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Summary

Armillaria melleais a major plant pathogeof timber and agronomic crop¥et, no
larges c afoeni 6 s 0 avadabla to analde nestudies, and limited experimental
models are available to investigdtasidiomycete pathogenicity. Hemeit is revealed
that theA. melleagenome comprises 58.35 Mipntains 14473 gene models, of average
length 155 bp (4.72 introns/gene). A novel, largeale proteomic shotgun analysis
method, was developed for higifroughput proteomics, applicable to otemillaria
spp. and basidiomycete studi#gandem masspectrometry identified® mycelial o =
629 unique) and secreteth € 183 unique) proteingrom A. mellea Almost 100
mycelial proteins were either specizecific or previously unidentified at the protein
level. Signal sequence occurrence wdeld greater for secreted (50.2%) compared to
mycelial (12%)proteins. Analyses revealed a rich mes@ of carbohydrate degrading
enzymes, laccases, lignperoxidases anthrge cytochrome P450ome the A. mellea
proteome, reminiscent of both basidiomycete and ascomygbtsodegradative
arsenals. Under oxidative stregs, melleaunderwent extensive proteome remodelling
within 3 hours and comparative proteomics detected differentially regulated proteins
(n = 14). Expression of proteins involved in methionine and polyamine biosyntimesis (
= 2) andproteins (= 2) involved maintenace of cellular homeostasis by regulation of
homocysteine levelwere significantly upregulated his response may mitigate against
oxidative cellular damageProteins (n = 2) putatively involved in the regulation of
biosynthesis of specifiqgpolyamines wes also identified. RemarkablyA. mellea
exhibits a specifiand significantkilling effect againstCandida albicansduring ce
culture. Proteomic investigation of this interaction reve@@8 secreted proteins, with
the uniqueexpression of defensive apdtentially offensiveA. melleaproteins (= 30).
Four proteins expressed in -caltures were specific tA. mellea or previously
unidentified either by homology or at the protein lev@lerall, the data reveahew
insights into the origin obasidiomycete virulence&nd a new model system for further

studies aimed ateciphering fungal pathogenic mechanissgresented.
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Chapter 1 Introduction

1.1  Generalintroduction

Recent developments genome sequencing, RNA profiling, largeale protein
studies (proteomics), and the study of small molecules resulting from metabolic
processes in organisms, have been enabled by newthnmghput technologies
(Figurell) . These technomiogses, wheownsad fioge
dynamic profile of a microorganism; at different stages of its lifecycle, under stress
conditions or when subject to nutatial restrictions, as well as a wider view of
interactions between organisr®erez, 2007, 2008)This knowledge, combined with
information in publicly available data repositories, informs our general understanding of
biological processes, disease states, microorganism pathogenicity and virulence
(Vincentet al, 2012; Idnurmet al, 2005; Yajima and Kav, 2006and is used in many
areas to facilitate drug discovery, develop pathagsistant plant varieties and aid the
manufacture of industrial biotechnology produ@architti et al, 2008; Perazzollet
al., 2010; Hadibaratat al, 2013) Fungi, in particular, have been the focus of study in
recent years, as they are a potential sewt novel enzymes and metabolites with
demonstrable potential to satisfy the demand for new drugs, mordrierudly
industrial processes, bioel production and bivemediation(Bouws et al, 2008;
Lorenz and Zinke, 2005; Schuster and Schmoll, 2010; Grigogiewal, 2011)
Consequently, this Imdduction will comprise (i) a description of the fungal kingdom,
(ii) recent outputs from higthroughput analysis of fungi from the phyla Ascomycota
and Basidiomycota, (iii) Basidiomycota virulence and pathogenicity mechanisms, (iv) a
detailed descriptioof enzymes required for wood degradation by Basidiomycota, and
(v) finally, relevant information on the current knowledgeAomillaria spp., and in

particular,Armillaria mellea

Fungi are large group of eukaryotestimated to comprise aroudds million
speciesyet less than 7% have been descrilvedetail (GonzéalezFernandez and Novo,
2010) They are biquitous organisms which live in air, soil or water, and they may be
associated witlplants animalsor other fungiwhere theycanbe symbiotic, pthogenic
or saprophytidFisheret al, 2012). There are about 15000 known pathogenic species,
and these may have very brohdst specificity as in the case of the phytopathogen
Armillaria melleg which hasmore tha 600 host speciefRaabe, 1962)or, asseen in
Ophiocordyceps unilateralisan entomopathogen fungi may have a single host

(Pontoppidaret al, 2009)or they may beheteroeciougparasits, that is parasites that


http://en.wikipedia.org/wiki/Parasite

require two different host species, at different stages of their lifedyatbogenic fungi
may depenan a particular host tissugpeto complete their lifecycléBarrett and Heill,
2012)and theybe classed biotrophic, hemibiotrophic or necrotrophic. Biotrophs derive
their nutrition from the host without killing it, hemibiotrophs initially feed on live host
cells, but eventually kill the host and live on dead tissue and necrotrophs kill their host
2012;
2011) Understandingthe molecular mechanisms underlying host

and feed onthem (GonzalezFernandezand Novo, 2010; de Oliveirat al,
Amselemet al,

pathogen interactions is necessary to predict and control pathogenic organisms.
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(Cerer, 2098) , |

ncl udes

Pathogenic fungi are Janteced organisms. As parasites, they acquire nutrition

from their hosts, killing them or uedmining their viability, but the vergnzymes and

metabolitesthat they utilise to obtain nutrientare bioactive and haveydrolytic or

toxic properties which can be extracted or synthesised as valuable compdonds



industrial andbiomedical applicationindeed, lhe most virulent pathogens often pravid
the most useful compounddee et al, 2010; Misieket al, 2009; Baldrian and
Valaskova, 2008)

Fungi were classified by their morphology until the second half of the 20
century, and many are known by a second name during their anamorpdsexual
stage but with the advent of molecular technologies and whole genome sequencing
more accurate phylogenomic classificatibas becomeossible(McLaughlin et al,
2009) The fun@l kingdom has seven phylAscomycota and@asidiomycotaHibbett
et al, 2007)aretwo phylg that make ughe Dikarya or higher fungi, which haween
the subject of most studyrigure 1.2 shows Dikarya and phylogenetically related
groups, with the suphyla (Ascomycota and Basidiomycota phyla) aplylum

Agaricomytina underlinedA. mellea the subject of this study, is a memludrthis

phylum.
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Figure 1.2. Cartoon representation of tlk@ngaltree of life showing phylogenetically
related groupsArrow indicates Sulkingdom Dikarya, and underlined, the spibyla
Ascomycota and Badioimycota, and phylum Agartomycotinaof which A. melleais a
member(Grigorievetal., 2012)



