitochondmiglort component in the mycelia of
Physisporinus sanguinolentuand up-regulation of a gene homologous toGberinus
cinereus (Coprinopsis cinerues) recM Heterobasidion annosurduring antagonistic
interactions between both species. Fimbrin proimvolved in the polarization of the
actin cytoskeleton, hence, its repressiofirsanguinolentusvas an indication of arrest
of cell growth (lakovlewet al, 2004). Furthermore, lakovleat al (2004) suggested that
the repression of a gene that codes for a protwiolved in mitochondrial import could

be associated with changes in mitochondrial enarg@chinery, synonymous with
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secondary metabolismecA codes for a multifunctional RAD51 protein (enzymad)jich
participates in DNA repair, stress response anddfmgous recombination (Halliwell &
Gutteridge, 1989; Stassest al, 1997; Game, 1993; Bishop, 1994; Nathan & Shiloh,
2000). InC. cinereus(Stasseret al, 1997) andS. cerevisiagMikosch et al, 2001)
RADS51 is strongly induced by-irradiation, a potent inducer of hydroxyl radicafeat
cause severe damage to DNA (lakowial, 2004). Based on this, the authors attributed
the up-regulation of this gene to possible incre@séhe production of free radicals
during interspecific mycelial interactions. Othetudies have implicated strong
production of reactive oxygen species (ROS) in selfi-fungus-fungus interactions
(Baker & Orlandi, 1995; Let al, 1995; Ruiz-Duefiast al, 1999; Hammelet al, 2002).

It appears production of ROS is part of the steessted on interacting fungal mycelia,
either as an aftermath of interspecific myceliahtegt or as a result of the induction of

secondary metabolism.

1.4 Application aspects of interspecific antagonigt fungal interactions
1.4.1 Screening for novel metabolites, and increag the production of known active
secondary metabolites

Fungi, including the higher fungi have demonstratbilities to produce a broad range of
metabolites with potentials for application as m@untiobial, antitumour, and antiviral
agents as well as agrochemicals (Anke, 1995; &ual, 2002; Chu, 2003; Ros al,
2005; Silberboth, 2005; Kettering, 2005). For ins&® ethyl acetate extract from
Oudemansiella canarigrown in malt extract exhibited strong activityaagst tumour
cells and trypanothine reductase fr@mypanosoma cruzwith very low activity against
peripheral blood mononuclear cells from healthylaghales and females, suggesting low
toxicity to normal human cells (Rost al, 2005). The illudins, a group of fungal,
predominantly basidiomycete sesquiterpenes, haea btidied extensively for several
decades for their antitumour and antibacterial eriogs (Anchekt al, 1950). Gonzalez
Del Val et al (2003) isolated novel illudin-like compounds, haligh appreciably
cytotoxic, showed high antibacterial activity fraen basidiomycetes grown on a rice-
based solid medium. Twenty percent of the isola@dpounds in the study above were

strongly active against methicillin resistétaphylococcus aureub addition, pilatin, a
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marasmane derivative isolated from fermentationg-lafellocypha pilatii exhibited
antifungal and antibacterial activities, at concatmns as low as 5-50 pg/ml (Anke,
1989; Kupkaet al, 1983). Furthermore, some fungal sesquiterpeaes heen shown to
exhibit a level of antifungal activity (Florianowac2000; Abraham, 2001; Rast al,
2003), and VOCs from fungi have been consideregaential wood preservatives
(Schoemaret al, 1996; Wheatlegt al, 1997).

With the declining availability of antimicrobialsnd potent agrochemicals and the
promises of microbial metabolites as antitumournégeagainst a backdrop of poor
results from synthetic chemistry-driven screenipgraaches, the near limitless wealth of
natural products remain strongly attractive in $karch for novel therapeutic agents and
agrochemicals (Anke, 1989). More importantly, therdly screened higher fungi hold
high promises as sources of novel exploitable cbamstructures (Anke, 1989).
However, from an economic standpoint, the slow ghowate and low titres of
metabolites from higher fungi have made them lggeealing for screening projects so
far. Nevertheless, certain growth conditions amesst related responses can enhance the
synthesis and secretion of metabolites by basidoet®s and fungi of other classes.
Studies of fungal interactions over the last thdteeades have revealed the induction of
secondary metabolites and volatile organic compsun@) to defend colonised
territories without the presence of competing sg&ci(B) in response to confronting
species before contact and (C) during gross mycebtatact. These three levels of
metabolite secretion elucidated via studies ofgomastic interactions could contribute to

the screening for novel secondary metabolites eotihmercial potential.

The inhibition of mycelial extension by wood precdged byS. hirsutum(Heilmann-
Clause & Boddy, 2005) is a strong indication of geeretion of secondary metabolites
with potential for drug development. More importgntthe stress arising from
interspecific confrontations before (exchange adroltal signals) and after (induction of
secondary metabolism) contact has been shown toulated fungal physiological
machinery with consequent increase in the secretioh metabolites for

offensive/defensive purposes (Gloer, 1995; Hymesal, 2007; Strunzet al, 1972).
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Apparently, these reactions could mitigate the eomn cost of higher fungi-based
screening, from the slow growth rate of higher fuagd could increase the levels of
metabolite secretion for further analytical worklthdugh, industrial applications of
interspecific interactions for full-blown metabeliproduction remain subject to further
scrutiny, they have potentials for the discoverynofel compounds/structures, which
could be taken through further drug developmentcombination with synthetic

chemistry.

For instance, Whytet al (1996) identified novel isocoumarins and theirigives in
combination with a known compound (roridin E) as thain active ingredients behind
the strong antagonistic properties ©krcophora areolata More importantly, these
compounds also exhibited strong activities aggmashogens such aSandida albicans
Bacillus subtilis and Staphylococcus aureud-urthermore, studies of interspecific
interactions between coprophilous fungi led toitlentification of antifungal metabolites
responsible for the inhibition of potential invagirspecies (Webber, 1988; Gloer &
Trunkenbrod, 1988; Alfatafta & Gloer, 1994). It hlasen shown that. annosumup-
regulates secondary metabolites when paired agdhest antagonistGleophyllum
abientineum some of which have been shown to be active aghagerial and fungal
species (Sonnenbichlet al, 1989). Evans (2000) and Gregorio (2007) alsontep the
induction of bioactive metabolites during interao8 involvingMarasmius pallescens
Marasmiellus troyanusand Oudemansiella canariin liquid cultures. Peiris (2009)
demonstrated the induction of a metabolite 2,3-dlibyy-6-methyl benzoic acid; with a
potentially novel structure similar to orseliniaddn cultures ofS. hirsutumconfronted
by C. disseminatusAlthough this compound did not exert any antimial activities
against the tested bacteria and fungi, its prodaoctduring interspecific combat
underscores the potential of interspecific mycetiambat for the discovery of novels
chemical structures, which may find some directliappons or serve as scaffolds for

drug/agrochemical development.
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1.4.2 Biological control

Increased concern over the environmental hazardherhical biocides coupled with the
restrictive legislation associated with their us@dcent years has lead to a radical shift to
the use of more environmentally friendly microongams in place of chemical
preservatives (Bruce & Highley, 1991). Fungi in¢hgl Trichoderma species,
Phlebiopsis giganteaandGliocladium virenshave shown strong antagonistic properties
against phytopathogenic and wood decay fungi, ngaktiem prime candidates for the
control of plant diseases and rot in commerciagjiog (Bruceet al, 1995; Boddy, 2000;
Kubiceket al, 2001; Adomast al, 2006;). A strain oP. giganteasolated by Korhonen
(1993) is commercially used in the Scandinavia (&u®, product of Verdera Oy,
Espoo, Finland), Poland (PG IBL® from Biofood sWalcz, Poland) and Great Britain
(PG® suspension made by Forest Research Surrey, fdK)the control of

Heterobasidiorspecies in spruce and pine stumps (Adoetad, 2006).

Species of Trichoderma are applied commercially as biocontrol agents regiai
phytopathogenic fungi (Chet, 1987; Harman & Bjorkmd998; Chetet al, 1998).
Trichodermaspecies have also been explored for the prevemtionood decay with
varying degrees of protection achieved, but noélincases (Highley & Ricard, 1988;
Bruce & Highley, 1991; Brucet al, 1995; Boddy, 2000)richodermaspecies have also
been suggested for the control of dry rot in buoidgi caused bgerpula lacrimangScore
et al, 1998).

Hypholoma australeand Phanerochaete filamentodaave been shown to be successful
against Armillaria luteobubalina plant infection in Australia (Pearcet al, 1995).
Bjerkandera adustaHypholoma fasciculareResinicium bicolor and Hirschioporus
abietinusall exhibit strong antagonistic properties indicgtthat they could be employed
for biological control (Boddy, 2000).

1.4.3 Enhanced enzyme production

Interspecific antagonistic interactions in fungvldeen repeatedly shown to enhance the

production of extracellular enzymes such as chsgnaylanase, glucanases, cellulase,
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and phenol-oxidases sometimes to levels inducearmyme substrates ( Freitag &
Morrell, 1991; White & Boddy, 1992; Raynet al, 1994; Griffithet al, 1994a, b, & c;
Scoreet al, 1997; Zeilingeeet al, 1999 ; Boddy, 2000; Kubicedt al, 2001; Tsujiyama

& Minami, 2005; Gregoricet al, 2006; Zhanget al, 2006; Peiris, 2009). This suggests
that combinatorial fungal culturing might be empmdyas a cheap traditional means of
increasing enzyme production. Lignocellulolytic gmes attract an appreciable degree of
research attention for applications in bioremedigtifood, paper and textile industries
and wine making among several uses (Sagba, 1998; Hatvanet al, 2002; Chiet al.,
2006). In view of this, cheap methods of enzymedpotion would drive down the cost

of production as well as harness the applicatidrisase enzymes in biotechnology.

The study of Gregorieet al (2006) showed that factors in filter-sterilizedoth of
Marasmius pallescenslicited increased laccase and manganese perexataivities in
liquid cultures ofMarasmiellus troyanudt is likely that the reported increase in adtivi
might be as a result of increase enzyme synthexissacretion. Furthermore, such
factors where identified could serve as cheapeit@ls for enzyme production compared
to more expensive synthetic inducers (substra@spilarly, high performance liquid
chromatography-purified low molecular weight molesufrom the cell wall of host
fungi have been shown to increase the secretiarhitiholytic and related enzymes of
Trichoderma species in liquid cultures than purified chitin danglucan
monomers/oligomers (Kubice&t al, 2001). Zhanget al (2006) reported significant
increase in laccase activity and protein levelswiiid cultures of the white-rot fungus
Trametessp. AH28-2 and a biocontrol funglischodermasp. ZH1 were mixed. Laccase
activity and levels remained significantly high fd% days after mixing. Interestingly,
mixing both cultures resulted in the induction ai@ael 64kDa laccase isozyme (LacC),
with a broad substrate range, typical of laccases, showed thermal stability by
retaining activity at 60°C and a wide pH range f 4 8.0; attributes that make it more

amenable to industrial application (Zhagtgal, 2006).
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1.4.4 Wood pulping for paper production (biopulping

Wood pulping is traditionally carried out by thecidbation of wood chips with a single
selected fungal species for about two weeks (Akétal, 1998). The duration hence,
cost of this traditional procedure warrants thedniee more cost-effective methods with
high-energy savings and improved lignin removakuténg in paper with improved
fibrous characteristics (Chet al, 2006). Co-fungal cultures (biopulping) have been
suggested as a cheaper alternative to the existatgod (Hatakkat al, 2001; Chiet al,
2006). This stems from the vast body of evidengeatestrating that fungal competition
often leads to improved lignin degradation (Sundraad Nase, 1972; Asieglmt al,
1996) and increased secretion of phenol-oxidisimymes (Baldrian, 2004; lakovlev &
Stenlid, 2000; White & Boddy, 1992; Scoseal, 1997). Chiet al (2006) showed that
co-culturing involving Ceriporiopsis submervispoya Physisporinus rivulosys
Phanerochaete chrysosporiusndPleurotus ostreatus different combinations resulted
in altered patterns of lignin degradation with gmsed removal of more recalcitrant part
of lignin although there was no significant improwent in total lignin removal.
However, this study suggests that combinationsuafy&l cultures might enhance the
removal of recalcitrant components of lignin thgrebnhancing the quality of the

resulting paper at lower cost (shorter time).

1.5 Aims of the investigation

Despite extensive studies of antagonistic intevastin fungi, the underlying molecular
and cellular mechanisms and adaptations to nonrsgtielia are still subject to better
understanding, thereby requiring further investaa. The major aim of this study was
to endeavour to understand the underlying cellafet molecular response patterns and
adaptations of a white-rot, fung&ghizophyllum commurte a highly antagonistic strain
of Trichoderma viride by correlating the expression patterns of mets®lproteins and
selected genes in response to the antagonist.tlilg also investigated the implication
of oxidative damage in these response patté@nsommunewhich has been studied
extensively, was chosen a model white-rot basidetey for this study, given that
expressed sequence tags (ESTs) and some full-lgyegth sequences of this white-rot

fungus are available on the National Centre fort&ibnology Information (NCBI)
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database. This particularly allowed the design pEecdic primers for reverse-
transcription-polymerase chains reaction (RT-PAR)addition, white-rot fungi have
been reported to pose greater resistance to Trechwd species particularly in the field
(Bruce & Highley, 1991). In view of this, the rala resistance of white-rot fungi to
Trichodermaspecies informed the choice f commundn the bid to further understand
the biochemical/molecular processes that may heoresble for such resistance. On the
other hand,T. viride was chosen because of the strong antagonisticepire® of

Trichodermaspecies. The study was divided into the followsegtions:

1. Macro- and microscopic investigation of the morplgidal changes in the
mycelia ofS. communeonfronted byT. viride

2. Establishment of changes (up-/down-regulation) he tmetabolomes of both
species paired against each other in comparistiretoself-paired cultures.

3. To make comparative measurements of indicatorh@firiduction of oxidative
stress and secondary metabolisnSincommungaired against. viride relative
self-paired mycelia 05. commune

4. To make comparative measurements of the activeiess of selected extra- and
intracellular enzymes of. communeénteracting withT. viride and in its self-
paired cultures.

5. Investigation of the mRNA levels of selected gepéss. communénteracting
with T. viride in comparison to expression levels in self-paiegtl unpaired
mycelia of the former.

6. Comparative profiling of the proteomes of both fuimgresponse to each other
relative to their self-paired cultures.

7. Analytical correlation of morphological changesydis of oxidative stress
indicators, levels and activities of selected enggnprotein, gene and metabolite

expression patterns.
It is anticipated that data from the different agpef this work (1-7), would shed more

light on the cellular and molecular aspects oftitebaviour of fungi during antagonistic

interactions, particularly in response to a higlalyagonistic competitor.
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CHAPTER 2

Morphological changes in the mycelia of

S. commune confronted by T. viride
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2.1 Introduction

The early stages of fungal colonisation of organaterials are often characterised by the
development of distinct domains occupied by indiaild of fungal species (Boddy,
2000). However, mycelial extension over a prolongedod of colonisation results in
overlap between domains, which leads to myceliractions between the colonising
species (Boddy, 2000). Contact between differentigs on the same substrate triggers
profound changes in mycelial morphology, and thebanges very often promote
resource capture, attack, or defence against thmsopy species. An example of
morphological change during fungus-fungus intedactis hyphal interference. A
programmed string of cytoplasmic disintegration anlddsequent cell death in the mycelia
of interacting species occur during hyphal intexfere (Boddy, 2000). This is mainly
evident in interactions involving basidiomycetesd das been most extensively studied
betweenHeterobasidion annosurand Phlebiopsis gigantedecause of the potential of
the latter for biocontrol oH. annosum(Rayner & Boddy, 1988; Boddy, 2000). It is
thought that non-enzymic diffusible metabolitesatins mediate hyphal interference, as
indicated in the case of interactions involviklypomyces aurantiysvhich produces
non-enzymic toxins in both the presence and abseha®nfronting species (Boddy,
2000).

Mycoparasitism is another aspect of fungal intezgfeinteractions during which strong
morphological changes occur in the antagonist. Tihidypified by profuse hyphal
extensions towards host mycelia, development ofiapged parasitic structures such as
appressoria, and aggressive coiling around hoshdg/grichodermaspecies are the
most studied mycoparasites because of their patentithe biological control of plant
pathogens (Howell, 1987; Boddy, 2000; Chet, 1987).

Fungus-fungus interactions can also take the fay gross mycelial contact

predominantly among wood-decaying fungi, and araratterised by pronounced
morphological changes (figure 2.1) (Boddy, 200@r. istance, on rich laboratory agar
media, morphological modifications following myeadlicontact often take the shape of

profuse development of dense aerial hyphae, whioh & tuft at the interaction interface
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most commonly referred to as “barrage” (figure ZB9ddy, 2000; Griffithet al, 1994;
Peiriset al, 2007; Adomaet al, 2006; Peiris, 2009). Barrages serve as phybmaier
against invasion by the opposing fungal speciesdd®p 2000). Other morphological
changes associated with gross mycelial contactudeclthe formation of invasive
mycelial fronts, mycelial fans, and linear struesi cords and rhizomorphic structures
(Boddy, 2000). Gross mycelial contact can lead tedistribution of mycelium, such that
mycelial density decreases within a domain awaynftbe contact interface (Boddy,
2000). This leaves a fungus prone to invasion lyadposing species during interaction
if the barrage is surmounted, and this phenomemgrbleen observed in decaying wood
(Boddy, 2000).

Mycelial contact is most commonly accompanied byn@ntation resulting in
yellowish/brownish to dark discolouration of myeglwhich spreads inwards from the
contact interface into the domain occupied by imlial species (Rayner & Webber,
1984; Rayner & Boddy, 1988; Raynet al, 1994; Peiriet al, 2007; Gregoricet al,
2006; Peiris, 2009). Other morphological changesitetl by interspecific mycelial
combat include vacuolation, swelling of hyphalri@nts and protoplasmic degeneration;
pronounced invagination of plasmalemma, loss ofogatsable mitochondria, and
appearance of dense intracellular streak-like agges within the cytoplasm (Gregogb
al., 2006; lakovlev & Stenlid, 2000; Ikediugwu, 1976)

Morphological changes arising from interspecificamljal contact vary according to the
interacting species, depending on their antagenigtioperties. In this chapter,
morphological changes in the mycelia®fcommuneesulting from confrontation by.
viride are presented. Both species were paired on poettrose agar (PDA) for a
maximum of 7 days and observed both macroscopiealtymicroscopically. Stained and
unstained preparations were viewed by phase corgnaslight microscopy. For stained
preparations, Nile Red, Congo Red and Evans Bhiasstvere used for sample staining
before microscopy. In addition, Calcium lonophongotent transporter of calcium across

membranes was incorporated in PDA prior to inoehadf self-interactinds. commune
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cultures to assay for possible effect of calciurfluin on pigmentation and perhaps

laccase secretion.

Figure 2.1 Agar plate images showing macroscopic mphological changes
associated with interspecific mycelial interactionsn fungi (adapted from Boddy,
2000). A: development of invasive mycelial front byPhanerochaete velutina
replacing Stereum hirsutum at 25 °C; B: formation of mycelial fans byP. velutina
replacing S. hirsutum at 10 °C; C: reduction of mycelial density byHypholoma
fasciculare replacing Coriolus versicolor; D: Complete replacement of Armillaria
gallica by the ascomyceteXylaria hypoxylon; E: mycelial interference of P velutina
by Resinicium bicolor on soil; F: replacement of S. hirsutum by Psathyrella

hydrophillum.

2.2 Materials and Methods

2.2.1 Agar plate interaction assay

S. communevas obtained from the culture collection of then@d of Life Sciences,
University of WestminsterT. viride was isolated from straw materials collected from a

garden in Surrey (UK). Polymerase chain reactioningusprimers for the
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5.8SrRNA/28SrRNA gene df. viridewas used to confirm the identity of the isolatee(s
VI Appendix). Self and non-self interaction assayse set up on PDA in 9 cm diameter
Petri dishes following slight modifications of tmeethods described by lakovlev and
Stenlid (2000) and lakovlest al (2004). 0.5 cm diameter mycelial plugs cut ofhibe

the tip of extending mycelia of pre-grown cultuvesre used for inoculatiol®. commune
was inoculated 4 days prior to the inoculatiom o¥iride because of the latter’s very fast
growth rate. Mycelial plugs of. viride were placed 35 mm away from the spreading
mycelia ofS. communen day 4 (after the inoculation 8 commune(figure 2.2). All
cultures were incubated upside-down in the darR8C. The sample zones represent
points 10 mm from the interaction interface fromend samples were taken for staining
before microscopy, for metabolite, ribonucleic adi@NA) and protein extraction
(chapters 3, 6 and 7 respectively). The same algée pssay protocol was used for
subsequent experiments. For biochemical assays, RM#action and proteomics
(Chapters 4, 5, 6 and 7 respectively), multipleragate assays (20 plates each, for test
and control cultures), were set up for each expamtnout of which 3 or 5 (depending on
the experiment) of the most uniform plates, basethe reactions patterns on agar, were
selected as replicas for analyses. For metabolerperiments, 10 replicas were selected

for each of test and control batches.

2.2.2 Incorporation of calcium ionophore in self-paed cultures of S. commune
Calcium ionophore A23187 (Sigma-Aldrich, UK) waganporated in PDA prior to the
inoculation of S. commungself-paired) to a final concentration of |gM. Calcium
ionophore A23187 was pre-dissolved in dimethyl sutle before addition to and

sterilization of PDA. An equal amount of DMSO waklad to control cultures.
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Inoculation point

Sample zone Interaction interface

Figure 2.2 Schematic representation of an agar platinteraction assay between self

and non-self cultures ofS. commune and T. viride in 9 cm Petri dishes.

2.2.3 Microscopy

Both stained and unstained preparations coverddaoiter slip were viewed with a x100
(oil immersion) objective lens on a Leica DM miarope (Leica, Germany). For
unstained preparations, the interactions zones tadlevcultures in Petri dishes were
viewed by phase contrast microscopy, while staipegpbarations were viewed using
fluorescence microscopy. Images were acquired witheica camera and LAZ-EZ

software (Leica, Germany).
2.2.3.1 Staining with Nile Red

Staining with Nile red was performed accordinghte method described by Kimueaal

(2003). S. communenycelial samples cut off with scalpel behind th&eraction zone,
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were flooded with 700 pl of Nile red (0.3 pg/ml) dimethyl sulfoxide (DMSO) for 5
mins. The samples were rinsed quickly with stettiilled water and blotted dry with a
paper napkin. Cover slips were placed over eachplealmnd slides were viewed as

described above.

2.2.3.2 Congo Red staining

S. communenycelia excised with scalpel behind the contacezeere covered with 500
pl of 0.1% Congo Red solution in distilled water # mins (Sifkin & Cumbie, 1988).
Samples were washed with distilled water, blottegl lmefore covering with cover slip

and viewed microscopically as previously described.

2.2.3.3 Evans Blue staining

Mycelia cut off behind the interaction zone wer@rstd as described by Semighétial
(2006). 500 pl of 1% Evans blue dye in phosphatiéebed saline (PBS — pH 6) was
applied mycelial samples for 2 mins, rinsed thiee$ with PBS and blotted dry before

covering with cover slip for microscopy.

2.3 Results

2.3.1 Morphological changes in the mycelia &. commune interacting with T. viride
on agar

Mycelial reactions characterised by slowed ratenofcelial extension and reduced
mycelial density at the spreading front were obsérmainly inS. communéefore
contact between both species (figure 2.4A). This fidlowed by sealing-off of the
mycelial front byS. communevithin 24 hours of contact with. viride (figure 2.4B), 24
hours post contac§. communeleveloped a barrage in the contact zone, mody like
resist the spreading mycelial front af. viride (figure 2.4C), with concomitant
development of a brownish pigment along the lineaitact. Pigmentation spread away
from the contact zone further into the domain ogedifpy S. communeand increased in
intensity with increasing duration of contact (figu2.4 D, E, F).S. communevas

overgrown byT. viride after 120 hours of mycelial interaction betweethlgpecies
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2.3.1 Effects of Calcium ionophore A23187 on the mahology of S. commune

Mycelia of S. commungrowing on PDA containing @M calcium ionophore A23187

produced brownish pigmentation, similar to pigmé&atain mycelia confronted by.

viride. Pigmentation began to appear on the undersitleecfulture plates after 48 hours

of mycelial growth and intensified with time. Ccenty to the patterns in co-cultures®f

commune and T. viride where pigmentation emanated from the contact ,zone

pigmentation in calcium ionophore-containing cudsibegan to appear around the points

of inoculation, spreading outwards towards the a&cintarea (figure 2.5). In addition,

whereas pigmentation on confrontation plates wasdgminantly visible at the

undersides of the plates, it was visible on botlesiof the plates in calcium ionophore-

containing cultures.
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Figure 2.3 Timeline of agar plate interaction assapetweenS. commune and T. viride over 120 hours.

A: O hours, inoculation of S. commune; B: 96 hours (4 days postS. commune inoculation),

inoculation of T. viride; C: 112 hours (16 hours postT. viride inoculation), observation of initial

mycelial rejection before contact; D: 126 hours (3®ours postT. viride inoculation), mycelial contact

between both species; E: 150 hours (24 hours postntact); F: 174 hours (48 hours post contact); G:

246 hours (over-growth ofS. commune by T. viride, 5 days (120 hours) after contact.
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Figure 2.4 Macroscopic morphological changes in thenycelia of S. commune
interacting with T. viride on representative interaction plates. A — Initialmycelial
rejection between Scommune and T. viride before contact (point C in figure 2.3); B
— Sealing-off of S. commune mycelial front 24 hours after contact with T. viride
(point E in figure 2.3); C — Barrage formation by S. commune after 48 hours of
contact with T. viride (point F in figure 2.3); D — underside of Petri dif showing the
inception of pigmentation in the mycelia ofS. commune after 16 hours of interaction
with T. viride; E & F — increase in the intensity of pigmentationafter 30 and 96
hours of contact respectively; G — overgrowth o5. commune by T. viride after 120
hours of contact (point G in figure 2.3); H — Selfpaired culture of S. commune after
120 hours of mycelial contact; | — underside of skepaired culture of S. commune

120 hours post mycelial contact.
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Figure 2.5 Development of pigmentation in culturesof S. commune growing on
calcium ionophore A23187-containg PDA after 120 haa of inoculation. A & B —
top and undersides of control plates containing DMS. C & D - Brownish
pigmentation in plates containing calcium ionophoreA23187 dissolved in DMSO
before incorporation in PDA. Pigmentation above bes similarity to the

pigmentation induced by contact withT. viride in fig 2.4 D-F.

2.3.2 Unstained microscopic examination of the myka of S. commune interacting
with T. viride

Figure 2.6 (phase contrast microscopic image) tevdhe degeneration of the
protoplasmic components & communat the points of contact with. viride Hyphal
compartments away from the points of contact agukprotected from the protoplasmic
aggregation in the affected adjoining compartmeltsthermore, contact between both
species elicited profuse growth and extension ef rycelia of T. viride towardssS.

communefollowed by systematic coiling around the hypledets host. The enveloped
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hyphae ofS. communenderwent pigmentation, resulting in brownish diearation in
the affected areas (figure 2.7 A & B).
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Figure 2.6 Micrograph depicting the formation of intracellular aggregates (protoplasmic

degeneration) within the hyphae ofS. commune at points of contact, after 48 hours of interactia
with T. viride. Bar = 10 um
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Figure 2.7 Systematic coiling of the mycelia off. viride around the hyphae ofS. commune and the

induction of pigmentation in the enveloped hyphaefahe former. Bar = 10 um
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2.3.3 Examination of stained (Nile Red, Congo, Redvans Blue) preparations of
mycelial samples ofS. commune confronted by T. viride

Contact betweers. communend T. viride resulted in cell wall lysis, enlargement of
hyphal compartments, protoplasmic degenerationwagakening of septal walls between
adjoining compartments in the mycelia®fcommuneHowever, self-interacting cultures
of the same fungus retained their cell wall withatiserved indications of degeneration

or septal damage after 48 hours of contact (fig@r@&s 2.10).
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Figure 2.8 Relative enlargement ofS. commune mycelia, cell wall lysis and degeneration of
protoplasmic components following 48 hours contactvith T. viride, revealed by mycelial staining
with Nile Red. A —S. commune mycelia paired with T. viride; B — Self-paired mycelia ofS. commune.

Bar =10 um
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Figure 2.9 Micrograph illustrating comparative enlargement of S. commune mycelia, lysis of cell
wall and of protoplasmic degeneration following 4&ours contact with T. viride, revealed by mycelial
staining with Congo Red. A —S. commune mycelia paired againstT. viride. B — Self-paired S.

commune mycelia. Bar = 10 um
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Figure 2.10Septal damage revealed by Evans Blue stain in aditih to mycelial enlargement and

cell wall lysis. A — Mycelia of S. commune interacting with T. viride; B — self-interacting mycelia ofS.

commune. Bar = 10 ym
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After 168 hours (7 days) of mycelial contact withviride, complete lysis of the mycelia
of S. communevas observed. Cellular fragments following lysierer more clearly
revealed by staining with Nile Red and Congo Regu(es 2.11 - 2.12).

Mycelial fragments
of S. commune

Figure 2.11Complete lysis and cell death 08. commune mycelia in the contact areas withT. viride

(A) relative to intact mycelial mesh in self-pairedcultures of S. commune (B). Bar = 10 um

37



Figure 2.12 Lysis and release of intracellular components o6. commune mycelia following 168

hours of contact with T. viride (A) revealed by staining with Congo Red in compasion with intact
mycelia in self-paired cultures (B). Bar = 10 um
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2.4 Discussion

2.4.1 Macro- and microscopic changes in the morphafy of S. commune mycelia
confronted by T. viride.

Changes observed in the myceliafcommundollowing contact withT. viride were
initial mycelial rejection prior to contact, cellal lysis, pigmentation, barrage formation,
formation of protoplasmic aggregates within theeetiéd mycelia and cell death, confirm
the high degree of antagonism of theviride strain used in this study. More importantly,
it sheds light on the results presented in subseqcieapters. Interestingly, although
hydrolysis ofS. communeell wall was observed after 48 hours of contaith W. viride,
mycelial disintegration was not observed until aft68 hours of contact. This suggests
that S. commungerhaps possesses some form of resistancg, wride It has been
reported that white-rot fungi are resistant to dgatal control withTrichodermaspecies
and Gliocladium virenson wood (Highley & Ricard 1988). Although thes@dmntrol
fungi were able to kill the white rot fungi testéd the study of Highley and Ricard
(1988), cell death was only observed after 5 wedkiscubation. In the present study,
cell death was localized in the areas of contact sporead ag. viride overgrewsS.
commune The implication is thaB. communea white-rot fungus possibly undergoes
biochemical/physiological modulations that allowtat stave off cell death temporarily

during conflict withT. viride

The early rejection observed between both fungtiqadarly in S. communagrees with
the suggestion that some form of non-self recagmithechanism exists both intra- and
interspecifically in fungi (Saupe, 2000; Demethenhal, 2003; Pinan-Lucarrét al,
2007; Rayner, 1991a&b; Rayner al, 1995; Griffithet al, 1994). Heilman-Clausen &
Boddy (2005) demonstrated the use of infochemibglsvood-rot fungi for a passive
defence strategy, which affects later colonizdrsreéby contributing to the structuring of
microbial communities. Data in chapters 3 and 4t{ges 3.3.2 and 4.3.2) show the rise
in levels of phenol compounds after 48 hours andh@drs of mycelia interactions
respectively. Although the levels of phenol compigirwere not measured prior to

mycelial contact, it is not impossible that incredgroduction of phenol compounds may
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have started before contact, and, if that is tise,cahenolic or other classes compounds

may form part of the signal exchanges that drive-self recognition between both fungi.

In another vein, superoxide anion has been imgdan fungus-fungus interactions
(Baker and Orlandi, 1995) and results in Chaptésettion 4.3.2) show a sharp increase
in superoxide anion levels in the mycelial domafnSo communaevithin 24 hours of
contact with the antagonist. Chances are that ttegBeals might contribute to the web of

non-self recognition mechanisms during the eadgeas of contact between both fungi.

Microscopic observation of cell wall disruption$ communepon 48 hours of mycelial
contact with T. viride confirms the widely reported mycoparasitic prdigsr of
Trichoderma species, mediated by cell wall-degrading enzynidighley & Ricard,
1988; Marraet al, 2006; Bruceet al, 1995; Bruce & Highley, 1991; Lat al, 2004,
Howell, 2002; Chet, 1987). Furthermore, figure 2®ws systematic coiling df. viride
around the mycelia 06. communend profuse mycelial extension of the antagonist
towards the latter. This underlines the combatiadigiency of T. viride and agrees with
the work of Luet al (2004) who reported similar coiling and developinef specialized
antagonistic structures iffrichoderma aureoviridein a three-way Trichoderma
pathogen-plant pairing. In chapter three, GC-MSymaes show up-regulation of polyols
predominantly in the mycelia of. viride during interaction withS. communeThis
systematic coiling in part explains the build up safgar alcohols inl. viride As
described in detail in Chapter 3, accumulation oliypls in T. viride may have been
influenced to some degree by the need to genematr ihydrostatic turgour pressure
required for the development of and coiling of saked structures and mycelia around
host mycelia.

There exists a possibility that lysis of the cedllmof S. communenycelia in the contact

areas might be connected with pigmentation andegpmtation of phenol compounds.
Up-regulation of phenylalanine ammonia lyase (PAd&)discussed in chapter seven
(section 2.4.2). PAL is a stationary phase enzymplants, fungi and actinomycetes,

which catalyzes the entry point into the phenylamogd pathway; a major source of
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phenol compounds (Kinet al, 2001; Kalghatgi & Rao, 1976; Gomez-Vasqutzal.,
2004; Kurosakiet al, 1986). Wounding is one of the stress factoeg thgger PAL
synthesis (Jones, 1984; Hahlbrock & Scheel, 19861 & al, 2001). It is possible that
compromised cell integrity in the form of cell wijsis (wounding), may have elicited
PAL synthesis inS. communeThis in turn may have contributed to the increlase
production of phenol compounds, which would promibie synthesis, and secretion of
phenoloxidases by substrate induction (Crowe & @is2001). Pigmentation during
fungus-fungus interactions has been strongly aitedh to changes in the activity and
levels of phenoloxidases (Boddy, 2000; Crowe & Gtss2001; Griffithet al, 1994,
Rayneret al, 2005; lakovlewet al, 2004). Data in chapter Five (sections 5.3.1;2%43
5.3.3) show significant increases in the levels aativities of laccase and manganese
peroxidase in mycelial samples $f communé response to confrontation @y viride,
which perhaps account for pigmentation in iecommunelomain following contact

with T. viride

Another possible explanation for pigmentation dgrithis interaction is possible
induction of secondary metabolism. Figure 2.3Bsiitates the sealing-off of mycelial
front by S. commune response td. viride Griffith et al (1994) proposed that fungus-
fungus interaction elicits the sealing-off of theyamlial front, which in turn limits

nutrient supply, thus shifting fungal growth to gedary metabolism. This, according to
the authors, results in pigmentation as a resut@ifnterplay between phenolic build-up
and phenoloxidase activity. Considering the seatifigof mycelial front byS. commune

within 24 hours of contact witd. viride, mycelial growth in the former may have
switched to secondary metabolism, which perhapeuats in part for the up-regulation

of phenolic compounds and phenoloxidases and thdtireg pigmentation.

Although the aggregation of the intracellular ppé&smic contents irS. commune
interacting withT. viride after 48 hours of contact bears strong semblaadeyphal

interference (Rayner & Boddy, 1988), the consideratelay in hyphal disintegration
tends to suggest that other physiological reactiséch differ from hyphal interference,
may have occurred. The pattern of degeneratidhamaffected mycelia d&. commune
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suggests some form of shock typical of heat danohgeacromolecules and membranes.
This could be attributed to oxidative damage imfanf lipid peroxidation (Chapter 4) of
membranes (Halliwell & Aruoma, 1991), stemming iartpfrom likely disruption of
mitochondrial functioning leading to electron leg&a(lakovlev et al, 2004). The
aggregation of intracellular components would mbisely alter the mitochondrial
membrane potential (Chapter 4) thereby disruptitecteon transport. Furthermore,
intracellular aggregation of protoplasmic composeig synonymous with protein
synthetic stress in fungi (Krysast al, 2009), as discussed in Chapter 7. The pattdrns o
protein expression in the mycelia 8f commungaired against. viride for 48 hours
(Chapter 7) strongly point to a possible inductminprotein synthetic stress. Taken
together, it could be deduced that both oxidative @rotein synthetic stresses may have,
to different degrees played a part in the degeieraif protoplasmic contents in the

mycelia ofS. communeonfronted byT. viride

A likely consequence of autolysis i communés starvation. Given that the cell wall
plays a critical role in the vesicular transporinotrients into the hypha, loss of cell wall
function restricts nutrient acquisition in fungig€adevalkt al, 2009). This would result
in starvation, thereby warranting the need to hesrikbe recycling of intracellular sources
of carbon and nitrogen. Perhaps this may haveanfiadS. commungrotein expression
patterns presented in chapter 7 depicting the gplagion of enzymes involved in amino
acid hydrolysis, most of which are mainly secondamgtabolic enzymes. In addition,
possible involvement of the up-regulated malateydedgenase isoforms {groxidation,
an important source of carbon (essential to seveedhbolic processes) is also discussed
in chapter 7. It is also likely that limiting nwent acquisition owing to cell wall lysis, and
the resultant starvation, may have contributedh® liigh levels of protein carbonyls
detected inS. communeonfronted byT. viride (Chapter 4). Protein carbonylation has
been reported to be enhanced by starvation (Stret@@01; Yanet al, 1997; Yan &
Sohal, 1998).
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2.4.2 Induction of pigmentation in the mycelia ofS. commune by calcium ionophore
A23187

Interestingly, calcium ionophore A23187 to some rdegmimicked the induction of
pigmentation in the mycelia &. communas in the case of mycelia confrontation with
T. viride Crowe and Olsson (2001) showed that the additibicalcium ionophore
A23187 to liquid cultures oRhizoctonia solancaused a significant increase in laccase
activity. Calcium ionophore A23187 mobilizes caloi@across membranes (Ranaisal,
1989; Schmid & Harold, 1988). In addition, Calciummophore A23187 has antifungal
properties (Bernardt al, 1979). However, there was no indication of gtowmhibition
(antifungal activity) at the concentration testadhis study. In view of this, it is likely
that the induction of pigment production $1 communéy calcium ionophore A23187
was via the calcium influx pathway. A possible meah calcium mobilization is via the
inositol triphosphate pathway (Gadd, 1994; Larseh al, 1992). Results from
metabolomic studies (Chapter 3) showed a signifidacrease in the levels of a
metabolite potentially identified as inositol phbage. Whereas it cannot be concluded
that the molecule in question was inositol tripHasp, it does suggest that the inositol
triphosphate pathway might exist B communeFurthermore, this result implicates
calcium influx/mobilization from intracellular stes in the induction of pigmentation in

S. communeonfronted byT. viride

2.5 Conclusions

The results presented in this chapter serve aseluda to subsequent chapters.
Furthermore, they provide both macro- and microgcapsight into the metabolomic,
genomic and proteomic studies. For instance, plasomic degeneration points to the
possible involvement of oxidative (Chapter 4) amdt@n synthetic (Chapter 7) stresses
in the sequence of processes, and reactions tbaimaany the response 8f commune
to T. viride In addition, the resultant pigmentation followiogntact withT. viride sheds
more light on the levels of phenolics (Chapter 13 ahenoloxidase levels and activities
(Chapter 5) in the mycelia &. communeMicroscopic observation &. communeell
wall lysis not only explains the sharp increaseghi@ activity of chitinase in mixed

cultures of both fungi (Chapter 5), but also undes the antagonistic proficiency of
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viride. The loss of cell wall function in part accounts dome extent for the marked
increase in amino acid degrading enzymes, other@ipeessed during stationary phase
of growth, inS. commune@aired against. viride, as well as the up-regulation of malate
dehydrogenase isoforms (Chapter 7). More impostatitese results portray the complex
interplay of physiological and biochemical respasehich appear to form the hallmark

of S. communeesponse and possible temporary resistantevwide before, cell death.
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CHAPTER 3

Metabolomics of the antagonistic interaction
Betweers. commune and

Trichoderma viride
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3.1 Introduction

Field studies of wood-rotting basidiomycetes haveidated that earlier colonizers of
wood exert a marked influence on the developmedtsamicture of communities of later
colonizers, and laboratory pairings of these twougs have showed that initial
inoculation of early colonizers on agar prior te thoculation of late colonizers affected
the hyphal extension and survival of the latterefiNeléet al, 1995; Heilman-Clausen &
Christensen, 2003; Renval, 1995). Holraeal (1997) speculated that wood-rotting fungi
might use bioactive secondary metabolites to imibeethe establishment of other fungal
species on the same wood material. Similarly, sg#vetudies have demonstrated the
mediation of antagonism at a distance during ipeg#ic combative interactions by
different basidiomycetes paired on agar (Boddy 02@loer, 1995; Griffithet al., 1994;
Humphriset al, 2001; Strongmaet al, 1987; Wheatley 2002). There are speculations
that antagonism at a distance is mediated by dhifiisor volatile compounds, which
cause mycelial degeneration of one of the intengctspecies before replacement
(Sonnenbichleet al, 1994; Boddy, 2000; Gloer, 1995; Griffigt al, 1994; Humphrigt
al., 2001; Heilman-Clausen & Boddy, 2005). Howeveactions vary depending on the
interacting species and in some cases, mutualifitmbhas been observed indicating a
mutual exchange of chemical signals and their deteat a distance (Boddy, 2000;
Rayner & Webber, 1984).

Heilman-Clausen & Boddy (2005) demonstrated, reduoghal extension rate, delayed
growth or total inhibition of 46% of the studiednfyal species inoculated on agar
following initial placement of wood previously inbiéed and decayed bgptereum
hirsutum on the same agar medium. The authors hypothesimddS. hirsutum may
employ chemicals in a passive defence strategthdrsame study, wood materials pre-
decayed byFomes fomentariustimulated the growth of 45% of the species stlidie
These results support the earlier suggestion thadwdegrading fungi might use
‘inffochemicals’ to influence the establishment afer colonizers, as well as those of
competing species on wood. Furthermore, Hyatesl (2007) reported the up-regulation
of volatile organic compounds, mainly sesquitergesigch as benzoic acid methyl ester,

benzyl alcohol and a quinolium type compound durtfgday mycelial interactions
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betweenHypholoma fasciculareand Resinicium bicolorin a sealed mini fermentation
vessel. In another study by Svenssnal (2001), Physisporinus sanguinolentugp-

regulated secondary metabolites inhibitoryteterobasidion annosum

Profiling of metabolites associated with combatiwgeractions betweerStereum
hirsutumand its competitorsCoprinus micaceuandCoprinus disseminatushowed the
up-regulation of 4-hydroxybenzyl alcohol and 4-hydmenzoic acid inS. hirsutum
whereas 1,2-dihydroxyanthrquinone was up-regulate@. disseminatugPeiriset al,
2008). Pyridoxine and 2-methyl-2,3-dihydroxypropanacid were found to be down-
regulated irS. hirsutumn the same study. Gregoms al. (2006) reported that addition of
filter-sterilized fermentation broth dflarasmius pallescent® fermentation cultures of
Maramiellus troyanusresulted in the up-regulation of laccase in thdeta They
attributed this to the possible presence of phermimpounds known to induce laccases

by substrate recognition in the supernatariafasmius pallescensulture broth.

Rayner et al (1994) concluded that fungal interactions indute secretion of
hydrophobic metabolites, which are converted te fizdicals and polymers by laccases
thereby stabilizing the cell wall and generatingngne compounds, which might exert
protective functions against competitors. Gengratl appears the secretion of both
primary and secondary metabolites is strongly meteéd in interacting mycelia
depending on the species. Studies of fungal intiere have led to the discovery of
scytalidin from Scytalidiumsp. (Weberet al, 1988) and culmorin fronheptospaeria
oraemaris(Strongmaret al, 1987). Similarly, a volatile organic compounaguced by
Trichoderma harzianurhas been considered as bio-preservatives for titf@shoeman
etal, 1996).

Whereas several studies have demonstrated intyibibw stimulatory effects of
metabolites secreted during different interactiorgsy little is known about the possible
roles these compounds may play during fungus-fumgigsactions. Investigation of the
patterns of metabolite secretion (metabolomics) indurinter-specific combative

interactions offers promises to understanding th@edying physiological basis of non-
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self rejection and combative interactions in furlgetabolomics is the broad analysis of
intra- and extra-cellular metabolites in a biol@jisystem at any point in time (Mashego
et al, 2007). Metabolomics plays a complementary yet kale to genomics and

proteomics in the understanding of the phenotypdsb#ed by a system at any point
(Jewettet al, 2006). For instance, identification of the ftion(s) of a singe metabolite

and the patterns of its secretion might shed laghta wide array of genes and proteins
involved in the production of the metabolite, thraiding broader understanding of the

molecular and physiological mechanisms at play iwithe system.

A metabolomic study entails sample collectionparation, analysis and data processing
(Dunn et al, 2005). However, metabolomic studies might beitéch by inability to
extract certain metabolites to significant leveds)d poor amenability of different
chemical species to certain analytical techniq&soficareet al, 2004; Jewetet al,
2006). In this chapter, the metabolite profiledbothS. communeandT. viride paired on
PDA relative to their self-paired cultures are preged. Metabolite profiling was carried
out by high performance liquid chromatography (HPE&lowed by identification using
gas chromatography-mass spectrometry (GC/MS). &CAvas carried out at the
University of Manchester, UK in collaboration witlr. Warwick Dunn.

3.2 Materials and Methods

3.2.1 Metabolite extraction

Agar plate interaction assays were set up as destin chapter 2 (section 2.2.1). After 2
days of mycelial contact, 3.5g of mycelial stripsrev cut off from the sampling zone
indicated in figure 3.1. Strips were freeze-dried48 hours, crushed with a glass rod in
50 ml tubes and extracted in 10 ml of methanolr&ttion was carried out overnight at
4°C. Excess ethanol was removed from the extragtgrging under vacuum in a

centrifugal evaporator (Genevac Ltd). Extracts vatoeed at -20°C in 7 ml vials.
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/

Mycelial front
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Figure 3.1 Schematic representation of the sampling zones fm interaction

cultures.

3.2.2 High performance liquid chromatography (HPLC)

Methanolic extracts of botls. communeand T. viride were profiled by HPLC in
collaboration with Hypha Discovery limited, using Waters 600E controller, 717
autosampler, 60 F pump module and a 996 photociodg- detector. 10 pl of extract
reconstituted in methanol was injected into the &MaSymmetr?/ C18 (54 X 4.6 mm
i.d., 3.5 pm) with a gradient elution: linear gemti from 90:0:10 to 0:90:10, A:B:C (A:
water; B: Acetonitrile (Hipersolve, BDH); C: 0.1%wTrifluoroacetic acid (Hipersolve,
BDH) in Acetonitrile) over 8 minutes, then held famother 4 minutes at 0:90:10 before

re-applying the initial conditions for 1 minute @rito a 6 minute equilibration. A flow
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rate of 1.5 ml/min was applied. Absorbance was oregsat 205 nm. Metabolite profiles

are presented in maxplot (UV against retention ime

3.2.3 Gas Chromatography-Mass Spectrometry (GC/MS)

Extracts for GC/MS were prepared in replicates @ffdr both control and test cultures
and dispatched to the School of Chemistry, Unitersf Manchester, UK where they
were analyzed (see Appendix I, section 1). Univariruskal Wallis analyses were used
to assess the statistical differences between mig@lpeaks from self-paired and
interspecific cultures. Peaks witR<0.02 were considered as statistically up-/down-

regulated in the test samples in comparison tadmérol cultures.

3.2.4Statistical analysis

Unpaired T-test was used to determine the levesighificance of the observed up-

/down-regulation of the different metabolites, bging Graphpad T-test calculator

software (Graphpad software, San Diego California:

http://www.graphpad.com/quickcalcs/ttestl.¢fnP values < 0.05 were considered

significant.

3.3 Results

3.3.1 HPLC profile

HPLC profiles showed varying peak patterns in B®ttcommunandT. viride after 48
hours of mycelial contact compared to the selfgmhicultures (figures 3.2 to 3.5). For
instance, after 7.807, 8.52 and 9.14 minutes, pepakpresent in the self-paired (SCSC)
samples were detected Trviride-confronted mycelia (SCTR) &. communeSimilarly,
new peaks were detectedTinviride following mycelial contact wittfs. communat 8.1

and 9.6 minutes.
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Figure 3.2 HPLC chromatogram showing the
patterns of metabolite peaks in mycelia-agar
samples ofS. commune paired against self for 48
hours. 10 biological replicas (samples) were
extracted in methanol for HPLC using a linear
gradient from 90:0:10 to 0:90:10 - A:B:.C (A:
water; B: Acetonitrile; C: 0.1% (v/V)
Trifluoroacetic acid in Acetonitrile).
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Figure 3.3 HPLC chromatogram showing the
patterns of metabolite peaks in mycelia-agar
samples ofS. commune paired againstT. viride
for 48 hours. Arrows represent new peaks or
increase in peak area in samples from cultures of
S. commune confronted by T. viride, compared to
samples from self-paired cultures.
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Figure 3.4 HPLC chromatogram showing the
patterns of metabolite peaks in mycelia-agar
samples of T. viride paired against self for 48
hours.
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Figure 3.5 HPLC chromatogram showing the
patterns of metabolite peaks in mycelia-agar
samples ofT. viride paired againstS. commune
for 48 hours. Arrows are as in fig 3.3.
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3.3.2 GC/MS

Mass/ion fragments of selected peaks are showpparalix I. Figure 3.6 represents data
from Kruskal Wallis test, where the highlighted kgare significantly different in area
between test and control samples. 108 peaks wéseetdd by mass spectrometry and 38
of them (35%) were potentially identified. The ititad metabolites were mainly sugar
alcohols and cyclitols (cyclic sugar alcohols)yfadcids, phenolic compounds, organic

acids, amino acids, aldehydes, sugar phosphateit@amains.

Patterns of metabolite up- and down-regulation dhasevariations in peak area detected
by mass spectrometry are summarized in tables 8dl 332. Sugar alcohols were
predominantly up-regulated after mycelial contastideen both fungi. Although glycerol
was down-regulated in both viride andS. communé co-cultures, xylitol was 57% up
in peak area iff. viride paired agains. commun&hereas threitol was up-regulated in
S. commungaired against. viride In addition, peaks 44 and 79 identified as sugar
alcohols were up-regulated Tn viride following mycelial contact witts. communevith
80% and 55% increases in peak area respectivelyariégetrol, a cyclic sugar alcohol
(cyclitol) was barely detected in samples from-paliredS. communeultures; however,
its peak area increased 97% after 2 days of myamiastact with the antagonist. Fatty
acids particularly, hexadecanoic acid, octadecamgid and octadecenoic acid were
down-regulated irS. commundollowing combative interaction witf. viride Tropic
acid, a typical phenolic compound was not detedtedself-paired cultures ofS.
communghowever, it was significantly present® communenycelia after 48 hours of
mycelial contact. Tropic acid also showed 60% iaseein peak area in mycelia ©f

viride after 48 hours of mycelial interaction.
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Figure 3.6 Kruskal Wallis analysis indicating peaks (represered by figures) that showed
variations in area between interacting mycelia ofS. commune and T. viride relative to their self-
paired mycelia after 48 hours of contact. A: Peaksvith variations in area between the mycelia-agar
samples ofS. commune paired againstT. viride in comparison to self-interacting cultures. B: Paks
with variations in area between self-pairedT. viride mycelia and those interacting withS. commune.

10 biological replicas were analysed by GC-MS fordih test and control samples.
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Mandelic acid, another phenolic compound was upHeggd in both fungi during paired
growth on PDA, while 4-hydroxyphenyl ethanol degectonly inT. viride was up-
regulated with a 61% increase in peak area aftatact y-aminobutyric acid (GABA)
was detected at extremely low levels in both fuktgiwever, after contact, its peak area
increased by 99.8% . virideconfrontedS. communeSimilarly, pyridoxine was
strongly up-regulated i6. communéollowing contact withT. viride Malic, phosphoric
and citramalic acids were up-regulatedSncommua during interactions, while maleic
acid was down-regulated. 3-hydroxypropanoic acidé waongly up-regulated in both
fungi in co-cultures. 2 unidentified peaks, 74 &3dshowed variations in area, with peak
74 up-regulated in both fungi while peak 54 was daegulated ifl. viride Phosphoric
and acetic acids showed a decrease in peak ar@a wride following contact and
pyruvic acid and alanine were down-regulatedsincommunenycelial samples. Myo-
inositol phosphate was not detected in self-paitedcommuneHowever, following
contact withT. viride, there was strong detection of myo-inositol phagehin mycelia of
S. commune

Table 3.1Up-regulated metabolites following 48 hours of mydial contact betweenS. commune and

T. viride
Peak Metabolite Source % Increase in| P value
identity (sample) peak area
3- 60
5 Hydroxyporpanoiq SCTR 0.0198
acid
TRSC 74 0.0001
9 GABA SCTR 99.8 0.0005
10 Phosphoric acid | SCTR 55 0.0001
19 Erythritol/isomer | SCTR 60 0.0001
28 Malic acid SCTR 41 0.0003
33 Citramalic acid SCTR 72 0.0016
38 Mandelic acid SCTR 77 0.0191
TRSC 71 0.0001
2-hydroxyglutaric | TRSC 90
40 acid 0.0047
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43 Xylitol TRSC 57 0.0004
46 4-Hydroxyphenyl| TRSC 61 0.0046
ethanol
53 2-Furancarboxylic SCTR 44 0.0002
acid
TRSC 41 0.0001
57 Tropic acid SCTR 100* 0.0001
TRSC 60 0.0212
69 Pyridoxine SCTR 81 0.0001
89 Myo-inositol SCTR 100* 0.0001
phosphate
76 N- SCTR 99.7 0.0002
acetylglucosaming
TRSC 36 0.0012
81 Galactosylglyceral TRSC 50 0.0013
44 Sugar alcohol TRSC 80 0.0001
79 Sugar alcohol TRSC 55 0.0005
2,3,4-
50 trihnydroxybutanal | TRSC 33 0.0013
48 Hexanetetrol SCTR 97 0.0001
74 Unidentified SCTR 70 0.0001
TRSC 100* 0.0001

* Metabolites, which were detected only in test bot in control samplesSCTR: S. communeaired

againsfT. viride TRSC:T. viride paired againss. communeSCSC: Self-paires. communelrRTR: Self-

pairedT. viride. The first two letters of the sample source ablatg (in bold) represent the section of the

interaction assay (the fungus occupying the donfaim) which the sample was taken for analysis.dche

case, the designated metabolite is up-regulatatie@rpaired culture (SCTR or TRSC- depending on the

domain from which sample was taken from paireducak) compared to the self-paired cultures (SCSC or

TRTR).
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Table 3.2Down-regulated metabolites in paired cultures oS. commune and T. viride

Peak Metabolite Source % Decrease in| Pvalue
identity (sample) peak area
3 Acetic acid TRSC 68 0.0005
4 Pyruvic acid SCTR 67 0.0013
6 Glycerol SCTR 60 0.0005
TRSC 40 0.0131
10 Phosphoric acid TRSC 68 0.0007
14 Alanine SCTR 52 0.0012
16 Maleic acid SCTR 43 0.0073
19 Erythritol TRSC 35 0.0003
43 Xylitol SCTR 56 0.0241
79 Sugar alcohol SCTR 60 0.0018
58 Unidentified TRSC 55 0.0003
2,3,4- SCTR
50 trihydroxybutanal 48 0.0328
72 | Hexadecanoic SCTR 46 0.0007
acid
83 Octadecanoic | SCTR 64 0.0001
acid
84 Octadecenoic | SCTR 37 0.0034
acid

Same key as in table 3.1 for samples source/igeafiplies to table 3.2. The designated metabdiite i
down-regulated in the paired cultures (SCTR or TRiBG&omparison to the self-paired cultures (SC$C o
TRTR).
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Figure 3.7 Plots of metabolite peak areas indicating down- orup-regulation of designated
metabolites in S. commune and T. viride in dual cultures relative to their self-paired cutures. Up-
regulated metabolites inS. commune: Mandelic acid, citramalic and malic acids and erthritol;
Down-regulated metabolites: Xylitol; Up-regulated nmetabolites inT. viride: Xylitol, citramalic and 2-
hydroxyglutaric acids; Down-regulated metabolites:Malic acid and erythritol. 10 biological replicas

were analysed and error bars represents standard d&tion.
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Figure 3.9 Plots of metabolite peak areas indicatgn down- or up-regulation of
designated metabolites irS. commune and T. viride in dual cultures relative to the
self-paired cultures.S. commune: Up-regulation of phosphoric, 3-hydroxypropanoic
and 2-furancarboxylic acids and down-regulation ofalanine and Hexadecanoic acid;
T. viride: Up-regulation of 3-hydroxypropanoic and 2-furancaboxylic acids and
Galactosylglycerol and down-regulation of phosphod acid (additional metabolite

peaks are included in appendix I). Error bars represents standard deviation.
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3.4 Discussion

The aim of this aspect of the work was to compeesiti analyse the patterns of
metabolite expression in paired cultures of bothgfurelative to their self-interacting
mycelia. Results from this aspect of the study sfbwhat sugar alcohols were
predominantly up-regulated in both species. Foramse, xylitol and galactosylglycerol
alongside two other peaks (44 and 79; table 3.@ptifled as sugar alcohols were
strongly up-regulated if. viride Similarly, erythritol and hexanetetrol were alsp-
regulated inS. communePhenolic secondary metabolites namely mandeldt, &opic
acid and 4-hydroxyphenyl ethanol were up-regulategither or both species. Peak areas
indicate that primary metabolites and metabolienmediates such as fatty acids and
pyruvic acid were down-regulated 8. communepaired againsfl. viride GABA,
synthesized via a shunt that bypasses steps ikrtéigs cycle was strongly up-regulated
in mycelial samples o5. communenteracting withT. viride with a corresponding
increase in organic acids namely, 3-Hydroxyproparaid, malic and citramalic acids.
Furthermore, pyridoxine, myo-inositol phosphate aweéhcetylglucosamine increased

significantly inS. communenycelia confronted by. viride

3.4.1 Up-regulation of sugar alcohols

Increased solute concentration in any environmeglative to the cytoplasmic
concentration of living cells elevates osmotic ptes, which can inhibit metabolic
functions (Adleret al, 1982). Yeasts and filamentous fungi respond yttmptasmic
osmotic pressure via the accumulation of ions amdhesis of well-suited osmolytes
such as polyhydric alcohols (polyols/sugar alconhgisoline and trehalose (Dawet al,
2000). These compatible solutes (osmolytes) domeifere with metabolic activities at
high intracellular concentrations and allow thel ceémbrane to remain tightly pressed
against the cell wall (Prescatt al, 1999; Sheret al, 1999; Ramirezt al, 2004).
Different polyols such as glycerol, sorbitol, mavohiarabitol, and erythritol have been
implicated in osmotic stress response in filamestomgi (Sheret al, 1999; Ramirezt
al., 2004; Davist al, 2000; Delgado-Jarare al, 2006). In addition, galactosylglycerol

(also known as isofloridoside), a low molecular gigicarbohydrate has been strongly
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implicated in osmotic stress response especiallglgae (Kauss 1968, 1969 and 1973;
Reedet al, 1980; Gerwiclet al, 1990).

Given the strong up-regulation of these sugar alisoht is logical to infer that post-
contact activities between both fungi may have Iteduin an increase in the local
osmotic pressure. This may have warranted an isergathe synthesis of sugar alcohols
to counteract the pressure exerted on the cytoptasthe external solute concentration.
Osmotic stress response is mediated by an MAPKadasceferred to as high osmotic
glycerol (HOG) pathway (Shest al, 1999; Delgado-Jaramd al, 2006). Delgado-Jarana
et al (2006) using HOG-GFP fusion as a biomarker dematest that the HOG pathway
influences mycoparasitic behaviour Tichoderma harzianunin addition to osmotic
stress response. During mycoparasitim¢chodermaspecies lyse the host's cell wall
leading to total mycelial disintegration in the tawt areas. Hencé&richodermaspecies
grow across a variety of metabolites, cell wall yookrs and different intracellular
environments during inter-specific mycelial intdrans (Delgado-Jaranat al, 2006).
The accumulation of sugar alcohols in the mycefid oviride is attributable in part to
this phenomenon. Furthermore, microscopic imagebeinycelia of both fungi within
the interaction zone (chapter 2; section 2.3.2)ashoviride aggressively coiled around
S. communén vivo studies of interactions between a GFP-taggechstfdli. aureoviride
and two other fungal specieBhytium ultimumand Rhizoctonia solanishowed the
development of specialized structures — appresquajallae and hooks before and during
contact with the host species (etal, 2004).

Chet et al (1981) reported the development of similar strreguwhenTrichoderma
hamatumwas paired againf. solani Lu and co-workers (2004) hypothesized that since
the fungal tip is an actively growing and sensitiaeea, the development of these
specialized structures was most likely a respoosesinotic pressure changes. Thiees

al (2000) demonstrated thiagnaporthe grisegenetrates plant hosts with the aid of
appressoria following the generation of high inhgdrostatic turgour pressure by the
accumulation of molar concentrations of glycerabfBse mycelial growth and coiling of

T. viride aroundS. communéead us to argue that the accumulation of sugarhals in
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T. viride may have been influenced to some extent by thel neegenerate inner
hydrostatic turgour pressure required for the dgwalent of and coiling of specialized
structures and mycelia around the host mycelMetarhizium anisopliae an
entomopathogenic fungus employs a similar osmoatgryl mechanism during its attack
on insects. For instance, disruption of a gadesl that encodes an osmosensor in
Metarhizium anisopliagesulted in alterations in the expression of gengslved in
hyphal development, cell membrane stiffness, amieiggion of intracellular turgour
pressure with a corresponding increase in mycséakitivity to osmotic and oxidative
stresses (Wanet al, 2007).

Although most sugar alcohols were down-regulatedh® mycelia ofS. commune
erythritol and hexanetetrol were up-regulated. dwithg cell wall lysis, mycelia of.
communemust have been exposed to increased osmotic sthessby, requiring
biochemical osmoprotectants to cushion the incngapressure on the cell membrane.
This most likely accounts for the up-regulationesythritol and hexanetetrol. Two or
more sugar alcohols were up-regulated in each findtungi often produce a
combination of omsolytes instead of a single swenhol, because a mixture of sugar
alcohols is more efficient for containing streskated to water activity/osmotic shock
(Daviset al.,2000; Ramirezt al, 2004). In addition, a mixture of sugar alcoh@duces
toxicity, which might emerge from high concentrasoof a single osmolyte as well as
circumvents feedback inhibition that can arise frbigh concentrations of a single
compound (Ramirezt al, 2004). Accumulation of sugar alcohols may cdniie to
oxidative stress adaptation/redox control by lomgrNADH levels, which reduces the

production of reactive oxygen radicals in the resgpry chain (Shest al, 1999).

Furthermore, the production of most polyols fortamee erythritol generates large
amounts of NADPH (figure 3.9), which provides reihgc power for antioxidant

enzymes and oxidoreductases. Under conditions idhtixe stress, which most possibly
was at play irS. communeéuring contact withT. viride, generation of NADPH helps to
alleviate the deleterious effects of oxidative streSimilarly, although xylitol may be

synthesized directly from xylose, it may also beduced from ribulose-5-phosphate,
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synthesized in the pentose phosphate pathway (R&)o et al, 2006). In addition to
the NADPH, molecules generated in the PPP, xy$yoithesis further yields 5 molecules
of NADPH. Up-regulation of xylitol inT. viride does suggest possible need to balance

the redox status of the intracellular environmeraddition to osmregulation.

Pentose phosphate pathway
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Figure 3.10 Schematic representation of erythritoand xylitol biosynthetic pathways
(Modified from Diano et al., 2006; Leeet al., 2003). Dihydroxyacetone phosphate
(leading to glycerol synthesis), pyruvate and fattyacids (all in red) were down-
regulated in S. commune. Steps leading to erythritol synthesis (up-regulad in S.
commune) pass through the PPP, generating NADPH, a key sme of reducing
power for antioxidant enzymes. Xylitol (up-regulatel in T. viride) biosynthesis also,
generates high levels of NADPH molecules (see tabl@.1 and 3.2 and figures 3.6 and
3.8).
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3.4.2 Down-regulation of fatty acids and up-regulavn of pyridoxine

Hexadecanoic, octadecanoic and octadecenoic daitlg §cids) were down-regulated in
S. communétable 3.2 and figure 3.8). This may be as resuthe down-regulation of
fatty acid synthetic enzymes or hydrolysis of fatyds to supplement the cell’'s energy
requirements under conditions of impaired energyegation and nutrient acquisition.
Both factors may have contributed to the decreagbe levels of fatty acids detected in
S. commune@aired against. viride For instance, RT-PCR showed that the gene, which
codes for acyl carrier protein (ACP), a key enzymehe fatty acid synthetic (FAS)
pathway, was up-regulated after 24 hours of con#aitt T. viride However, after 48
hours of mycelial contact, the expression levepgeal (Chapter 6; section 6.3). Given
that samples for metabolite profiling were taketemaf48 hours of contact, down-
regulation of this gene is in agreement with th&uagption that fatty acid synthesis may
have been down-regulated 1 communeNonetheless, caution ought to be exercised in
the interpretation of this result considering ttatymes might be regulated at the protein
level. Having noted this, the fact that the sameegeas up-regulated on the first day of
contact, and down-regulated by the second day, doggest that ACP might be
regulated at the gene level and that its expressasperhaps affected by inter-specific
mycelial contact.

FAS enzymes are housekeeping enzymes, which playapr roles in cellular
metabolism and cell multiplication (Schweizer & Kfuoén, 2004). Their expression
occurs mainly at an intermediate constitutive ratayever, they are subject to metabolic
regulation given the high metabolic energy requesta of FAS (Schweizer & Hoffman,
2004; Stryer, 1995). Perhaps down-regulation of FA& physiological adaptation under
conditions of intense stress, which allows the de#img of metabolic resources to the
immediate need of stress adaptation and adjusti@enterselyS. communenight have
utilized fatty acids as substrates to meet its ggneeeds by hydrolysis. Under limiting
conditions of growth, most organisms mobilise io#fiular energy reserves such as
lipids. Proteomic studies (Chapter 7) revealedugiieegulation of two proteins that bear
conserved sequences of glyoxysomal malate dehydasgeleading us to argue that the

B-oxidation cycle might have been activatedircommune
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The electrons arising from fatty acid oxidation &renelled into ATP synthesis via the
electron transport chain whereas the resultingya@=A from the same oxidation
process is used to keep the TCA cycle running byecenserving further energy (Kunze
et al, 2006). It is worthy of mention th@toxidation is a potent generator of reactive
oxygen species and could be a key contributoréoothidative stress indicators observed
in this study. Pyridoxine is an essential co-factbseveral enzymes that catalyze amino
acid decarboxylation, transamination and racemateactions (Ristildet al, 2006).
Furthermore, pyridoxine has been repeatedly imgatan antioxidation reactions during
which it is thought to quench singlet oxygen androgen peroxide (Ristilét al., 2006;
Ehrenshaft & Daub, 2001; Gaalezet al, 2007; Shiet al, 2002; Denslovet al, 2007).
Strong up-regulation of pyridoxine in the mycelih & commune&upports the data in
chapter 5 showing the induction of oxidative sti@esS. commun#llowing contact with

T. viride

3.4.3 Induction of GABA

It is worth mentioning that the simultaneous updtagion of pyridoxine and GABA may
not be unconnected. GABA, a non-protein amino asigynthesized in the GABA
bypass (GABA shunt) which obviates a key regulatstgp in the Kreb’s cycle;
Conversion ofa-ketoglutarate to succinate via Succinyl-CoA (désad in chapter 6;
section 6.4 — Down-regulation of-ketoglutarate dehydrogenase) (Panagiotbual,
2005; Bauchét al, 2003; Solomort al, 2002). The GABA shunt involves amino acid
decarboxylation and transamination reactions ofctviihe enzymes that catalyse these
reactions require pyridoxine as co-factor. In addit activation of GABA shunt occurs
when the TCA cycle is blocked as a result of doegufation or repression ai-
ketoglutarate dehydrogenase, which is sensitiveedox imbalance. RT-PCR results in
chapter 6 show that this enzyme was repressed cpatact withT. viride suggesting
that redox imbalance/oxidative stress might hawenta play within the mycelia. This as
in the case of pyridoxine points to possible premeé of oxidative stress in the mycelial
of S. commundollowing contact with the mycelia of. viride (See chapter 5, section

5.4.3 for further discussion on the implicationGABA shunt oxidative stress response).
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3.4.4 Up-regulation of Phenolic metabolites

Rayneret al. (1994) proposed that fungus-fungus contact slggicondary metabolism in
the interacting species. Secondary metabolisrhasacterized by increased secretion of
phenolic compounds some of which are for defen@atpurposes (Peirist al, 2007,
Lardneret al, 2006). Increased production of phenolic compauisdconsidered one of
the factors that promote the secretion of phendbiseés during combative interactions in
fungi (Gregorioet al, 2005; Peiriet al, 2007; Rayneet al, 1994). Mandelic acid was
markedly up-regulated i®. communewhereas tropic acid was strongly induced in the
same fungus and up-regulated Tn viride in addition to the up-regulation of 4-
hydroxyphenyl ethanol. Induction of phenylalanimanaonia lyase (PAL) a key enzyme
of the phenylpropanoid pathway (a major sourcel@nplic compounds) is extensively
discussed in chapter 7 (Section 7.4.1.3). Up-reguiaf PAL, an enzyme of secondary
metabolism suggests that the up-regulation of pienompounds is perhaps a sequel to

the induction of secondary metabolism.

Furthermore, considering the sequence of eveeiling to the up-regulation of
phenylalanine ammonia lyase (PAL) (Chapter 7), phencompounds (above and in
Chapter 4) and phenoloxidases (Chapter 5) it isiptesthat the production of phenolic
compounds is most likely a response rather thaatt@tk mechanism, especially $
commune However, considering that PAL and phenoloxidasege not detected iff.
viride, it is unlikely that both fungi secrete phenolampounds by the same mechanism.
In addition, T. viride might employ phenolic compounds for attack purpogien its
antagonistic nature. Albeit antibiosis has beenlicaped in the attack machinery of
Trichodermaspecies (Schirmboost al, 1994; El Hajjet al, 1989), there is no mention
of phenolic compounds as part of their attack styat Nonetheless, it is not impossible

that they might employ phenolics for antibiosisidgrcombative interactions.
3.4.5 Up-regulation of organic acids

Fungi thrive at an acidic pH hence; they tend idictheir immediate environment as a

means of discouraging the growth of competitorsgMeon & Lasure, 2004). The levels

67



of organic acids observed for both fungi tend tggast that they may have employed
acidification as a means of protecting their teryitfrom invasion. Although both fungi
up-regulated organic acids, 3-hydroxypropanoic, sphoric, malic, citramalic and 2-
furancarboxylic acids were up-regulated # communemycelia while only 3-
hydroxypropanoic, 2-hydroxyglutaric and furancandaxacids were up-regulated i
viride. Chances are that both fungi possess mechanignae&ting with acidification,
thus it is unlikely that acidification may have yda significant role in the outcome of

interactions betwee8. communandT. viride particularly on agar.

3.4.6 Down-regulation of pyruvic acid (metabolic itermediate)

The strong down-regulation observed for pyruvicdaici the mycelia ofS. commune
confronted ByT. viride is attributable to either down-regulation of glseehydrolytic
pathways such as glycolysis or an increased flurutjh the Kreb’s cycle. Down-
regulation ofS. communelyceraldehyde-3-phosphate dehydrogenase genetéch@)
suggests that glycolysis may have been biochemicaltaled down. This
notwithstanding, alternative pathways such as genphosphate pathway (PPP) might
have been up-regulated as suggested by the incieafige activity of glucose-6-

phosphate dehydrogenase, a key enzyme of the PPP.

In the light of this, it is unlikely that slowertk through the glucose-hydrolytic pathways
is responsible for the drop in the levels of pytevdetected ir5. communeOn the other

hand, high levels of malic acid and up-regulatié2 ssoforms of malate dehydrogenase
(chapter 7; section 7.4.1.5) do suggest that themg have been an increase in flux
through the Kreb’s or glyoxylate cycle which is rmgwobably responsible for the

depletion of pyruvate. Under severe stress, ikedyt that either cycle would play a key
role in the supply of energy required to maintaglludar activities particularly, those

associated with stress response. Down-regulatfoalamine might be as a result of
reduced production of the amino acids owing to sdaoy metabolism resulting in the
hydrolysis of amino acids as sources of carbonraindgen. Proteomic studies (Chapter
7; sections 7.4.1.3 & 7.4.1.5) shows the up-reguiabf two enzymes of secondary

metabolism involved in amino acid hydrolysis nam@&®@L and branched-chain-
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ketoacid dehydrogenase E2 subunit (BCKAD). It kelly that both factors are involved
in the down-regulation of alanine. Rise in the lsva N-acetylglucosamine, the product
of chitin hydrolysis (Loritoet al, 2001; De la Cruet al, 1993) confirms the digestion of
S. communecell wall by chitinase ofT. viride after mycelial contact between both

organisms.