1.1.1 Ascomycota

Ascomycota is the best studied of the fungal phyla for seveaabns: (ixheir
lifecycles are less complicated than basidiomycetes making them easier to(istudy,
they cause damage to a wide range of agronguaict species and many species are
human and animal pathogens and thus are targets for theragmntticl measureand
(iif) ascomycetes also secrete metabolites with bioactive properties, which themselves
are potential therapeutic compounds of interest to phaeutgal companies
(Kniemeyer, 2011)Genome sequence data exists3aB ascomyde speciesthere are
678 sequencing projectscurrently listed on the NCBI genome database

(http://www.ncbi.nim.nih.gov/genome Accessed 22/04/2028d 129 genomesare

publicly available for download from the Joint Genome Institil

(http://genome.jgi.doe.goVAccessed 22/04/2013). A more informal synonym for

Ascomycota, ascomycete, will be used in this studlycomycetes have single cell
(yeast), hyphal (filamentoug) both (dimorphic) morphology. Ascomycota are defined

by an ascus formed during sexual reproduction which contains eight haploid ascospores,
however, ascomycetes also reproduce asexually by budding, or form conidia from
hyphae which are also known as mjftores Figure 1.3); (Taylor et al, 2006)
Heterothallic mating occurs between organisms and homothallic, or self mating, is also

possible and is organism specific.

Muclear Fusion Cell Fusian ’

2N

hARinsis

&sCus or
Meiosporangivm

Conidia or

Ascospore L
Mitospores

or Meiospore Hypha or Yeast

(GRrrmination Germination

Sexual Asexual

Figure 1.3. Ascomycota lifecycleshowing both sexual and asexual reproduction,
Sexual reproduction: Haploid ascospores germinate. Two compatible hyphae form an
ascogonium (female) or antheridium (male) which fuse, and a dikaryote hgpha
formed containing two haploid nuclei. During karyogarthe nuclei fuseforming a

diploid cell which undergoes meiosis, forming eight haploid ascospéwasxual
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reproduction: Haploid ascopores gernate and hyphagrow andform conidiophores
which praluce haploid conidia which can germinate and form haploid hyphae. Arrows

indicate the direction of the cyc{@ayloret al, 2006)

1.1.1.1  Ascomycete genomes and proteomes

Fungi are more closely related to animals than to piaitenrightet al, 1993;
Baldauf and Palmer, 1993)vhich poses problems for control, particularly of animal
patlogens, as antifungals are often toxic to aninfRessman and PahiHernandez,
2008) Therefore, se of genomic and proteomit¢echniques in combinationcan
broadenour understandg of systemsiology and provide focus for research at the
molecular level. Th&Candida albicanggenome sequenced in 2004y whole genome
shotgun (WGS) sequencing sequencidgnes and Federspiel, 200@4)as one of the
first human pathogens to be sequenced. Its genome was comp&adctaromyces
cerevisiaeand Saccharomycegombeand 22%of its genes did not have matches to the
other species; however many genes related to pathogenesis were identified, including
genes relating to adhesion to host cells, iron transport genes, and semeteth§es

and lipase¢Jones and Fedegaigl, 2004)

The genome ofAspergillus fumigatys an opportunistic human pathogen,
ubiquitous in the environment, which causes systemic infection and-ihigatening
to immunocompromised patients was sequenced in 2R@manet al, 2005) An
investigation of the role played by thermotolerant proteins in pathogenicit4. of
fumigatusfound only one gene, a catalase, which was assoamtedemperature and
pathogenicity, thus temperature was judged not to be the single pathogenic trigger.
However the study did identify fifegight allergens, more than had been identified
previously in any fungal species, and a large number of genesimegcsetondary
metabolite{Niermanetal., 2005)

Aspergillus oryzagwhose genome was alsequenced in 2005, is used in
production of fermented foods in Japan and has been used for production of industrial
enzymes(Christensen and Kolomiets, 20118. oryzaedoes not produce aflatoxin, a
toxic carcinogen produced bs. fumigatusand A. nidulans and its genome is
considerably larger than both of the other species, by 34% and r28¥@ectively
(Machidaet al, 2005) Genomic comparison of species was carried tmutletermine
what the diferences were between the species, and whe&hdumigatusand A.
nidulanshad lost genes or whether genes had been gaindddryzae(Machidaet al,

2005) Comparative genomics betwedmese related pathogenic and spathogenic
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species, found thaA. oryzaehad acquired additional genes for metabolism and
secondary metabolism which were hydrolytic and were required for nitrogen acquisition
under the acidic fermentation conditions in whithis species has been uséd.
fumigatus on the other hand, had more carbohydrate active enzy@#&sy§ (Cantarel

et al, 2009) enzymes specialised for metabolism and catabolism of carbohydrates,
glycoproteins, glycolipids, and other glycoconjugates, necessary titemtiacquisition

in rotting vegetation. Paradoxically, while the oryzaegenome does contain putative
aflatoxin genes, there was no evidence that they are expressed, leading to the conclusion
that A. oryzaemay have been originally selected for donwdton because it was non

toxic (Machidaet al, 2005) Thus, there was no environmental pressure to maintain a

large number o€AZy in A. oryzae

High-throughput DNA sequencing has become reddyi inexpensive, enabling
larger comparative genomic studigsu et al, 2012) A case in point is a recent study
in which eighteen species dbothideomycetesa large group of ascomycetes, which
includes pathogens @afgronomiccrops, trees, sappbytic species and soil fungivere
compared(Ohm et al, 2012) The genomes diourteen of these species were newly
sequenced and described for the first time, enabling profiles of variation in genome
sizes, nutrient acquisition strategies and metabolites to be combined to present a
catalogue of genes consistent with lifestyle alst & define core genes in this group
(Ohmet al, 2012)

Proteins may only be expressed in particular conditions and mRNA presence is
not always concident with functional proteins, thus proteins mubst identified to
positively prove their existend®Vright et al, 2009) Functional proteomics therefore is
vital in providing the complete profile aod biological system. An early functional
proteomics approach iM\. fumigatuswas undertaken byCarberry et al. (2006)
intracellular proteins were idefigd by protein mass spectrometry after separation by 2
dimensional gel electrophore8-DE). Most of the proteins identified in this study
related to energy productipnbut heat shock, signalling, protein biosynthesis,
transcription and structural prins were also identified. Some proteins differed from
their theoretical molecular mass which is consistent with -jpasslational
modification, and transcriptome analysis would not have identified these modifications.
Glutathione (GSH) is an antioxidamdmitigates against oxidative stress and five GSH
binding proteins were identified after mass spectrometric analysis in one of the first

studies ofA. fumigatusat subproteome leve{Carberryet al, 2006).