3.4.7 Induction of myo-inositol phosphate

Although there is no clear specification regardiihng actual identity of the myo-inositol
phosphate detected in the myceliaSofcommungaired againsT. viride, both inositol
biphosphate and inositol triphosphate have beemgly implicated in osmotic stress
response in yeast (Peregt al, 2003) andArabidopsiscell culture (Takahashet al.,
2001). The fact that inositol phosphate was badeltected in the control samples, but
showed marked increase in peak area strongly stggges it plays a vital role during
interaction with the antagonist. Although therenist enough data to understand the
possible role of this compound during this intei@ct in the light of events stemming
from mycelial contact witlT. viride, osmotic shock response is its possible role. Homa
et al (1998) showed that inositol biphosphate is reguifer the integrity of the
subplasmalemmal cytoskeleton. In view of the fdwttS. communecell wall was
hydrolysed following contact witfi. viride, which increases the exposureSofcommune
to osmotic stress, strengthening of the cytoskeletdich serves as the main protective
envelope under this condition, would be paramobmaddition, inositol phosphates are
important second messengers involved in a wideeaarfgnolecular and physiological
activities (Pererat al, 2003). Hence, there is a possibility that theght be involved in

the sensing and signalling of stress upon contéhtTw viride

3.5 Summary and conclusions

HPLC profiling showed alteration in peak patterngygesting that mycelial contact
between both organisms elicited the up- and dowdation of metabolites. This was
confirmed by GC-MS, where the patterns of metabdaitpression suggest that contact
betweenS. communandT. viride engendered osmotic stress in both fungi and axelat

stress predominantly in the myceb& S. communerhis is reflected by the increase in
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peak areas of sugar alcohols in both organisms,chwhnost likely helped to
counterbalance the rising concentration of the ll@revironment because of cell wall
hydrolysis and subsequent disintegration of the eligoof S. communeGeneration of
NADPH during the biosynthesis of sugar alcohols hhigontribute to the provision of
reducing power required for antioxidation. Risethe levels of pyridoxine and GABA
buttress the assumption that redox imbalance henggative damage might be at play
within the mycelia ofS. communéollowing 48 hours of mycelial confrontation with
viride. The levels of phenolics and alanine are pointerprobable onset of secondary
metabolism during interaction, especiallySncommun&vhereasr. viride might employ
phenolic compounds for attack purposes. Both fusqgpear to acidify their growth
domains as a means of checking invasion by conopgtiMyo-inositol phosphate, which

was induced irs. communamight mediate osmotic stress detection and resgon
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CHAPTER 4

Indicators of oxidative stress and induction of
Secondary metabolism in the mycelia of

S. commune interacting with T. viride
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4.1 Introduction
Generally, the strong reactions observed in mydalralved in interspecific combative

interactions such as sealing-off of the mycelianfr and cessation of growth upon
contact, pigmentation, barrage formation and pilatpic degeneration in the interaction
zone, suggest the prevalence of stress, partigwdaitiative damage, in the combat zone.
Baker and Orlandi (1995) reported rises in thelkewéreactive oxygen species (ROS) in
interacting fungal mycelia, favouring wood degramatvhen fungal mycelia of different

wood-rot species interact on wood. Pigmentatiorgoasistent feature of combative
interactions, has been suggested to arise frorbuite up of free radicals in the hyphal
tip region (Chiet al, 2006). Up-regulation of phenoloxidases is alsmught, in part, to

be influenced by the physiological need to scaverggetive oxygen species in the
mycelial confrontation zone (Hansetal, 1999; Crowe & Olsson, 2000). Furthermore,
protoplasmic degeneration, another principal featwf interspecific combative

interactions, is thought to occur as a result ef discumulation of phenolic compounds

and toxic free radicals in paired mycelia (lakov&®tenlid, 2000).

Using differential a gene expression strategy, Vékoet al (2004), generated molecular
data implicating oxidative damage in the changeso@ated with the adaptation of
Heterobasidion annosurfa phytopathogen) to antagonistic confrontationabyyotential
biocontrol fungus,Physisporinus sanguinolentusn agar plates. A gene encoding a
mitochondrial import protein was repressed in theahia of H. annosun4 hours post
contact with P. sanguinolentus This is a potential indicator of mitochondrial
dysfunction/damage, which ultimately promotes ettt leakage, and possible
production of ROS, such as hydroxyl radical. Furti@re, a gene homologous to
Coprinus cinereus rahfrecA homologue) was up-regulatedh annosum(lakovlev et
al., 2004). recA codes for a RAD51 protein that is involved in DNApair and
homologous recombination under conditions of st{dsthan & Shiloh, 2000; Bishop,
1994; Game, 1993; Stassetnal, 1997).y-irradiation, known to induce the production of
hydroxyl radicals that damage DNA also triggereatisa in the expression of RAD51 in
C. cinereugStasseret al, 1997) ands. cerevisiagMikoschet al, 2001). lakovlev and

his colleagues (2004) concluded that up-regulatiba recA homologue irH. annosum
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paired againdP. sanguinolentus/as most likely related to the production of fradicals

and oxidative damage.

Electron leakage in the mitochondrion and the tesploxidative damage, has been
reported to be associated with the induction obsdary metabolism (Rayner & Griffith,
1994). Hence, it is worth mentioning that the repren of a mitochondrial import protein
and up-regulation ofecA homologue are also indicative of a switch to seeoy
metabolism. lakovlevet al (2004) also reported the repression of cystath@en
gammalyase gene, and a fimbrin protein-encoding dewvolved in actin polarization),
both of which are associated with primary metabgfiowth. This is a further indication
of the induction of secondary metabolism. Raynet @miffith (1994) put forward the
most widely upheld explanation for the physiologicghanges that characterise
antagonistic interactions in fungi. They suggestbdt fungus-fungus interactions
promote the secretion of hydrophobic metabolitdsckvare oxidised by phenoloxidases,
leading to the generation of free radicals and ewedlll-sealing polymers. These
biochemical events dislocate nutrient supply, legdo reduction or cessation of growth,
thereby triggering secondary metabolism. In viewtro$, disruption of ATP synthesis
and electron transport, a major source of ROS, whi&ve been implicated in fungus-
fungus interactions, most likely stem from the gphiaception of a secondary metabolic-
dominated phase of growth when mycelia of opposipgcies make contact (Rayner,
1997).

Gregorioet al (2006) reported that mycelial contact betwdgarasmius pallescenasnd
Maramiellus troyanuscaused protoplasmic degeneration, an indicatiorsemfondary
metabolism and oxidative damage in both fungi, mainly in the former. Copper,
paraquat, and alcohol treatments, establishedtabciof oxidative damage (although
copper is also laccase co-factor, hence transonigliiy elicits laccase gene expression),
mimicked laccase secretion &hizoctonia solanas in combative interaction with other
species (Crowe & Olsson, 2000). More importantigse treatments also triggered lipid
peroxidation and dry weight loss R. solani Despite strong indications that oxidative

stress may be at the core of the physiologicalofattignals that drive or ensue
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combative interactions in fungi, very few studiesé directly investigated the incidence
of oxidative stress indicators in paired fungaltards (Baker and Orlandi, 1995; Crowe
& Olsson, 2000).

Hence, the aim of this chapter was to investigagele@vels of lipid peroxidation, protein
carbonylation, and superoxide aniod,() in the mycelia ofS. communénteracting with

T. viride. Levels of phenolic compounds and ATP in growietjscare strong indicators
of the prevailing phase of growth. In the lighttbis, the levels of ATP were assayed in
S. communanycelia whilst the levels of phenolic compounds evexsssayed in the

mycelia of both interacting fungi.

4.2 Materials and Methods

4.2.1 Lipid peroxidation assay

Lipid peroxidation is an established indicator @flalar damage in both plants and
animals. Hence, it is used as a pointer of oxigasitress in cells and tissues (Esterbauer
et al, 1991; Carbonneaet al, 1991). Lipid peroxides are unstable; they decasepto
form a complex chain of compounds such as reactwieonyl compounds (Esterbawstr
al., 1991; Carbonneaet al, 1991). Polyunsaturated fatty acid peroxides pced
malondialaldehyde (MDA) and 4-hydroxyalkenals (44)N on decomposition
(Esterbaueet al, 1991; Carbonneaet al, 1991). As a result of this, measurement of
levels of these two markers; malonaldehyde and dfdxyalkenals, is used as an
indicator of lipid peroxidation ((Esterbauet al, 1991). Lipid peroxidation assay was
carried out using Oxis Bioxyte@hLPO-SSbTM colorimetric lipid peroxidation assay kit

(Oxis international), following the manufacturepmotocol.

0.2 g of mycelia-agar samples was cut off with gebévery 24 hours, within the domain
occupied byS. communel0 mm from the interaction line. Samples were bgemised in
a Fastprep-24 homogeniser (MP, UK) and homogenagge reconstituted in 1 ml of

sterile distilled water. Auto- or photo oxidationasv prevented by the addition of
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butylated hydroxytoluene to the samples to a fawaicentration of 5 mM, and assay was

carried out in the dark.

200pL of the supernatant after centrifugation (13,000 for 10 minutes) was used for
the assay, which is based on the reaction of anobgenic reagent, N-methyl-2-
phenylindole, with MDA and 4-HNE at 45°C. One nmike of either of MDA and 4-
HNE reacts with two molecules of N-methyl-2-phengile to yield a stable
chromatophore with maximal absorbance at 586 nr. . 2@f sample was mixed with
650 ul of N-methyl-2-phenylindole (pre-formulated in émeitrile by the manufacturer.
Information on the concentration is not providedpipropylene micro centrifuge tube in
triplicate. The mixture was vortexed gently, andrtli50ul of methanesulfonic acid was
added. The reaction mixture was vortexed gentlg, ianubated at 45°C for 1 hour. The
resulting turbid samples were centrifuged at 12,00 for 15 minutes to obtain a clear
supernatant. The clear supernatant was transféeorem cuvette and absorbance was
measured at 586 nm. MDA was used as standard atctations ranging from 0.5 to

4.0uM to plot a standard curve (see Appendix Il for MBfandard curve).

4.2.2Protein carbonylation assay

Protein carbonyl content was measured@ircommunenycelia over the same period as
lipid peroxidation, according the method describgdReznicket al (1994) with a few
modifications. 0.2 g of mycelial samples homogetiae described in section 4.2.1 were
reconstituted in 1 ml of 1X phosphate-buffered real(PBS) with 25uL of fungal
protease inhibitor cocktail (Sigma-Aldrich, UK). AQg of protein homogenate was
mixed with 500uL of 10 mM 2,4-dinitrophenyl hydrazine (DNPH), didged in 2 M
HCL and incubated at 3¢ for 1 hour. Proteins were then precipitated W26

trichloroacetic acid fo20 mins at 4C, centrifuged at 13,000 rpm for 15 mins and the

resulting pellet was washed 3 times with ethamsthylacetate (Il) to remove excess
DNPH. The pellet was redissolved in 1.5 ml of 6Magidine hydrochloride (pH 2) and
absorbance was read at 380 nm. With a molar alisorpoefficient (1) of 22,000 M*

cm?, protein carbonyl was calculated as nanomoles NPB incorporated (protein

carbonyls) per milligram of protein. Protein conration was quantified according to
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Bradford method (1976).10 pL of each sample wasgetill by making it up to 200 pL (in

PBS) and mixed with 800 pL of Bradford reagent (®{. Absorbance was read at 595
nm in Novaspec Il spectrophotometer (Amersham, UKjandard curves were prepared
using Bovine serum albumin (BSA) as standard ovesracentration range of 0.1 to 1.5

mg/ml (see Appendix Il for protein standard curve).

4.2.3 Assay for the concentration of phenol compounds

The contents of phenol compounds in mixed andsaled cultures o§. communand

T. viride were measured spectrophotometrically by the didpbanilamide method
described by Malarczykt al (1989). 0.2 g of freeze-dried mycelia-agar sanplere
ground to powder, reconstituted in 1 ml of stedistilled water and centrifuged at
12,000 rpm for 15 minutes af@. The assay mixture contained 100 of supernatant,
100 uL of diazosulphanilamide (1 % diazosulphanilamidd® % HCI) and 10QL of 5

% (w/v) sodium nitrite. The resulting solution walkalized by the addition of 1 ml of 20
% (w/v) sodium carbonate, and change in absorbam@semeasured at 400 nm. Phenol

content was expressed as a function of absorbance.

4.2.4 Measurement oextracellular superoxide anion content

The levels of Superoxide anion radicals were rgpadisessed spectrophotometrically by
measuring the superoxide anion-dependent formatidormazone with nitrotetrazolium
blue (NBT) in an alkaline medium (Malarczydt al, 1997). The reaction mixture
consisted of 3 ml of sterile distilled water, @0 of 1 M sodium hydroxide and 1QQ. of

5 mM NBT solution, to which 0.1 g of fresh myceldgar samples were added. The
mixture was incubated at room temperature for 10Qubeis, spun at 13, 000 rpm for 2
minutes, and the absorbance of the supernatanteadsat 560 nm. The superoxide anion
content of the mycelial samples was expressedasction of absorbance reading at 560
nm.

4.2.5 ATP assay

ATP was first extracted by boiling 0.2 g 8f communenycelial samples in TE buffer
(0.1 M Tris, 2mM EDTA pH 7.75) for 5 mins. ATP cemt of the samples was measured

by the use of a bioluminescence-based ATP assé8igma-Aldrich), according to the
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manufacturer’'s protocol. The assay is based onutiization of ATP by firefly
luciferase to produce light from luciferin. The amt of light emitted (in equation 2
below) is proportional to the amount of ATP presien& sample. 10QL of ATP assay
mix solution was allowed to stand for 3 mins at modemperature. This allows
endogenous ATP to be hydrolyzed. Reaction wasestdyy rapidly adding 10QL of
sample/standard to the assay solution, mixed quibkl swirling and measuring the

amount of light produced in a luminometer (see Agjdell for standard curve).

Firefly luciferase

ATP +  Luciferin 7 > Adenyl-luciferin  PPi Q)
Mg++

Adenyl-luciferin + Q »  Oxyluciferin+ AMP + CQ + Light (2)

4.3 Results

4.3.1 Levels of lipid peroxides and intracellular arbonylated proteins in the mycelia

of S. commune following contact with T. viride

Levels of lipid peroxides (LPO) and protein carbisnyn S. communemycelia are
presented in figures 4.1 and 4.2 respectively. ebéifices in levels detected in test
(SCTR) and control samples (SCSC) for each assag amalysed using unpairéedest

to determine their levels of significance. LPO #w&sed sharply after 24 hours of contact
with T. viride 2.6 fold higher than levels detected in self-phingycelia ofS. commune
(P = 0.0026). Afterwards, LPO decreased with incregsluration of mycelial contact.
However, LPO levels remained significantly higher the mycelia ofS. commune
interacting withT. viride after 48 and 72 hours of contact, 3.7 fold andfal@ (P =
0.0022;P = 0.0331) respectively than in the self-interagtoultures. Measurements of
protein carbonyl content showed higher levels attgin carbonylation in mycelia &.

communepaired against. viride during the first 3 days of contact with viride 1.3
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folds, 2.7 fold and 2.2 foldA(= 0.0002;P < 0.0001;P < 0.0001) respectively than in
self-paired cultures. This was followed by a dezlin protein carbonyl levels in the

interacting cultures db. communandT. viride, and a modest rise in self-paired cultures.
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Figure 4.1Levels of malonaldehyde and 4-HNE in the mycelia &. commune paired

against T. viride in comparison to levels in self-paired cultures @ar an interaction

period of five days. All experiments were carriedout in triplicates, using 3
independent biological samples (cultures) in eaclof both test and control samples.
Error bars represent standard deviation. SCTR:S. commune vs.T. viride; SCSC:S.

commune vs. S. commune.
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Figure 4.2 Comparative levels of intracellular protein carbonyl content in the
mycelia of S. commune paired against self and againsT. viride (SCSC: self-pairedS.
commune. SCTR: S. commune paired with T. viride).

4.3.2 Levels of superoxide anion and phenol compods in interacting cultures of S.
communeand T. viride
Levels of superoxide anion radicals and phenolimmpounds were measured as a

function of absorbance readings at 560 nm and #00aspectively (figures 4.3 and 4.4)
according to the methods of Malarczgkal (1997 and 1989 respectively). Extracellular
superoxide anion radicals increased rapidly innttyeelial domains of bot®. commune
andT. viride in interacting cultures compared to the contrédlssorbance readings for
superoxide anion radicals increased 12 fold, 9l@ &md 4.4 fold after 24, 48, and 72
hours P < 0.0001;P < 0.0001;P = 0.0024) of contact respectively, in the mycelis5.
communeconfronted byT. viride relative to the self-paired cultures. Absorbance
readings fofT. viride mycelia paired again@. communevere 3 fold and 2.3 fold?(=
0.0009;P = 0.0075) higher than in the self-interacting wtds after 24 and 48 hours of
contact respectively. Levels of superoxide aniorth@ mycelia ofS. commungaired

againsftT. viride dropped after 72 hours of contact, and increasmakstly after 48 hours
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in the mycelia ofT. viride interacting withS. communeHowever, levels of superoxide
anion radicals in self-paired mycelia ©f viride increased progressively, with increased
duration of contact, until they reached relativsignilar levels as inT. viride mycelia

interacting withS. commune

Based on the absorbance readings, phenol compaerds?.3 fold P = 0.0002) and 1.5
fold (P = 0.0004) higher in the mycelia 8f communeaired against. viride, 24 and 48
hours post contact respectively. The amounts ohgheompounds however decreased
after 48 hours to similar levels as in self-paiceittures where they stabilized for the rest
of the experiment. Increases in the amounts of ghesmpounds were also detected in
the mycelia ofT. viride paired againsS. communeAfter 24 hours of interspecific
mycelial contact they reached an absorbance readih@9; 1.4 fold P = 0.0016) higher

than levels detected in self-pairédviride (figure 4.4).
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Figure 4.3 Levels of superoxide anion radicals in interactongures ofS. communand

T. viride relative to their self-paired controls (SCS&: commungaired against self;
SCTR:S. commung@aired againsT. viride TRTR: T. viride paired against self, TRSC:
T. viride paired agains§. commune Experiments were carried out in triplicates and
error bars represent standard deviation.
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Figure 4.4 Levels of phenol compounds in co-cultures db. commune and T. viride
relative to their self-paired cultures (SCSC: selpaired S. commune. SCTR: S.
commune paired with T. viride). Experiments were carried out in triplicates. Error
bars represent standard deviation.

4.3.3 Amounts of ATP in the mycelia of S. commune paired againstT. viride in
comparison to self-paired mycelia
There were no significant differences between thunts of ATP detected in the

mycelia of S. communepaired againsfl. viride and the self-paired mycelia &.
communeuntil after 5 days of mycelial contact. After 5 dagf interspecific mycelial
contact between both organisms, the amounts of AT#he mycelia ofS. commune
interacting withT. viride decreased 1.2 foldP(= 0.0002) relative to the self-paired

mycelia.
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Figure 4.5 The amounts of ATP in the mycelia ofS. commune paired againstT.
viride, relative to self-paired S. commune. Assay was performed in triplicates, and
error bars represent standard deviation. SCSC: selpaired S. commune. SCTR: S.
commune paired with T. viride.

4.4 Discussion
The levels of lipid peroxides, intracellular protaiarbonyl content and superoxide anion

radicals detected in the mycelial samplesSof communeénteracting withT. viride
strongly implicate the induction of both extracilu and intracellular oxidative
stress/damage in the mycelia®fcommunecompared to its self-interacting mycelia. In
addition, together with the increased levels ofnq@heeompounds in the early stages of
interspecific mycelial contact, these data are afsbcative of a possible switch of
mycelial growth to secondary metabolism during aohtwith the antagonist. The
amounts of ATP in the mycelia & communeonfronted byT. viride, suggest that the
former may have activated some mechanism(s) fotaisiisg ATP generation and

perhaps key metabolic processes necessary forvaurprior to the later stages of
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combat. Furthermore, whereas lipid peroxidation @notein carbonylation were not
assayed iT. viride the levels of superoxide anion radicals deteateits mycelia also
suggest an early induction of oxidative burst ugontact withS. communealthough
significantly milder than levels detected in theaaya of S. communeHowever, given
the robust biochemical and physiological abilitafsT. viride to attack and utilizeS.
communanycelial components as nutrients, it is very wliikthat the slight increase in
phenol compounds in the mycelia ©f viride after 24 hours of interspecific contact is

related to the induction of secondary metabolisithélatter.

4.4.1 Increase in the levels of lipid peroxidatiomnd superoxide anion in the mycelia
of S. commune paired againstT. viride.
A common feature of reactions between free radiaats non-radicals is the initiation of

chain reactions (Halliwell & Chirico, 1993). Forstance, extremely reactive radicals
such as hydroxyl radical (OHattack biological molecules such as lipids by oging a

hydrogen atom from the lipid molecule (Halliwell @hirico, 1993). The resulting lipid
radical according to the equation below ensuresetbhagation of a lipid peroxidation
chain reaction by functioning as a radical itseHalliwell & Chirico, 1993).

Polyunsaturated fatty acids, because of their psgs® of multiple double bonds are

more susceptible to attack by radicals.

L-H + OH - O + L

Given the role of free radicals in the initiatioh lpid peroxidation, lipid peroxidation
assay over the last three decades has become dhe wital tools for the detection of
oxidative damage in living cells (Esterbae¢ral, 1991; Aruomaet al, 1989; Comporti,
1985; Halliwell & Chirico, 1993). The concomitamicreases in the levels of superoxide
anion and lipid peroxides in the mycelium 8f communeaired againstl. viride
implicate oxidative damage in the complex cascaflehysiological changes irs.
communemycelia interacting withi. viride Although superoxide anion is not as reactive

as hydroxyl radical hence, it is not as reactivddeterious to DNA and lipid membranes
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as hydroxyl radical, it promotes the generationhgflroxyl radical, which directly
damages lipid membranes (Halliwell & Aruoma, 19Although lipid peroxidation has
not been previously studied in direct relation tmdal interactions, Crowe & Olsson
(2000) demonstrated that compounds such as paramumger sulphate, isopropanol and
caffeine caused significant increases in laccaseitgcin liquid cultures ofRhizoctonia
solani with a corresponding rise in levels of lipieroxides. The laccase activity levels in
their study were similar to levels detected when solani was confronted by an
antagonistic strain d?’seudomonas fluorescer¥his led them to conclude that oxidative
stress was perhaps associated with interspectécaations involving fungi and might be
one of the factors promoting laccase secretion astnmteracting fungal mycelia. It is
likely that a correlation exists between the inseedn the levels of laccase and
manganese peroxidase (Chapter 5; sections 5.318.%5.8.3) and superoxide anion and

phenolic compounds detected in the myceli& . ofommuneonfronted byT. viride

Increased levels of superoxide anion in the batracting species soon after contact are
in agreement with the work of Baker and Orlandi98® who reported that fungus-
fungus contact causes an oxidative burst in théacbzone. From an extracellular point
of view, increased levels of ROS in the interactmmme with concomitant loss of cell
wall in mycelia ofS. communeonfronted byT. viride would make the lipid components
of the cell membrane more susceptible to oxidatieenage by lipid peroxidation.
Furthermore, the work of Baet al (1994) provided evidence pointing to manganese
peroxidases as key players in lignin depolymemzatiMore importantly, their work
showed that manganese peroxidase degrades phandlinon-phenolic lignin by lipid

peroxidation.

Activity patterns for manganese peroxidase (Chaptesections 5.3.2.4 and 5.3.3)
suggest thaS. communeppeared to secrete more manganese peroxidaséattase,
and for longer, during mycelial conflict with viride In the light of this, the activities of
manganese peroxidase, coupled with the levels & RQhe interaction zone may have
promoted lipid peroxidation i5. commungaired against. viride On the other hand,

chances are high that intracellular aggregatioryddplasmic components in mycelial
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filaments ofS. communén contact withT. viride (Chapter 2; sections 2.3.2 and 2.3.3)
may have disrupted mitochondrial membrane potemiglessary for electron transport
and ATP synthesis (lakovlest al, 2004). This is very likely to cause electronkizge
and consequently oxidative stress. In essence,whidd promote lipid peroxidation.
There are possibilities that oxidative damage mmf@f lipid peroxidation increased in

the mycelia ofS. communeéboth intra- and extracellularly.

4.4.2 Increase in the levels of protein carbonylsiithe mycelia ofS. commune and
phenol compounds in both fungi during mycelial confntation between both
species.

Detection of high levels of carbonylated proteinsthe mycelia ofS. commungaired
againstT. viride further supports the assumption that a high degfexidative damage
may have occurred within the mycelia & communeduring contact. Protein
carbonylation occurs by the introduction of cardogyoups into the side chains of
specific amino acids (lysine, threonine, prolinegigine etc), an irreversible reaction,
which renders proteins non-functional, thereby scibjo degradation (Levine, 1983 &
2002). In yeast, increased carbonylation has beemdfto be associated with pronounced
tendency of ageing mitochondria to produce ROS ({lagiu et al, 2001; Jazwinski,
2004). Protein carbonylation is also enhanced layvation and advanced cell age
(Stratman, 2001; Yaet al, 1997; Yan & Sohal., 1998).

Studies on ageing animals identified oxidative oastation as a major contributor to
protein removal by degradation (Olivet al, 1987; Levine, 2002). Interestingly,
mycelial contact between both fungi caused a nsteé levels of phenol compounds in
both species. However, this was more pronounceil kommunencrease in the levels
of phenol compounds points to a possible switchmpéelial growth to secondary phase
of metabolism (ageing), a potent cause of mitochahdlysfunction (lakovlewet al,
2004) in addition to cytoplasmic degeneration. Sdgkfunction is likely to promote
electron leakage and consequently oxidative damapeh may have contributed to
increase in the levels of protein oxidation in thgcelia of S. communénteracting with
T. viride

85



It is very unlikely that that the higher levels phenol compounds detected in the
mycelia of T. viride soon after contact wits. communavas as a result of switch of
mycelial metabolism to secondary phase. This isabge, contact witlfs. commune
promoted a wide range of aggressive mechanismseimiycelia ofT. viride (chapter 2;
sections 2.3.2 and 2.3.3) leading to lysisSofcommunenycelia. Thus, contact wit8s.
communemay have enhanced nutrient supplyTtoviride. This was most unlikely to
favour secondary metabolism to the latter. Perh@psjride up-regulates some phenol
compounds for combat purposes. For instance, aiftféase in peak area was detected
by GC-MS for 4-hydroxyphenyl ethanol in the mycadiar. viride following 48 hours of
contact withS. communéchapter 3), and this compound was not detecteadl @ the

mycelial of the former.

However, in addition to ROS-driven oxidation of f@ias, it has been demonstrated that
the increased oxidation of proteins in ageing cetight be a result of impaired
transcriptional/translational fidelity thereby, itigating carbonylation in protein quality
control (figure 4.6) (Dukaret al, 2000; Bota & Davies, 2002; Grure al, 2004).
Dukanet al (2000) showed that treatment Bf coli with streptomycin, an established
inducer of mistranslation (Edelmann & Gallant, 19&hd concomitant induction of heat
shock chaperones enhanced protein carbonylatioept8tmycin was added to growing
cells at a concentration (dg/ml) which was shown to be incapable of increasimg
production of superoxide anion or limiting cell gt (Dukanet al, 2000). This
treatment increased protein carbonylation 9 folspde a corresponding rise in the levels
of heat shock chaperones, hence establishing ablatween protein misfolding and

carbonylation (Dukaet al., 2000).

In the same study (Dukeet al, 2000);E. coli was subjected to additional treatments
capable of inducing protein mistranslation or teration of translation. Such treatments
included, exposure to puromycin, an inducer of @eme termination of translation,
introduction of multicopy plasmid Pkk724G, whicloprotes mistranslation, introduction
of a mutation that decreases transcriptional figehereby causing mistranslation as a

result of mistranscription (Dukaet al, 2000). All of these treatments aimed at prodycin
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aberrant proteins generated marked increases itetteés of carbonylated proteins as
well as heat shock chaperones (Dulanal, 2000). These data implied that cellular
carbonylation of proteins during cell growth Bf coli is not exclusively influenced by
levels of ROS, but mainly by the levels of abernardteins (Dukaret al, 2000). Based
on this observation, Dukaet al (2000) concluded that rapid oxidation of misfalde
proteins might ensure that they are directed tgtheesolytic machinery rather than being

incorporated into the protein maturation machin@gure 4.6).

The patterns of protein expression in the mycdli&.ccommuneonfronted byT. viride
presented in chapter 7 suggest possible initiatbnendoplasmic reticulum stress
(stemming from increased flux through the protsintketic machinery), a major elicitor
of protein misfolding. The unfolded protein respeiid PR), a restorative machinery that
streamlines protein synthesis, and directs mistbldeoteins towards refolding
(cyclophilins) or degradation (polyubiquitins), @lappeared to be up-regulated. Based on
these, coupled with the evidence highlighted abaveguld be argued that generation of
aberrant/misfolded proteins, in part played a kel rin the increased generation of

carbonylated proteins in mycelia 8f communeaired against. viride

Polyubiquitination is a major adaptation of eukaiyacells to stress and is highly
selective compared to the lysosomal proteolytic hway (Staszczak, 2008).
Polyubiquitins selectively degrade aberrant praeinder various conditions of stress. In
addition to the up-regulation of a Probable E3 ulin-protein ligase (Chapter 7; section
7.3.1), the polyubiquitin gene was also stronglyregulated in the mycelia 08.
communepaired againstT. viride (chapter 6; section 6.3). The selectivity of the
polyubiquitin pathway allows for the specific lalmy and degradation of aberrant
proteins only. Up-regulation of components of tipathway in the mycelia of.
communepaired against. viride most likely points to a marked rise in the levefs
aberrant proteins in the former, which might inéuzbth misfolded proteins (as a result
of endoplasmic reticulum stress) and carbonylatetems stemming from both oxidative

stress.
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Figure 4.6 Schematic representation of processesathgenerate proteins predisposed
to carbonylation and the fate of such proteins (Adpted from Nystrom, 2005).
Process 1 depicts the generation of aberrant protes by mistranslation. Process 2
represents the formation of misfolded proteins dumg chaperone deficiency. In
process 3, functional proteins are produced by the@rotein synthetic mechanisms;
however, aberrant protein structures are generatedoy stress conditions such as
oxidative/heat stress. Process 4 illustrates theypothetical oxidation of an idle
enzyme most likely under conditions of substrate diiency. Soluble carbonylated
proteins are usually destined for proteolysis whilehighly carbonylated proteins

from high-molecular-weight aggregates tend to be sastant to proteolysis.

4.4.3 Levels of ATP in the mycelia ofS. commune paired againstT. viride.
Despite the strong indications of stress (cell walés, pigmentation, cessation of growth
and subsequent hyphal disintegration) wBertcommunenade mycelial contact with.

viride, ATP levels detected in the mycelia of the formdernot suggest any decrease in
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the energy generation machinery within the firste§s of contact. The genes which code
for cytochrome €and ATP synthaség{chain), key components of the electron transport
and ATP synthetic machinery of the mitochondriomeve@own-regulated and suppressed
respectively (Chapter 6; section 6.3),9ncommunenycelial following contact withr.
viride. The sources of ATP 8. communemycelia paired against. viride remain
unclear. In addition, the levels of ATP detectedhi@a mycelia ofS. communeonfronted

by T. virideis further complicated by the fact thatcleoside diphosphate kinase, another
source of ATP, was down-regulated in the formera@ar 7; section 7.3.1). However, it
is worthy of mention that thé&chain of ATP synthase was up-regulated&sincommune

after 48 hours of contact with viride (Chapter 7; section 7.3.1).

One explanation for this is th& communenight possess multiple copies of some of the
genes that encode proteins involved in ATP synshesnother possible explanation is
that ATP synthetic enzymes might be regulatedaptiotein level. Although ATP can be
generated by substrate level phosphorylation in Kheb’s cycle and in the pentose
phosphate pathway, which appeared to be up-regulat@reference to the glycolytic
pathway (Chapters 3 & 5), ATP vyields from substréégel phosphorylation are
extremely low (Prescottt al, 1999). Based on this, the arguments that ATRhsyic
enzymes are regulated at the protein level and&semce of multiple genes for some of
these enzymes appear more plausible. Whatever thehanism employed bys.
commundo sustain ATP synthesis, it is important to ribigt there must have been high

physiological requirements for ATP during combathwii. viride, prior to mycelial death.

Patterns of gene and protein expression as wedinagme activity levels suggest that
polyubiquitination (Chapters 6 & 7), protein foldinand transport by cyclophilins
(Chapter 7), ang-oxidation of fatty acids (Chapters 3 & 7) were n@gulated in the

mycelia of S. commun#&llowing contact withT. viride (figure, 4.7). These, among other
physiological processes, may account for the neechdintain ATP levels despite the
prevailing stress conditions. For instance, theyyauitin pathway requires 26S
proteasome, an ATP-dependent multi-subunit protd&taszczak, 2008). Similarly,

protein folding and transport by cyclophilins preds in an ATP-dependent manner
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(Matouschek,et al, 1995).B-oxidation of fatty acid species is a high ATP-reing
process (Singkt al, 1987). Helicases were also up-regulated (chapteection 7.4.1.5),
and helicase activity is an ATP-requiring process.

B-oxidation

Cytoplasmic
degeneration

Increased protein flux E
(ER stress)

«
Dysfunctional
mitochondria

ATP-dependent
Cyclophilin-mediated polyubiquitination

Protein folding

Eleé’tmn leakage
[uxid@live damage)
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9, L,

Phenol compounds

Figure 4.7 Schematic representation of the hypiztfletauses (red arrows) and effects

(blue arrows) of physiological/biochemical changgseen arrows) in the mycelia &
communenteracting withT. viride,

4.5 Summary and Conclusions

The results presented in this chapter most ofedliéct the stress to which the mycelia of
S. communevere subjected as a result of contact with thaljiigntagonistic strain oF.
viride used in this study. Increase in the levels ofllipéroxidation, superoxide anion and
protein carbonylation, all point to severe physjyial stress both extra- and
intracellularly. In addition, early increase in tamounts of phenol compounds detected
particularly in theS. communa&lomain, against a backdrop of morphological change

(sealing-off of mycelial front, cessation of growtbss of cell wall and subsequent cell
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death) reported in chapter 2 support the assumpiiancontact between both species
resulted in a switch d. commungrowth to secondary metabolic phase. Equally, lyort
of note is that oxidative stress may not be the sotlucer of protein oxidation iB8.
communeduring contact. This is because the data in chapitmplicate protein synthetic
stress, which has been demonstrated to favouriprotebonylation in the sequence of
physiological responses I8, communéo T. viride It is likely that the stress responsive
mechanisms recruited b$. communesuch as ubiquitination anfi-oxidation, may
account for the inexplicably high levels of ATP @ged in the mycelia d8. commune,

despite unfavourable conditions of growth followirmntact with the antagonist.
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CHAPTER 5

The activities of selected enzymes during
Mycelial confrontation betweenS. commune
Andl. viride
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5.1 Introduction
By means of their elaborate extracellular enzynwetery mechanisms, fungi colonise

and metabolise a wide range of resources in naftliey respond to environmental
triggers via regulated shifts in patterns of enzyseeretion (Archer & Wood, 1995).
Since they rarely form mono-specific populationsiature, invasion and colonisation of
nutrients results in intra- and inter-specific mhalecontacts (Heilmann-Clausen &
Boddy, 2005). Competition for nutrients and spadghinlead to antagonism, which
elicits morphological, physiological and biochenhichanges in the interacting mycelia.
Enzymes play vital roles in the acquisition of ierits, defence/attack, neutralization of
toxic metabolites (often associated with antagonisrfungi) and exchange of chemical
signals between interacting mycelia. There is d bady of literature demonstrating the
strong involvement of phenol-oxidases (laccase,gaaese peroxidase, and tyrosinase)
in the biochemical sequence of events that ensunguiifungus contact especially
amongst wood-rot fungi (Boddy, 2000; Rayner & Wabld®84,; Griffith et al, 1994,
Gregorioet al, 2006; Chiet al, 2006; Scoret al, 1996; Freitagt al, 1991).

Aggressive saprotrophic fungi such Bschodermaspecies parasitize a wide range of
fungi by means of their ability to secrete a battef lytic enzymes namely; chitinases,
laminarase, proteases and cellulases in additiorother antagonistic mechanisms
(Highly, 1991; Chetet al, 1998; Loritoet al, 2001; Markovich & Kononova, 2003).
Macroarray study of the patterns of gene expressionng competitive interaction
between the biocontrol fungusPhlebiopsis giganteaand the conifer pathogen,
Heterobasidion parviporunshowed a strong induction of genes that encodgness
involved in the processing of nutrients (fructoshbsphate aldolase, glutamine
synthethase, arginase, glyceraldehyde-3-phosplefitgdtgenase, phosphoglucomutase,
etc) in the biocontrol fungus which out-grew théhogen (Adomast al, 2006).

These suggest that both intra- and extracellulayres mediate key functions that have
significant bearings on the outcome of antagonistieractions (White & Boddy, 1992;
Scoreet al, 1997; Baldrian, 2004). The aim of this sectiéthe study was to investigate
the involvement of phenoloxidases (laccase and araegg peroxidase -MnP), glucose-6-

phosphate dehydrogenase (G6PDH), superoxide dissmy&OD), catalase, chitinase,
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cellulase, and succinic semialdehyde dehydrogef&&3&DH) in mycelial confrontations

betweerS. communandT. viride

5.2 Materials and Methods

5.2.11n situ detection of phenoloxidase activity

Agar plate interaction assays for the detectiopr@noloxidases were set up as described
in chapter two (section 2.2.1). However, forsitu detection of phenoloxidases, potato
dextrose agar (PDA) was saturated with 0.01% (WR#ednazol brilliant blue (RBB) dye.
Phenoloxidases decolourise RBB from blue to yellb@nce, this allows visualisation of

enzyme activityn situ during mycelial confrontations.

5.2.2 Culture conditions and sample preparations

Samples for SOD, catalase, G6PDH, SSADH, laccadem@amganese peroxidase assays
were taken from solid agar cultures (PDA), whiletiohse activity was assayed using
samples from liquid cultures. Agar plate interacti@ssays were set up as previously
described and samples for SOD, catalase, G6PDH D&$SAaccase and manganese
peroxidase assays were taken from$heommuneéomain every 24 hours post mycelial
contact withT. viride 200 mg of mycelial/agar samples were cut off 1@ behind the
barrage zone, stored overnight at -80°C and freleeet afterwards. Freeze-dried
samples were ground to powder using a mortar astlepavith the addition of small
amounts of acid-washed sand (Simga). The resuttowgder was suspended in 2 ml of
1X phosphate buffered saline —pH 6.5 (PBS — see=Ag Il for recipe) for 1 hour at
4°C.

Sample mixtures were spun at 15,000 rpm for 20 ratn4°C and the supernatant was
used for the respective assays. Samples for inagehse and manganese peroxidase
activity staining were also prepared as descrilBmV@ To assay for chitinase activity,
cultures were grown in potato dextrose broth. Ift@onere prepared by agitating 10
mycelial plugs in sterile distilled water with thedition of sterile glass beads. 1 ml of the
resulting colloidal suspension was used to inoeu@ ml of broth in 250 Erlenmeyer

flasks. Both organisms were pre-inoculated and growseparate flasks, with. viride

94



inoculated three days aft& communeThis was because of the former’s faster growth
rate. Four days after the inoculation f communél-day postT. viride inoculation),
both cultures were mixed for chitinase activity etatination as well as for the
monitoring of pH profile. Cultures were grown intay shakers at 28°C and 150 rpm. 1
ml of culture broth was taken every 24 hours f@agsand centrifuged as above. 250f
protease inhibitor cocktail (Sigma-Aldrich, UK) waslded to each sample (from both
solid and liquid cultures, except for SSADH assderme samples were processed slightly
differently) during sample preparation and totalotpm content was determined

according to Bradford method (described in chap}er

5.2.3 Enzyme activity assays

a) SOD assay

The reaction mixture consisting of 1 ml of 50 mMsFHCI (pH 8.5) with 1 mM EDTA
and 200ul of sample homogenate (sample) containing@®f protein, was incubated at
30°C for 5 min. 100ul of 5mM pyrogallol in 10 mM HCL was added to imité the
reaction. Change in absorbance was recorded ati®2@r 1 min in a Perkin EImer UV
spectrophotometer. Data was recorded and analysied tWin Lab’ software. SOD
activity was defined based on the percentage itbibiof auto-oxidation of pyrogalol,
where one unit equals 50% inhibition according tarkiund & Marklund (1974).

Activity was expressed as U/mg of protein.

b) Catalase assay

40 g of protein sample made up to 2d0n 1X PBS (pH 6.5) was mixed with 1.9 ml of
reagent grade water and 1 ml of 0.059 M hydrogeoxige according to the method
described by Beers and Sizer (1952). Rate of beakdof hydrogen peroxide was
monitored by measuring the decrease in absorbar@#0anm. One unit of catalase was
defined as the amount required to decompogmdle of hydrogen peroxide per minute

at pH 6.5 and Z&. Activity was expressed as U per mg of protein.
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c) G6PDH assay

G6PDH was assayed according to the metholla@fman et al (1961). The reaction
mixture consisted of 21 ml of deionised water, 50250 mM glycine (pH 7.4), 1 ml of
60 mM glucose-6-phosphate, 1 ml of 20 mnicotinamide adenine dinucleotide
phosphate f-NADP) and 1 ml of magnesium chloride. 2.9 ml oé tfeaction mixture
above was mixed with 200l of sample (containing 4Qg of protein) and increase in
absorbance was measured at 340 nm for 5 mins. @hevas defined as the amount of
enzyme that oxidised jimole of D-glucose-6-phosphate to 6-phospho-D-glat®mper
min at pH 7.4 and at 26 in the presence @f —~NADP and expressed as U per mg of
protein.

d) Laccase assay

Laccase activity assay was carried out spectropietiacally according to the method of
Teerapatsakuet al (2007). 20QuL of 2.5 mM ABTS in 0.1 M sodium tartrate buffer
(pH 3) was mixed with 5QI of sample supernatant and 990 of 0.1 M sodium tartrate
buffer (pH 3). Oxidation of ABTS was measured a#4im for 2 minutes with an
extinction coefficiente = 3.6 X 1d M cri’. One unit of laccase was defined as the

amount that producediM of product per minute and expressed as U per npgoadein.

e) Manganese peroxidase assay

Manganese peroxidase assay mixture containeduR5fi assay buffer (0.1 M sodium
tartrate pH 4.5, 0.1 mM hydrogen peroxide, andrOM manganese sulphate) and 80

of sample supernatant. Change in absorbance wasuneeaor 4 minutes at 470 nm with
an extinction coefficient = 2.75 X 14 M cm™. One unit of enzyme was expressed as
the amount that producespyM of product per minute and expressed as U per lng o
protein.

f) Chitinase assay

Colloidal chitin was prepared according to the mdtdescribed by Sandy al (2004)
with slight modifications. 200 gm of commercial twhi(Sigma-Aldrich) were mixed in
1500 ml of concentrated hydrochloric acid (HCI) &egt overnight at 4°C. The resulting

96



mixture was then filtered through a sieve with #dition of pre-chilled water with
constant stirring. The filtrate was left to sefte 2 hours at 4°C, allowing the formation
of gelatinous white precipitate. The white preafstwas collected by centrifugation at
13,000 rpm for 15 mins at 4°C. The gelatinous nmatevas washed with cold distilled
water until a pH of 6 was attained. The resultingloidal chitin was stored at

refrigeration temperature.

Chitinase activity was assayed according to théhatedf Yanaiet al (1992). 250 ul of
colloidal chitin was mixed with 250 ul of 0.2 M sath acetate buffer (pH 4) and 500 pl
pre-centrifuged fermentation broth. The reactioxtore was incubated for 2 hours at
37°C. After incubation, the reaction mixture wasirs@t 13,000 rpm for 5 mins, 500 pl
of the supernatant was mixed with 100 pl of 0.8 dibacid to terminate the reaction,
and the pH was adjusted to 10.2 with KOH. The smtutvas then heated for 3 mins in
boiling water and then allowed to cool. 3 ml ofimdthyl aminobenzaldehyde [DMAB —
1 g of DMAB dissolved in 100 ml of glacial aceticié with the addition of 1% (v/v)]
HCI) solution was added and the resulting mixtugswncubated at 37°C for 20 mins.
Absorbance was measured at 585 nm against watbtaak. One unit of chitinase
activity was defined as the amount of enzyme theddyced 1 pmol of N-

acetylglucosamine per min under assay conditions.

g) SSADH assay

SSADH was assayed according to the method of Salo&n®liver (2002). Grounds.
communemycelial material was suspended in 4 ml of exioacbuffer [50 mM PBS (pH
7), 10 mM B-mercaptoethanol, 1 mM phenylmethylsulfonyl flueidPMSF)] for 20
mins and then centrifuged at 15,000 rpm for 20 milie resulting supernatant was used
for the activity assay. 1 ml of the reaction migtucontained 100 mM sodium
pyrophosphate buffer (pH 9), 14 mpAmercaptoethanol, 0.5 mM NADmade up with
200 pl (containing 40 pg of protein) of supernatsanple. Following equilibration at
30°C for 5 mins, the reaction was started by thditesh of 100 uM succinic
semialdehyde. Absorbance was measured at 340 ne.u@hof SSADH activity was

defined as the amount of enzyme required to produceol of NADH per min at 30°C.
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5.2.4In-gel activity staining for laccase and manganeggeroxidase
The activities and levels of laccase and mangapesexidase were assayed in 12%
polyacrylamide gel under native conditions accaydim the method of Laemmli (1970).

The resolving gel consisted of

Water ni
0.5 M Tris-HCI buffer (pH 8.8) 2.6 ml
40% Bis acrylamide 3 mi
N, N, N', N'-tetramethylethylenediamine (TEMED) 1Qu
10% (w/v) ammonium persulfate 10d
Stacking gel

Water 3.6
0.5 M Tris-HCI buffer (pH 6.8) 648
40% Bis acrylamide 50
N, N', N'-tetramethylethylenediamine (TEMED) 1Qud
10% (w/v) ammonium persulfate 501

30 ug of protein was run in the gel at 120 V for 3 wat 4C (see Appendix Il for gel
running buffer recipe). Laccase staining bufferteaored 2.5 mM ABTS [2, 2’-azinobis
(3-ethylbenzathiazoline-6-sulfonic acid); (SigmadAth), in 0.1 M sodium tartrate
buffer (pH 3). Manganese peroxidase staining buftersisted of 1 mM 2,6-dimethoxy
phenol, 0.4mM hydrogen peroxide, and 1 mM mangasefghate in 0.1 mM sodium
tartrate (pH 4.5). For laccase activity, gels wsetaned at room temperature, while the
activity of manganese peroxidase was stained & 36r 10-15 minutes. Gel images
were acquired and densitometric analyses were npeefid using Bio-Rad Quantity 1

software.

5.2.5 Measurement of pH profile in liquid co-cultues
1 ml of sample was taken from liquid co-culturesSoftommunandT. viride every 24
hours and the pH was measured against the pH Bpaeéd liquid cultures of each

fungus. Cultures were prepared as described ises2.2.
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5.2.6 Statistical analysis

UnpairedT-test was used to determine the level of signifieaof the observed increase
or decrease in enzyme activity and protein leveidhe assays described in this chapter,
using Graphpad-test calculator software (Graphpad software, Sag® California:

http://www.graphpad.com/quickcalcs/ttestl.&fmP values < 0.05 were considered

significant.

5.3 Results

5.3.1ln situ detection of phenoloxidase activity

Contact between both fungi on PDA containing RBBuleed in dye degradation shown
by the decolourisation in the contact zone, 48 &opost contact (figure 5.1).
Decolourisation appeared to have started aftero24shof contact and intensified after 48
hours compared to self-paired cultures. Given fiegnoloxidases decolourise RBB by
oxidation, decolourisation in the contact areandidative of localized secretion of
laccase and manganese peroxidase in the mycelinlarband the area of contact
betweerS. communandT. viride

5.3.2 Enzyme activities

5.3.2.1 SOD activity inS. commune mycelia paired againstT. viride on agar

In comparison to the self-paired cultures, SODvégtincreased 2.4, 2.5 and 2.0 fold in
mycelia ofS. communeaired against. viride on days 1-3 post contact respectivéty=(
0.0009, 0.0003, 0.0003 respectively). Activity inetT. viride-confronted however,

decreased after 3 days of contact (Figure 5.2).
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T. viride

T. viride S.commune
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S.commune

Self-paired S. Commune Self-paired T. Viride

Figure 5.1 Macroscopic images depicting the decolasation of remazol brilliant
blue (RBB) following contact betweenS. commune and T. viride. A: Interacting
culture of both fungi 24 hours after contact showig minimal signs of dye
decolourisation; B: Intensified dye decolourisationafter 48 hours of interspecific
mycelial contact; C & D: Self-paired S. commune and T. viride respectively without

dye any degradation following contact.
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Figure 5.2 Superoxide dismutase (SOD) activities dd. commune mycelia paired
againstT. viride (SCTR), compared to enzyme activity in self-paireaultures of the
former (SCSC). Experiments were carried out with 3separate biological samples.

Error bars represent standard deviation.

5.3.2.2Catalase activity inS. commune mycelia paired againstT. viride on agar

Catalase activity was up im. virideconfronted mycelia after days 2-3 of mycelial
contact 1.5 and 3.5 fold respectivel £ 0.0106 and 0.0034 respectively). Similar to
SOD activity, enzyme activity peaked on day 3 ofcelial contact and dropped after 4

days of interaction (Figure 5.3).
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Figure 5.3 Patterns of catalase activity in the myadia of S. commune following self-
and non-self interactions with T. viride SCSC: self-pairedS. commune. SCTR: S.
commune interacting with T. viride). 3 biological samples (agar plate replicas) were

used for assay. Error bars represent standard devtan.

5.3.23 Patterns of G6PDH activity in mycelia of S. commune paired againstT. viride
There was an increase in G6PDH activity followireylg contact (24 hours) witf.
viride. Enzyme activity increased progressively throu§hhdurs of contact and peaked
after 72 hours, at which time an activity of 13.0Jfng proteins was detected. Enzyme
activity however decreased afterwards (Figure 44)erall, G6PDH activity increased
1.6, 1.9, and 3.2 fold within the first 3 days pferspecific interaction respectively €
0.0025, 0.0018, 0.0001 respectively).
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Duration of mycelial contact (days)

—-35CSC =-SCTR

Figure 5.4 G6PDH activity in the mycelia ofS. commune paired againstT. viride
compared to self-paired cultures of the former on gar (SCSC: self-paired S.
commune. SCTR: S. commune paired with T. viride). Experiments were carried out
in triplicates. Error bars represent standard deviation.

5.3.2.4 Patterns of laccase and manganese peroxidativities S. commune domain
following confrontation by T. viride.

Contact withT. viride elicited a burst of laccase activity within 24 hein the mycelial
domain of S. communaurrounding the contact zone as shown in figuse However,
laccase activity dropped progressively in Theviride-confronted cultures, but increased
moderately in the self-paired cultures with incregsduration of contact. A burst of
laccase activity after contact with viride resulted in 11F = 0.0001) fold increase in
activity compared to self-paired cultures. Mangangegroxidase activity increased
strongly from the first to the third day of mycél@ntact withT. viride, reaching a peak
specific activity of 12.78 U/mg proteins on the @ed day of contact (Figure 4.6).
Manganese peroxidase activity f communécreased 7.6 foldA= 0.0001), 13.6 fold
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(P =0.0001) and 3.8 fold?(= 0.0001) in the first 3 days following intersgecimycelial

contact compared to self-interacting mycelia.
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Figure 5.5 Laccase activity within the domain ofs. commune paired againstT. viride
on PDA (SCSC: self-pairedS. commune. SCTR: S. commune paired with T. viride).
Assay was performed in triplicates, using samplesdm 3 separate cultures. Error
bars represent standard deviation.
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Figure 5.6 Manganese peroxidase activity within the domain of. commune paired
againstT. viride on PDA (SCSC: self-pairedS. commune. SCTR: S. commune paired
with T. viride). Assay was carried out in triplicates. Assay wasun in triplicates,
using samples from 3 different plate cultures. Erro bars represent standard
deviation.
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5.3.2.5 Chitinase activity in liquid co-cultures ofS. commune and T. viride
Both organisms formed morphologically distinct ptdlin potato dextrose broth (Figure

4.8). Within 48 hours of mixing established culturef both fungi, chitinase activity
increased markedly, reaching a peak activity of @/l on day 9 of fermentation (5
days post mixing). Compared to the mono-culturelitinase activity remained
significantly higher in the dual cultures from 3ydaafter mixing through to theé"day
post mixing P = 0.0001), when fermentation was terminated. Wéeighitinase activity
was barely detected in mono-culturesSfcommuneactivity increased moderately in
self-mixed cultures off. viride (figure 4.7). Furthermore, the numbersSfcommune
pellets reduced gradually during fermentation (aftéxing), and disappeared completely
7 days post mixing (day 11 of fermentation).

12 4

10 ~

Mixing of cultures

Chitinase activity (U/ml)

14

Time (days)

‘—O—SCSC ——-SCTR —A—TRTR‘

Figure 5.7 Chitinase activity in mixed liquid cultures of S. commune and T. viride,
compared to the self-paired of both fungi (SCSC: $epaired S. commune. SCTR: S.
commune paired with T. viride. TRTR: self-paired T. viride). Experiments were
carried out in triplicates. Error bars represent standard deviation.
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T. viride: Smaller pellets

S. commune: Bigger pellets

Figure 5.8 Morphologically distinct pellets (macrosopic) producedS. commune and
T. viride in potato dextrose broth.S. commune forms larger pellets thanT. viride as
shown immediately after mixing (4 days pos6. commune inoculation (pre-mixing)

and 2 days after the inoculation ofT. viride).

5.3.2.6 SSADH activity in liquid co-cultures ofS. commune and T. viride
SSADH activity increased 2.6 fol®® = 0.0029) inS. communenycelia after 48 hours of
contact withT. viride (figure 5.10). However, activity fell sharply afteards in the

interacting mycelia with no significant change e tself-paired cultures.
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Figure 5.10 Specific activity of SSADH in mycelia foS. commune paired againstT.

viride, relative to co-cultures ofS. commune (See figure 5.2 for key to SCSC and
SCTR).

5.3.3 In-gel determination of the levels of laccasend manganese peroxidase if.
commune domain during contact with T. viride

Results of in-gel activity staining for both laceaand manganese peroxidase were in
agreement with the activity levels detected by sppbotometric assays. Protein levels
were expressed as a function of band volumes megdibm enzyme/substrate binding in
the gel. Laccase levels in agar/mycelial samplesnidromS. communéomain around

the contact zone increased 2.9 fdkd{0.0001) compared to samples from the same area
of self-paired cultures. However, similar to theidty pattern, the band volume of
laccase dropped 1.6 fol®® & 0.0115) compared to self-interacting culturegnlanese
peroxidase was up-regulated 7.6 and 13.6 fBlet 0.0001) respectively after 24 and 48

hours of contact (figure 5.11).
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Figure 5.11 Protein gel electrophoresis run under ative conditions showing levels of

laccase and manganese peroxidase within the domahS. commune paired against
T. viride for 48 hours, in comparison to its self-paired cultures. A1 and B represent
plots of band volumes detected by densitometric aheses for laccase and manganese
peroxidase respectively. A2 and B2 show changes lband volumes, hence protein
levels during interactions. 1 & 2: Self-pairedS. commune after 1 and 2 days of
contact respectively; 3 & 4:S. commune paired againstT. viride after 1 and 2 days of
interaction. Wells were loaded with 3Qug of protein. Error bars in the band volume
plot represent standard deviation.

5.3.4 pH variations during mycelial interactions inliquid cultures
Broth was adjusted to pH 7 before inoculati®8r.communeeduced medium pH to an

average of 5.2 while the pH ®f viride cultures remained relatively stable before mixing
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of cultures. The pH of self-paired and co-cultuoddoth fungi increased post mixing
before stabilizing at 6.1 and 7.8 for self-pairadtwres ofS. communeandT. viride
respectively, while the pH of their co-cultures wied the same pattern ds viride

cultures from 7 days post mixing (figure 5.12).

Mixing of cultures

pH

0 5 10 15 20 25 30
Time (days)

‘ —e— TRTR —e— SCSC —a— SCTR ‘

Figure 5.12 Changes in medium pH of mixed culturesf S. commune and T. viride,
in comparison to self-interacting cultures of bothfungi ((See figure 5.7 for key to
SCSC, SCTR and TRTR). 6 replica cultures were saip for experiment, out of
which 3 uniform flasks were used for experiment. Eror bars represent standard

deviation.

5.4 Discussion

Fungal interactions trigger a complex cascade gtijofogical reactions, most of which
are mediated by a wide range of intra- and exthaleel enzymes. SOD, catalase,

G6PDH, SSADH, laccase, and manganese peroxidasé@iestwere assayed following
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the detection of increased levels of protein caylsgnmarkers for lipid peroxidation,
superoxide anion, phenolic compounds and GABA (&hap3and 4), in addition to
earlier studies implicating phenoloxidases, phenobmpounds and oxidative stress in
interspecific combative interactions in fungi (Rayet al, 1995; Griffithet al, 1994,
Boddy, 2000; Gregoriet al, 2006; Peiriet al, 2008; Peiris, 2009 (PhD thesis); Scete
al., 1997; Crowe & Olsson, 2001; lakovlev & Stentaf00; Chiet al, 2006).The body
of evidence on the roles of chitinases as parthef tycoparasitic machinery of
Trichodermaspecies (Howell, 1987; Loritet al, 1998; 2001; Brucet al, 1995; Bruce
& Highley, 1991) prompted the need to assay fotimase activity. Sharp up-regulation
followed by down-regulation was consistently detedcfor all the enzymes assayed in
mycelial samples 0. commun&om 24 to 96 hours post contact. While laccaseviic
was higher after 24 hours of contact withviride manganese peroxidase activity was
significantly higher in thés. communéomain confronted by. viride for 72 hours after
contact with the antagonist. In-gel activity stamiconfirmed a similar pattern of protein

levels for both enzymes.

5.4.1 Up-regulation of laccase and manganese perdase inS. commune mycelia
following contact with T. viride

With regards to combative interactions in filamergcfungi, phenoloxidases namely
laccase, manganese peroxidase and tyrosinase baxecktensively studied because of
their up-regulation during interspecific myceliadntact. However, laccase is the most
strongly implicated phenoloxidase in fungus-funguieractions (Rayneet al, 1995;
Griffith et al, 1994; Boddy, 2000; Gregorgt al, 2006; Peirigt al, 2008; Scoret al,
1997; Crowe & Olsson, 2001; lakovlev & Stenlid, ROCChi et al, 2006; White &
Boddy, 1992). Laccase and manganese peroxidaseaateof the lignin-degrading
repertoire of white-rot fungi (Tsujiyama & Minan#005; Xiaobinet al, 2007) and they
have been shown to participate in the detoxificatad xenobiotic compounds and
fungicides (White & Boddy, 1992).

Production of free radicals and polymers by thedation of hydrophobic metabolites

(stemming from the induction of secondary metalbojig/hich leads to the strengthening
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of cell wall and synthesis of protective quinonad anelanin (Rayneet al, 1994) is the
most widely accepted mechanism underlying the gpiegtion of phenoloxidases during
fungus-fungus interactions. The results from défer aspects of this work are in
agreement with this mechanism, although they inapdiadditional mechanisms. Firstly,
increased secretion and localization of phenolsedawithin the interaction zone (figure
5.1) confirm earlier reports suggesting that phexidases perform key functions
specifically around the contact area (Tsujiyama &&mi, 2005; lakovlev & Stenlid,
2000). Detoxification of toxic compounds secretgddme or both of the interacting
species which according to Rayner and co-worke384]) leads to the strengthening the
cell wall is possibly one of these functions. Aaiag to Gregoricet al (2006), addition
of filter-sterilized culture supernatant faramius pallescent cultures oMaramiellus
troyanusresulted in rapid induction of laccase and mangameeroxidase, possibly due

to phenolic or other classes of compounds presethiei former.

GC/MS profiling of the metabolites associated wittteractions betweerStereum
hirsutum and its competitor€Coprinus micaceusand Coprinus disseminatushowed
increased production of aromatic compounds such-agethyl-3,5-dihydroxybenzene
and 1,2-dihydroxyanthraquinone # hirsutum(Peiriset al, 2007) which possess the
typical phenoloxidase substrate structure. Furtbeemboth laccase and manganese
peroxidase were up-regulated in the same studyigP2009). Crowe and Olsson (2001)
also demonstrated the implication of substrate geition in the induction of phenol-
oxidising enzymes, particularly laccase in cultuoésRhizoctonia solanpaired against

Pseudomonas fluorescens

Up-regulation of phenylalanine ammonia lyase (PAWwhich catalyses the committed
step in the phenolpropanoid pathway; a major soofcghenolic compounds), in the
mycelia ofS. communatfter 48 hours of contact with viride (chapter 7; section 7.3.1)
points to the “phenolics-phenoloxidases” interpldyring interactions betweels.
communeandT. viride Furthermore, GC/MS detection of increased lewélmandelic
and tropic acids, both of which are phenolic comuisuin the mycelia 0§. commune

after contact withr. viride and 4-hydroxyphenyl ethanol in the latter (cha@tesection
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3.3.2) coupled with the increased levels of phenalompounds, as detected by
spectrophotometric method (chapter 4; section ¥#18r&1 further weight to the substrate
recognition hypothesis as one of the factors thay rave elicited the induction of
laccase and manganese peroxidase in the preseiyt stufigure 4.4 (chapter 4), the
initial build up of phenolic compounds following wslial contact reduced to similar
levels in self-paired cultures & communendT. viride by 48 hours of contact. This
suggests that contact between both fungi may haused an increase in the secretion of
phenolics with corresponding rise in phenoloxidsseretion, which may have oxidised
phenolic compounds to non-toxic levels in the iatéion zone. Fungi with more robust
phenoloxidase production capacities have been wbddo be more predominant during
interactions, perhaps due to their ability to défoxoxic compounds, which may
accumulate during fungus-fungus interactions (sumjia & Minami, 2005; Chet al,
2006).

Secondly, Crowe and Olsson (2001) inferred thaugheegulation of laccase R. solani
paired against an antagonistic strainPoffluorescensvas also a possible response to
cellular damage (compromised cell integrity) via #ctivation of calcium influx and heat
shock pathway. Lysis d6. communenycelia after contact witl. viride (chapter 2) is
potentially fatal and consequently compromisesutalintegrity. Under such condition,
phenoloxidase-derived free radicals are likely testore homeostasis via the
polymerization of phenolic compounds described abdlereby rendering the cell wall
less porous. Thirdly, phenoloxidases can scaves@gtive oxygen species (ROS) during
substrate oxidation, thereby generating transies tadicals, which undergo further
reactions leading to the production of protectivdanin (pigmentation) (Gregoriet al,
2005; Thurston, 1994; Rayner, 1997; Reinhammer Matstrom, 1981; Misallet al,
2005). ROS destabilize membranes and macromolerutesnanner similar to lipophilic
damage of microbial structures by alcohols (Pip885; Panaretou & Piper, 1992) which
have been demonstrated as potent inducers of B¢€aswe & Olsson, 2001). The work
of lakovlevet al (2004) also implicated oxidative damage in thgueace of reactions
that ensued mycelial contact betweeleterobasidion annosunand Physisporinus

sanguinolentusTaken together, it could be suggested that theldeof superoxide anion
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soon after contact between both fungi (chapteedtien 4.3.2), may be part of a range of
factors that triggered increased laccase and masgaperoxidase production .

commune

It has been reported that stimulation of the reeafscalcium from intracellular stores
through inositol 1,4,5-triphosphate-sensitive cl@smpromotes laccase synthesis (Crowe
& Olsson, 2001). Inositol phosphate was strongiyregulated infS. communenycelia
after 48 hours of contact with viride (chapter 3; section 3.3.2). Although it could het
specifically confirmed whether this was inositdpbhosphate, inositol phosphates have
been generally implicated in cellular signallingifiitonet al, 1992; Liuet al, 2009).
Similarly, a heat shock protein (HSP 70)-encodiegey(path of the heat shock pathway)
was up-regulated in the mycelia f communafter 24 hours of contact with. viride
(chapter 6; section 6.3). Taken together, it cdadddeduced that substrate recognition,
oxidative stress and cellular damage were amongntheers of laccase and manganese

peroxidase in the mycelia 8 communeaired against. viride

It is worth mentioning that increase in the acyiwif laccase and manganese peroxidase
was very likely as a result afe novoprotein synthesis given the rise in the levels of
protein detected by in-gel activity staining (figus.11). This is buttressed by RT-PCR
results in chapter six, which show that Biecommunéaccase gene was up-regulated in
response tadr. viride To this end, it could be concluded that laccase manganese
peroxidase were transcriptionally activated dummgcelial confrontation withT. viride
However, contrary to extensive repoi$s,communappeared to have employed more of
manganese peroxidase than laccase during intemaatith T. viride, considering the
patterns of activity and protein levels detected doth enzymes (figures 5.5, 5.6 and
5.11). Schizophyllumsp. F17, found to be efficient at the degradabbrstructurally
diverse azo dyes, predominantly produced mangampesexidase, whereas lignin
peroxidase and laccase were hardly detected dutpegdegradation (Xiaobiet al,
2007). Although there is not enough evidence tofioonthis, it does appear that
Schizophyllunspecies might preferentially synthesize more ofiga@ese peroxidase for
detoxification or homeostatic functions.
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Figure 5.13 Schematic representation of the factorthat most likely triggered the
secretion of laccase and manganese peroxidase $n commune confronted by T.
viride and the possible underlying biochemical reactionpromoting their synthesis

and secretion.

5.4.2 Increase in SOD and catalase activity in theycelia of S. commune paired
againstT. viride.

Although the present study has not made any digiime between extracellular and
intracellular SOD and catalase, activities for b®0®S scavenging enzymes increased
within theS. communenycelial domain after contact with viride before dropping to or

below control levels. These rises in activities amdicative of increased levels of

superoxide anion (O and hydrogen peroxide (&) which are scavenged by SOD and
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catalase respectively (Kamg al, 1998; Fink-Bootst al, 1999; Dolashka-Angelovet
al., 1999; Garreet al, 1998; Kurako\wt al, 2001).

Extracellularly, fungus-fungus interactions leadhe production of ROS, which harness
degradation on wood (Hammedt al, 2002). On the other hand, protoplasmic
degeneration, which very often arises from comieatinteractions in fungi, is an
indication of switch to secondary metabolism angpomse to the corresponding rise in
ROS (lakovlev & Stenlid, 2000). Repression of aggencoding a mitochondrial import
protein in Heterobasidion annosunpaired againstPhysisporinus sanguinolentus
suggested that the structure and functioning ofochibndria were disrupted in the
former; an indication of secondary metabolism (ld&w et al, 2004). Such disruption
results in electron leakage hence, oxidative damBgatoplasmic degeneration, rise in
the levels of phenolic compounds and the levelsupkroxide anion were detected in the
mycelia of S. communeaired against. viride (Chapters 2, 3 and 4 respectively), which
suggest possible prevalence of oxidative damage sambndary metabolism iS.

communeluring contact.

Implication of the up-regulation of malate dehydrngse isoforms in thp-oxidation
pathway (a major source of ROS), is discussed apten 7. Against this backdrop, it
could be inferred tha®. communés subjected to both extra- and intracellular akicke
stress during confrontation with viride, accounting for the rise in the activities of SOD
and catalase both of which function to alleviatedative stress. Fink-Bootst al (1999)
demonstrated simultaneous increase in the acsvitielaccase and SOD as well as
phenolic compounds and superoxide anion in selefitedi. Although heat was the
stressor applied in their study, the results of 8tudy (Chapters 4 and 5) suggest that
oxidative stress might mimic heat damage in ite&ffo macromolecules and membranes
resulting in the degeneration of protoplasmic congmis. Down-regulation of genes that
code for cytochrome Cand a component of the mitochondrial ATP synthasaplex,
both of which are components of the mitochondriatton transport chain (Chapter 6;
section 6.3) further implicate oxidative stressthie response patterns observed Sor

communédollowing contact withT. viride
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5.4.3 Elevated G6PDH and SSADH activities i6. commune confronted by T. viride
Detection of elevated SSADH activity in the mycetd S. communel8 hours post
contact with the confronting mycelia @f. viride supports the detection of increased
levels of GABA inS. communenycelia (Chapter 3). In plants, GABA shunt hasrbee
shown to function in the regulation of cytosolic ,pbllance of nitrogen and carbon
metabolism, and adaptation to stress such as wogpnstiarvation, drought, cold and heat
stresses (Bown & Shelp, 1997; 2003; Snedden & Fro@889). Activation of GABA
shunt is strongly influenced by the redox statuthefcell as discussed in chapters 6 and
3. Catabolism of GABA leads to the terminal intedia¢e in the shunt, succinic
semialdehyde, which is converted to succinate bf[3% and fed back into the TCA

cycle with the generation of NADH (figure 5.14).

The study of Bouahet al (2002) demonstrated that a functional GABA  shunts
essential for suppressing the accumulation of hyelmoperoxide in plants. The authors
hypothesized that this was perhaps owing to thétyalif GABA shunt to produce
NADH and succinate under conditions that hamperTi@4 cycle, limit respiration and
promote the production of ROS. Suppressionaéetoglutarate dehydrogenase (via
which GABA shunt is activated) critically restricéADH production under conditions
of oxidative stress (NADH/NAI'5 balance) (Tretter & Adam-Vizi, 2000). To this end,
GABA shunt ensures the continuity of the respinatand energy-generating machinery
of the mitochondrion with corresponding productianvital co-factor, NADH. In
addition, given that GABA shunt bypasses NADH-prcidg steps in the TCA cycle, the

shunt perhaps helps to maintain NADH concentratmnevels optimum for cellular

functioning relative to NAD levels.

Knockout of GABA shunt genes in yeast resultednicreased sensitivity to hydrogen
peroxide, while over-expression of these genestdeihcreased tolerance of oxidative
stress (Colemast al, 2001). In the study of Bou¢tet al (2002),Arabidopsis ssadh

mutants were hypersensitive to white light and ka#t rapid accumulation of hydrogen
peroxide when exposed to these stress conditioapidRincrease in the activity of

SSADH and increase in the levels of GABA (chaptefddowing contact betweefS.
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communeandT. viride strongly suggest that the GABA shunt is activatethe former.
More importantly, as in plants, it is very likelgat GABA shunt plays similar roles in
alleviating stress stemming from damage, and oxeastress especially with the
possible block of the TCA cycle as a result of sgwppression ofu-ketoglutarate
dehydrogenase (figure 5.14).

G6PDH, the first enzyme in the pentose phosphatenag (PPP) is one of the NADPH-
producing enzymes, which are important to all ivorganisms because of their roles in
biosynthesis and regulation of cellular redox st@ériault et al, 2005). NADPH-
producing enzymes make key contributions to theagallular NADPH pool and are
critical in the maintenance of a reducing environmender aerobic conditions (Bériault
et al, 2005). There is a growing body of evidence satigg that G6PDH might play a
pivotal role in oxidative stress response (SheatwhGrant, 2003; Izawet al, 1998; Liu

et al, 2007). Shenton and Grant (2003) reported deereas the activity of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) avicorresponding increase in

G6PDH inAspergillus nigeB1-D under conditions of oxidative stress.

Shenton and Grant (2003) argued that this mighe Hmen as a result of the oxidative
damage of glycolytic enzymes such as GAPDH, therednysing a shift in glucose
metabolism to the PPP with greater potential todpce NADPH a vital source of
reducing power for antioxidant enzymes. Similarlyuy et al (2007) showed that
exposure of kidney beans to sodium chloride-indumadative stress resulted to a rapid
increase in G6PDH activity and protein levels. Aligh GAPDH was not assayed in this
study, suppression of GAPDH gene is reportedSoicommuneén chapter 6 after 48
hours of mycelial contact witl. viride Although this does not completely rule out the
possibility that the enzyme might still be activteis a strong indication that its activity
and protein levels may have dropped following sepgion of the gene. Down-regulation
of other glycolytic proteins (chapter 7; sectio®.I) further buttresses the assumption
that the glycolytic pathway may have been shelvedeu the described conditions of
growth. More importantly, rapid increase in theiatt of GGPDH suggests that the PPP

may have functioned as an alternative glucose-métaig pathway in the mycelia @&.
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communeduring confrontation. The PPP is a major sourc®&ADPH, which provides

reducing power for antioxidant enzymes and oxidoctases.

Citrate

Oxaloacetate

Isocitrate

Malate

Fumarate \\

Succinate

w-ketoglutarate

NADH GDH

ADH

SSADH HaD+ HAD
GABA

Shunt
Succinic semialdehyde Glutamate

GAD
GABAT . . :
P transaminatiN Amino acid decarhoxylation

GABA

Figure 5.14 Schematic representation of GABA shuntyhich bypasses 2 steps in the
TCA cycle as a result of block in the conversion oi-ketoglutarate (highlighted in
red as the point of TCA block) to Succinyl-CoA bye-ketoglutarate dehydrogenase
(adapted from Panagiotouet al., 2005;Bouchéet al., 2002 ). Pyridoxine-requiring
enzymes (highlighted in blue), which catalyse decloxylation and transamination
reactions of amino acids, are involved within the @BA shunt (implication of

pyridoxine in oxidative stress is discussed in chagx 3).

Erythritol was one of the sugar alcohols up-regdain the mycelia ofS. commune
paired againstT. viride (chapter 3. Interestingly, erythritol is synthesized via tR@P
(Chapter 3; figure 3.9). Based on this, it couldabgued thaS. communenay have up-
regulated the PPP with corresponding drop in gigleohctivity as a means of containing

oxidative stress as well as osmotic shock. Thislevdne less energy expensive under
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conditions of stress considering that it allows $#multaneous accumulation of both

NADPH and erythritol through a single pathway.

5.4.4 Increase in the activity of chitinase and pHariations in liquid cultures of S.
commune and T. viride

The pH profile of liquid co-cultures &. communandT. viride (figure 5.12) confirms
the physiological dominance of. viride over the former. More importantly, it
demonstrates thal. viride kills S. communeduring mycelial interactions. This is
indicated by the complete disappearance Sf communepellets (which were
morphologically distinct from those of the antagthi7 days post mixing. The
mycoparasitic properties drichodermaspecies are well documented (Chapter 1; section
1.2.1) (Bruceet al, 1995; Highley & Ricard, 1988; Bruce & Highley 9B Mendoza-
Mendozaet al, 2003; Howellet al, 1993; Loritoet al, 1998 ). To this end, increase in
the activity of chitinase is in agreement with savestudies, which demonstrated the
employment of this enzyme mainly in the attack oese ofTrichodermaspecies against
host fungi (Bruceet al, 1995; Highley & Ricard, 1988; Bruce & Highley 98
Mendoza-Mendozat al, 2003).