In a technology advance, an immunoproteomic study of secketéamigatus
proteins was undertaken to assess the immunoreactivity faimigatugproteins against
IgE. This technique, combines gel electrophoresis with immunoblotting prior to
analsis, and is a focussed proteomic study. SevBwylgE immunoreactive proteins
were identified, an increase of 48 proteins on those previously des(@hathmet al,
2006) In a further advance in proteomic technology, a technique which multiplexes
fluorescently stained samples from different conditions, differential-g@D
electrophoresis (DIGE)used to not only visualise and analyse proteins but also to
guantify proteins, was used to identify proteins differentially regulated under heat
shock.A. fumigatuswas subjected to temperatures of 48 °C, and nioegy proteins
were identified as differentially regulated under this condition. Previously unknown
heatshock proteins, indicators of organism stress were iden{#iltecht and Guthke,
2010)

A 2D-DIGE quantatitive proteomics approach was also usembmpae yeast
and hyphal morphologyof the dimorphicC. albicans Cytoplasmic proteins were
compared, from yeast and hyphae, but additionally, samples were prefractionated, and
low pH proteins were enriched before being separated and identified. There were 2974
protein spots visualised and 106 of these were differentiaiylated, thus providing
quantitdive differential analysis and acidic subproteomic identification of proteins
associated with yeast or hyphae, in this dimorphic microorgagiaonteoliva and
MartinezLopez, 2011)

Shotgun proteoms, a relatively recent innovation for highroughput
proteomics, which identifies all of the proteins in a complex sample, was used to
identify secreted proteins ih. nige. Proteins were separated by gel electrophoresis in
one dimension, and dividedtd five fractions, analysed and compared withsilico
predictions(Braaksmeet al, 2010) Two hundred secreted proteins were identified and
the results compared to three othespergilli, this information wasused to update
annotation of amn silico database by validating signal peptides in these proteins. Signal
peptides are short peptideguence at the &&rminal of proteinsa signal which targets
the proteins for secretidiBraaksmeet al, 2010; Peterseet al, 2011)

In the environment, fungal species are in competition with many other
organisms and in order to survive they secrete bioactive small metabolites which have
antibiotic and antifungal properties, and as such are potential therap@eie®z,

2005) A study was undertaken to determine the effect of competitive interactions
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between differentAspergilli on the production and activity of these metabolites. No
consistent increase or decrease of mdi@soin any particular species was apparent,
although bioactive metabolites were detected. Some metabolites were active against the
species which had produced them, leading to the conclusion that metabolite production
was dynamic and multifactorial, bubat this method of investigation was a eost
effective method of inducing novel enzymes and an effective means of investigation of

pathogenicity and virulence in fun@liosadaet al, 2009)

A review byJohnson (2013)liscusgsthe biotechnological use of ascomycetes
and applicationof genetic techniques for their manipulatidfluyveromyces lactiaa
species which has a GRAS status, can be used for production of food ingredients and
flavours (van Ooyenet al, 2006) Lipid accumulation in oleaginous yeast species
including Candidg Cryptococcusand Pichia has applications not only in the synthesis
of bio-diesel but also in synthiss of lipid-soluble carotenoidssurfactants and
flavourings (Papanikolaowet al, 2002; Papanikolaou and Aggelis, 2011; [Raial,

2007) Debayomyces hanserginother oleaginous ascomycete specess produce
xylitol from wood, and also toxins against yeast species which can be used to maintain
sterility in industrial fermentationgBreuer and Harms, 2006; Biswas al, 2013;
Buzzini and Matrtini, 2001)

1.1.2 Basidiomycota

Genomic sequence data fb26 Basidiomycota specieBom 595 projed, is

currently listed on the NCBI genome databalsgp(//www.ncbi.nlm.nih.gov/genome

Accessed 22/04/20)3and 74 genomeare publicly available for download from the

Joint Genome Institute websitétip:/genome.jgi.doe.gdvBasidiomycotaa phylum

of the Dikarya subkingdom, is dividedtinthree subphyla which are best known by the
morphology of their fruiting bodies (YYstilaginomycotina, whose best studied member
is Ustilago maydisa pathogen of maize which forms tumours on host plants containing
diploid teliosporeqFigure 1.4), (ii) Pucciniomycotina, known as rust, with more than
7000 different species, are pathogens of grasses and damage cereal crops causing major
economic losseghey havea complicated lifecyclewith different sporetypesformed

on two different host speciedigure 1.5), and (iii)Agaricomycotina, nearly all of
which are mushroorforming fungi, colonise forest litter, soil and wootheir fruiting
bodies evidence of their location, theway be ectomycorrhizal, segphytic or
pathogenidFigure1.6). A more informal term for all Basidiomycota is iemycetes

which will be used in this study.


http://www.ncbi.nlm.nih.gov/genome%20Accessed%2022/04/2013
http://www.ncbi.nlm.nih.gov/genome%20Accessed%2022/04/2013
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Figure 1.4. Reproductive structureand lifecycleof UstilaginomycotinaA. Ustilago
maydissmut tumour on cotrB. Life cycle: Haploid spores germinate into monokaryote
infection mycelia, grow and mate, generating mycelia with two unfused nuclei,
dikaryote mycelia (plasmogamy), which invade host plants and grow intracellularly
before forming a tumour of fungal cell§his is followed by spore formation through
fusion of nuclei (karyogamy) and then meiosis which generates haploid spores

(monokaryotic) Feldbriiggeet al, 2004)



A. Pucciniomycotina

telium l

KARYOGAMY

geliospors
I»q i
o & aeciospores
asciun " @

receptive

<P

sl

i ) - basidiospores &3/ uerosis
: : P Courtesv D. L Long hypha—\: { 2)° s ! s pycniospores &
Courtesy B. Steffenson { ; N Z 4 l° romention /
Uredina of Puccinia graminis £. sp. tritci Puccinia graminis {. sp. tritci aecial 9% 4 OF DIKARYOTIC
T

MYCELIUM

on wheat cups on barberry leaf

Figure 1.5. Reproductive structureand lifecycleof PucciniomycotinaA. Puccinia

tritci, reproductive structures on two hosts, uridina on whaad aecial cups on
barberry leafB. These fungi have the mosbmplicatedfungal life cycle and require

two hosts of different species. Dikaryote uridinospores dispersed by wind, germinate on
the stems of wheat (primary host) and invade the plant. They obtain nutrients from the
plant and generate uridinia with prfati spore production and release causing
devastation to wheat crops. At the end of the growing season structures called telia are
formed from dikaryotic cells containing two celled teilospores. The nuclei fuse and
dipoid teliospores are formed, and remdormant over winter. In spring teliospores
germinate and undergo meiosis which generates haploid basidiospores (monokaryotic).
The basidiospores are released and germinate on barberry (secondary host). They invade
the leaf and form spermogonia which reeasploid spermatia which are released and
transported by insects to compatible mates. These fuse and form dikaryotic mycelia
from which aecia are formed. These structures contain aeciospores which are released
into the air and infect wheat (primary host)