The fungal mycelium is chiefly composed of polydarides such as chitin, glucan and
chitosan, which determine the shape of the hypl@da@y, 1995). These polymers are
embedded in a protein matrix (Gooday, 1995). Théeoubar structure of chitin confers
mechanical rigidity to the fungal cell wall (Gooda¥995). Mycoparasites such as
Trichodermaspecies digest host cell wall leading to totaldys the mycelium, thereby
allowing them to utilize host constituents as rantts (mycoparasitism is discussed in
details in chapter 1) (Aluko & Hering, 1970; Baekal, 1999; Bliss, 1951). Increase in
chitinase activity, pH profile of liquid co-cultilseof both fungi and the disappearance
(lysis) of S. communeellets confirm the induction of the mycoparasitiachinery ofT.

viride paired againss. commune
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5.4.5 Summary and conclusions

The activity patterns of the studied enzymes prieseim this chapter suggest that
communewas dominated and subsequently killed Tayviride in the contact areas on
solid cultures and in liquid cultures. This is paped by the pH profile of both fungi in
liquid co-cultures as well as the lysis ®f commungellets 7 days post contact with
viride. Considering the dynamics of interactions in lgjaultures in comparison to agar
plate interactions, lyses and death are more lik@lgccur quicker in liquid cultures. A
combination of increasing levels of phenolics ia tontact area on agar, response to cell
wall damage and build up of ROS appear to be antbagascade of factors that may
have triggered increased synthesis of laccase amfjamese peroxidase $1 commune
paired against. viride The physiological requirement to contain intrad @&xtracellular
oxidative stress, to generate reducing power fdiogidant enzymes by sustaining the
production of NADPH and to regulate NADH/NA+IZXredox) status in the cell most
possibly account for the rise in the activitiesS®dD, catalase, SSADH and G6PDH in
the mycelia ofS. communeEnzyme- driven mycoparasitic attack ®f communéy T.
viride is confirmed by the sustained rise in chitinadgveg in liquid co-cultures of both

fungi.
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CHAPTER 6

Studies of expression patterns of selected
Genes InS. commune paired against
T. viride using RT-PCR
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6.1 Introduction
The complex morphological and physiological chantfed occur during interspecific

mycelial interactions strongly reflect the possileolvement of diverse molecular
modulations, which elicit a myriad of defence amdttack mechanisms. Such molecular
modulations might involve over-expression, downdtagon or repression of different
genes based on the functions of the proteins thegde and their modes of regulation.
This makes gene expression analyses a vital tdbkirffort to broaden understanding of
the underlying molecular bases of antagonistic higicateractions. Genomic tools such
as cDNA macroarrays (Adomas al, 2006) and mRNA differential display (Ikovlet
al., 2004) have been successfully used to probe ifterentially expressed genes in
paired cultures ofPhlebiopsis giganteaversus Heterobasidion parviporumand
Heterobasidion annosumwersusPhysisporinus sanguinolentusspectively. In addition,
Peiris (2009) used quantitative RT-PCR to investighe expression patterns of laccase
genes in interacting mycelia &tereum hirsutumCoprinus micaceusand Coprinus

disseminatus

Application of genomic tools to such a study depedeatly on the availability of
sequenced fungal genomes on the database, altthmugblogous matching with similar
or other fungal genes/genomes might suffice. All&itcommunéias not been fully
sequenced, expressed sequence tags (ESTs) ofSsotoenmungenes are available on
the NCBI database (Guettlet al, 2003). This makes it possible to design priniershe
available genes, thereby allowing the applicatiba specific gene expression analytical
tool such as reverse transcriptase-polymerase ¢kattion (RT-PCR) for the specific
investigation of the mRNA abundance for selectedegeofS. communeExpression
profiles of genes encoding proteins involved inyirag physiological functions irS.
communepaired against. viride are presented in this chapter. Although this duedy
any means provide a global picture of the molecrdaponse 08. communé T. viride,

it offers specific insight into the expression efexted genes &. communé response
to the antagonists at 24 and 48 hours of myceiliE@ractions, relative to unpaired and
self-paired mycelia 08. communeHence, assemblage of the mRNA abundance levels of

the selected genes and the results of other to@tapolomics and proteomics) employed
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in the whole study enables further understandinp@fcomplex phenomenon of non-self
recognition and consequent rejection between thieewbt basidiomycete$S. commune
and the antagonisfl. viride Genes encoding proteins involved in functionshsas
glycolysis, electron transport and ATP generativans-membrane transport, protein
synthesis, stress response, cell wall biogenesisnaa acid synthesis and cellular
replication were among the studied genes. The dithis section of the study was to
isolate, quantify and compare the mRNA abundanceel#cted genes & communén
mycelia of S. commungaired against. viride relative to levels in unpaired and self-

paired mycelia.

6.2 Materials and methods

6.2.1 Isolation and quantification of total RNA

RNA was isolated fron5. communenycelia interacting with self, witd. viride and
from unpaired mycelia, according to the protocoésented in figure 6.1. 0.2 g of
mycelial samples were cut off from the agar witlalgel, frozen quickly in liquid
nitrogen, stored at -8Q overnight and freeze-dried. Freeze-dried mycsbahples were
stored at -80C for a maximum period of 2 months. Tri read¥nSigma-Aldrich, UK)
was used for RNA isolation with slight modificat®rf the manufacturer’'s protocol
aimed at reducing the levels of contaminating phesicand polysaccharides, which
strongly interfere with RNA extraction. Freeze-drisamples were ground to powder in
mortar with the addition of small amounts of acidshed sand (Sigma-Aldrich, UK) and
suspended in 3 ml of Tri reagé¥t Tri reagent”-mycelial powder mixtures were
vortexed vigorously for 1 min and incubated at rotemperature for 20 mins. 0.2
volume of chloroform was used for phase separat@nl ml of Tri reagefY used. The
mixture was inverted gently for 15 seconds andhbat¢ed at room temperature for 3 mins
before spinning at 13,000 rpm for 15 mins at 4°@e Top aqueous layer was collected

afterwards.
Triple extractions rather one, were carried outrégonstituting the resulting aqueous

solution after phase separation in 50D of Tri reagent” for second and third

extraction steps respectively, without vigorous ingx Phase separations with
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chloroform were carried out as described aboveu(@igh.1). RNA was precipitated from
the resulting final aqueous phase after tHeeStraction step by mixing with 200L of

isopropanol, and incubation at -20°C after a gemiersion for 4 hours. RNA pellets
after precipitation were suspended in 50-1Q0of formamide and stored at -&0.  All

RNA samples were run on 1.2% agarose gel for thectien of 5s, 18s and 28s RNA
and quantified spectrophotometrically (Uvette spmatiotometer). Samples with 260/280
(nm) absorbance ratio of 1.8 and 3 clear bandss,(8.8s and 28s rRNAs) on 1.2%

agarose gel were used for RT-PCR.

6.2.2 Primer design
Primers were designed online with the Primer3 sarfew

(http://biotools.umassmed.edu/bioapps/primer3_wwiy.bgsed on expressed sequence

tags (Guettleret al, 2003) and in some cases, full-length coding eeqges of the

selected genes available on the NCBI databasg:{www.ncbi.nlm.nih.goy. The

primer sets used for each of the selected genesharven in table 6.1.

6.2.3 RT-PCR

RT-PCR was carried out in triplicates with the @a® OneStep RT-PCR kit by
following the manufacturer’s protocol. The reactimixture composed of;

dNTP mix (containing 10 mM of each dNTP) 2 uL (400uM of each dNTP)

5X Qiagen® OnStep RT-PCR Buffer 10uL (1X)
Qiagen® OnStep RT-PCR enzyme mix 2ulL

RNase inhibitor 5 units/reaction
5X Q-solution 10L

Primers (forward and reverse) 0.aM
Template RNA Rg/reaction

The final volume was made up to pD with RNase free water.
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Humngenisatinn Ground mycelia + 3 ml of Tri reagent™
(vigorous vortexing)
Add 0.2 vol of Chloroform per ml of Tri reagent™
Invert gently {15 seconds)
Incubate at room temp (3 min)
Spin (13,000 rpm; 18 min; 4°C)
Collect aqueous phase

Phase separation

Homogenisation: Reconstitute in500 L of Tri reagent™
Incubate for 45 ming at room temp

Phase separation: Add 0.2 vol of Chloroform
Incubate (15 mins; room temp)
Spin as above

Collect agueous phase

Second extraction

Homogenisation and phase separation; As in second extraction
Incubate at room temp (5 mins)
Spin {8 mins; 4°C)

Collect aqueous phase

Third extraction

Mix with 200 L of isopropanol

Incubate at 120°C {4 hours)
8pin (13,000 rpm (30 mins)
Collect pellet

Precipitation

RNA wash Wash twice with 70% ethanol

3 -1l

RNA solubilization ——————— Airdry pelletfor 3 mins
Reconstitute in50 - 100 yL

Leave onice for 2-3 hours to dissolve

Figure 6.1 Schematic representation of the stages of RNA isdian from ground

mycelia of S. commune.
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Table 6.1Genes studied by RT-PCR, their primer sequencgganduct sizes.

Gene name/
putative NCBI Accession Primers Presdilzc;ed
function number (Forward and reverse) (base pairs)
AATAATGGCCGTGAAGGTTG
GAPDH BG673933 TGGACGGTGTCGTACTTGAA 428
CAACGGATCTCTTGGCTCTC
18SrRNA* EU520239 CTCCAGCAGACCTCCACTTC 640
AGGTCGAATCCTCTGACACG
Polyubiquitin ** | U74318 1079
TCAGAGACCACCACGGAGAC
Mitochondrial
ATP  Synthasg BG713751 CCCCATCCAGATTCCTGTC 540
(beta chain)
CCTCCGAAGAGACCGATCTTG
Vacuolar ATP
Synthase ( G BQ102562 CACCAAGAACCTCATCAGCA 486
subunit)
GTGATGCCAACACAGACACC
Serine/threonine
protein  kinasg BQ134634 ACGCCTACGAATCTGAGCAT 541
kinase GAGGATATTGTCCGCCTTCA
(MAPKK)
Serine/threonine| AB218429 ATCTACGCGCTCAAGACGAT 2054
protein  kinase
(MAPK)** GAAGTTCCGCGCTGTAGAAG
Glutamine BQ173853 ATGCCAAAAAGACGATGGAC 498
synthethase
GGTAGTGGGCCTCAATCAGA
CGACCTGCTCTACTCCAAGC
Alpha tubulin BF942492 425
GCGACAGAGAAAGCGTAACC
Heat shock
cognate protein BG673919 CAACGGCTTGTTGAAGGTCT 404
(sks2)
GTGGATGTACGCCTCAAGGT
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Laccase ** AB015758 GCAAGACCAGCTCAATGACA 1822

GCCGAACTCGTAGACGAAAG
BG713762

Pyruvate ACGTCGTACACCGTCAACAA 449

decarboxylase TCCCGATTATCATGCACAAA

2-Oxoglutarate GACTCCGTCGACCAGATGAT

dehydrogenase | BI1135399 474

(E1 component) GCAGCACCACAAGGGTAAGT
TCGGTATCGAAATCCCTGAC

Acyl carrier | BG739705 503

protein AACTACTGTCGGCGGGTATG

Plasma BI324797 TACCACCAACAAGCTCACCA

membrane 494

H *ATPase
AGTCGAGGAGCTTGATACCG

it *|

Chitin synthase "l \1a5956 GTGTGCATAGTGTCGGATGG 509
CGTGACAGGCTTCTTGTTGA

Neutral trehalase BQ102603 CTGCAGAACAGCGAAGAGTG 550
AACGAGTTCGACACCAGCTT
AAATGTTCTCGAGGCTGTCG

Cytochrome ¢ BQ102564 489
GATAGACCCGACCGAGACAA
CCGCAAAAAGAGAAAGTTCG

Ribosomal

protein S8 BI324810 499
TTGTACGGACAAGCTCGTTG
CACGGTATCGTCACCAACTG

Actin w | AF156157 2475

(control) TGATCTGCGTCATCTTCTCG

Most primers were designed basedrcommun&STs available on the NCBI database with excepifon
asterisked genes above. * Partial sequence, ** tatmgoding sequence. MAPKK — mitogen activated
protein kinase kinase; MAPK — mitogen activatedt@rokinase; GAPDH — Glyceraldehyde-3-phosphate

dehydrogenase. Actin gene was used as control.
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RT-PCR amplification conditions were as follows;
Reverse transcription: 55°C 30 mins
Initial PCR activation: 95°C 15 mins

3-step cycling

Denaturation: 94°C inm
Annealing: 50°C min
Extension: 72°C min
Cycles: 35

Final extension: 72°C min

6.2.4 Visualisation and quantification of products

Products were run on 1.2% agarose gel in TAE (Adstate-EDTA) buffer stained with
ethidium bromide for product visualisation and difaration of band volumes. The
volumes of the resulting bands were determined @mpared using the Uvitec gel
analysis software (Cambridge Scientific). mMRNA levier the genes under investigation

were expressed as a function of band volume affePRR amplification.

6.2.5 Statistical analysis

Unpaired T-test was used to determine the levesighificance of the observed up-
/down-regulation of the different genes, by usingaghpad T-test calculator software
(Graphpad software, San Diego California:
http://www.graphpad.com/quickcalcs/ttest1.xfmP values < 0.05 were considered

significant.

6.3 Results

Gel electrophoresis after RNA isolation showed Isacmtresponding to 5.8s, 18s and 28s
rRNAs in 1.2% agarose gel (figure 6.2). Conceruret of total RNA ranged from 200-
9000 pg/ml with absorbance ratios at 260 nm andri28d260/280) ranging from 1.8 —
2.5. 260/230 absorbance ratios were between 1.2 ahdlriple extraction appeared to

reduce the phenolic and sugar (contaminants) ctmnténhe total RNA samples.
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Figure 6.3 and table 6.2 show a sharp increas@anekpression of genes coding for
chitin synthase, an MAPKK, an MAPK, laccase, Polguliin, HSP 70, ribosomal
protein S8 and acyl carrier protein after 24 hooframycelial contact withT. viride

Although neutral trehalase was down-regulated @4enours of contact witfi. viride, it
was up-regulated 3 and 3.2 folB € 0.0008) compared to unpaired and self-paired

cultures respectively. 18SrRNA gene was slightlyregulated relative to the un-paired
samples after 24 hours of contact. However, aféehdurs of contact, the band volume
increased 4 and 2 fold?(= 0.004) relative to the unpaired and self-paicedtures

respectively.

2-oxoketoglutarate dehydrogenase E1 componenrtybulin and H-transporting

ATPase genes were repressed after 24 hours ofadtimn, whereas pyruvate
decarboxylase gene was only repressed after 48shmiucontact. Genes encoding
GAPDH and Vacuolar ATP synthase were down-regulatker 24 hours of contact,

while Cytochrome & mitochondrial ATP synthase and glutamine synthsthgenes

were down after 24 hours of mycelial contact. Altb cytochrome €gene was down-
regulated in mycelia paired agaifistviride relative to unpaired mycelia, comparison of
band volumes for self-paired mycelia (where thisegavas repressed) and mycelia
confronted byT. viride show stronger band volumes in the former (figu®).6imilarly,
there was no significant difference in the exp@sgpatterns observed for glutamine

synthethase between self-paired mycelia and mypeli@d against. viride

However, it was down-regulated in the self-pairegteia and mycelia paired against
viride, compared to the unpaired cultures. Genes for @yier protein, chitin synthase,
ribosomal protein S8 and Cytochrome Were strongly down-regulated in self-paired
cultures following 24 hours of mycelial contacttdrestingly, in comparison to unpaired
and self-paired cultures, all the genes, which wgxeegulated in the mycelia confronted
by T. viride after 24 hours of mycelial conflict (laccase, aaydrrier protein,
Polyubiquitin, HSP 70, chitin synthase, ribosomabtein S8, MAPK and MAPKK),
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showed clear drops in band volume by the end dfolB8s of mycelia contact. For all the
genes presented in this chapter, products of tedigied size were detected in agarose

gel after staining with ethidium bromide.

e "" . " 28SIRN
- 18SIRN
-

5.8SrRNA

Self-paired S. commune

.;—q

Unpaired S. commune B
S.commune + T. viride

Figure 6.2 RNA bands on representative 1.2% agarose gel showgn28SrRNA,
18SrRNA and 5.8SrRNA from unpaired, self-paired myelia of S. commune and

mycelia of confronted byT. viride.
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Glutamine synthetha
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| Polyubiquitir

Heat Shock pitein coanate protein (sks
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Pvruvate decarboxvla

a —Oxoketoalutarate dehydroaenase
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Figure 6.3 Representative DNA bands on ethidium bromide-stained 1.2% agaroseyel
showing the expression patterns of the investigategenes ofS. commune paired againstT.
viride. 1 & 2: mRNA from unpaired mycelia of S. commune corresponding to 24- and 48-
hour contact periods respectively in paired culturs; 3 & 4: mMRNA from self-paired mycelia
of S. commune after 24 and 48 hours of contact respectively; 5 &: mMRNA from S.
commune mycelia paired againstT. viride, after 24 and 48 hours of contact respectively.
PCR reactions were set up in triplicates and 3 bandeplicas of test samples were compared
against triplicate bands of control samples.
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Table 6.2Up-regulated genes in mycelia®f commun&llowing mycelial conflict

withT. viride
Fold increase in band volume
Gene
P value
function/name
Relative to SC Relative to SCSC
24 hours | 48 hours of | 24 hours of | 48 hours of
of contact | contact contact contact
Polyubiquitin <0.0001 10.7 11.2
Laccase < 0.0001 4.2 2.0
Acyl carrier protein
< 0.0001 2.0 6.0
Chitin synthase 0.0006 2.0 5.0
Neutral trehalase 0.0008 3.0 39
Ribosomal protein S8 < 0.0001 20 9.0
18SrRNA 0.004 4.0 20
MAPKK 0.0019 15 1.6
MAPK 0.0053 10.8 8.7
HSP 70 0.0106 2.3 2.5

SC- unpaired mycelia &. communeSCSC, self-paired mycelia 8 communeExperiments

were carried out in triplicates.
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Table 6.3Genes down-regulated/represse& itommunéllowing mycelial conflict

WithT. viride
Fold decrease in band volume
Gene
P value
function/name
Relative to SC Relative to SCSC
24 hours | 48 hours of | 24 hours of | 48 hours of
of contact | contact contact contact
GAPDH <0.0001 4.3 5.0
Pyruvate decarboxylase repressed repressed
Glutamine synthethase <0.0001 2.0
Vacuolar ATP synthase 0.0007 3.5 2.7
2-Oxoketoglutarate repressed repressed
dehydrogenase P P
H*-transporting
ATPase repressed repressed
Alpha tubulin repressed repressed
Neutral trehalase 0.0008 5.4 8.9
Cytochrome C1 2.2

Mitochondrial ATP
Synthasef{-chain) < 0.0001 6.3 2.4

SC- unpaired mycelia 0o6. communeSCSC, self-paired mycelia d&. commune
Experiments were carried out in triplicatessee Appendix IV for a plot of gene band

volumes).
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6.4 Discussion

Although the results presented in this chapteroatg a snap shot of the transcriptional
changes irS. commungaired againsT. viride, they indicate strong modulation of the
molecular machinery o8. communeExpression patterns of laccase, chitin synthase,
neutral trehalase, polyubiquitin, HSP 70, an MAPKI aMAPKK-encoding genes are
strong indicators of a rapid physiological and noalar response bg. communéo the
mycoparasitic attack oT. viride within 24 hours of mycelial contact. The proteins
encoded by these genes are key players in strasstida and response in most
eukaryotic systems. Up-regulation of chitin synthagene is an indication of direct
response to cell wall damage, while increase inyymbuitin gene points to the
implication of the protein product to protein qiyalcontrol, a most likely response to cell
wall, protein synthetic and oxidative stressesywalt as starvation. This is supported by
the expression pattern of neutral trehalase geh&hwegulates intracellular levels of
trehalose that participates in the maintenancerofem conformations during various
conditions of stress, a function also performedH8P 70 of which the encoding gene

was up-regulated after 24 hours of mycelial inteoacwith T. viride

The up-regulation of genes that code for 18SrRNA shosomal protein S8 suggest
possible increase in the activities of the prowinthetic machinery of the endoplasmic
reticulum. The expression patterns of the betancbbATP synthase and cytochrome C
genes suggest possible disruption of mitochondmiattion. Down-regulation of the E1
component ofx -Oxoketoglutarate dehydrogenase is a strong itidicdhat the Kreb’s
(tricarboxylic acid) cycle may have been blockedhato -Oxoketoglutarate stage of the
cycle, an indication of redox imbalance. Arrestcefl replication/growth could be the
reason for the repression aftubulin gene. Perhaps the prevailing stress crmdit
during contact with the antagonist limits primargtabolic functions such as amino acid
synthesis, accounting for the down-regulation aftahine synthethase especially after
48 hours of mycelial interaction. Up-regulationgeines encoding two proteins putatively
involved in signalling (an MAPKK and an MAPK) imphte mitogen activated protein
kinases in the web of signalling activities respblesfor the detection and activation of

physiological response to the mycelia Tof viride Down-regulation of GAPDH gene

134



suggests that glycolysis may have been down-regpllat the mycelia o5. commune

interacting withT. viride

It is noteworthy that most genes, which were upit&igd after 24 hours of mycelial
contact, were down-regulated following 48 hoursnbéraction. Perhaps this is reflective
of the severity and continuity of the stress toakit. communenycelia were subjected
following contact withT. viride. Progressive cell wall lyses and subsequent @igiation
of S. communenycelia suggest a gradual loss of viability in tmafronted mycelial of

S.communespecially in the contact zone.

6.4.1 Up-regulation of laccase gene

Pronounced laccase secretion is a predominantesgmy most basidiomycetes during
inter-specific combative interactions (Griffigt al, 1994a, b & c; Raynest al, 1994;
Scoreet al, 1997; Boddy, 2000; Crowe & Olsson, 2001; Baldyiz004; Gregori@t al.,,
2006; Peiriset al, 2007; Peiris, 2009). Up-regulation of laccas@megeonfirms that
increased levels of laccase protein and activitguhiures ofS. communeonfronted by
T. viride (Chapter 5; sections 5.3.2.4 & 5.3.3) was a resfulte novoprotein synthesis.
Rayner et al (1997) concluded that elevated levels of laccadesng combative
interactions in fungi allows the interacting spscio convert free radicals and
hydrophobic metabolites released into the contactezto polymers, thereby sealing
hyphal boundaries. On the other hand, Crowe andsoDIs(2001) ascribed this
phenomenon to the activation of the heat shockcahdum influx pathways in response
to compromised cell integrity as laccase-derivemtipcts may play homeostatic roles in
polymerizing and rendering the cell wall less peabie or by the detoxification of

antifungal compounds released by either or botkispe

It is unlikely that that a single factor was resgible for the up-regulation of laccase in

the mycelia ofS. communeonfronted byT. viride Compromised cell integrity is most
likely one of the factors that elicited laccaseragulation in this study, considering that
T. viride lysed S. communesell wall within 48 hours of hyphal contact on agan

addition, GC/MS and biochemical assays showedmiggvels of phenolic compounds in
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the interaction zone. Phenolic compounds can bengiatly toxic to fungi at elevated
concentrations and are substrates for laccase®thed phenol oxidases. Furthermore,
possible switch to secondary metabolic phase oWtjracould be part of the web of
events that triggered laccase up-regulationS.isommunefFollowing the sealing-off of
the mycelia front, particularly b$. communsoon after contact witf. viride nutrient
supply would be disrupted which most likely arrasigcelial biogenesis, hence initiating
secondary metabolism (Rayner al, 1994). Secondary metabolism is associated with
increased secretion of phenolic compounds, someviath are for defence/attack
purposes or a response to diminishing mycelial tiiq®eiriset al, 2007; Lardneet al,
2006). Oxidative burst, as in plant-fungus intdm, is a major characteristic of
combative interactions between fungi (lakovéal, 2004; Galhaupt al, 2002; Rayner
et al, 1994; Rayner, 1997; Cht al, 2006) and reactive oxygen species (ROS) harness
laccase-driven oxidation of phenolic compounds ¢($tan, 1994; Mayer and Staples,
2002). Thus, laccase oxidations might contributéht® scavenging of toxic ROS that
accompany mycelial confrontations. Addition of isgpanol and ethanol were shown to
significantly increase laccase secretionRhizoctonia solan{Crowe & Olsson, 2001).
These alcohols are lipophilic and therefore debtgbimembranes and proteins in a
manner similar to heat shock (Crowe & Olsson, 2@iper, 1995; Panaretou & Piper,
1992). Alcohol-based lipophilic damage could besttigd to oxidative damage such as
lipid peroxidation (chapter 5; section 4.3.1) whistay also account for laccase up-
regulation inS. communeThe links between the induction of secondary b@tam
(increased phenolic synthesis), cell wall damagemf@@omised cellular integrity),
oxidative stress, up-regulation of laccase andiplessp-regulation heat shock pathway

(below) are presented in figure 6.4.

6.4.2 Up-regulation of HSP 70 gene

Although aggregation of cellular components hasmbs®wn to occur during cell wall
damage (Krysan, 2009), it has also been demondtdateng combative interactions not
involving a mycoparasitic fungus with the capabitib secrete a battery of lytic enzymes.
For instance, Ikediegwu (1976) reported the foramatf dense streak-like cytoplasmic

materials in paired hyphae Beniophora giganteandHeterobasidion annosumeither
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of which have demonstrated cell wall lytic propesti These dense streak-like
cytoplasmic materials are similar to the cellulggegates shown in chapter 2 (section
2.3.2). While cell wall damage may have played ke rio the formation of these
aggregates in the areas of inter-specific hyphaltas, it is very possible that these
aggregates mimic response to heat shock, whichgrantly damages intracellular and
cell wall-bound macromolecules (Prescettal, 1999). It is very likely that oxidative
stress (lipid peroxidation) is implicated in therrf@mtion of these aggregates
communeaired against. viride considering that ROS have a similar damaging etiac
macromolecules (Takemotet al, 2007). This perhaps accounts for the rapid up-
regulation of HSP 70 within the first day of myeglcontact. Under conditions of heat
shock or other stress conditions that mimic heatatge, HSPs are up-regulated because
of their chaperone function, which assists in th&intenance of protein conformation
under stress thereby preventing the formation xittprotein aggregates (Prescettal,
1999). HSP 70 proteins also contribute the secatéstr of damaged, denatured or
improperly folded proteins during conditions ofests (Panaretou & Piper, 1992; Craig &
Gross, 1991; Linquist & Craig, 1988). HSP 70 appear be among the first line of
molecular defences recruited 8. communan response to the oxidative onslaught

arising from hyphal contact with. viride

6.4.3 Down-regulation of cytochrome & and repression of mitochondrial ATP
synthase (beta chain) genes

Although both Cytochrome @ and the beta chain of mitochondrial ATP synthase
involved in electron transport and ATP synthesistie mitochondrion, were down-
regulated in self- andl. viride-paired cultures 08. communecell wall lysis and cellular
aggregation were observed only in the latter. likesly that damage to the mitochondrial
membrane, which would affect proton gradient heneksctron transport in the
mitochondrial matrix following cellular aggregationay have occurred in the mycelia
confronted byT. viride, thereby leading to electron leakage, redox imizaand
oxidative stress. This may have contributed taacgtiular oxidative insult leading to the
activation of heat shock response and laccase gipateon. It is possible that multiple

electron transport and ATP synthetic mechanismst @xiS. communesince ATP levels
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remained comparatively high in the stressed mycalain the self-paired cultures
(Chapter 4; section 4.3.3), despite down-regulatiboytochrome ¢ and the beta chain
mitochondrial ATP synthase genes in both sets ibfi@s. Similarly, cellular aggregation
may have affected the vacuoles as well, thereb§itigrzvacuolar functions. This perhaps

contributed to the down-regulation of vacuolar ASythase gene.
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\ 4 3. Scawvenging of ROS
Cellular aggregation Up-regulation of
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{Heat shock pathway)

Figure 6.4 Hypothetical scheme of events leading to laccasesgulation and the physiological roles of laccas&. commune

following mycelial confrontation witfT. viride
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6.4.4 Up-regulation of genes that code for an MAPKKan MAPK chitin synthase,
and acyl carrier protein and down-regulation ofa-tubulin

Serine/threonine protein kinases (mitogen-activgieatein kinases-MAPKSs) form the
core of fungal cell wall integrity pathway. Thisscade detects and responds to cell wall
perturbation by physical or chemical agents ingheironment (Nobeét al, 2002; Jung
and Levin, 1999; Duran and Nombela, 2004; €idal, 1995) as well as to oxidative
stress in fungi (Fernande#t al, 1998; Aranaet al, 2005). Both stresses may have
elicited the up-regulation of both MAPKK and MAPKemes. The main function of

protein kinases during cell wall stress is to at®promote the expression of key

proteins, which directly participate in the biogyesis of cell wall componen{®uran &

Nombela, 2004; Nobedt al, 2000;Ketelaet al, 1999). An example is chitin synthase,
responsible for the synthesis of chitin, which ¢itates the foundation of the fungal cell
wall architecture (Duran & Nombela, 2004). Thishms explains the up-regulation of

chitin synthase gene B. communafter 24 hours of mycelial conflict.

Up-regulation of acyl carrier protein (ACP) geneghti as well be one of mechanisms
targeted towards synthesis and incorporation ofrpets into the cell wall in response to
the activities of cell wall lytic enzymes. ACPs dey components of the fatty acid
synthesis pathway (Prescettal, 1999). It has been demonstrated that they avied

in the synthesis of phospholipids (Magnusemnal, 1993) and cell wall polymers in
bacteria (Heaton and Neuhaus, 1994). Perhaps Al@Rdlved in the construction of cell
wall polymers or in the strengthening of cell meeni® structural integrity, considering
that after cell wall lysis, the cell membrane ig nly protective envelope around the
cell. Similarly, the up-regulation of chitin syn#e could be interpreted as a direct
response to cell wall lysis, given that chitin e tmajor source of rigidity to the fungal
cell wall (Gooday, 1995)a-tubulin is a part of the cytoskeleton involved mnigiin
cytokinesis (Heath, 1995u-tubulin gene was repressed 24 hours post intefgpec
contact. This could mean a complete terminatiomuwdflear division and arrest of cell
growth inS. communenycelia interacting witfT. viride Considering the stress imposed
on S. communéollowing interspecific contact, cell replicatioa an unlikely process to

be retained during mycelial conflict, accounting flee repression of this gene compared
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to self-paired and unpaired cultures. lakowal (2004) also reported the repression of
a gene, which encodes a fimbrin protein, involved the polarization of actin
cytoskeleton during inter-specific combat betwebleterobasidion annosumand
Physisporinus sanguinolentus

Mycelial contact

Cell wall lysis Oxidative burst
/ ‘
/ ¥_1/G—protein o .“ [ \
MAPKK
l Synthesis of cell wall-related proteins/enzymes
MAPK

ANy

Endoplasmic reticulum

Figure 6.5Hypothetical sketch depicting possible implicatiorof the MAPK cascade in the
activation of cell wall integrity pathway leading © the synthesis of cell wall proteins and

enzymes involved in the construction of cell wall@ymers.

6.4.5 Repression of the gene encoding the E1 compah of a —ketoglutarate
dehydrogenase, and down-regulation of GAPDH and pwyvate decarboxylase genes
The gene for the E1 component af —ketoglutarate dehydrogenase (AKDH) was
repressed after 24 hours of contact, while glydetayde-3-phosphate dehydrogenase

(GAPDH) and pyruvate decarboxylase (PD) genes weren-regulated and repressed
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respectively after 48 hours of mycelial contacthit viride. AKDH is a vital metabolic
enzyme, which generates NADH in the TCA cycle angrecursor for amino acid
synthesis (Singlet al, 2007). However, it functions as a regulatoryinpan the
tricarboxylic acid (TCA) cycle, being sensitive MADH/NAD " ratio (redox state) (Van
Laere, 1995). Its sharp repression is indicativeanf unfavourable redox state and
unbalanced AMP/ATP ratio (Van Laere, 1995) whiclhyveften leads to the activation
the y-aminobutyric acid (GABA) bypass under oxidativesuit (Colemanet al, 2001,
Panagiototet al, 2005). GABA synthesis generates succinate, wisiéed back into the
TCA cycle, bypassing key NADH-producing steps @& TCA cycle (Juhnket al, 1996;
Singhet al, 2007). GC-MS analyses and enzyme assay shaveeglased amounts of
GABA and Succinic semialdehyde dehydrogenase (SSARELivity respectively
(Chapters 3; section 3.3.2 and Chapter 5; sectiB2.5). Taken together, it can be
argued that the cascade of events following mylkcetiatact betwees. communandT.
viride perhaps creates, an unbalanced redox state,dcaftecgience of electron transport
and ATP synthesis, all which can induce oxidatitress consequently leading to the

transcriptional down-regulation of AKDH.

GABA shunt is perhaps one of the pathways empldyged. commundo balance
NADH/NAD ratio, in response to physiological strebxreased activity of GGPDH, the
committed enzyme of the pentose phosphate pathiRRP?), a major source of NADPH
described in chapter 3 further supports this assomp PD is associated with
fermentation, catalyzing the conversion of pyruMatecetaldehyde and carbon dioxide
(Prescottet al, 1999). This process competes with the TCA cydeecially under
conditions of limiting oxygen supply (Panagiotetial, 2005). Repression of PD gene
48 hours after mycelial contact means that moshefpyruvate generated from glucose
metabolism is perhaps channelled towards the TCéecyost likely to boost ATP
generation. The TCA cycle has an ATP turn over ®fATP molecules per pyruvate
(Prescotet al., 1999).

Indication that the PPP might be active Sn communealuring mycelial confrontation

suggests that the glycolytic pathway might havenbdmwvn-regulated in favour of a less
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energy expensive pathway (PPP) which favours tmermgéion of antioxidant NADPH.
Oxidative stress has been shown to reduce glucodendrogen uptake in yeast by
possibly oxidizing enzymes involved in glucose amtiogen metabolism (Shenton &
Grant, 2003). Liet al (2008) demonstrated that oxidative stress hasndasieffect on
Aspergillus nigerB1-D glyceraldehyde-3-phosphate dehydrogenase [@B#ARhereby
reducing glucose uptake. Although they observededesed uptake of nitrogen, activities
of enzymes involved in ammonia assimilation remadinenchanged. This possibly
accounts for the down-regulation of GAPDH and ghitee synthethase suggesting that
this response might be transcriptionally regulatedthe mycelia of S. commune
interacting withT. viride Proteomic studies (chapter 7; sections 7.3.1&3ftables 7.3
& 7.4) strongly support this assumption, given tlathe identified glycolytic and amino

acid synthetic proteins were down-regulated.

6.4.6 Up-regulation of genes that encode ribosomaloteins, neutral trehalase and
polyubiquitin

The relationship between cell wall damage and amed protein synthesis is discussed in
details in chapter 7 (section 7.4.1). Up-regulatidmibosomal protein S8 and 18SrRNA
genes after mycelial contact especially 18SrRNAegsimongly support the conclusion
that cell wall lysis may have promoted protein &gsis inS. communearticularly
proteins associated with cell wall repair and reellaay (Krysan. 2009; Richiet al,
2009). Furthermore, up-regulation of polyubiquiiene makes case for the activation of
restorative mechanisms such as degradation of wgidied proteins (caused by
oxidative stress) and toxic aggregates of misfoldesteins stemming from increased
synthetic flux through the protein synthetic maehyn (endoplasmic reticulum stress)
(Panaretou & Piper, 1992; Krysan, 2009; Dukaml, 2000). Hence, both oxidative and
protein synthetic stresses (Chapter 7; sectiorl)/may have elicited the transcriptional
activation of polyubiquitin. In addition, in theght of the described stress conditions to
which the mycelia of5. communevere subjected after contact with viride selective
degradation of expression factors for genes engadausekeeping proteins not required
under severe stress and idle enzymes (Nystrom,)2808& likely additional role of

polyubiquitination proteins during this interactionS. commune
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Accumulation of trehalose in stressed mycelia is emtablished stress-alleviating
mechanism in fungi (Fernandet al, 1998; @on et al, 2007). Trehalose build up has
been demonstrated in fungi subjected to oxidatth@\yeet al, 1987; Fernandeet al.,
1998), chemical (Changet al, 1989), heat (Enjalberet al, 2003) and osmotic
(Dohlemannet al, 2006) stresses. Trehalose has been shown titizetglyoteins under
conditions of stress allowing them to maintain theative conformation (Singer and
Linquist, 1998; Erogleet al, 2000). However, trehalose interferes with proteifolding
explaining the paradoxical up-regulation of trelsaleynthesizing enzymes during stress
and trehalose hydrolysing enzymes upon stress eeggiFernandeet al, 1998; @on et
al., 2007). This scenario fits almost perfectly wille expression pattern observed for
neutral trehalase (the key enzyme associated wathatose hydrolysis during stress
conditions or stress recovery) in this stu@:. communeneutral trehalase gene was
strongly down-regulated within 24 hours of mycel@ntact, most likely to allow
trehalose build up following antagonism from viride However, it was up-regulated
after 48 hours of mycelial interaction between bgftecies, possibly to allow the
refolding of key proteins required under the unfaable conditions of growth at this

stage of mycelial confrontation.

6.4.7 Down-regulation of plasma membrane proton-trasporting ATPase (H+
ATPase)

As mentioned earlier, heat and ethanol stressemgadiilise membranes thereby
perturbing transmembrane ion gradients requiredpférregulation, potassium balance
and nutrient uptake involving proton-transporting Pases (Panaretou & Piper, 1992;
Kobayashiet al, 1986; Serranet al, 1986). Transmembrane gradient is susceptible to
dissipation by different stresses potentially cagsa toxic drop in intracellular pH,
thereby stimulating proton-transporting ATPases, ictvh promote proton efflux
(Panaretou & Piper, 1992; Coott al, 1991). This helps to counteract internal
acidification (Panaretou & Piper, 1992; Coeteal, 1991). Despite its important role in
stress response, Panaretou & Piper (1992) obseedrdttions in the levels of proton-

transporting ATPase and an increase in HSP 30asty&ibjected to heat stress, as well
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as in cells in stationary phase. However, the asti@d earlier reported that despite
reductions in the levels of proton-transporting AEE, the gene encoding the ATPase in
Saccharomyces cerevisiaas still being transcribed. They suggested tleahaps cells
under severe stress were incapable of synthesilitpse. In the present study, proton-
transporting ATPase was repressedSincommunesoon after contact witf. viride
Inexplicably, it appears ATPase is transcriptionahut down inS. communeonfronted

by T. viride It is worth pointing out that oxidative shocklaing hyphal contact might
mimic heat or ethanol stress, which would potelytialipe out transmembrane ion
gradient thereby affecting the activity of protoartsporting ATPase. The reason why the
gene that encodes this protein was repressed renuaiciear, perhaps the protein is

regulated at the translational/protein level.