(http://archive.bio.ed.ac.uk/jdeacon/FungalBiology/rust.htm).
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A. Agaricomycotina B 1
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Dave Powell, USDA Forest Service, Bugwood org http://www.ont-woodlot-
assoc.org/sw_mushrooms_2.html

Armillaria gallica basidiocarps on wood

Figure 1.6. Reproductive structureand lifecycleof AgaricomycotinaA. Armillaria

gallica basidiocarp on tree stump. Lifecycle: Haploid spoes germinate into hyphae
which fuseand form dikaryote mycelia, fruiting bodies, basidiocarps are formed from
mycelia. They have a large surface area due to the formation of mgitis Which
structures called basidia grow. Karyogamy occurs in basidia this is followed by meiosis
which generates haploid spores which move to the the tips of the basidia, and are then
released into the air and wind dispersed. These germinate into martakanycelia

which mate, forming dikaryotic mycelialllustrations and photographs from the
website of The American Rytopathological Society
http://www.gpsnet.org/edcenter/intropp/lessons/fungi/Basidiomycetes/Pages/default.asp

X, except for the lifecycle of the agricarales, Dave Powell USidww.ont-woodlot-

assoc.org/sw mushrooms 2.html

In addition to complicated lifecycles, the basidiomycete mating system is also
complicated. They may be seifating, homothallic, or outrossing, heterothallic.
Some species have bipolar mating systems, with two haploid mating types akin to male
and femaleput other species have tetrapolar mating systems where each haploid cell
has two mating factors which generate four haploid mating t{ffiadleyet al, 2012)
(Figure 1.7). The persistent lifecycle phase of basidiomycetes is vegetative, in a state
called plasmogamy. Fruiting bodies are formed for a short period of the lifecycle and
are ephemeral. Spores gromtd hyphae which fuse, although nuclei remain separate,
forming a dikaryon, or even a heterokaryon (more than two nuclei). Sexual reproduction
by fusion of two nuclei (karyogamy) occurs in a fruiting body structure called a
basidium, the cell quickly undgoes meiosis, producing four haploid sporEgre
1.7). Basidia are formed on gills and basidiospores are formed on the basidia and

released into the air, where theye dispersed by win@James, 2012)Vegetative
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mycelia grow and reproduce by means of clamp connections. Two nuclei in the cell at
the hyphal tip divide by mitosis forming two pairs of nuclei; one of the nuclei migrates
to an outgrowth called a clamp connection which loops backwards from the hyphal ti
Two nuclei move to the hyphal tip and the nucleus in the clamp connection moves
through the hyphal wall close to the single nucleus and a septum grows separating the

two sets of nuclei into two discrete celiorhonen and Hintikka, 1974§Figurel1.7).

Basidiomycetes are a very diverse group of organisms and their varied lifestyles
which depend on their abilities to evade detection, colonise or kill other organisms and
forage fao nutrients requireshem to have a supportive arsenal of proteins. Fungal
secretomes were described Bgpuws et al. (2008) as fAnatures tool
bi otechnol ogyo. Basi domycetes hasviewobeen
them are animal pathogens ambecausethey are more comek organisms than
ascomycetesindeed, genetic manipulation of ascomycetes and theirausecellfi
factorie® t o sy nt hda smeadisat angindostri@ relevandeas been used for
many years, and\. niger is one of the most prainant speciesused for this purpose
(Puntet al, 2002; Pelet al, 2007; Mapariet al, 2009) However with the advent of
new technologies such agole genome sequencind/GS), transcriptome sequencing
(RNA-seq, RT-gPCR and high throughptit s h o tpteamisbasidiomycetes have
been targeted as subjects for investigation, both forstbdy of compounds they
produce, ando exploretheir use as overexpression systems for valuable enzymes
(Alves and Record, 2004particulaly as the quantity and activity of secreted enzymes
in basidiomycetes is greater thtiat of other phyla (Alves and Record, 2004)
However, transformation in many basidiomycete species is more difficult than
ascomycetegGodio et al, 2004; Baumgartner, Fujiyoshet al, 2010; Abbottet al,

2013)
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Figure 1.7. A. Basidiomycetes have may bipolar or tetrapolar mating systems which
generate either two or four different mating types respect{fehdleyet al, 2012) B.

Life cycle of agricarales. Spores germinate and form monokaryote hyphae which mate
and amalgamate forming dikaryote myceliae most persistentform. Diploid cell are
formed in basida, undergo meiosis and haploid spores are fo(daedes, 2012)
(Mustratiort T. Y. Jameshttp://www.umich.edu/~mycology/research.hynC. Clamp
connection, growth of dikaryote mycelih.Cells elongate in the direction of growth.

One nucleus migrates to an outgrowth of the hypha wibighsbackwards3. The two

nuclei divide by mitosis gnerating4 nuclei A bridge is formed and two dissimilar

nuclei associate but do not fuse Sepum formsin the hypha between the two pairs of
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nuclei and also between the bridge (clamp) and the leading.€&hmp wall dissolves
and nucleus migrates into céKorhonen and Hintikka, 1974()lmage JW Deacon,

1997,Modern MycologyBlackwell Sciene).

1.1.2.1 Basidiomycet genome sequencing and proteomics.

The genome ofPhanerochaete chrysosporiyra saprophyticbasidiomycete,
sequencedinitially in 2002 andresequenced in 200dy WGS, was the first genome
sequencef this phylum to baleterminedGene modelling was diffult aspreviously
sequenceungi were only distantly relateth P. chrysosporiunfMartinezet al, 2004)
Gene finding software and computational analysis identified many prot@ifiefa in
the organism related to degradatioh plant cell walls,including peroxidases and
cytochrome P450sGenes encoding shechain dehydrogenases/reductases, aspartyl
proteases and Ras small GTPase domains were more abundantShaergvisiagand
the genome was larger, its complexity due to the morphology arstyldeof the
organism(Martinez et al, 2004) This fungus degrades two of the most abundant
organic polymers oearth, cellulose and lignin, which are components of plant cells and
wood. As expected in a fungus which not only degrades ligoirt also cellulose and
hemicellulose, an array of hydrolytic enzymeasidentified as were enzymes with
secretion signalsand proteins putatively involved in secondary metabolite and
polyketide synthesis. A further computatdanalysis of the genome was carried loyt
gel electrophoresis and shotgun proteortocanalyse secreted proteins from the fungus
(Vanden Wymelenbergt al., 2006) The genome ofoprinopsis cinereawhich was
sequenced in 200@tajichet al, 2010) has served as a modaiganismfor study of
this phylum it is a platformfor genetic and molecular study of morphology and hyphal
growth, DNA repair and mating in basidiomycetes, as it iy éasulture on defined
media, has a short lifecycle and can be transformed e#Sigjich et al, 2010) Its
study enableckarly comparative genomic studies between both basidiomycete species
and between basidiomycetes amstomycetesnd other organismgHoeggeret al,
2004) as few eukaryotic organisms had been sequenced, WGSpwhwitively
expensive and few eukaryotic genomic sequences were available for comparison
(Hoeggeret al, 2004)