6.5 Summary and conclusions

The results presented in this chapter point to gbssible prevalence of cell wall,
oxidative and protein synthetic stresses in theatigof S. commungaired against.
viride. For instance, genes that encode GAPDH, 18SrRMA4, rdbosomal protein S8
often used as controls in RT-PCR assays were egfnengly down- or up-regulated.
Whereas actin remained relatively same acrossetsteand control samples, there is a
strong possibility that this was mainly due torntde in the maintenance of membrane
integrity especially following cell wall damage. §Ipatterns of gene expression suggest
induction of metabolic shifts 5. communéeading to the down-regulation of NADH-
producing and energy expensive processes suclyealydic reactions and the reaction
catalysed by AKDH. This, most likely promotes highgroduction of antioxidant
NADPH via alternative pathways. Up-regulation ohge that encode proteins involved
in protein synthesis, HSP 70 and polyubiquitin sgjgan increase in the protein
synthetic flux, with possible corresponding inceeas the activities of counteracting
mechanisms that check protein misfolding or reogchf aberrant proteins. Laccase up-
regulation implicates compromised cell integrityjdative burst and increased synthesis
of phenolic compounds as part of the mesh of bioit& and molecular events arising

from mycelial contact withT. viride Part of the restorative measure recruitedShy
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communemost likely includes promoting the synthesis ofl cgall polymers and

regulation of trehalose metabolism to meet intlatal requirements under stress.
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CHAPTER 7

Protein profiles of interacting cultures of
S.commune and T. viride
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7.1 Introduction
Enhanced secretion of extracellular enzymes suchplenol-oxidases, changes in

morphological forms and pigmentation, are somehaf tore characteristics of inter-
specific interactions in filamentous fungi (Bod@Q00; Rayneet al, 1994; Gregorieet
al.,, 2006). The processes that drive these changesgygdmycelial confrontation are
mediated predominantly by proteins, which are faoren directly related to
functions/phenotypes than genes, making proteomiosre reliable analytical tool for
studying the physiological and biochemical processederlying various responses and
cellular states in living systems (Bhadaietaal, 2007; Horieet al, 2008). Proteomics is
the qualitative and quantitative functional anatysé the total protein expressed by a
genome, cell, tissue or organism (Rohrboaghl, 2007; Bhadauriat al, 2007). Recent
advances in protein sequencing coupled with congpleaf the sequencing of over 25
fungal genomes make proteomics more amenable testof complex fungal systems
(Bhadaurizet al., 2007).

However, difficulties such as the inherent compiexif extracting membrane proteins,
poor detection of low-abundance proteins and ldcknoamplification tool such as PCR
(in the case of DNA and RNA) limit the applicatiof proteomics (Rohrbought al,
2007). Despite these limitations early indicatidresm the application of proteomics to
fungi have led to suggestions that proteomics pewerful tool for studying changes of
protein expression profiles in response to varistuesses (Teixeirat al, 2005; Qinet
al., 2006). A key step in fungal proteomic studiethes protein extraction, given the very
robust nature of fungal cell wall (Bhadauea al, 2007). Several methods have been
developed and the method adopted may vary fromespéx species. However, it should
reproducibly capture all the different proteins genet in the proteome with little or no

contamination (Bhadaurkt al, 2007).

Following protein extraction, protein samples arefited by two-dimensional (2D) gel
electrophoresis. 2D gel electrophoresis generatggolbal picture of the expression
patterns of a proteome under varying conditionsa(Bturiaet al, 2007). 2D gel

electrophoresis separates proteins firstly, byrtiseielectric point (pl) during isoelectric
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focusing (IEF: first dimension) and secondly basedmolecular mass during sodium
dodecyl sulphate-polyacrilamide gel electrophordS®S-PAGE: second dimension)
(O’Farrell et al, 1997). The resulting profile allows the deteetaf proteins of interest,
which are identified by mass spectrometry. The fawnber of annotated or sequenced
fungal genomes limits the possibility of identifginproteins from un-sequenced
organisms. However, search tools such as basitdtigament search tool (BLAST) can
be useful for the elucidation of possible functiolegation and modification of proteins

of interest by determining their homology with dable sequences on the database.

In a three-way interaction study, Marea al (2006) used 2D gel electrophoresis to
investigate the proteomes of an antagonistic st@inTrichoderderma atroviride
(mycoparasite), interacting with bean plants and phytopathogensBotrytis cinerea
andRhizoctonia solanin an effort to understand the induction of systengisistance in
bean plants by. atroviride against these two fungal pathogens. Hetial (2008) used

a combination of 1D and 2D gel electrophoresisttmlys the proteomes of the fruiting
bodies of two mushroom&parassis crispand Hericium erinaceumwhile Qinet al
(2006) demonstrated the crucial role of antioxidarttteins and hydrolytic enzymes in
the pathogenicity ofPenicillium expansumusing 2D protein gel electrophoresis.
Extacellular proteins involved in cellulose, lignamd hemicellulose degradation were
found to increase in abundance Ranerochaete chrysosporiugrown on different

substrates using 2D gel electrophoresis (8a#d, 2007).

Whereas genomic tools have been used (lakaatled, 2004; Adomaet al, 2006) in the
study of inter-specific fungal interactions, 2D gdkctrophoresis has been sparingly
employed to this area of research. Earlier workun laboratory (Peiris, 2009) showed
up-regulation of proteins involved in homeostagsponse to oxidative stress and heat
shock proteins in paired cultures Stereum hirsutunand its competitorsCoprinus
micaceusandCoprinus disseminatusiowever, several questions remain to be answered
as to whether all fungi recruit the same or simitaechanisms to inter-specific
confrontation. Furthermore, the up-regulation ofi@adant proteins requires further

investigation, if their roles in mycelial interamtis are to be better understood. Data
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presented in this chapter represent an attempgeidhe 2D gel electrophoresis to further
our knowledge of fungal interactions especially tesponse of a wood degrad&. (

commungto a highly antagonistic strain of a biocontnahd@us T. viride).

7.2 MATERIALS AND METHODS

A schematic summary of the stages involved in éisigect of the work, from interaction

assays, to protein extraction, SDS-PAGE, and pratieintification are in figure 7.1.

Mycelial -agar .
B

Protein extraction and
quantification

Isoelectric focusing

Staining and image

SDS-PAGE analysis

Protein sequencing Identification and functional
(LC-MS/MS) analysis

Figure 7.1 Schematic representation of the experimental procedes employed for
profiling the proteomes of S. commune and T. viride from their self-paired and interacting
cultures.

7.2.1 Agar plate interaction assay and sample prepation

Mycelial confrontation assays were set up as desdrpreviously (Chapter 2; section
2.2.1). Cultures were grown in replicates of 15dach batch of protein extraction from
which five uniform plates, based on patterns ofnq@gtation and barrage formation were

selected for protein extraction. Samples for pro&itraction were taken after 48 hour of
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mycelial contact as described in Chapter 3 (secBahl). However, for protein
extraction, mycelial samples were cut off togethvéh agar to capture of both intra- and

extracellular proteins. Samples were frozen aiG&Wernight before freeze-drying.

7.2.2 Protein extraction
Samples for protein extraction were taken away ftbheninteraction line, in the domain

occupied by each fungus as described in Chaptee@ign 2.2.1). Protein extraction was
carried out according to the method described bgieHt al (2008). 250 mg of freeze-
dried samples for each extraction batch were graarmbwder with a mortar and pestle
with the addition of small amounts of acid-washadds (Sigma-Aldrich). The powder
was dissolved in 8 ml of Tris-buffered (0.1 M; pHBBphenol (80 g/l) and 8 ml Of
extraction buffer (0.9 M sucrose, 0.1 M Tris (pH)3.10 mM EDTA and 0.4 % (v/v) 2-
mercaptoethanol in sterile distilled water). Tlkeulting mixture was allowed to vortex
for 30 mins and then centrifuged at 15,000 rpm3@mins, after which the top phenol
layer was removed and spun again for 15 mins a0@5pm. 2 ml of Tris-buffered
phenol and 2 ml of extraction buffer were addedht® lower aqueous residue after the

first centrifugation.

The mixture was vortexed for 1 minute and spun &t @00 rpm for 15 mins. The
resulting top phenol layer was collected and the phenol layers were pooled after
which 5 volumes (5X) of the precipitating solutisras added (0.1 ammonium acetate in
100 % methanol), mixed by vortexing for 15 secoadd incubated at -20 overnight.
The suspension was centrifuged at 15000 rpm fam® at 4C to pellet proteins. The
pellet was washed twice with 1 ml of 0.1 M ammoniacetate in 100 % methanol, once
with 80 % ice-cold acetone and once with 70 % atharhe pellet was dried for 10 mins
at 37C and dissolved in 200 pL rehydration buffer (6 kaj 2 M thiourea, 0.5 %
CHAPS (w/v) and 0.5 % (v/v) Pharmalyte (pH 3-10; émsham) excluding dithiothreitol
(DTT). Samples were stored at -80until use.

7.2.3 Protein quantification

The protein content of each extract was perforneedraing to the method described by
Bradford (1976). 10 pL of each sample was dilutgdraking it up to 200 pL (in the
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same buffer) and mixed with 800 uL of Bradford matg(Sigma). Absorbance was read
at 595 nm in Novaspec |l spectrophotometer (AmarshdK). Standard curves were
prepared using Bovine serum albumin (BSA) as stahdeaer a concentration range of

0.1 to 1.5 mg/ml. Each sample was also run on &I after quantification.

7.2.4 Rehydration of IPG strip
Following the optimisation of the amounts of prateequired for loading the strips for

each fungus, volumes containing 200 pg and 150fpyayatein forS. communandT.
viride respectively, were made up to 130 pL with rehydrabuffer (6 M urea, 2 M
thiourea, 0.5 % (w/v) CHAPS and 0.5 % (v/v) Phagtel(pH 3-10; Amersham) and 0.4
% (w/v) DTT). The mixture was loaded onto a swejliray (Amersham, UK) and
allowed to absorb onto an 18 cm Immobiline gelpstpH 3-10 non-linear (GE
healthcare) overnight. The strip was covered witimemal oil (Sigma-Aldrich, UK)
during overnight rehydration. All experiments weaaried out in replicates of 5, using

proteins samples from different cultures/extractiatches.

7.2.5 Isoelectric focusing
Following rehydration and protein absorption on sgeip, strips were gently blotted dry

on tissue paper. Isoelectric focusing was carrietl an a Multiphor II (Pharmacia
BIOTECH) electrophoresis unit. Temperatures durirspelectric focusing were
maintained at 17.€ using Amersham Multiptemp Il thermostatic cirmar cooling
unit. Strips were placed gel-side-up onto the drip saligner tray and electrode strips
were placed on the anode and cathode ends of @ethp after soaking them in distilled
water. A small amount of mineral oil was pouredootite cooling ceramic cooling block
and the aligner tray was placed over the blockctidees were connected to the IEF
electrophoresis unit and the IPG strips were fogddse5 hours folS. communsamples,
and 4 hours 10 mins for. viride samples, (table 7.1) using an Amersham EPS 3501
power pack. Preliminary runs showed that protéiom both fungi required different

durations to be focused along the strip.
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Table 7.11EF programmes fo8. communandT. viride protein samples

IEF steps Voltage Duration

30 mins (SCSC/SCTR)
Step 1 150 v

(for proteins from both fungi)
5 mins (TRTR/TRSC)

Step 2 300 V 30 mins (SCSC/SCTR)

(for proteins from both fungi)
25 mins (TRTR/TRSC)

600 V (SCSC/SCTR)
Step 3 30 mingfor proteins from both fungi)

800 V (TRTR/TRSC)

Step 4 3500 V 3 hrs 30 mins (SCSC/SCTR)

(for proteins from both fungi)

3 hrs 10 mins (TRTR/TRSC)

SCSC/SCTR: Time or voltage applied3ocommunerotein samples from self-paired cultures and
mycelia interacting witf. viride TRTR/TRSC: Time or voltage applied To viride protein samples

from self-paired cultures or mycelia paired agaistommune

7.2.6 Equilibration of IPG strips
After focussing, strips were equilibrated to redutisulfide bonds and unfolding of

proteins with a view to promoting the transfer abtgins from the IPG strips onto SDS-
PAGE. Equilibration was performed for 15 mins bgking the strips gently in 5 ml of
50 mM Tris-HCI, pH 8.8; 6 M urea; 30 % (v/v) glyoér2 % (w/v) sodium dodecyl
sulphate (SDS); and 1 % (w/v) DTT and for anotieniins in 5 ml of 50 mM Tris-HCl,
pH 8.8; 30 % (v/v) glycerol; 2 % (w/v) SDS; and 2&(w/v) iodoacetamide.

7.2.7 SDS-PAGE
The second dimension was run by placing the foclasel equilibrated strips onto a 1

mm thick 8 x 7 cm 12 % (w/v) SDS-PAGE resolving.g8DS-PAGE resolving gels
were prepared by mixing water (4.9 ml), 1.5 M Thosse (pH 8.8; 2.6 ml), 40 % Bis
acrylamide (3 ml), 10 % (w/v) ammonium persulfat€0q pL), N,N,N',N'-

tetramethylethylenediamine (TEMED) (10 uL), and %0 (w/v) SDS (100 pL) and
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allowed to set within the gel plates. Molecular gigimarkers were loaded onto a small
piece of filter paper placed on the low pH endhef $trip. IPG strips were sealed onto the
SDS-PAGE resolving gel by pouring sealing buffe5(® (w/v) agarose, 25 mM Tris,
192 mM glycine, 0.1 % SDS and trace amounts of lbpdmnol blue) over the strips.
This ensured that the strip was intact with theolkésg gel during electrophoresis
(protein separation). Electrophoresis was carriegt @ising a Biorad protein
electrophoresis unit at 80 V for 30 mins and at ¥10ntil the dye (bromophenol blue)
front reached the base of the gel (see Appendixotlithe composition of gel running
buffer). Altogether, 20 gels were run with diffetdsiological samples for each of test
and control cultures for both fungi respectivelyt of which 5 gels (most uniform) were

used subsequently for image analysis.

7.2.8 Protein visualization
After separation, proteins were fixed and stairmdvisualization by microwave-heating

gels (with intermittent cooling) in 10 % (v/v) agefcid containing 0.1 % coomassie
brilliant blue (Sigma-Aldrich, UK) until protein sps became visible. Afterwards, gels
were destained with 10 % (w/v) acetic acid allowregioval of excess coomassie blue.

Gels were preserved in 10 % (w/v) acetic acid.

7.2.9 Image analysis
Stained gels were scanned with GS800 densitom8ierad, UK) and the resulting

images were acquired with Quantity Il software. ieaoage was converted to a TIFF file
and analysed using Progenesis PG240 Samespot softiNanlinear Dynamics, UK).
Five gels from each of test and control batchesewgsloaded onto the Progenesis
programme for anlysis. The amount of protein inhesigot was determined as a function
of spot intensity, and images (spots) from selfgrhisamples were compared against
those from interacting cultures. Fold changes otgin spots between samples from self-
paired and co-cultures were calculated and rankaeskd onp-value from one way
ANOVA.
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7.2.10 Sequencing (LC-MS/MS) and identification
Spots, which differed significantly in volume betve self-paired and interacting

cultures, were excised and dispatched to the Usityeof York Mass Spectrometry
Facility (UK) where they were sequenced by LC-MS/M&d identified by sequence
matching on the NCBI database. Both fungi are nequenced; hence, protein
identification was achieved by peptide fragmentattmd mass fingerprinting followed
by sequence alignment with available proteins endatabase. Where matches resulted
in hypothetical proteins, further confirmation ofofein function was achieved by
matching the sequence obtained from York Universifjainst proteins on the NCBI
database to identify the possible presence of ceededomains with other known
proteins. This was carried out with the NCBI comnsdr domain software

(www.ncbi.nlm.nih.gov/structure/cdd/wrpsb.xgi

7.3 Results

Results of protein analyses are presented in teiioses;

7.3.1 — Comparative patterns of expressed proteins fitmenmycelia ofS. commune
paired against self and agaifistviride

7.3.2— Comparative patterns of expressed proteins fiteemmycelia ofT. viride paired
against self and againSt commune

7.3.1 Comparative patterns of expressed proteins from thenycelia of S.

commune paired against self and against. viride.
Figures 7.2 and 7.3 show remarkable differencebarpatterns of protein spots between

self-paired mycelia ofS. communein comparison to its mycelia interacting wiih
viride. About 682 spots were resolved between pH 3-10 284 spots were significantly
different between self-paired cultures &f communeand cultures of interacting with.
viride (fold difference> 2; p < 0.05). Out of these 284 spots, 121 were uplasgm
while 163 were down-regulated. 38 spots (21 upietgd and 17 down-regulated) were
selected for sequencing by LC-MS/MS based on thegl of up-/down-regulation (fold
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increase/decrease), and the position of the pregsan relative to other spots. Only spots
that could be excised without the risk of crossingxbetween spots were selected for
sequencing. A plot of normalised spot volumes deded differentially expressed
protein spots are shown in figures 7.4 and 7.5ce&stheS. communsequence is not yet
available on the database, MS/MS spectra were stdahfor search on the database in

the Mascot search engine.

The best matches for up- and down-regul&@edommun@rotein spots are presented in
tables 7.2 and 7.3 respectively. Identified up-fegpa proteins are involved in a wide
range of physiological and biochemical functionsluding, transcriptional/translational
regulation (SC6, SC39 and SC93), amino acid me&hdSC100), cellular metabolism
and energy generation (SC28, SC114 and SC150)pwntdin synthesis and assembly
and signalling (SC2, SC40, SC55, SC60, SC87, S@hASC394). Other up-regulated
spots, SC8, SC20, SC41 and SC75 were found tovbéved in homeostatic responses to
cell wall damage and oxidative stresses. Proteinssoaated with
glycolysis/gluconeogenesis (SC83, SC345, SC438S&4b5) and trehalose metabolism
(SC313) were found to be down-regulated. Other dmgulated proteins include spots
SC302 and SC444 (heat shock proteins); SC34, SCaid, SC355 (phosphate
metabolism and signalling); SC62 and SC3369 (trgutsanal regulation and protein

synthesis); and SC69 (amino acid metabolism).
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Figure 7.2 Representative gels of protein extracts from the noelia of S. commune paired with self, and mycelia paired withT. viride after
48 hours of contact. 20Qug of protein was separated by 2D gel electrophoresin 12% sds-polyacrilamide gel after IEF. Circledspots
represent some of the protein spots (only the sequeed spots out of the up-regulated proteins) up-redated in mycelia of S. commune
confronted by T. viride, compared to self-interacting cultures5 gels were selected for image and statistical agaks out of 20 gels, for each

of test and control batches.
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Figure 7.3 Representative gels of protein extract00pg) from S. commune mycelia paired with self, and mycelia paired with
T. viride for 48 hours, separated by 2D gel electrophoresia 12% gels following IEF. Circled spots represensome of the

protein spots (only the sequenced spots) down-regiéd in the mycelia ofS. commune confronted by T. viride, compared to

self-interacting cultures.
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Figure 7.4 Comparative average normalised spot volnes of up-regulated spots: 1-
19 on the x-axis represent protein spots as followSC1, SC2, SC3, SC6, SC8, SC20,
SC28, SC39, SC40, SC41, SC55, SC75, SC87, SC93,08C3C114, SC150, SC195,
SC394 respectively. SCSC: self-paire8. commune; SCTR: S. commune confronted
by T. viride. (Progenesis software generates the average of theospolumes of the test and control

gels as a single value respectivgly
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Figure 7.5 Comparative average normalised spot votnes of down-regulated
proteins: 1-15 on the x-axis represent the followm protein spots; SC33, SC34,
SC62, SC69, SC302, SC313, SC345, SC350, SC355, 9C36412, SC438, SC444,
SC465 respectively. Key to SCSC & SCTR, as in figar 7.4. (Progenesis software

generates the average of the spot volumes of thetand control gels as a single value respectivgly
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Table 7.21dentities of proteins from the mycelia 8f communep-regulated in response To

viride after 48 hours of contact, compared to self-paindtlires ofS. commune

Protein
spot

NCBI
Ac. No.

P-value
(ANOVA)

Fold
Increase

Protein
identity

Mascot
Score

Sequence
Coverage
(%)

Predicted
mol. wt.
(kDa)

Predicted
pl

No of
matched
peptides*

SC1

0i|189191156

1.679E-10

19.8

Hypothetical
protein

36

121

5.7

SC2

0i|169779443

4.242E-6

17.5

Hypothetical
protein

84

15

18

5.9

SC6

0i|38567258

1.938E-5

11.5

transcription
factor BTF3a

79

15

16

7.6

SC8

0i[209446855

2.294E-11

10.3

phenylalanine
ammonia-
lyase

61

80

5.7

SC20

0i[34014958

6.405E-7

8.2

HEX1-
Woronin body
component

66

25

6.6

SC28

0i|169865690

2.739E-5

7.8

Hypothetical
protein

202

35

9.6

SC39

0i|68563739

2.211E-4

7.2

RNA
polymerase I,
2nd largest
subunit

39

26

5.5

SC40

0i[241889506

1.816E-9

7.6

Hypothetical
protein

36

85

9.6

SC41

0i|187932846

7.598E-13

7.1

glycosyl
transferase

29

49

5.4

SC55

0i|409567

0.006

6.4

Translational
initiation
factor 5a

104

18

5.4

SC75

0i[225708148

1.011E-10

Probable E3
ubiquitin-
protein ligase

42

34

5.9

SC87

0i|409567

1.689E-7

5.2

Translational
initiation
factor 5a

108

18

5.4

SC93

0i|190346518

2.986E-10

5.2

Hypothetical
protein

39

13

SC100

0i[51247011

3.418E-6

5.0

Branched
alpha-ketoacid
dehydrogenasg

42

43

9.1

SC114

0i|169865690

1.083E-10

4.7

Hypothetical
protein

262

15

35

9.6

SC150

0i|145610189

0.003

4.0

Mitochondrial
ATP synthase-
D chain

75

21

10.1

SC195

0i|13925731

5.017E-10

3.6

Cyclophilin
A-1

84

19

9.6

SC394

0i|409567

0.002

2.2

Translational
initiation

factor 5a

104

7

18

5.4

*Matched peptide sequences are shown in appendin¥llyses were carried out in replicates of 5.
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Table 7.3 Identities of proteins from the mycelia & communealown-regulated in

response tdr. viride following 48 hours of mycelial contact, compared self-paired

cultures ofS. commune

Protein | NCBI P-value Fold Protein identity | Mascot | Sequence| Predicted | Predicted | No of
spot Ac. No. (ANOVA) | Increase Score Coverage | mol. wt. pl matched
(%) (kDa) peptides*

Hypothetical

SC33 0i|28317 5.166E-8 7.6 protein 72 3 60 5.0 2
nucleoside

SC34 | gi|15614217 | 2.250E-8 | 7.6 diphosphate 54 8 17 5.0 1
kinase
40S  ribosomal

SC62 0i|169856964| 8.196E-10| 6.1 protein S14 136 34 16 11.2 4
Hypothetical

SC69 0i|170084893| 1.966E-9 5.9 protein 228 7 85 6.2 2
Triosephosphate

SC83 0i|46201420 | 4.284E-10| 5.3 isomerase 79 5 26 6.6 1
Hypothetical

SC302 | gi|170094730| 4.957E-5 2.7 protein 241 8 67 5.4 4
Trehalose

SC313 | gi|85816030 | 0.001 2.6 phosphorylase 295 10 82 5.9 6
Hypothetical

SC345 | Qi|169845435| 1.494E-9 25 protein 237 8 47 5.7 3
Serine/Threonine

SC350 | gi|159113158| 1.166E-7 25 protein kinase 24 5 21 4.4 1
Methyl

SC355 | gi|115375356| 6.383E-7 25 accepting 27 1 64 5.4 1
protein
Hypothetical

SC369 | gi|166031245| 0.012 2.4 protein 33 2 49 5.6 1
Hypothetical

SC412 | @i|187939647| 0.013 2.2 protein 26 5 31 5.4 1
Hypothetical

SC438 | Qi|238599828| 5.231E-4 21 protein 232 13 34 5.0 3
Hypothetical

SC444 | @i|50288201 | 6.816E-8 2.0 protein 301 7 70 4.8 4
Hypothetical

SC465 | Qi|169845435| 1.707E-7 2.0 protein 243 8 47 5.7 3

*Matched peptide sequences are shown in appendialyses were carried out in replicates of 5.
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Matches for 6 up-regulated proteins were hypothéfroteins, while 9 of the down-
regulated proteins produced best homologies withothetical proteins. All hypothetical
proteins were searched for conserved domains onNtBBI database to determine
possible functions of the spots matching theseepist Table 7.4 shows the possible
functions of the spots that produced the best hogie$ with hypothetical proteins. The
match for SC2, one of the up-regulated proteinstaina a conserved domain for
cyclophilins, which are mainly involved in proteisynthesis and assembly, stress
response and cellular signalling. SC28 and SC11#4y ceonserved domains for
glyoxysomal/mitochondrial malate dehydrogenase, afe the enzymes of the
tricarboxylic acid cycle. SC40 carries a domain footeins involved in protein export

during protein synthesis while SC93 bears a hedicksnain.
Matches for the down-regulated proteins carried @lamfor functions including; protein

folding (SC302 and SC444)galycolysis/gluconeogenesis (SC345 and SC465),
transcriptional regulation (SC369) and amino acetaholism (SC69).

163



Table 7.4 Conserved domains and possible functionS.ofommuneroteins up-/down-

regulated during interactions with viride

Spot | Organism Conserved Possible function(s)
domain(s)
Up-regulated proteins
SC1 Pyrenophora None Unknown function
tritici-repentis
SC2 Aspergillus €d01926, cyclophilin type peptidyl-prolyl cis-trans isomeeas signalling,
oryzae PRK10791, stress response ; protein synthesis and assembly
PRK10791,
SC28 | Coprinopsis cd01337, Glyoxysomal and mitochondrial malate dehydrogenase
cinerea PTZ00325,
PTZ00325
SC40 | Gemella cl11439, SecD_| bifunctional preprotein translocase subunit; proteéxport
haemolysans SecF, PRK13024| membrane proteins
PRK13024
SC93 | Pichia cd00046, cd00079] DEAD-box helicases superfamily; signal transducti
guilliermondii cd00162, transcription regulation
pfam00176
SC114 | Coprinopsis cd01337, Glyoxysomal and mitochondrial malate dehydrogenase
cinerea PTZ00325,
PTZ00325
Down-regulated proteins
SC33 | Homo sapiens pfam00038 Intermediate filament protein
SC69 Laccaria bicolor | PRK05222, 5-methyltetrahydropteroyltriglutamate—homocysteine
PRK05222, S-methyltransferase
cd03311,
SC302 | Laccaria bicolor | PTZ00009, heat shock 70 kDa protein
PTZ00009
SC345 | Coprinopsis €d03313, Enolase: Glycolysis/gluconeogenesis
cinerea PTZ00081,
PTZ00081

bn;
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7.3.2 Comparative patterns of expressed proteins from themycelia of T. viride
paired against self and againss. commune.
Following 2D analyses of proteins from viride, 522 spots were resolved between pH 3-

10, out of which 30 were differentially expresséald difference> 2; p < 0.05), (figure
7.6). 23 spots were up-regulated while 7 were dosgulated (figure 7.6). Out of the
differentially expressed proteins spots, 16 wetecsed for sequencing and identification
(12 up-regulated spots and 4 down-regulated spbi®).spots, TR9 and TR87, were not
identified. The best homologies for spots TR22, §RPR44, TR59, TR80, and TR115
were hypothetical proteins. Further search on t68N database showed that they carry
conserved domains for translational initiation ¢actranscriptional factor, porin protein,
translation elongation factor (GTPase) DNA bindprgtein and F-actin capping protein
respectively (table 7.7). The up-regulated protewvexe mainly involved in cellular
metabolism such as glycolysis, transcriptional #&m@ahslational regulation, proteolysis
(antagonism) and posttranscriptional processinglgt®.5). Spots TR47, TR59, TR103
and TR115 were down-regulated. TR47, TR59 and TRit83nvolved in transcriptional
regulation and protein synthesis while TR115 fumtdi in the organisation of actin

cytoskeleton (table 7.6).
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Figure 7.6 Representative gels of protein extracts from the noelia of T. viride paired with self, and mycelia paired withS. commune for
48 hours of mycelial contact. 15@g of protein sample was separated by 2D gel elecpiooresis in 12% gels after IEF. Spots circled in re
represent some of the proteins, which were up-regated, while spots circled in black represent somed the down-regulated proteins in the
mycelia of T. viride paired againstS. commune, in comparison to self-interacting cultures.5 gels were selected from test and control

batches for image and statistical analyses out 002jels for each batch
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Figure 7.7 Comparative average normalised spot volumes of upegulated (A) and down-regulated
(B) proteins in T. viride paired againstS. commune: A — 1-10 represent spots; TR3, TR5, TR15,
TR16, TR22, TR29, TR44, TR68, TR80 and TR150 respieely. B — 1-4 represent spots; TR47,
TR59, TR103, TR115 respectively. TRTR: Self-pairedr. viride; TRSC: T. viride paired againstS.

commune. (Progenesis software generates the average of theospolumes of the test and control gels

as a single value respectively
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Table 7.5Identities of proteins from the mycelia ©f viride, up-regulated after 48 hours

in response t&. communecompared to self-paired culturesTofviride

Protein | NCBI P-value Fold Protein identity Mascot | Sequence | Predicted | Predicted | No of
spot Ac. No. (ANOVA) | Increase Score Coverage | mol. wt. pl matched
(%) (kDa) peptides*

short-chain

TR3 0i|108800163| 1.887E-6 | 6.0 dehydrogenase/ 17 8 30 6.1 1
reductase
Mitochondrial

TR5 0i|115401284| 4.097E-14 | 5.8 ATP synthase, 91 7 54 5.3 1
beta chain
glyceraldehyde-3-

TR15 | gil172052427| 1.916E-9 | 4.2 phosphate 83 10 36 7.7 3
dehydrogenase
glyceraldehyde-3-

TR16 0i|172052427 0.002 4.2 phosphate 130 6 36 7.7 2
dehydrogenase

TR22 0i|164658544| 1.366E-10 | 3.9 Hypothetical protein 106 16 13 4.8 2

TR29 0i|27803030 | 4.548E-10| 3.7 Hypothetical protein 92 5 55 10.1 2

TR44 0i|46136835 | 2.104E-4 | 3.2 Hypothetical protein 204 15 37 9.9 3
glyceraldehyde-3-

TR68 0i|172052427| 2.213E-10| 2.7 phosphate 356 17 36 7.7 5
dehydrogenase

TR80 0i|256727588| 3.041E-11| 2.6 Hypothetical protein 158 3 93 6.2 2

TR150 | @i|l47027997 | 0.003 2.0 Aspartyl protease 134 9 43 5.2 2

Table 7.61dentities of proteins from the mycelia ©f viride, down-regulated in response

to S. communafter 48 hours of contact, compared to self-paitdtures ofT. viride

Protein | NCBI P-value Fold Protein identity Mascot | Sequence | Predicted | Predicted | No of
spot Ac. No. (ANOVA) | Increase Score Coverage | mol. wt. pl matched
(%) (kDa) peptides*

signal

TRA47 0i|84702107 9.263E-6 3.0 recognition 37 2 48 4.4 1
particle-docking
protein

TR59 0i|73960395 1.740E-12| 2.8 Hypothetical 29 9 18 10.3 1
protein

TR103 | gi|409567 9.024E-12| 2.3 Initiation 96 7 18 5.4 1
factor 5a

TR115 0i|145608614 2.203E-9 2.2 Hypothetical 84 7 32 9.4 1
protein
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Table 7.7 Conserved domains and possible functionsl oviride proteins up-/down-

regulated during interactions wigh commune

Spot Organism Conserved Possible function(s)
domain(s)
Up-regulated proteins
Translation initiation/elongation factor 5A (elF-BA
TR22 Malassezia COGO0231, Efp,| Translation, ribosomal structure and biogenesis
globosa cd04468
RNA binding protein post-transcriptional gene expressipn
TR29 Podospora cd00590 processes - mMRNA and rRNA processing, RNA expport,
anserina and RNA stability
Eukaryotic porin forms channels in mitochondrial oute
TR44 Gibberella zeae | cl03224, cd07306 | membrane; voltage-dependent anion channel (VDAC)
Nectria C0OG0480,cd03700, Translation elongation factor(GTPase): Translation,
TR80 haematococca cd01681, ribosomal structure and biogenesis, translocatibrihe
peptidyl-tRNA
Down-regulated proteins
TR59 Canis familiaris | cd00083 DNA-binding transcription factor
TR115 Magnaporthe pfam01267 F-actin capping protein alpha subunit
grisea
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7.3.3 Summary of protein profile results

7.3.3.1S. commune protein patterns

Figure 7.8 shows a summary of the functional caiegoof up-regulated and down-
regulated proteins o8. communeaired againsfl. viride 51% of the up-regulated
proteins were proteins involved in transcriptioranslation, protein folding, protein
transport and assemble. Examples include transhdtinitiation factors, cyclophilin A-1,
helicases and an ubiquitination-related proteinotdtns associated with cellular
metabolism such as the Kreb’s cycle and ATP geimeranade up 17% of the up-
regulated proteins. Proteins that function in resgoto cellular injury and those
associated with amino acid metabolism contributé&b Irespectively to protein up-

regulation, while 6% were involved in proteolysis.

Three down-regulated proteins, (spots SC345, SCdi38 SC465) produced good
matches with an enolase protein which catalyseg#mailtimate step in glycolysis as
well as catalysing the reverse reaction during @gheogenesis (Entelist al, 2006). In

total, 26% of the down-regulated proteins Sn commundunction in the glycolytic

pathway, making up the major group of down-regualgteoteins. Heat shock proteins,
particularly HSP 70 and proteins involved in sidgingl made up 13% of the down-
regulated proteins, respectively. Proteins assettiatith transcription and translation
constituted 13% of the down-regulated proteins, leviproteins that function during
amino acid synthesis and trehalose metabolism iboitéd 7% each to down-regulated

proteins.
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Figure 7.8 Functional grouping o6. commungroteins, which were up-regulated (A)

or down-regulated (B) in agar plate interactionhlit viride
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7.3.3.2T. viride protein patterns

Functional grouping of up-regulated and down-regalaproteins ofT. viride paired
againstS. communshowed a less complex pattern compared to therpatbbserved for
S. communéFig 7.9). Mitochondrial voltage-dependent ion am@nproteins, glycolytic
and ATP synthesizing enzymes as well as, a shaihatehydrogenase/reductase (all of
which are involved in cellular metabolism) were tmest predominantly up-regulated
proteins, constituting 60% of the spots that inseelin volume. Translation initiation
factors and RNA-binding proteins made up 30% ofupeegulated proteins, while the
remaining 10% was made up by hydrolytic enzymeaspartyl protease. Four of the
sequenced proteins were down-regulated, and twihesh were translation-associated
proteins. An F-actin capping protein involved ire thrganization of actin cytoskeleton
and a signal recognition particle-docking proteihick participates in protein transport
during protein synthesis were down-regulated, eamfitributing 25% to the pool of

down-regulated proteins ih viride

100% -
0% A

80% -

Translation 30%

Hydrolytic enzymes 10%
B0% -
50% -
40% A
Cellular metabolism &
a0, ATP generation 60%
20% A

10% 4

0%

Figure 7.9 Functional grouping ofl. viride proteins, which were up-regulated during
agar plate interaction witB. commune
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7.4 DISCUSSION

7.4.1 Comparative analysis of patterns of proteinxgression inS. commune paired
against self and againsT. viride.

Advances in transcript identification and quanéfion have led to the development of a
wide range of molecular tools vis-a-vis, seriallgs@s of gene expression (SAGE), total
gene expression analyses (TOGA), reverse tranasggiolymerase chain reaction (RT-
PCR) etc, for gaining insight into gene expressewels and possibly protein abundance
(Rohrbough et al, 2007). However, with the discovery of post-
transcriptional/translational modifications, whickgulate the rate of protein synthesis
and the half-life of proteins, it is now known tmaRNA levels for a particular gene do
not always correlate with its protein levels (Gggal, 2000). Against this backdrop, 2-D
protein gel electrophoresis despite some of itstditions is fast becoming a powerful
tool for studying the patterns of protein expressiad abundance. The rapidly increasing
number of fungal genomes available on the NCBI atigtr databases makes this tool

more amenable to analyses of fungal proteomes.

The results presented in this chapter are by noseaeflection of the global (complete)
changes in the proteomes of both fungi studiednduantagonistic interaction. This is
because, the experiment was designed to selectragifure proteins between pH 3 and
10 (based on the isoelectric points of proteing)js Therefore, excluded proteins with pl
values outside this range. Furthermore, not alleckhtially expressed proteins were
sequenced, because of the cost of protein sequeriein instance, although laccase and
manganese peroxidase had been shown to be uptesj(Ehapter 5) in the mycelia of
S. communeonfronted byT. viride neither protein were identified from the 2D gel-
based investigations. It could be that both pratein not have pl values that allow them
to be captured within the studied pH, or they wefeout when spots were selected for

sequencing.

Despite these limitations, the results in this ¢céamdicate major shifts in the proteomes
of both S. communandT. viride following 48 hours of mycelial combat. Most of the

changes were observed 81 communewith the up-regulation of proteins involved
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mainly in transcriptional and translational regigdat protein synthesis, transport and
assembly, response to cellular injury, oxidativess and cellular metabolism. Proteins
involved in glycolysis where mainly down-regulatedS. communeas well as those

associated with heat shock response, and trehahesabolism, in addition to some
translation-related and amino acid synthetic pnsteConversely, proteins that function
in different cellular and energy-generating metabpathways such as glycolysis as well
as in translation were up-regulated Tn viride Other translation and transcription-

associated proteins made up majority of the dowgeHeged proteins iff. viride

7.4.1.2 Up-regulation of proteins involved in the mtein synthetic machinery of the
endoplasmic reticulum, and the unfolded protein regonse (UPR).

Mycelial confrontation betwee8. communandT. viride induced increased expression
of proteins associated with protein synthesis, sppant and assembly, despite the
immediate stress of cell wall lysis inflicted byetthydrolytic enzymes off. viride
(Chapter 2; figures 2.6-2.11) which may have compsed cell integrity. Spot SC195,
which increased in volume 3.6 fold, produced strdramology with the cytosolic
cyclophilin A. Similarly, spot SC2, up-regulated.87old, produced a strong match with
a hypothetical protein that carries the cyclophArdomain. Cyclophilins, a conserved
group of proteins found in all organisms catalyre tordinarily slow cis—trans
isomerisation of peptide bonds preceding prolirsgdiges; hence, they are also referred to
as peptidyl-prolykis-transisomerases (PPlases) (Viaetdal, 2003; Schonbrunnet al.,
1991; Wang & Heitman, 2005). The peptidyl-prolyis-trans isomerase activity of
cyclophilins is not only crucial for protein foldinbut also plays a key role in the
assembly of multidoman proteins (Gothadl al, 1999; Wang & Heitman, 2005). In
addition, cyclophilins are multifunctional proteinstrongly implicated in cellular
processes such as response to cell wall damag#gtiwe, disruption of ER homeostasis
and temperature stresses, cell cycle regulatiotgiuca signalling, virulence and
regulation of transcriptional repression (Viaetdal, 2003: Richieet al, 2009; Luet al,
1996; Syke=t al, 1993; Arévalo-Rodrigueet al, 2000)
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A possible role of the up-regulated cyclophilin Pogeins in the mycelia d6. commune
would be to facilitate protein folding in the endmgmic reticulum (ER) (molecular
chaperone) via the unfolded protein response (UfaR)way following cell wall damage.
Krysan (2009) reported the activation of the UPRy@&ast via the cell wall integrity
(CWI) mitogen activated protein (MAP) kinase castad response to cell wall
perturbation. Richieet al (2009) demonstrated a similar response Aspergillus
fumigatus The UPR is an intracellular signalling conduiinparily activated by the
accumulation of misfolded proteins in the eukary®R (Krysan, 2009; Scrimalet al,
2009). During protein synthesis, combination of BBal chaperones and folding
enzymes as well as post-translational modificatiamg disulfide bridge formation carry
out the folding of nascent proteins (Helenius & A&®04; Richieet al, 2009). Under
normal growth conditions, the ER folding capacitypes favourably with secretory
demands (Richiet al., 2009).

However, under conditions of stress that elicit@ased protein synthesis, the influx of
unfolded nascent proteins outstrips the foldingacéy of the ER. As a result, a rapid
flux builds through the protein synthetic systemdieg to the accumulation of misfolded
proteins in the ER; hence, the ER fails to copéenhwite secretory load (figure 7.10)
(Schubertet al, 2000; Richieet al, 2009; Krysan, 2009; Scrimalet al, 2009).
Accumulation of misfolded proteins is highly delges to cell survival, causing the
build up of toxic aggregates (Riche al, 2009; Gassest al, 2007). The following ER
stress activates a series of homeostatic respahaesonstitute the UPR (Malhotra &
Kaufman, 2007; Richieet al, 2009). The UPR is conserved in eukaryotes arwhup
activation stabilises the functioning of the ER fegucing the flow of proteins into the
ER, accelerating protein transport out of the Efeppting the expression of chaperones
and foldases and by degrading recalcitrant impigpfaided proteins (Malhotra &
Kaufman, 2007; Richiet al, 2009; Ron & Walter, 2007) as depicted in figdre0.

Accumulation of misfolded proteins is detected by ER upstream sensor, Irelp which

undergoes autophosphorylation prior to inducing tinanslation of Haclp, the
transcriptional regulator of the UPR (Krysan, 20B&hieet al, 2009). Null mutation of
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Irelp in Saccharomyces cerevisiaesulted in phenotypes similar to mutations inegen
involved in cell wall biosynthesis (hypersensitwto cell wall-damaging drugs and cell
wall lysing enzymes, decreased cell wall thickresd pronounced cellular aggregation)
(Krysan, 2009). Disruption of Haclp iAspergillus fumigatugesulted in a mutant
incapable of activating the UPR in response to EBss, loss of cell viability at 45°C,
impaired secretary protein capacity and increasedisvity to cell wall and membrane-
active drugs (Richieet al, 2009). Taken together, it could be inferred ttiare is a
strong relationship between cell wall and ER s&essvhich triggers the adaptive UPR
pathway (Figure 7.10). This is logical, in the serikat during cell wall stress, the
delivery of improperly folded or defective proteittsthe cell wall would be lethal; as a
result, the cell increases its capability to carrdee misfolding of proteins thereby
decreasing the possibility of integrating defectpreteins in the cell wall (Scrimalet
al., 2009; Krysan, 2009).

In addition, cell wall damage most likely leadshe up-regulation of a range of cell wall
proteins, which might consequently increase thal t®gnthetic flux through the protein
synthetic machinery thereby placing extra stresshenER (Krysan, 2009). In the light
of these findings, the pronounced up-regulatiorcyaflophilins chiefly involved in the
acceleration of protein folding, was very likely ataptive response to cell wall lysis: the
major damage inflicted o8. communéy T. viride during mycelial contact. Cyclophilins
have been repeatedly implicated in environmentakstresponses, and the fact that they
are found in all organisms and in various cell camtipents (cytosol, mitochondria, ER,
and, inEscherichia. coli periplasmic space) further underscores their mapace to cell
survival and adaptation (Viauet al, 2003; Schonbrunneat al, 1991). Adoma=t al
(2006) also reported strong up-regulation of a aylilins in the barrage zone during
interspecific combat betwedphlebiopsis giganteand Heterobasidion parviporumin
addition, S. communemycelia confronted byT. viride for 48 hours mimickedS.
cerevisiaelrelp null mutant (Krysan, 2009), as shown by socopic observation to
have undergone pronounced cellular aggregationmiltie contact zone (see Chapter 2;
figures 2.5; 2.7-2.10). This similarity lends mam@dence to the correlation betwegn

communecell wall lysis and possible induction of ER ste$lp-regulation of three
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protein spots (SC55, SC87 & SC394) 8 commune which bear very strong
resemblance to the eukaryotic initiation factor=(R), further support the suggestion
thatS. communenay have activated increased protein synthesissponse to cell wall

damage.

elF-5A is highly conserved in eukaryotes and arahand has been shown to be
involved in the initiation of protein synthesis (Ntk, 1979; Chamot & Kuhlemeier,
1992; Sainket al, 2009). However, its precise role in the inibatiof protein synthesis is
not clearly understood. elF-5A is the only prot#ios far known to contain hypusine, a
distinctive modified amino acid (Parkt al, 1984; Sainiet al, 2009; Chamot &
Kuhlemeier, 1992). Schnieet al (1991) demonstrated that hipusinated elF-5A is
important for cell viability in yeast. FurthermoeF-5A genes in yeast have been shown
to be differentially expressed in response to emvitental stress (Schniet al, 1991;
Mehta et al, 1990). Exhaustion or inactivation of elF-5A $ cerevisiagesulted in
increased ribosomal transit time; however, additbrrecombinant elF-5A from yeast
expedited the rate of tripeptide synthesisitro (Sainiet al, 2009).

The same authors also observed that inactivatioalle6A mimicked eEF2 inhibitor,
sordarin. eEF2 transports aminoacyltRNAs to thesilme and enhances translocation
(Preetiet al, 2009). Based on these findings, Sahial (2009) inferred that elF-5A
might function jointly with eEF2 to support ribosahtranslocation. Given the strong up-
regulation observed for 3 proteins 1 communedentified as elF-5A, it is logical to
deduce thatS. communevas most likely under increased protein synthéti in
response to its cell wall damage. This in part @l the levels observed for elF-5A.
Nonetheless, this does not exclude the possiltiit elF-5A proteins might perform
other stress responsive functions during mycetitdractions, considering that they have

been implicated in environmental stress response.
Part of the UPR restorative mechanisms involvegatkion of irreparably misfolded

proteins in the ER (Richiet al, 2009; Ron & Walter, 2007). This involves seleeti
hydrolysis of aberrant proteins (Riché¢ al, 2009; Li & Ye, 2008; Staszczak, 2008).
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Compared to the conventional lysosomal proteolysithway, the polyubiquitin pathway
is highly selective and has been strongly implidaie stress response, recycling of
oxidatively damaged or irreparably misfolded pneseaind in metabolic adaptation where
it selectively degrades transcriptional regulat@saszczak, 2008). Polyubiquitination
has also been shown to perform non-degradativetibtmscduring DNA damage repair,
cellular signalling, intracellular trafficking amtbosomal biogenesis (Li & Ye, 2008). In
addition to up-regulation of a8. commungolyubiquitin gene (see Chapter 6; section
6.3), a protein homologous to an ubiquitin E3 lgas key component of the
polyubiquitin degradative machinery showed 5.6 $dlitrease in abundance in 2-D gels.
This could be part of the UPR adaptive mechanismdedan up toxic misfolded protein

aggregates in addition to the recycling of carbated proteins due to oxidative damage.

RNA polymerase Il and BTF3a were both significantpsregulated. The former is a key
transcriptional initiator in eukaryotes leadingtte synthesis of RNAs: precursors for
protein synthesis (Prescadt al, 1999). BTF3a on the other hand is required far t
transcriptional initiation of RNA polymerase Il (2hget al, 1987). BTF3a has also been
shown to function as a weak substrate for proteitade CK2, a highly conserved
eukaryotic serine threonine/threonine protein kenasquired for cell survival in yeast
(Padmanabhat al, 1990; Grein & Pyerin, 1999). It is not unliketigat BTF3a might

have played multifarious roles 81 communenycelia confronted by. viride However,

synchronized up-regulation of both BTF3a and RNAyperase Il strongly implicates
both proteins as participants in a possibly ele/gimtein synthetic flux in cell wall-

stressed mycelia &. commune
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Figure 7.10Schematic representation of events leading to theduction of the UPR
following cell wall lysis in S. commune after 48 hours of mycelial contact withT.
viride. Cyclophilins and the E3 ubiquitin ligase are keycomponents of the UPR,
while elF-5A and BTF3a are key parts of the protein synthetic and the
transcriptional stream. Helicase also contributes d translational initiation in
addition to nucleic acid repair and transcriptional regulation. RNA polymerase Il is
a key transcriptional initiator in eukaryotes sequé to translation. Phenylalanine
ammonia lyase (PAL) is a key phenolic synthetic ptein, which could promote the
sealing of, and strengthening of cell wall duringriteractions. Glycosyl transferase is
implicated in glycosylation (protein assembly) andsynthesis of cell wall polymers,
whereas HEX1 is the major component of woronin bodis that plug septal pores
during cell wall damage. The highlighted proteinsn the diagram were up-regulated
in S. commune confronted by T. viride (Modified from Krysan, 2009).
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Up-regulation of a protein that produced a matcthwai hypothetical protein that bears
conserved domains for DEAD-, DEAH- and DEXDc-boxXidase (spot SC93), further
buttresses the assumption that lysiSotommuneell wall may have elicited increased
protein synthesis, resulting in ER stress amongerositress responsive functions of
helicases. Helicases are ATP-requiring motor pngteihat unwind nucleic acids
(Vashisht & Tuteja, 2006; Gongt al, 2005). Generally, they are involved in DNA
repair, nucleo-cytoplasmic transport, translatl®NA metabolism, ribosome biogenesis
and organellar expression (Vashisht & Tuteja, 2@énget al, 2005; de la Cruet al,
1999; Tanner & Linder, 2001). Different studies @amplicated helicases in oxidative
stress response (Briolat & Reysset, 2002), respaostow and high temperatures
(Morlang et al, 1999; Sekiet al, 2001), and salt tress (Montero-Lometi al, 2002;
Phamet al, 2000; Sanan-Mishrat al, 2005).

More importantly, RNA molecules are susceptiblghe formation of stable misfolded
structures especially under conditions of stressqth, 2002; Vashisht & Tuteja, 2006;
Gong et al, 2005; Jone®t al, 1996). Data from different workers have led e t
suggestion that DEAD-box RNA helicases functionRdA chaperones, which disrupt
RNA secondary structures, thereby restoring honadiostbalance, which allows
translation of RNA (protein synthesis) to proceednmally (Lorsch, 2002; Vashisht &
Tuteja, 2006; Gonet al, 2005; Jonest al, 1996; Tanner & Linder, 2001). Induction of
GABA synthesis, lipid peroxidation and protein camplation, and aggregation of
intracellular organelles, which might have affectdectron transport in the mitochondria,
coupled with the activity patterns of catalase, S&ial G6PDH, as shown in earlier
Chapters (2-5), are strong indicators of oxidastress. Oxidative and cell wall stresses
would pose a formidable challenge to the survi¥é.ocommuneaired against. viride
The chances are that the helicase protein may beopahe adaptive mechanisms
recruited early on for survival b$. communeluring the interaction. The role of the
helicase may be to stabilize RNA structures thepgoynoting translation, in an effort to
promote the synthesis and incorporation of protaims$ polymers into the damaged cell

wall and to contain oxidative insult.
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The closest match for spot SC41 for which a 7.d fotrease in volume was observed is
a glycosyltransferase (GT) putatively involved &llavall biogenesis. GTs are found in
both prokaryotes and eukaryotes. They catalyze syrghesis of oligosaccharides,
polysaccharides and glyconoconjugates by donakiegstigar moiety from an activated
nucleotide-sugar molecule to an acceptor, usualtyrowing oligosaccharide, a lipid or a
protein (Lim & Bowles, 2004; Hashimotet al, 2009; Bretonet al, 2005). GTs
recognise multiple substrates, which accounts Heir tinvolvement in a wide range of
developmental and metabolic homeostasis (Lim & BswlR004). For instance, plant
GTS are involved in biotransformation of secondawgtabolites, xenobiotics (pesticides
and herbicides), and hormones (Lim & Bowles, 20zhes & Vogt, 2001; Rost al,
2001). They also play key roles in the synthesisetifwall polymers, cell-cell interaction
and in cell invasion (Mayegt al, 2006; Hashimotet al, 2009). GTs comprise a large
group of enzymes of which chitin, cellulose andcglyen synthases are simple examples
(Hashimotcet al,, 2009).

Considering the immediate stress (cell wall lyss)which S. communemycelia are
subjected to upon confrontation with viride, an up-regulated GT will be most likely
involved in the construction of cell wall polymets annul the effects of cell wall
hydrolytic enzymes fronT. viride In Chapter 6, it was shown that the genes engodin
chitin synthase and an acyl carrier protein respelgt both of which are involved in the
synthesis of cell wall components were both up-lagd soon after contact with.
viride. However, Trichoderma species are known to employ multiple antagonistic
mechanisms, which include antibiosis, (som&hodermaspecies synthesize peptaibol
antibiotics that aid the lysis of host cell walllypmers and cause major damage to
membranes) (Schirmboat al, 1994; El Hajjet al, 1989). Peptaibols also known as
trichorzianines are short peptide antibiotics, whform voltage-gated ion channels in
lipids, thereby modifying membrane permeability {jj et al, 1989: Le Doaret al,
1986).

Although production of peptaibols has not been stigated in the present study, it has

been previously reported ifirichoderma viride (Jaworskiet al, 1999). GT-based
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detoxification of harmful substrates by glycosydatihas been reported in plants, where
incorporation of sugar residues onto an aglycorersalts bioactivity (Lim & Bowles,
2004). To this end, possible detoxification of @épbls or other toxic compounds from
T. viride might be one of the roles of the up-regulated &drthermore, GTs play key
roles in protein assembly during post-translationadifications (glycosylation). This is
a major quality control function of GTs during et synthesis (Hashimott al, 2009).

In the light of the heightened need for proteintbgsis as described above, promotion of
glycosylation required for the proper folding amehdtioning of certain proteins in the ER

cannot be ruled out as a possible reason for threguydation of a GT ir5. commune

7.4.1.3 Up-regulation of Phenylalanine ammonia ly&s

Phenylalanine ammonia lyase (PAL) is a stationdrgsp enzyme of plants, fungi and
actinomycetes which catalyzes the non-oxidativardeation of L-phenylalanine tois-
cinnamic and free ammonium ion; the entry poinbitite phenylpropanoid pathway
(Kim et al, 2001; Kalghatgi & Rao, 1976; Gomez-Vasqeéal, 2004; Kurosaket al,
1986). Different studies have shown that injuryghti inception of secondary
metabolism, addition of L-phenylalanine and nutristarvation trigger the synthesis of
PAL in plants as well as promote its activity (Jen&984; Hahlbrock & Scheel, 1989;
Kim et al, 2001). The Key function of PAL in plants chalieal by injury of some kind
or by a phytopathogen is cell wall strengtheningd eepair by lignification, which entails
the synthesis of phenolic compounds (via the pheoplnoid pathway), subsequently
incorporated into plant lignin cell wall by phenpidases (Gomez-Vasquet al, 2004:
Kalghatgi & Rao, 1976; Kurosalat al, 1986). For instance, working independently,
Gomez-Vasqueet al (2004) and Kurosaket al (1986) showed that cassava and carrot
cell cultures challenged by fungal-derived eligtoand fungal cell wall materials
respectively, up-regulated PAL, with correspondingreases in the levels of a wide
array of phenylpropanoid pathway-associated phena@ompounds such ag-

hydroxybenzoic acid, ferulic acid, esculin etc.

Interestingly, Gomez-Vasquet al (2004) observed visible browning of the challeshge
cassava cells indicative of elevated phenylproghnoietabolism. This browning
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colouration is also typical of most fungus-funguageractions, and was observed in the
present study, particularly in the mycelia®f commungaired against. viride These
authors also reported corresponding increase iretreds phenol oxidases and ROS in
their study. They concluded that in challenged @mumded plants, PAL activates the
phenylpropanoid pathway, promoting the accumulatbphenolics, which are utilized
by phenol oxidases in the presence of ROS to petgein deposited onto the cell wall.
Furthermore, this generates quinones (responsibléné brown colouration) which exert
antimicrobial activity against infecting pathoger&milarly, induction of secondary
metabolism, carbon limitation, nitrogen starvatiaddition of aromatic amino acids (L-
phenylalanine and L-tryptophan) particularly durisgcondary metabolism were shown
to increase PAL activity itustilago maydisand Rhizoctonia solan{Kim et al, 2001;
Kalghatgi & Rao, 1976). According to Kirat al (2001), growth temperature, pH and
light had no effect on PAL activity.

There is no literature thus far to the best oflkmowledge, linking PAL synthesis/activity
to fungal cellular injury or to interspecific intations in fungi, although many authors
have reported profound accumulations of phenolimpaunds during fungus-fungus
interactions. Griffithet al (1994a, b,c) proposed that fungus-fungus intemacshifts
fungal growth to secondary metabolism resultinghi@ sealing-off of hyphal front and
pigmentation. In a follow-up, Rayner (1997) and Renet al (1994) inferred that non-
self recognition in fungi promotes the synthesid sacretion of hydrophobic metabolites
from hyphae, which are acted upon by phenoloxidasegenerate free radicals and
polymers responsible for hyphal sealing. The attiof phenoloxidases also promotes
guinone production responsible for pigmentation irdyr interspecific contact.
Furthermore, treatment of cultures of single urgzhispecies with the uncoupling agent,
2,4-dinitrophenol mimicked the morphologies of pdirfungal cultures (Griffitret al,
1994). Crowe and Olsson (2001) attributed the suibisti induction of laccase in
Rhizoctonia solanipaired against antagonistieseudomonas fluorescersrains to

compromised cell integrity.
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In the present study, all the morphological angspiiogical elements of fungus-fungus
interaction were observed. Contact between botkispeaesulted in the production of
brownish pigmentation and sealing-off 8f communéyphal front (Chapter 2; section
2.3.1). Laccase and manganese peroxidase levaksaged inS. communeccupied

domains soon after contact with viride with corresponding rise in the levels of
phenolics and ROS (Chapters 4 &5). GC-MS analyb®ved a rise in the levels of
typical phenolic compounds, mandelic acid and tragmid (Chapter 3; section 3.3.2).
Taken together, our results buttress and even mguertantly, shed more light on the
works of Rayner and his co-workers (1994) and tloekvof Crowe and Olsson (2001).
Cell wall lysis compromises cell integrity hence potentially fatal. This, as in plants is
the very likely cause of PAL up-regulation B. communethereby activating the
secretion of phenolic compounds, utilized by theregulated phenoloxidases to
synthesize hyphae-sealing polymers. To this enchpcomised cell integrity indirectly

triggers up-regulation of phenoloxidases. The tasyl quinones might perform
protective functions during contact. 2,4-dinitropbethat was incorporated in growth
medium by Griffith et al (1994), is a classic phenoloxidase substratehaper this

accounts for the similarities in morphology betwem-dinitrophenol-containing

cultures and interspecifically interacting fungaltares. This is likely, considering that
substrate-induced phenoloxidases would most pgsséiicit a similar flow of

biochemical events as in injured fungal mycelia.

7.4.1.4 Up-regulation of the VWronin body protein component, HEX-1

Woronin bodies (WBs) are peroxisome-associatednaitgs unique to filamentous fungi
where they plug the septal pore in response touleellinjury (Liu et al, 2008;
Soundarajart al, 2004; Alymoreet al, 1984). Although earlier workers described WBs
as ascomycete-specific organelles (Woronin, 186iicir& Collinge, 1974), they have
been identified repeatedly in basidiomycetes artrohigher fungi (Alymoreet al,
1984). WBs are made of protein matrix, which cassif a hexagonal (HEX) protein
(Liu et al, 2008; Soundarajaet al, 2004; Teyet al, 2005). Environmental conditions
such as nutrient starvation have also been denabedtto induce WBs iMagnaporthe
grisea (Soundarajaret al, 2004). In addition, Soundarajat al (2004) reported that

184



WBs are essential favl. griseapathogenesis. We ascribe the up-regulation of \iBs
confronted S. communanycelia to the sharp need for the maintenance etiular
integrity upon cell wall lysis. Septal plugging fitions to localize the effects of cellular
injury to the affected compartments thereby prewngnibss of cytoplasm from the intact
compartments (Alymoret al, 1984).

7.4.1.5 Stress-induced recycling of intracellularairces of carbon and nitrogen

Cell wall damage is fatal to fungi thus; most metabmachineries post cell wall lysis
would be channelled towards survival. Apart frone immediate stress of cell wall
damage, loss of cell wall function limits nutrieaxtquisition in fungi. For instance, the
cell wall plays a key role in the vesicular trangpd nutrients into the hypha (Casadevall
et al, 2009). This makes limitation of nutrient abs@ptpart of the network of effects
arising from fungal cell wall damage. To this enegruitment of enzymes involved in
nitrogen and carbon recycling would make a crucaitribution to cell survival during
cellular injury. Perhaps this explains the up-rajoh of branched-chaia-ketoacid
dehydrogenase E2 subunit (BCKAD) and 2 isoformsGdfoxysomal/mitochondrial
malate dehydrogenase. BCKAD is a complex of enzythat degrade branched chain
amino acids such as valine, isoleucine and leu@@usteas & Chinsky, 2000). By the
oxidative decarboxylation of branched chain amiomlss BCKAD channels metabolic
flow towards the synthesis of carbon substratesiired to meet changing energy
requirements (Costeas & Chinsky, 2000). This muggitribute towards the sustenance

of metabolic activities under the described coond#i of stress.

Malate dehydrogenase (MDH) is a key enzyme of t8& &and the glyoxylate cycles.
Although it has been implicated in some other fiomg in fungi, its core roles lie in
these two cycles. In the TCA cycle, MDH convertdateito oxaloacetate, which ensures
continuation of the cycle, but more importantly vé&sr as a source of aspartate, a
precursor for threonine, isoleucine, asaparaginethione, lysine and pyrimidines
(Prescotet al, 1999). Whereas we cannot rule out the roles DHMIn the TCA cycle as
the possible factor that elicited its up-regulatidnosynthetic functions during the

prevailing conditions of growth 48 hours post cohtaith T. viride are very unlikely.
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Up-regulation of BCKAD and PAL, both of which armimo acid degradative enzymes,
coupled with the likely induction of secondary nimlism, suggest alternative functions
rather than amino acid biosynthesis for MDH undher ¢conditions of the present study.
The two up-regulated MDH proteins bear conservegieseces indicating that they might
function in glyoxysomes hence, the glyoxylate cydlee glyoxylate cycle is an abridged
TCA cycle bypassing isocytrate dehydrogenase asietoglutarate dehydrogenase
(Prescotet al, 1999).

Results in chapters 3 and 5, demonstrate the iimtuof GABA and rise in the activity
of succinic semialdehyde dehydrogenase respectibelth of which indicate possible
block of thea-ketoglutarate dehydrogenase. RT-PCR showed sigpnesf a subunit of
theS. commune-ketoglutarate dehydrogenase gene upon contacflwithiide (Chapter
6). These data strongly suggest that the stronglyegulated MDH isoforms might be
involved in the glyoxylate cycle. This is more likeonsidering that the glyoxylate cycle
harnesses energy from lipids to drive other eneegyring pathways and functions
(Kunzeet al, 2006). This implicates MDH ifi-oxidation, a key source of Acetyl-coOA
from fatty acid breakdown (Kunzet al, 2006).p-oxidation supplies the carbon fuel
required to drive key metabolic functions undees$t For instance, starved rats have
been shown to up-regulate MDH isoforms for the dimdtion of nutrient reserves
(Popovet al,, 2001).

Increased catalase activity is triggered [ppxidation, which is a major producer of
hydrogen peroxide (Kunzet al, 2006). In chapter 5, assays showed a rise lasa
activity, which might be a function of fatty acideakdown in the glyoxysomes. Over-
expression of peroxisomal MDH genes involved in N#AReoxidation duringp-
oxidation by Kurita (2003) led to increased intdadar hydrogen peroxide levels, with a
corresponding rise in catalase activity. Perhaps l#vels of MDH detected irs.
communeprotein samples following contact with. viride are part of a web of
biochemical reactions geared towards generatioen&rgy from intracellular stores,
which consequently alters the redox (NAD/NADH) leda of the cell, thus promoting

oxidative stress.
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7.4.1.6 Up-regulation of thed-chain of ATP synthase and down-regulation of
Nucleoside diphosphate kinase

Although the gene encoding tifechain of S. communé&TP synthase was suppressed
during interaction withr. viride (chapter 6), a protein spot identified as dhehain of the
same enzyme was up-regulated. Considering that l&¥&s in both self-paired antl
viride-confronted cultures db. commune&vere similar (chapter 4), it could be concluded
that despite the suppression of ATP syntifaskain gene, ATP synthesis had progressed
unabated ir5. communéuring the earlier stages of mycelial interactio® this end, it

is very likely that ATP synthase is regulated & inotein level. Nucleoside diphosphate
kinase (NDK) maintains the cellular pool of nuclielestriphosphates (such as ATP) by
catalysing the transfer of phosphoryl group to easide disphosphates (Let al,
2009). NDK was down-regulated . communemycelia, further supporting the
indication that ATP synthase must have played therkle in maintaining the levels of

ATP detected i viride-confrontedS. communeelative to the self-paired cultures.

7.4.1.7 Down-regulation of glycolysis

Three protein spots (which might be subunits oblgmperic protein) carrying the enolase
conserved domain and a triphosphate isomerase pbethich are involved in glycolysis
were down-regulated ifS. commune Enolase converts 2-phospho-D-glycerate to
phosphoenolpyruvate (Pandest al, 2009) whereas triphosphate isomerase (TIM)
catalyses the reversible inter-conversion of dibygacetone phosphate and D-
glyceraldehyde-3-phopshate (Waldeh al, 2004). Down-regulation of a gene that
encodes GAPDH, a key glycolytic enzyme is discussedhapter 6. It does appear
glycolytic enzymes were down-regulated following ntact with the antagonist.
Oxidative stress has been shown to reduce glucondendrogen uptake in yeast by
possibly oxidizing enzymes involved in the metafioliof both nutrients (Godoet al,
1998). Li et al (2008) demonstrated that oxidative stress hasmélas effect on
Aspergillus nigerB1-D glyceraldehyde-3-phosphate dehydrogenaseeltiereducing
glucose uptake. There is a growing body of evideuggesting that glucose-6-phosphate
dehydrogenase (G6PDH); the first enzyme in the geentphosphate pathway (PPP)

187



might be involved in oxidative stress responsedaasy (Shenton and Grant, 2003; Izawa
et al, 1998).

Although, the role of G6PDH in oxidative stresspasse is has yet to be clearly
understood, there are indications that a riseGRICH activity during oxidative stress is
a pointer to possible up-regulation of PPP, a magmurce of the antioxidative cofactor,
NADPH (Li et al, 2008); Shenton and Grant, 2003). Although PRé&ee proteins
were not found to be up-regulated (among the sempaeproteins), down-regulation of
glycolytic proteins does suggest that glycolysig/rhave been blocked 8. communéen
favour of a pathway that generates reducing powemhtioxidant enzymes. This is in
agreement with the rise in G6PDH activity reportedchapter 4. A combination of
elevated MDH activity (in th@-oxidation cycle) and cellular aggregation (whishvery
likely to affect the lipid-bilayer of the mitochoridl matrix hence, electron transport and
mitochondrial-cytosolic transport) will potentiallyherald redox imbalance and
intracellular oxidative damage, which might brifgpat shutting-down of glycolysis and
up-regulating PPP to restore redox balance. A amsitenario was observed Stereum
hirsutumpaired agains€oprinus micacueandCoprinus disseminatysvhere glycolytic
proteins where down-regulated in favour of PPPgingt(Peiris, 2009).

7.4.1.8 Down-regulation of heat shock proteins (HS@), 5-
methyltetrahydropteroyltriglutamate—homocysteine Smethyltransferase, a
transcriptional attenuator and trehalose phosphoryase

Despite their established roles in stress respangeheat shock proteins (HSP70) were
down-regulated. A similar pattern was observed bByFR (chapter 6), where a HSP70
gene studied was up-regulated after 24 hours afacgrbut was down-regulated by the
second day of mycelial interactions. Heat shockgmns function as chaperones aiding
the maintenance of protein folding (Presattal, 1999). It appearS. communemploys
cyclophilins, two of which were up-regulated (dissed above) for promoting protein
folding under stress. Transcriptional attenuataes regulatory proteins that terminate
gene expression by causing mRNA to fold into aldue secondary structures (Et
al., 2001). Although the exact gene(s) regulated iy attenuator are not known, its
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down-regulation will most probably promote tranption and translation. Perhaps this is
part of the response to cell wall lyses promoting synthesis of stress related proteins
(which would be repressed otherwise) required tataio cell wall stress and its

consequent effects.
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Figure 7.11Hypothetical schemes of biochemical events followgrthe up-regulation of PAL, MDH,
BCKAD and HEX.

Down-regulation of 5-methyltetrahydropteroyltrigimbate—homocysteine S-
methyltransferase involved in methionine synthg8arton et al, 1969) is another
indication of the down-regulation of housekeepinmdtions, which might be energy
expensive or are involved in processes not requineder the described prevailing
conditions of stress. As mentioned in chapterehalose metabolism plays a key role in
stress response in fungi (Fernandszal, 1998; @on et al, 2007). Both trehalose

synthetic and hydrolytic enzymes have been imp@dan such responses. However,
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there is much evidence showing that among the lysahydrolytic enzymes, neutral
trehalase is the key player in stress responselygilng trehalose during or just after the
exertion osmotic, oxidative and chemical stres€dmfigeet al, 1989; hlemannet al,
2006; Croweet al, 1987; Fernandeet al, 1998). Whereas trehalose phosphorylase
which normally catalyses trehalose hydrolysis (RBisNidetzky, 1999) was down-
regulated, up-regulation of a neutral trehalasesgeas reported in chapter 6. We infer
that trehalose phosphorylase is not required dusingss response, hence was down-

regulated following mycelial confrontation.

7.4.2 Comparative analysis of patterns of proteinffom T. viride paired against self
and againstS. commune.

Most of the up-regulated proteins in viride 48 hours after mycelial contact wit.
communelepict a typical mycoparasitic antagonism, andeased metabolism possibly
as a result of the utilization of host componergsnatrients. Although chitinases and
glucanases were not captured within the pH rangeosimer conditions of this study, an
aspartyl protease was up-regulated. Proteasesdartrof the complex web of enzymes
employed byTrichodermaspecies for the hydrolysis of host cell walls (Banal, 2001;
Schirmbocket al, 1994). Mycoparasitic cell wall hydrolysis releasa rich array of
carbohydrates from the host cell wall, which arebssgquently metabolised and
assimilated by the mycoparasite (Boddy, 2000; Kelbet al, 2001). This may account
for the up-regulation of the multiple copies of ¢gyaldehyde-3-phosphate
dehydrogenase (GAPDH), suggesting a possible iseréa glycolytic and perhaps
overall metabolic activities . viride Porins are voltage-dependent anion channels,
which are thought to link mitochondrial and celludaergy metabolism by regulating the
metabolite flux across the outer mitochondrial meank (Wuet al, 1999). Up-
regulation of porin supports the concept that ttoelpcts of host cell wall lyses may have
elicited pronounced metabolic activitiesTn viride This is further bolstered by the up-
regulation of the ATP synthagechain, a strong indicator of vigorous respiratemd

metabolism.
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Also up-regulated was a short-chain dehydrogerededtase (SDR). SDRs are highly
multifunctional enzymes that catalyse mainly redeactions utilising a broad spectrum
of substrates including alcohols, sugars, ster@dsnatics and xenobiotics (Kellbeeg
al., 2002; Shafqaet al, 2006). In addition, they also exhibit lyase asdmerase
activities (Shafgaet al, 2006). A strong possibility exists that theiultifunctional
nature may have been the reason for their up-régnlan T viride. For instance, whereas
S. communeip-regulated phenoloxidases to deal with the gigghenolic levels in the
interaction zone, as expected phenoloxidases watreletected inl. viride T. viride
may have employed SDRs for the detoxification oemmlic compounds within the
interaction zone. Furthermore, SDRs are involvedarbohydrate metabolism (Kellberg
et al, 2002) and may have aided the hydrolysis andzatibn of the sugar sources
released fromS. communecell wall upon hydrolysis. Antibiosis has been whoto
augment the antagonistic machinery of mycoparagikebicek et al, 2001; Broglieet
al., 1991; Hararet al, 1995) and the work of Butchket al (2003) demonstrated the
implication of SDRs in the synthesis of the toxiolyketide-derived fuminosins
(secondary metabolites) @ibberella moniliforms In view of this, a similar role cannot

be ruled out for the SDR up-regulatedlinviride interacting withS. commune

Although an elongation factor elf-5a was up-regedatanother was down-regulated. It is
worthy of mention that most eukaryotes carry midspcopies of elf-5a (Eyleet al.,
2009; Chamot & Kuhlemeier, 1991) andSn cerevisiagthe two copies of elf-5a have
been reported to exhibit functional redundancy ceesiown-regulation or deletion of one
of the proteins does not affect the other (ChamdKudhlemeier, 1991). Perhaps up-
regulation of one elongation factor and down-regoilaof another enabl€eg. viride to
maintain some form balance during protein synthesise one of the two is likely to
perform independently. F-actin capping protein (683 been implicated in the assembly
of actin filament and organisation of its architeet although its precise function has
remained elusive (Cooper & Sept, 2008; Nakano & il 2006). Down-regulation of
CP might have contributed to the maintenance df sledpe against possible osmotic
stress arising form the soluble products of ho#itwall hydrolysis. Activation of high

osmotic glycerol pathway and accumulation of sugdecohols not only enable
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Trichodermaspecies to thrive in diverse environments but aldow them to entwine
around their hosts during mycoparasitic growth ¢adb-Jaranaet al, 2006).
Organisation of the actin cytoskeleton might cdntte to the resistance against external

stresses during mycoparasitic growth.

7.4.3 Summary and conclusions

The data reported here give an insight into somehefphysiological and biochemical
events that ensue mycelial confrontation betwSerrommuneandT. viride 48 hours
post contact. The protein patterns especiallySfocommuneeflect a complex response
pattern involving pronounced protein synthesis obgsaimed at repairing and
containing cell wall damage with consequent ERsstr@his may have elicited the UPR
to streamline protein synthesis and perhaps mombmtallify the accumulation of toxic
unfolded protein aggregates. There are indicatminseptal plugging, hyphal sealing,
mobilisation of intracellular energy stores, phénaletoxification, and shift in cellular
metabolism inS. communender attack fronT. viride On the other hand, the proteome
of T. viride paired againstS. communerelatively depicts the recruitment of the
mycoparasitic machinery upon contact wiéh communeWhereas metabolic activities
especially glycolysis may have been pronouncedT.inviride the proteome ofS.
communesuggests recruitment of a combination of seconday primary metabolic
activities crucial for the survival of cell walldis and perhaps oxidative injury with a
greater leaning towards secondary phase of growthere is little or no indication of an
attack response b§. communedeading to the conclusion that the physiolog@nges
in S. communepaired againsfT. viride are most likely a combination of defence

responses.
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CHAPTER 8

Conclusions and future prospects
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8.1 Introduction
The aim of the present study was to &ecommunas a model to investigate the

underlying cellular and molecular mechanisms thavedthe response/adaptation of
white-rot basidiomycetes to antagonistic myceli@ahfcontation. A highly antagonistic
strain of Trichoderma viridewas used for confrontation againfSt communein an

attempt to replicate strong mycelial combat on agar

To do this, RT-PCR was used to probe the expregsatterns of selected genes in the
mycelia of S. communeonfronted byT. viride 2-D protein gel electrophoresis was
employed in the investigation of changes in thegomes of both fungi paired against
each other. The activities of selected enzymeshmdoin anti-oxidation, detoxification
and metabolic shifts were assayed mainly in thealgicdomains ofS. commungaired
againstT. viride Microscopy was used to study changes in morphcabdorms in both
fungi interacting on PDA, while GC-MS analysis alked the investigation of their
metabolite patterns. Biochemical assays were a&al tio investigate the induction of
oxidative stress in the mycelia 8f communéollowing mycelial contact with the more

antagonisticT. viride

8.2 General Conclusions

Lysis of the cell wall ofS. commundan the contact areas witf. viride and the
subsequent disintegration of mycelia of the fornwearly underlined the pronounced
antagonistic abilities ofl. viride The initial rejection observed predominantly
communeorior to contact with the antagonist points to pinebable exchange of chemical
signals between both species before contact (Ch&pteection 2.3.1). Perhaps the
chemistry of the local environment external to thgcelium of a particular species is
characterised by specific chemical signals, which detected by confronting species.
The work of Heilman-Clausen and Boddy (2005) dertratesd the existence of a
metabolite-based passive defence/attack systenoadiwnot fungi, which influences the
establishment of later or same stage colonisetisdrsame environment. The implication
is that some fungi secrete chemical compoundsénctiurse of their colonisation of a

substrate, thereby allowing them to stave off imwasfrom competitors. Although
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pigmentation in the mycelia d&. communeould be ascribed to a number of factors,
oxidation of phenol compounds by phenol-oxidasesditegy to the production of
protective melanin (pigment) is considered cent@lthis phenotypic response to
interspecific mycelial contact. Additional explaiat for this phenotype is possible
switch of mycelial growth to a stationary phasegadwth following the sealing-off of the
mycelial front (cessation of growth). This wouldoprote the production of secondary

metabolites among which are phenol compounds (ibstfor phenol-oxidases).