Laccaria bicolor is an ectomycorrhizal basidiomycete whose genome was
sequenced in 200@Martin et al, 2008) This fungus forms a symbiotic relationship
with plants colonising their roots. Theegrome of this fungus encodes a large number

of small secreted proteins, similar to signalling molecules, whose functions are
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unknown, but which are expressed in hyphae proliferating on symbiont(kdaitsn et

al., 2008) The L. bicolor genome had an unexpectedly low number of cell wall
degrading enzymes, but comtad many genes encoding other polysaccharide degrading
enzymes, revealing a dual lifestyle, both saprotrophic and biotrophic, enabling the
fungus to grow in the soil as well as on plant roots, thus providing insight into

mechanisms of fungal symbiogidartin et al, 2008)

The genome ofschizophyllum communa fungus that is mostly saphobic
but is also known to be an animal and plant pathogais sequenced in 20{0hm et
al., 2010). Its fruiting bodies are used as a food source in Africa and Asia and like
C.cinerea, it has a short lifecycle The genome ofS. communecontains a
comprehensive suite of enzymes involved in carbohydrate degradationjsand
particularly rich incellulosedegrading hemicellulosedegradingand pectirdegrading
enzymeslt also contains laccases which degrade aromatic compounds such as lignin
(Ohm et al, 2010) A comparison with other fungal genomg@gartinezet al, 2009)
showed thathe mechanismaised byS. communéor the dgradation of woodwere
different toP. chrysosporium, .Lbicolor and C. cinerea in that no peroxidases were
encoded in the genomevhich was also the case in thostia placentagenome
(Martinezet al, 2009) while wood-degrading laccase enzymeasre encoded in th8.
communegenomewhich were missing fronP. chrysosporiumComparative genomics
and proteomicdave been enabled lipe wealth of genomic informatiowhich is
extensive and growing. Sequence comparisons between different species of the same
genus (Suzuki et al, 2012) or different generaFernande#ueyo et al, 2012) to
elucidate fungabrowth mechanismss importanf as it would have been expected that
P. chrysosporiumvould encode laccases, based on its substrate in the wild, whHereas,
bicolor andS. communenight be expected to share the same mechanisms of cell wall
degradationTherefore, information from each negwéequenced organism contributes

to inform on the overall systems biology of fungi.

1.1.2.2 Investigation of basidiomycete pathogenicity and virulence strategies
Many basidomycetes are phytopathogeshsch causextensive damage to food
crops, particularly grainsbut alsoto fruit trees and timber plantationsnd some
basidiomycetesre animal pathogen®uplessiset al, 2011; Rampitsclet al, 2006;
Djamei and Kahmann, 2012; Zheagal, 2013; Martinezt al, 2009; Eastwooeét al,
2011; Liuet al, 2010;Rajaet al, 2013) It is important toelucidate precise molecular

mechanisms used by pathogenic basidiomycttdgsfect their hosts, in order to control
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these organisms.gaomic and proteomic techniques assist in identification of virulence
factorsand pathogenic strategiasd recentapproachesising one or more techniques
will be discussed.

Ustilago maydis is a smut fungus which causes major damage to grasses of
agronomic value such as maize, wheat and sugar (E§amei and Kahmann, 2012)
U. maydisis a biotroph andrequires a host for completion of isgxual cyclePlant
infection is not systemi@nd affects only aerial parts of the planteTfungus penetrates
plant cells and fungal hyphae aievaginate, an interaction between the two is
established and the fungus forms tumours on the yamei and Kahmann, 2012;
Kamper et al, 2006) Comparative genomics o). Maydis with C. cinerea
P. chrysosporiumand Cryptococcus neoformarshowed that). maydishas a relatively
small genome, with fewer introns than in the other species, and fewer genes known to
confer pathogenicity than are present in other phytopathd@gamei and Kahmann,
2012) Effectors are small secreted proteins thiatl to host proteins and moderate their
activity. Theyenablefungi to evade plant defences by silencing pldefencedriggered
by fungal penetratiofStergiopoulosand de Wit, 2009; De Wit al, 2009) One gene
for an effector protein chorismate mutaseeduces the levels of chorismate which is
used to generate salicylic acalplant defence compouriBjamei and Kahmann, 2012;
Kamperet al, 2006; Jonker®t al, 2012) This protein is highlyexpressed during
U. maydiscolonisation ofplants, and was the first identification of an effector which is
internalised by host cells, diffuses into adjackost cells and alters host metabolic

processefDjamd et al, 2011)