Although protoplasmic degeneration also depiate@hapter 2 (sections 2.3.2 and 2.3.3)
could be described as hyphal interference, it calsd be connected to cell wall lysis.
The dominance of the mycelium ®f viride over that ofS. communellustrated by the
morphological changes in the mycelia of both fufighapter 2; sections 2.3.1 — 2.3.3), is
further confirmed by the patterns of metabolite resgion presented in chapter 3. The
products ofS. communeell wall lysis and total mycelial disintegratiomould most
likely, alter the water activity/concentration dfet surrounding medium relative to
cytoplasmic composition. This would result in osimadtress, warranting homeostatic
changes to counterbalance the effect of osmoticksh®his may account for the
accumulation of high levels of sugar alcohols ia thycelia ofT. viridein response t&.
commune Sugar alcohols were also up-regulatedSincommunelthough to a lesser
extent. Hexanetetrol, which is a cyclic sugar atdaimilar to myo-inositol, was up-
regulated significantly only in the mycelium 8f communéChapter 3; section 3.3.2).
Although there is no further evidence to confirnsttexanetetrol might play signalling
roles inS. communsimilar to myo-inositol. Given that protoplasmieggneration could
possibly alter electron transport in the mitochaonlrit may have led to oxidative stress
in the mycelia ofS. communeSugar alcohols might be involved in the productaf
NADPH, which supplies reducing power for antioxid@mzymes. The high levels of
GABA (Chapter 3; section 3.3.2) 8. commungoint to the fact that the TCA cycle
might have been blocked at-ketoglutarate, a response that arises mainly from

NADH/NAD imbalance (redox imbalance), which is iodiive of oxidative stress.
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The up-regulation of pyridoxine (Chapter 3: sect®i3.2), a key antioxidant and a
guencher of singlet oxygen (Ristié al, 2006; Ehrenshaft & Daub, 2001) corroborates
the likelihood of oxidative stress induction$n communeThe induction of pigmentation
in S. communéy calcium ionophore A23187 (Chapter 2; sectidgh1). implicates the
calcium influx pathway in the production of pigment the mycelia o5. communen
response t@. viride Inositol phosphates are important secondary megsse involved in
a wide range of molecular and physiological adggitmost of which involve the calcium
influx pathway (Pererat al, 2003). Based on this link, it could be concludiealt the
increase in the levels of inositol phosphate inrttyeelia ofS. communehallenged byl
viride (Chapter 3: section 3.3.2) might be associatedh wall wall lysis and more
importantly, pigment production. Perhaps inositblogphate is involved in a wider

network of biochemical/physiological responsesda-self mycelia.

The results presented in Chapter 4 implicate okidagtress as one of the outcomes of
contact with the antagonist. They also suggest tloatact withT. viride promoted
cessation of growth (secondary metabolism) and/atian inS. communeThe levels of
lipid peroxidation detected in the mycelia®fcommun&llowing combative interaction
with T. viride suggest that severe oxidative damage may haveredcas a result of this
interaction. One possible cause of this could bekdge of electrons in the
mitochondrion, arising from disruption of mitocharad membrane potential. In addition,
attack on the lipid components of the cytoplasmemhrane by the increased levels of
superoxide anion and other radicals, which may hageeased in response to non-self
mycelial contact, could have contributed to theels\of lipid peroxidation detected
commune A major effect of oxidative stress is the irresible insertion of carbonyl
groups into the side chains of specific amino adidgpolypeptides (Levine, 1983 &
2002). The high levels of carbonylated proteingha mycelia ofS. commungaired
againstT. viride could be linked to oxidative stress. However, oasttation could be part
of the protein quality control machinery, a necegsaechanism following increased
protein synthesis (geared towards synthesisingdhgonents of the damaged cell wall-
Chapter 7; sections 7.3 & 7.4.1.2), starvation eduby cell wall damage (limiting

nutrient acquisition ability- Chapter 7; sectionl.4.5) and induction of secondary
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metabolism, confirmed by the concomitant increas¢he levels of phenol compounds
(Chapter 3: section 3.3.2).

The activity patterns of superoxide dismutase, las¢ga and glucose-6-phosphate
dehydrogenase (G6PDH) reported in Chapter 5 (se&id.2) imply thatS. commune
may have activated its antioxidant machinery, totam oxidative damage arising from
contact withT. viride In addition, increase in the activity of G6PDHey enzyme in the
pentose phosphate pathway (PPP) suggests thatthisapathway may have been
favoured for glucose metabolism. This is supporgdthe fact that erythritol, up-
regulated inS. commungChapter 3: section 3.3.2) is synthesized viaRR®&, a major
source of NADPH. The activity and protein levelslafcase and manganese peroxidase
in the mycelial domain o6. commungChapter 5; sections 5.3.1 & 5.3.2.4) strongly
implicates them in detoxification, cell wall polynmation and possibly, synthesis of
protective melanin-related compounds hence, acowyfidr the progressive induction of
pigments after contact with the antagonist (Chaper sections 5.3.2 - 5.3.3).
Furthermore, the sharp and short-lived increagenactivity of succinic semialdehyde
dehydrogenase (SSADH) confirms the activation ofB3Ashunt, to bypass a limiting
step in the TCA cycle, a biochemical mechanism niiksty directed towards restoring

redox balance (Chapter 5; section 5.3.2.6).

The gene expression patterns presented in Chapgee ot by any means a global
picture of the transcriptome d&. communen responsel. viride Nonetheless, the
expression of specific genes studied, provide htsigfo the physiological response ®f
communeto T. viride based on the functions of the selected genesrelstingly,
differences in gene expression patterns were obddretween self-paired and unpaired
samples, indicating that self-interaction may havaused a certain degree of
physiological changes in the mycelia 8f communeGiven the down-regulation of
glyceraldehyde-3-phosphate dehydrogenase (GAPDE&hedmg gene in response to
contact withT. viride (Chapter 6; sections 6.3 & 6.4.5), it could beeinéd that perhaps
glycolysis was down-regulated 1 communeThis supports the assumption that a rise in

the levels of G6PDH activity (Chapter 5; sectio.%.3) and the levels of erythritol
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(Chapter 3; section 3.3.2) is an indication thatcgse metabolism in the confronted
mycelia of S. communemay have taken place via the PPP. Down-regulatbn
cytochrome @ and ATP synthase genes (Chapter 6; sections @3l&) are in support

of the suggestion made earlier that protoplasmgederation arising from interspecific
mycelial contact, may have disrupted the functigrohthe mitochondria it5. commune
However, this does not explain the high levels dfPAdetected in the mycelia &.
communepaired against. viride in comparison to the levels in self-paired myaeli
(chapter 4; section 4.3.3). The patterns of chsynthase and neutral trehalase genes
suggest that the protein products of these gengsbmanvolved in cell wall repair, and

stress alleviation.

Up-regulation of ubiquitin gene (Chapter 6; setsi®.3 & 6.4.6) could be linked to the
physiological requirement to recycle oxidised amgprioperly folded proteins as a result
of oxidative and protein synthetic stresses (chafitsections 7.3.1 & 7.4.1.2), secondary
metabolism and starvation. Ubiquitin may also begoived in the degradation of
expression factors for non-required proteins andratation of dormant enzymes, a
measure required under stress to regulate the Hbimal economics” of the cell.
Cessation of growth following contact with. viride is further confirmed by the
repression of the alpha-tubulin geneSncommunafter 24 hours (Chapter 6; sections
6.3 & 6.4.4). The repression of theketoglutarate dehydrogenase gene after 24 hours of
interaction withT. viride (Chapter 6; sections 6.3 & 6.4.5) is in agreemgith the
assumption that GABA shunt may have been activateéd. communein response to
redox imbalance in the mycelia of the latter. linteresting to note that the supposition
that lysis of S. communecell wall triggered increased protein synthesibafiter 7;
sections 7.3.1 & 7.4.1.2) is supported by the esgiom patterns of genes encoding
ribosomal protein S8 and 18SrRNA (Chapter 6; sasti6.3 & 6.4.6), particularly the

latter after 48 hours of contact with viride
As with the gene expression studies (Chapter &, gioteomics study (Chapter 7)

represents only a snapshot of the changes in th&egmes of both fungi, during

interactions. This is because, the studies onlye) a pH range (3-10) out of which
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only a fraction of the significantly down- or upgrdated proteins were sequenced owing
to the cost of protein sequencing. In view of thig results in Chapter 7 are not a
representation of the global protein expressiomath fungi, during interaction relative to
their self-paired mycelia. However, the resultsnfrahis chapter provide powerful
insights into the response of both species to ettedr. For instance, the up-regulation of
multiple copies of the expression factor, BTF3a,ARpblymerase, glycosyltransferase,
initiation factor, elF5a, and helicase is a stromdjcation of increased transcriptional and
translational activities, synonymous with cell wdihmage. Such a flux through the
protein synthetic machinery (endoplasmic reticull@®R) may have triggered ER stress,
thereby eliciting the up-regulation of cyclophilirsd components of the ubiquitin
pathway (members of the unfolded protein respoidPR— pathway) to streamline
protein synthesis and detoxify misfolded proteingragates. The degeneration of
protoplasmic components i8. communen the areas of contact with. viride is
characteristic of cell wall damage and ER stressthermore, helicases are key stress
alleviators as well as being involved in the restion of homeostatic balance, which
allows translation of RNA (protein synthesis) toogeed normally (Lorsch, 2002;
Vashisht & Tuteja, 2006; Gorgt al,, 2005; Jonest al, 1996; Tanner & Linder, 2001).

Up-regulation of Phenylalanine ammonia lyase (PAChapter 7; sections 7.3.1 &
7.4.1.3) confirms the proposition that contact kestw both fungi resulted in secondary
metabolism and pronounced synthesis of phenol camgg) which indirectly triggers
synthesis and secretion of phenol-oxidases. Theegplation of HEX1 (Chapter 7;
sections 7.3.1 & 7.4.1.4), the protein componenthef Woronin body suggests that
communemay have employed this organelle to localise damagthe affected hyphal
compartments. The patterns of malate dehydroge(ld&# and branched-chai-
ketoacid dehydrogenase E2 subunit (BCKAD) (Chaftesections 7.3.1 & 7.4.1.5)
suggest that they may be involved in the recyatifiipids and amino acids respectively,

in response to starvation resulting from cell vixgis.

On the other hand, increase in the levels of ATRtt®se, mitochondrial porin and
GAPDH (Chapter 7; sections 7.3.2 & 7.4.2), pointrioreased metabolic activities T
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viride paired againstS. commune This is very likely considering the release of
carbohydrates frons. communecell wall, following lysis. Hence, contact witlhe
wood-rot fungus most likely favours carbon metagrlinT. viride Furthermore, the up-
regulated aspartyl proteaseTinviride is a potential candidate in the battery of enzymes

involved in host cell wall hydrolysis.

Efforts in this study were aimed mainly at underdtag the mechanisms employed ®y
communeto resist attack against a highly combative sti@inT. viride Although S.
communewvas subsequently killed in the contact areasablgy of the former to survive
cell wall lysis for a considerable period (120 lusuggests that it possesses resistance
mechanisms, which may be amplified in natural emments. Highley and Ricard
(1988) have previously reported such resistanceicpkarly in wood and other niches,
by white-rot fungi. Some of the most significamdings of this work highlight some of
such mechanisms. For instance, the indicationBERastress may have been induce&in
communepaired against. viride resulting to the up-regulation of UPR based origino
expression patterns (Chapter 7) is supported byoplasmic degeneration and up-
regulation of polyubiquitin, 18SrRNA, ribosomal pgmm S8 and neutral trehalase genes
(Chapters 2 and 6 respectively). In addition, upitation of PAL (Chapter 7) agrees
with the up-regulation of phenolic compounds (mdicdand tropic acids) (Chapter 2),
rise in levels of phenol compounds as detectedianpl assay (Chapter 4), increase in
the activities and protein levels of phenol-oxidase the confronted mycelia d3.

commungChapter 5) as well as the observed pigmentaGbrapter 2).

Increase in the levels of GABA (Chapter 3) is imfmymity with the down-regulation of
a-ketoglutarate dehydrogenase gene (Chapter 6)ramdase in the activity of SSADH
(Chapter 5). This can also be linked to the up-iemn of PPP - increase in the activity
of G6PDH (Chapter 5) and increased levels of eitgth(Chapter 3), which may have
enhanced the synthesis of NADPH, thereby helpingcdotain oxidative stress. In
addition, down-regulation of GAPDH gene (Chapter ddincides with the down-
regulation of triosephosphate isomerase and endi@kapter 7) both of which are

glycolytic enzymes. This lends weight to the asstimnpthatS. communeunder the
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conditions of study, may have preferred PPP toadygis for glucose metabolism. A
similar pattern was observed in the pairing $tereum hirsutumagainst Coprinus
micaceusand Coprinus disseminatugPeiris, 2009). The repression eftubulin gene
(Chapter 6) may be connected with the sealing-bffngcelial front and cessation of
growth in S. communeafter contact withT. viride (Chapter 2), both of which are
indicative of secondary metabolism. In additiodated to secondary metabolism is the
up-regulation of MDH and BCKAD (carbon and nitrogeecycling, respectively)
(Chapter 7).

One of the most significant findings of this woskthe up-regulation of key components
of the UPR with concomitant increase in the expoessf proteins involved in protein

synthesis, assembly and transport (Chapter 7;08ecff.3.1 & 7.4.1.2). This strongly
suggests that ER stress may have been triggeredplagsiological response to cell wall
damage. Although protoplasmic degeneration has loeen reported as one of the
responses of fungi to non-self (Ikediugwtual, 1970; lkediugwu, 1976; Boddy, 2000),

there is no evidence in literature connecting piienomenon, to ER stress and the UPR.

The rise in the levels of lipid peroxidation andtein carbonylation in the mycelia &f
commune provide new insight into reports that fungus-fusginteractions lead to
secondary metabolism and disruption of mitochohdfignctioning, which enhance
oxidative stress. In addition, the up-regulatiorMidH, PAL and BCKAD, point to the
recycling of intracellular carbon and nitrogen sms;, a central characteristic of
secondary metabolic phase of growth. These finditlgsrefore lend more credence to
the existing assumption that fungus-fungus intévastlead to the switch of mycelial
growth to the secondary metabolic phase. Furthesmiire up-regulation of PAL, a
stationery phase enzyme, provides fresh evidencsupport of the assumption that
interspecific mycelial combat promotes the secretidd phenolic compounds, another
characteristic of secondary metabolism. In addjtinareases in the levels of GABA and
pyridoxine, and increased succinic semialdehydedielgenase activity shed more light
on the same assumption that interspecific mycetatact leads to secondary metabolism

and consequently, oxidative stress (lakowéwal, 2004; Rayneat al., 1994; Griffithet
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al., 1994 a, b & c; Raynaat al, 1994). This is further confirmed by the repressif the

gene that codes fartubulin, which is involved in cellular replicatif@rowth.

A recent study by Peiris (2009), demonstrated ptssswitch in energy metabolism
following interspecific combat betweeéh hirsutumand its competitors;. micacuesand
C. disseminatusThis finding is supported by strong indicatiomenfi this study thas.
communemay have down-regulated glycolysis with a corresiiag increase in the
expression of proteins involved in the PPP. Suclickwin metabolism could alleviate
oxidative stress by the generation of NADPH.

The up-regulation of HEX-1, a strong indication mfysiological attempt to localize

cellular damage by septal plugging, is also a niemirig in the study of antagonistic

interactions in fungi.
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Figure 8.1 Hypothetical representation of morphological, physdlogical and biochemical changes occurring in the yeelia of S. commune

following contact with the mycelia of T. viride Different shapes and colours represent links beten molecular and

physiological/morphological responses td. viride.
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8.3 Future prospects

For experimental convenience, PDA was used throughios work for interaction
assays. However, the morphological, physiologioal hiochemical changes observed in
this study are very likely to vary in the field. Wew of this, combination of pairings on
wood or other naturally occurring substrate(s) andaboratory medium like PDA might
be ideal for a more encompassing understandingtefdactions between both fungi. For
instance, the metabolite profiles of both speciesaturally occurring substrates would
possibly vary greatly from the profiles obtained ®DA. This therefore limits
understanding of the chemical repertoire thatkislyi to be employed by each of these

fungi during possible combat in the field.

Hynes et al (2007) using a specially designed fermentatioit demonstrated the
involvement of volatile compounds in the cascade oblanges associated with
interspecific mycelial combat. The approach empioyre this study did not take into
account the possible roles of such compounds etthéheir own or in combination with
non-volatile compounds during interspecific mydelkambat. Furthermore, fungi are
likely to encounter a wide range of organisms (Alngnd non-fungal) and varying
environmental conditions, which cannot be replidate the laboratory, but however
influence interactions in nature. However, it isrthyg of mention that, it can be difficult
interpreting results of interactions on naturainptex undefined substrates. Sterilization
of substrates like wood would most likely alterithehemistry to levels that may affect
experimental results. In addition, growth on ndtwabstrates can be very slow, and

sampling of interacting mycelia is far more chafjery on wood or straw for instance.

As mentioned in chapter 7, the proteomic profilegented herein is only a fraction of the
differentially expressed proteins. This is becaosdy proteins within the pH range of the
IPG strip used, 3-10 were captured. Highly acidi@kaline proteins, which may play
crucial roles in the response of either fungushdther, may have been missed thereby
limiting understanding of the physiology and bioctistry of the response patterns
studied. In addition, because of the cost of proteequencing, the majority of the

proteins that varied in volume between test androbsamples were not sequenced.
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Furthermore, an inherent limitation of 2-D gel étephoresis-based studies is the
inability to detect low-abundant proteins, whichghti perform crucial functions. A
possible solution to this and other limitationspodteomic studies includes a bottom-up
approach which employs online high performanceidigghromatography (HPLC) for the
separation of protein samples, obviating the need gdrotein separation by gel
electrophoresis (Rohrbougt al,, 2007; Bhaduri@t al, 2007).

The most common peptide separation technique byHRLreverse-phase (RP) LC
(Rohrboughet al, 2007). This method separates proteins basetieniydrophobicity.
Another LC method is strong cation exchange (SOXpmatography, which separates
peptides according to their charge (Rohrboegtal, 2007). Both LC methods can be
used in combination in a method referred to as Mirtensional Protein ldentification
Technology (MudPIT) (Rohrbougét al, 2007; Bhaduri&t al, 2007). MudPIT employs
columns that contain both RP and SCX phases alpvior easier and automated

separation of biological mixtures (Rohrbougjtal, 2007).

One of the major challenges in the proteomics dspethis work was separation &.
communeprotein samples to high resolution. This probl@maddition to poor detection
of highly acidic and alkaline proteins, could beemome by employing a more sensitive
techniqgue such as fluorescence difference gel relgubresis (DIGE). 2D-DIGE is
unparalleled compared to 2D-PAGE given its highodighput even with complex
samples, timesavings and analytical power, althatgyreproducibility remains a major
challenge (Bhaduriat al, 2007).

Understanding of protein functions can be greatiproved by detection of subcellular
localization of protein(s) under conditions of gtawSilver, 1991). Up to 60% tagging of
proteins can be achieved in eukaryotic systemsdpnabination of cloning strategies and
mutagenesis allowing the detection of the subaallibcalization of proteins during
growth (Vogelet al, 2001). Such technique offers great promiseHerdetermination of,
and possible understanding of the direct roles @f kroteins during fungus-fungus

interactions.
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One approach that would have made the proteomiady sthore robust would be to
employ a complementary global gene expression tgganExamples of such techniques
include serial analysis of gene expression (SAGkroarray and mRNA differential
display. These techniques allow the detection wéleof mMRNA levels of a wide range
of genes, which could be correlated to proteomata tb present a more profound picture
of the physiological/biochemical changes associatigkd mycelial response to non-self.
However, these techniques are primer based andfbogh employed in this study are
not fully sequenced, making it impossible to destggwide range of primers to match
functional genes. In the case of microarray teadmmigthis limits the possibility of
constructing an open reading frame (ORF)-specificroarray. Nevertheless, these
techniques could still be employed, despite the@asng challenges and limitations of
performing them without specific primers. For imgta, the shotgun approach based on
random DNA fragments of unknown sequences arrapeal glass slide could be used for

microarray (Zaigleet al, 2003).

A more specific approach involving the constructadrcDNA libraries and subsequently
using the expressed sequence tags (ESTs) for meayazan also be applied. This also
involves sequencing of the expressed genes, atahibe expensive (depending on the
level of sequencing undertaken) and time-consumiigre over, it is limiting in the
sense that the gene expression patterns may vaathgrbetween normal growth
conditions, and during mycelial confrontations, tsticat certain differentially expressed
genes under stress may not be present in theylikdkartwithstanding, this technigue has
been successfully employed to study interactionsvdsen Phlebiopsis giganteand
Heterobasidion parviporunfAdomaset al, 2006). lakovlewet al. (2004) also employed
MRNA differential display using oligo-dT primers &iudy interspecific interactions
betweenHeterobasidion annosurand PhysisporinussanguinolentusAlthough data in
Chapter 6 show interesting changes in the pattefrselectedS. communeayenes in
response torl. viride real-time reverse transcription polymerase chaaction (RT-
gPCR) may have added more weight to the data feararse transcription polymerase
chain reaction (RT-PCR).
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The detection of a rise in the levels of carboredaproteins in the mycelia db.
communeconfronted byT. viride implicates ER, oxidative and nutritional stressethe
response patterns of BommunePerhaps, this opens up a new channel in the stndy
understanding of antagonistic fungal interactidrtss can be further investigated in time
course experiments, using western blotting techejiguhich allows the detection of
carbonylated proteins using specific antibodieseréhs a need to better understand the
possible disruption of mitochondrial functioning paired fungi. Ultracentrifugation can
be employed for the isolation of mitochondria fromycelial samples, and specific dyes
such as Rhodamine, can be used to probe for theemme of intact and functioning
mitochondria. This could provide powerful insighta the role of electron leakage in the

physiological changes associated with antagonigtizactions.

The finding that PAL, ER stress and the UPR aresipbs triggered inS. commune
following mycelial contact withT. viride opens novel directions in the understanding of
fungus-fungus interactions, thereby warrantinghertinvestigations. Specific profiling
of the expression patterns of genes, involved insiEBss and the UPR in particular, as
well as their protein products by combinations aéstern blotting, RT-gPCRC and
possibly using gene knockdown/deletion/overexpogssiwould make invaluable
contributions to the understanding of the molecul@blogy of fungus-fungus
interactions. Similarly, these techniques couldubed to further probe the roles of PAL
in the induction of secondary metabolism and thesequent secretion of phenolics in

paired fungal mycelia and HEX1 in the localizatafrcellular injury.
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Appendix |

Section 1: Gas Chromatography-Time of Flight-Mapsc®ometry (GC-TOF-MS), see
Chapter 3; section 3.2.3

GC-TOF-MS analysis was carried out at the SchoolCbiemistry, University of
Manchester, UK. Ten replicates of dried extractsefach of the interactions pairs (self
and non-self) were reconstituted in 7@00f methanol, out of which 1501 was dried
lyophilised in a HETO VR MAXI vacuum centrifuge (&mo life Sciences,
Basingstoke, UK). Internal standard solution cosipg of 1.73 mg/ml of succinic,d
acid, glycine g and malonic ¢ acid was added to the samples before lyophylisatio
Two-stage chemical derivatization was carried aonplving, Oximation (stage one)
(heating samples with O-methylhydroxylamine (8020 mg/ml in pyridine for 80 mins
at 40°C), and trimethysilylation with N-acetyl-N#ethylsilyl)-trifluoroacetamide (50
ul) for 80 mins at 40°C.

After derivatisation, GC-TOF-MS was performed witpilent 6890 Gas Chromatograph
(Stockport, UK), coupled to a Leco Pegasus lll M8pectrometer (St Joseph, USA).
Control was achieved with a ChromaTof software $2.5ample analysis was
randomized and three machine replicates were peefdrfor each sample. Analytical
conditions described by O’'Hagaet al (2005) were employed for the analysis. Three
random samples from each sample class were chosgreék deconvolution with the
Leco ChromaTof software (peak = 3s, baseline =migathing = 3). Metabolite peaks,
retention index (RI) and mass spectrum for all ff8abolite peaks were entered in the

database for peak matching (RI £, mass spectralhmrai00).

Data were exported as ASCII files to Microsoft Bxime further analysis. The internal
standard, succinic sjdacid was employed for peak normalisation (peaka aoé
metabolite/peak area of standard). Three diffelibrdries were used for peak matching
and identification;

» NIST/EPA/NIHO02 fttp://www.nist.gov/srd/nistla.htjn
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» MPI-Golm prepared mass spectra/RI library
(http://csbd.mpimp golm.mpqg.de/csbdb/gm/msri/gmdriboruions.htm)

» Authors’ (WD) prepared spectra/RI library contami00 entries.

Preliminary identification was confirmed by mas®dpal match > 700 and further
confirmed by analysis of authentic metabolite stadd, purchased from Sigma-
Aldrich (Gillingham, UK) or from ACROS Chemicals ¢ughborough, UK),

applying the same analytical conditions.

All data were imported into Matl&bVersion 7.1 Kittp://www.mathworks.conrunning
under Windows XP on an IBM-compatible PC. Within tb®, exploratory analysis
using principal components analysis (PCA) (Jolifi©86), and NIPALS algorithm

(Wold, 1966) on all data sets t reduce dimensionalf multivariate data and preserve

most of the variance. Univariate statistical analygas performed using Kruskal-Wallis
test (Kruska and Wallis, 1952) to determine théistteal difference for any given peak

between sample classes.

Section 2: Mass spectra of selected metabolitegpése Chapter 3; section 3.3.2)
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Figure 1: Mass spectrumrf@alic acid
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Reference Spectrum - Reference "John Hedger Oct07", Analyte "John Hedger Oct07 43"
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Figure 2: Mass spectra for xylitol, myo-inositahd hexadecanoic acid
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Section 3: Comparative plot of metabolite peak sifestween self- and non-self paired

cultures (see Chapter 3: section 3.3.2)
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Figure 3: Comparative plot of designated metabolitgpeak areas between self- and

non-self interacting cultures for bothS. commune and T. viride.
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Standard graphs

Appendix I

The method of Bradford (1970) was used for protgiantification, in all cases.
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Figure 4: Malondialdehyde standard graph for lipid peroxidation assay.
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Figure 5: ATP standard graph for ATP assay.
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Figure 9: protein standard graph for Glucoses-phosphate dehydrogenase assay
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Figure 11: protein standard graph for the quantification of proteins used for 2-D gel
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Appendix Il

Buffer recipes
1X Phosphate buffered saline (PBS)
1. The following were dissolved in 800 ml of dikd water;
= 8 g of NaCl
= 0.2 gof KCI
= 1.44 g of NaHPO,
= 0.24 g of KHPO,
2. pH was adjusted to 6.5

3. The volume was made up to 1L with additionalildisl water

4. Buffer solution was sterilized by autoclavindglail°C for 15 mins.
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10 X Tris-Glycine SDS-PAGE running buffer
= Tris-base 30.3 g
= Glycine 144 g
= Sodium dodecyl sulphate (SDS)10 g

= Milli Q water Final volume of 1L.

Final concentration: 125mM Tris-base, 192mM Gly¢cidd % SDS, pH 8.3.

50X TAE DNA gel running buffer

1. The following were dissolved in 900 ml of distillecater
= 242 g of Tris base
= 57.1 ml glacial acetic acid
= 18.6 g EDTA

2. The volume was adjusted to 1L with additional desdi water.
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Appendix IV

Section 1: A plot of the band volumes of DNA protuafter RT-PCR in the mycelia of

S. communeaired againsil. viride, compared to self-paired mycelia of the former
(Chapter 6; section 6.3)
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Figure 13: Comparative plot of DNA band volumes. 1& 2: mRNA from unpaired mycelia of S.
commune corresponding to 24- and 48-hour contact periodsesspectively in paired cultures; 3 & 4:
MRNA from self-paired mycelia of S. commune after 24 and 48 hours of contact respectively; 5 &:
mRNA from S. commune mycelia paired againstT. viride, after 24 and 48 hours of contact

respectively.
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Figure 14: Comparative plot of DNA band volumes (sekey to 1-6 in figure 13).
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Section 2: Expression patterns of chitinase anth@dllin genes of. viride

Figure 15: Expression patterns of the chitinase andalmodulin genes ofT. viride in unpaired and
self-paired cultures compared to its mycelia interating with S. commune. 1-6: 1 & 2: mRNA from
unpaired mycelia of T. viride corresponding to 24- and 48-hour contact periodsaspectively in paired
cultures; 3 & 4: mRNA from self-paired mycelia of T. viride after 24 and 48 hours of contact
respectively; 5 & 6: mRNA from T. viride mycelia paired againstS. commune, after 24 and 48 hours
of contact respectively.

Appendix V

Section 1 : LC/MS-MS & protein identification

LC/MS-MS and protein identification were carriedt @t the University of York. Protein
spots were destained with Farmer’s reagent befoigel tryptic digestion. Destaining
involved washing the spots in Farmer’'s reducinggesd (20 % aqueous sodium
thiosulphate: containing 1% potassium ferricyanidie¢n washed two times with 50 %
(v:v) acetonitrile containing 25 mM ammonium bicanlate, and then once with
acetonitrile, before drying in a vacuum concentrdtr 20 mins. Sequencing-grade,
modified porcine trypsin (Promega) was dissolve&anmM acetic acid supplied by the
manufacturer. The mixture was dilute 5-fold by agdP5 mM ammonium bicarbonate,

resulting in a final trypsin concentration of 0,04/ ul. Gel pieces were rehydrated in 10
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ul of trypsin solution for 30 mins before adding 8V ammonium bicarbonate to

submerge the samples. Digest mixtures were incdlzaternight at 37°C.

0.5 ul of each digest mixture was used for MALDI in ttaeget plate with the addition of
equal volume of freshly prepared solution (5 mg/ofilf-hydroxye-cyano-cinnamic acid

(Sigma) in 50% aqueous (v:v) acetonitrile contagnl %  trifluoroacetic acid (v:v).

Positive-ion MALDI mass spectra were obtained using700 Proteomics Analyzer
(Applied Biosystems, Foster City, CA, USA) in reflon mode. MS spectra were
acquired over a mass range of m/z 800-4000. Finassmspectra were internally
calibrated using the tryptic autoproteolysis praduat m/z 842.509 and 2211.104.
Monoisotopic masses were obtained from centroidawf unsmoothed data.

The strongest peaks were then subjected to CID-NSS&pplying Source collision
energy of 1kV, with air as the collision gas. Theqursor mass window was set to
relative resolution of 50, and the metastable seggomr was enabled. The default
calibration was used for MS/MS spectra, which weaseline-subtracted (peak width 50)
and smoothed (Savitsky-Golay with three points s&t@ peak and polynomial order 4);
peak detection used a minimum S/N of 5, local ne@iselow of 50 m/z, and minimum
peak width of 2.9 bins. Filters of S/N 20 and 30evesed for generating peak lists from
MS and MS/MS spectra, respectively.

Mass spectral data obtained in batch mode were itiebintio database searching using a
locally running copy of the Mascot program (MatBxience Ltd., version 2.1). Batch-
acquired MS and MS/MS spectral data were submitte@d combined peptide mass
fingerprint and MS/MS ion search through the ApgliBiosystems GPS Explorer
software interface (version 3.6) to Mascot. Seamdteria included: Maximum missed
cleavages, 1; Fixed modifications, Carbamidometf@); Variable modifications,
Oxidation (M); Peptide tolerance, 100 pmm; MS/M&tance, 0.1Da.
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Section 2: Peptide sequences

Table 1: Peptide sequences of proteins up-reguiatdte mycelia oS. commung@aired

againsfr. viride compared to self-paired mycelia®fcommune

Spot | No. of peptide
Sequences Peptide sequences
sc1 1 QRDQIDOWMQGIR
sc2 2 KGFGYKGSSFHRV, RVIPQFMLQGGDFTRG
SC6 2 KLAESYQNMQKN, KSDGNVIHFAAPKY
scs 1 RKSEEALEILRL
RLQQAFESGRG, RYLGVDLFTKQ
sC20 2
KVVVIPAGVPRK,RVFGVTTLDVVRA, RDDLENTNASIVRD
sc28 3
KDDISPEISIVRD
sc39 1
RNISNEVLLDKSRG
SC40 1
RRMQFLGEIGGVRI
sca1 1
KVHLVAIDIFTGKK
SC55 1
SC75 1 KAYDLLHVLKR
KVHLVAIDIFTGKK
sce? 1
Sco3 1 RFEVPSDSSRD
SC100 1 RGEKVPVGTVLATIRT
KVVVIPAGVPRK,RVFGVTTLDVVRA,RDDLENTNASIVRD,
SCl14 4 RGAPGVAADVSHVDTASEVKG
KAIDAFEVEAVKN
SC150 1
SC195 1 KHVVFGEVVEGMDVVKN
KVHLVAIDIFTGKK
SC394 1
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Table 2. Peptide sequences of proteins down-reglilat the mycelia o5. commune

paired against. viridecompared to self-paired mycelia®f commune

Spot | No. of peptide
sequences Peptide sequences
KHGNSHQGEPRD, RLKYENEVALRQ
sc33 2
RTYLMIKPDGVQRN
SC34 1
KTPGPGAQSALRA REVGITALHIKL, RIEDVTPVPTDSTRR,
SC62 4 RDESSPYAAMLAAQDVAARC
LNVQPIAGVEEVNMFR, ELTELVPGILNQLGPDSLASLR
SC69 2
VATPAQAQEVHAAIR
scs3 1
DAGAIAGLDVLR IQALVSEYFGGR, AVVTVPAYFNDSQR,
SC302 4 INEPTAAAIAYGLDR
GIPNVIDSYAR VRPELPIIYR AFVPEDVPIER,
SC313 6 IHLIDDIDEYRK,SGFLTEPGDNAQVAR, NNHNILQGVASPDLR
IGTETYHTLK,IALDVASSEFYK, SGIQIVGDDLTVTNPLR
SC345 3
LLVAHEAGMR
SC350 1
TGYLNVALFGVDSR
SC369 1
NHAIADAVLLSGDEDVR
sc412 1
IGTETYHTLK,IALDVASSEFYK,LGANAILGVSIAVAEAGAAEK
Sc43s 3
FELSGIPPAPR DAGTIAGLNVLR,LVNHFVQEFK, ATAGDTHLGGEDFDNR
SC444 4
IGTETYHTLK, IALDVASSEFYK, SGIQIVGDDLTVTNPLR
SC465 3
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Table 3: Peptide sequences of proteins up-regulatéte mycelia ofT. viride paired againss. commune

compared to self-paired myceliabfviride

Spot | No. of peptide
sequences Peptide sequences
TR3 1 LRSNGHGGVINVASAASFGSAPR
AAMGKAMMYICSVFSQLER
TR5 1
YDSSHGSFK, AASYEEITNAIK, VPTANVSVIDLTVR
TR15 3
YDSSHGSFK, VPTANVSVIDLTVR
TR16 2
TR22 2 YEDISPSTHNMDVPNVTR, KYEDISPSTHNMDVPNVTR
VEQAEIQYEPSGR, NAIQQFNGYDWQGR
TR29 2
LEGLFNFLPATAAK, EGVTLGLGGSFDTQK, DFYHLSATTFEFK
TR44 3
YDSSHGSFK,VLDLLAHVAK AASYEEITNAIK,VPTANVSVIDLTVR,
TR68 5 LVSWYDNEWGYSR
DSVVSGFQWASR, VLADDFGWDVTDAR
TR8O 2
GHTLYNPTK, VSSEFVSDTSNSGLLGLALDSINTVSPK
TR150 2

Table 4: Peptide sequences of proteins down-regllat the mycelia ofT. viride paired againss.

communeompared to self-paired mycelia Df viride

Spot | No. of peptide
Sequences Peptide sequences

ELMDELGKIVR

TR47 1
APPSRAPPPAEPPAR

TR59 1
VHLVAIDIFTGK

TR103 1
VDVHYYEDGNVR

TR115 1
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Appendix VI
Identification ofT. virideby PCR

5.8SrRNA/28SrRNA gene
566 bp

Primer sequencesForward - CGTCATTTCAACCCTCGAAC
Backward — CCTACCTBACGAGGTCAA

NCBI Accession number HM438946
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