Metabolic and transcriptomic profiles Bisarium verticillioidesan ascomycete
soil fungus, was grown in eculture with U. maydisto study their interaction
mechanisms and to investigate potential strategies fdy. maydis biocontrol.
Transcriptomic changesere identifiedover 7 daysnd single and coulture metabolic
profiles were examinedqJonkerset al, 2012) U. maydis growth was completely
inhibited byF.verticillioides after 7 daysMoreover, there were a number@df maydis
proteins upregulated in emltures which elated to pathogenicity and stress, including
multidrug transporters, which are known to excrete toxic compounds from cells. In this
case, they are likely textrudetoxic metabolites secreted Byverticillioides U. maydis
specific proteinswhich are fand in genomic clusters which alsncodeeffector
proteins were also upregulatgikamperet al, 2006; Jonkersgt al, 2012) This study
provides potentialarges for investigation obiocontrolof U. maydis
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Rhizoctonia solanis a basidiomgete which causes rice sheath blight and stem
canker of potatoCurrent control measures for the fungus are limited to chemical
control, as molecular strategies have bkegely ineffective although moculationof
plantswith nonpathogenidRhizoctoniaspp. as biocontrol agen8CA) has hadimited
succesqThind and Aggarwal, 2008)Therefore, fi pathogenic genes and molecular
mechanisms can be establishacharmlesstrain could be developed asBCA against
the fungus.R.solani from one host typgpotato) was shown to be only slightly
pathogenic to other host speci@gsce), and could therefore be used a biocontrol
inoculant with a different hogPannecoucque and Hofte, 2009; Riatxal, 2011) A
genome mining studgf R. solanion infected tissue from rice and potato was carried
out to determine genes common to virulence and pathogenicity of the fungus in
interactions with the two host speci@Rioux et al, 2011) Infection strategie were
broken into three staggsendration and early interaction which involved appressorium
formation (Figure 1.8), host defence suppression, and detoxification of host resistance
compoundgRioux et al, 201J). A further genomic study of this fungus fouttat there
were keyglycoside hydrolasesecreted proteins and effectovghich haveimportant
roles in pathogdnity, and althoughR. solanipossesses a large suite of CAZy and
secreted metabolitemostarenot necessary for pathogenic{@®henget al, 2013) In a
comparison ofTrichoderma spp, used as BCAagainst R. solani, the strategs
employed by theTrichodermaspeciesin co-cultures withR. solanj were found to
differ. T. virenssecreted a phytotoxigliotoxin, againsR. solanjwhereasr. atroviride
was found tesecretéboth antibiotic compounds andhalysaccharide degrading enzyme
againstR. solanicell wall. Other responses in -coltures incided upregulation of
proteases, proteins involved in detoxification and stress resporibechpdermaspp.
as antagonists againg.solani. Stress response proteins were also identified.in
reesej which donot inhibit R. solani(Atanasoveet al, 2013) This study demonstrates
the diversity of fungahost responses even within species of the same genetheand

importance of elucidating molecular mechanisms in fungal contol.
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Figure 1.8. Schematic of the infection structures of fungi during fungal infection of
dicotyledon leaf. APanappressoriunis anexternal structure formed on leaf surface for
fungal penetration; H, haustoréaeinternal structugs fungal structures inside leaf; GT,
germ tube; PH, penetration hyphae; IH, infection hypfiréehn, 2000; Tremblagt al,
2010)

Puccinia triticina infects cereal cropscausing widespread damage worldwide
and control of these species is economically importBmafts of the genoms of
Puccinia  spp. hae only recently become publicly available

(http://www.broadinstitute.org/annotation/genome/puccinia group/MultiHome).html

which hasimpeded investigation of these fgens Expressed Sequence Tag (EST)
sequences have been used for gene discovery in spores generated from sexual
reproduction, spores generated by asexual reproduction and haustorid. fritraina

by comparison witihJ. maydisand other rust fungi. Morthan 40% of thd®. triticina

genes from these structures did not have homologs in other organisms, and as the
genome sequence has not been finalised, this information will be a resource for

verification of genome annotati¢Xu et al, 2011)

Haustoria(Figure 1.8), the internal infective structures Bf triticina, militate
against plant defences by production of effector molecuaksough how these are
delivered into the plant is still a matter fowvestigation(Rafigi et al, 2012) Gel
electophoresis followed by LBS/MS was employed to identify 260 haustorial
proteins from infected wheafThese haustorial proteins hadrange of biological
functions, and 17vere hypothetical proteinsmeaning they were predictéd silico in
other organismsput there is no experimental evidence that they are expressed.
Secretion signals were also identified in seven of the 17 proteiastified proteins
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included proteins with homology to haustorial proteins from other spésmgjet al,
2011)

Genome mining ofP. tricitina identified geneswhich may conferputative
pathogenicityjncludinga MAPK kinase, a cyclophilin and a calcineurin B, which were
silencedin plantausing a noveAgrobacterium tumifacienRNA interference (RNAI)
technique which although previously used in dicots, was used for the first time by
Panwaret al. (2013) in wheat leaves, to silende. triticina genesby RNAi. RNA
silencing generated by the host is dependent on genes in the pathogen which enable this
mechanismNot all fungi possess this mechanism amdthout an annotategenome it
was not known iP. triticina had such a mechanisfiransferDNA (T-DNA) delivered
by A. tumeégciens into the host (wheaBxpresses hairpin RNA in wheahich triggers
gene silencing by generating small interfering RNA molecules, targeteed fmathogen
(P. triticina). Using this novel technique,od/nregulation of the theetargeted genes
(63- 70 %)was achievedPanwaret al, 2013) and representsa possiblestrategyfor
investigation of other putative virulence gendfius, comparative genome minjng
coupled with other molecular techniguesableddetermiration and activity oputative

virulence genes.

C. neoformans is one of a few virulent human pathogenic basidiomycete
species, has yeast morphology in its vegetative form, and is found in trees and in bird
guano(Kozubowski and Héman, 2012) However its sexual cycle induces a hyphal
morphology whitn produces spores. These spores, and desiccated yeastcaells,
colonise human lungs especially in immunocompromised hbs&se migrate into the
bloodstream, cross the blobdain barrier and cause meningoencephalitis which can be
fatal (Idnurm et al, 2005) The yeast morphology persists during infection &hd
neoformanssexual reproductiomloesnot occurduring animalinfection Kozubowski
and Heitman (2012)sed RNAI to determine that the pheromone receptor, 8se@lly
assocated with matig, increases the size of sorhngal cells in the lungs of infected
animals byterfold. These cells resist phagocytosis and this may be a mechanism to
evade immune responsespecially as these large cells reproduce faster than smaller
cells (Kozubowski and Heitman, 2012pne mechanism of virulence in the organism
seems to be copper acquisiti@Rozubowski and Heitman, 2013nd the organism
sequesters coppén both copper limited and copper replete environments. In media
enriched with coppeit sequesters much higher levels of copper thtaserved foother

fungi. In mutant strainsvhere thecopperdependent regulatos deleted the organism
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was lessirulent, thus copper may play a role in pathogenicityC. neoformangRaja
et al, 2013) and this coppedependent regulatas a possibletarget for antifungal

drugs.

In a resequencing study bieterobasidion annosum senso laddyasidiomycete
phytopathogen witthoth a saproptic and parasitic lifestyle, RNAnicroarray analysis
of genes differentially regulated frommssue obtained from infected plantemparedo
cultures on defined media was carried ¢Qison et al, 2012) The study found
transcription of fewer carbohydrate degrading enzymes (CAZysdegulation of
pectinolytic enzynes,polyketide synthasedPKS), a nonribosomal peptide synthetase
(NRP9, and enzymesnvolved in generation of ROS and host metal scavenging, in
necrotic tissue compared to culture on defined me(isonet al, 2012)

1.1.2.3  Enzymes with biotechnologicakpplication

Genome sequencingpgether with proteomic dathas led to identification of
proteins expressed under \arsfungal culture conditions. Proteins may belucedin
liquid cultures thaare not expressed in solid substrégementationand vice versa
(Imanakaet al, 2010) or novel proteins may be expressed in respamdotic, abiotic
or xenobiotieinduced stresse€Sasidhararet al, 2011) These proteins may be of
mycelial origin or may be secrete@el electrophoresis, the separation of proteins by
molecular mass/iselectic point has been used to date;identify proteins, bubnly
subsets of fungal proteins can be identified bys tmethod.A high throughput
proteomic techniquegalled shotgun proteomichas recently been uséd attemptto
identify all proteins expressed in arganism(Doyle, 2011; GonzaleEernandez and
JorrinNovo, 2012; Weckwerth, 2011ntegration of genomic and proteomic data with
comparative proteomics is used to identify expressed proteins witbcbnological

applications

Medically relevant enzymes from the ergostéyalsynthesigpathway which is
not present irall fungi, but is specific to fungi, have also been identified and purified
from several fung{Thorpeet al, 2004; Herathet al, 2012; Xuet al, 2011; Kristan and
Ri g n e r.As tBe®rgdsterol pathways unique to fungi, ithas been dargetfor
antifungal drugs, but in addition, enzymes in the ergosterol pathway are constituents of
the cytochrome P450 superfdynbf monoxygenaseand modify steroids. Ergosterol
serves as a precursor for steroid druagsd fungal oxidoreductases and hydroxylases

which are used in antnflammatory drugs, amtlepressants, progestins, and heart

medication have medical applications Kr i st an an dPoletiglesare a 2 0
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class of metabolites with medicinal applications and genome mining has been used to
identify polyketide synthases in sequenced fungi whiehcode polyketides with
antibiotic, cytotoxic and cholestercdducing propertied.ackneret al, 2012)

The substratevhich enables growth of many fungi is plant material. Plant cell
walls are composed of many interlinked and crosslinked polymers, and are some of the
most abundant compounds on earth. Cellulose is an unbranched polysaccharide of
glucose monomers and is thmst abundant organic polym@aldrian and Valaskova,
2008) Hemicellulose can be comprised of a variety of hexose and pentose saccharide
polymers in a random heteropolymeric structure which is branched and binds other
components of the cell wa(Del Bem and Vincentz, 2010}ignin is a heterogenic
polymer the second most abundant compound in wood. It is comprised of aromatic
monomers crosslinked randomly, is hydrophobic and recalcitrant to degradation
(Boerjanet al, 2003) Lignin crosslinks and binds the other components of the plant
cell wall and strengthens the structy&icklen, 2008; Boerjaet al, 2003) (Figure
1.9). Fungal genomes encode hundreds of carbohydrate acio®lytic enzymes
(CAZy) (Martin et al, 2008; FernandeEueyoet al, 2012) which degrade plant cell
walls and these nzymes which have lignocelldlytic properties are especially
interesting for biotechnological applicationsorFexample,pectinolytic enzymes are
used in food processing, and cellugseylanases and laccaskave application®io-

fuel production(Grigorievet al, 2011)

Productionof enzymedy fungi representa cost effective method of producing
compounds of biotechnological interest and comparative studies identifying novel
enzymes oOf enzymes with increased activi
chemical synthesi@Veckwerth, 2011)either overproduced in the original organism or

in organisms which have been genetically modified to protheenzymes in question.

1.1.2.4  Wood degradation in basidiomycetes

Wood-degrading basidiomycetes are considered to have a huge potential in
industrial biotechnologyHimmel and Bayer, 2009; Lynet al, 2008; Sticklen, 2008;
Chappleet al, 2007) Precise understanding the molecular mechanism employed by
these organismi& degrade woodpromises cheap bifuels from the degradation of
agroindustrial waste productGrigoriev et al, 2011) There are two tyseof wood
degrading basidiomycetes, browst fungi and whiteot fungi. Brown-rot fungi and

their molecular systems of degradation are less studied than those efovifibegi.
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Figure 1.9. The plant célwall. A. Cellulose, polymers comprise the largest proportion

of the plant cell wall, pectin and hemicellulose polysaccharides extend from the middle
lamella to the plasma membrane and soluble proteins are contained in this Biatrix.
Lignin is a polymemvhich crosslinks the components of the cell wall and is its second
most abundant component. Lignin is recalcitrant to degradation due to its aromatic
heteropolymeric structure and strengthens the cell ®allhe S1, S2 and S3 layers of
theplantcell wall are lignified (Adapted fronsticklen (2008).

1.1.2.5 Brown-rot basidiomycetes

Brown-rot fungi comprise less than 10% of wedelgrading species but are the largest
group in boreal forestgAranteset al, 2012) Postia placentgMartinezet al, 2009)
andSerpula lacrymangéEastwoodketal., 2011)are two browrrot fungi whose genomes
have been sequenced. During bremoh degradation, cellulose is initigl

depolymerised without loss of weighh later stages of browrot, only lignin is left
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cellulose and hemicelluloseoligosaccharides having been hydrolysed by
glycodegradative enzymé¢Aranteset al, 2012) Brown rot saphrotrophs are thought to
have lost lignirdegrading enzymesvhich areretained by white rot specieJhey
appear to havevolveda strategyfor cellulose degradation and lignin modificatjon
without expending energyy nonenzymaic initial degradation of cellulose by Fenton

chemistry which generates extracellular hydroxyl radicals by the following reaction:
2+ +\ 3+
Fe*" + H,0, + H'Y Fe®" + @DH + H,0

these radical species then oxidise substréfeanteset al, 2012; Halliwell, 1965;
Koenigs, 1974) Brown rot fungal genomes encodellulase, but none are exo
cellulases, so although they depolymerise cellulose, they produce insoluble oligomers
and not soluble sugaf®yu et al, 2011) P. placentahas onlyfour celluloseacting
enzynes and 34 glycoside hydrolasewhich was quite unexpectedwhen the

P. placentagenome was first sequencad it waghoughtthat many cellulase and other
hydrolytic enzymes woultbe encodedherein(Martinezet al, 2009) Brown-rot fungi

also modify lignin although its aromatic units remain after degradation of celluloses
and hemicellulose@Martinezet al, 2009) A combination of endaellulases and small
cdlulolytic oxidants are thought to degrade cellul¢®yu et al, 2011) andthis is
supported by the fact thanhore than 300 cytochrome P450 monoxygenases were
identified inthe P. placentagenome(lde et al, 2012) Phenolate moieties synthesised
by S.lacrymansreduce F& to F&* and S.lacrymansappear to have the same non
enzymatic Fenton chemistrymechanisms dr lignocellulose degradatioras that of

P. placentaand other browsmot fungi (Eastwoodet al, 2011; Ichinose, 2013}t was
originally thought that the small molecules which diffused into the inner plant cell wall
(S2, S3 Figure 1.9) during cellulose degradation were enzymes,ibig now known

that HO, is the catalytic agenin cellulose degradatiomA proposed mechanism for
wood degradation by browanot fungi has beerdescribed byAranteset al. (2012)
Degradation is initiated in the inner cell wallvay from the fungal hyphae the lumen

of wood cells Fungal hyphae secrete high levels of oxalic auid H,O,, and ron
(F€") in the lumen of wood cellsit low pH,forms a complex with thexalic acid. The
Fe-oxalate complex remain stablend reduction of irorby H,O, is prewented bythe

low pH. The complex diffuses into the cell walkhere thepH increases, the
lignocellulose matrix buffers and maintains the increased pH. The hypHaeh

remain in the lumearethus unaffected bthis change in pH. Iron is chelated in thedl c
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wall by an iron reducing compound and®fén the Feoxalate complexis reduced to

Fe which reacts with théd,0, secreted by the fungus, generating hydroxyl radjicals

by the Fenton reactigrwhich oxidise the components of the cell wéHigure 1.10).
Cellulose is fragmented and subjected to oxidative cleavage; hemicellulose undergoes
oxidative cleavage; and lignin is demethylated and side chains oxidesaddelling

and repolymerisinghe lignin (Figure 1.10). Oxidation of cellulose produces partly
degraded oligaeellulose fragments, but more importantly, remodelling of lignin and
hemicellulose removal opens up the structure to enzymatic degradatiois agoem
structure allows enzyme access to sugrs makingthem available for industrial

bioprocessindgAranteset al, 2012)

& 120, — H,0, + Fe™ —> Fe¥* + ‘HO + eOH ;
E =
&
g 7 RCoridized l §
/, Disruption of lignocellulose matrix 3
)
\ ‘/l\A
‘\
RC——=~> RC €3
Cellulose Hemicellulose Lignin
W‘M DQMKMI!M
#r entation OxidativeCleavage Side-chain
‘Fe",— — “e“, o:tdawfch::ue - § e
y ’ ;
Fe** Small digestible fragments Re-polymerized lignin
€
<
8rown.ro1 fungal
hyphae
« € J oxalicAcid
Lumen = RC Reducing compound

Figure 1.10. Proposed mechanism for oxidative cleavage of lignocellulose by brown
rot fungi via the Fenton Reaction. Fungal hyphae in the lumen of wood produce oxalic
acid, ironreducing compounds and ,®,. Oxalic acid forms a complex with
plantderived iron which diffuses into the cell wall, where the iron is sequestered.

Increased pH in the cell wall enables a reducing compound to redtice Fe* and
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by means of the Fenton reaction®Feacts withH,0, forming hydroxyl radicals which
react with cell wall components, glycoside bonds in cellulose and hemicellulose
undergo oxidative cleavage and lignin is depolymerised and subsequently

repolymerised and thus remodelli@tanteset al, 2012)

1.1.2.6  White-rot basidiomycetes

Lignin, one of the most abundant aromatic polymers in nature is a coloured polymer,
composed of phenylpropanoid units crosslinked keretand carbowarbon bonds,
whose heterogenowsructure makeg recalcitrant to degradatiorrigure 1.11), (Ruiz-
Duefias and Martinez, 20090 contrast to browanot fungi, which do not utilise
enzymes irplant cell walldegradation and leaves lignin in situ, whité degradation
requires a suite of powerful enzymes to degrade lignin t¢ @@ HO (Vanden
Wymelenberget al, 2010; Ichinose, 2013)nitial white-rot degradation removes lignin,
leaving colourless cellulose which appears whitence the name whi®et. Fungal
pretreatment of wooly whiterot fungi is usedn the manufacture of papeas a more
costeffective and environmentally friendly means of-puaping than use of chemical

or eledrical methodgHakalaet al, 2004) Although whiterot fungi do not grow on
lignin alone(Vanden Wymelenbergt al, 2010) they mineralise lignin, and a range of
enzynes and other compounds are reqa to achieve this degradationighin
peroxidase (LiP), manganese peroxidase (MnP), versatile peroxidase (VP), laccases,
organic acids and veratryl alcoh@ secondary metabol)tare all involved in lignin
degradatior{Lundell et al, 2010) However not all fungi utilise this complete range but
according taDwivedi et al. (2011) minimum requirement®r lignin degradation are a
MnP and laccase or MnP and LiP and many isoforms of these proteins have been
identified in plants and fung(Gavnholtet al, 2002; Dwivediet al, 2011; Tuomelaet

al., 2000; Hatakka, 1994)

Lignin peroxidases (LiPs) are haem peroxidaselsich are highly reactive
enzymes that enabtlée oxidation of nofphenolic aromatic compounds generating
radicak that interact withthe heterogeneoupolymer (Figure 1.11). LiPs are oxidised
by H,O, to give an oxidised intermediate (Compound I) with*Fand a radical on a
tetrapyrrole ring. Compound | oxidises a substrate, generating a sufigteatadical
and Compound Il which still has ebut no radical. Compound Il oxidises another
molecule of substite generating a second substfade radical and native peroxidase

as shownFigure 1.12 (Hammel and Cullen, 2008}hese radicals degrade in the
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presence of molecular oxygeXP also oxidises nephenolic polymers by means of

this catalytic cycle.

Figure 1.11. Heteogereousstructure of a lignin polymell indicatesattachment sites

of additionallignin polymers(Adapted from RuizDuefias and Martinez, 2009)

A general catalytic cycle of peroxidases is showrrigure 1.12. Cleavage of
aliphatic side chains of lignin betweerlC ambd, & or ms benzal dehyd
in a buildup of benzoic acid residues observed in ligthiat has been degraded by
white-rot fungi (Hammel and Cullen, 2008 he cleavage site in lignin residues is

shown inFigure1.12.
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A Native enzyme
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[Fe*]
ROOH S,
ROH s
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I 7~ C-li
[Fet*=0 P+*| S IFe**=0I
Modified enzyme > Modified enzyme

Figure 1.12. A. Catalyticcycle of peroxidases. The enzyrfieP, MnP or VP),which
contains F& in a resting state (RS) is oxidised by hydroperoxide forming compound |
(C-I; Fe*"-oxo and a porphyrin cation radical), which is reduced in twoedeetron

steps vielding aintermediate compound Il (€; Fe**=0 after porphyrin reduction) the
resting state is restored by concomitant oxidation of two substrate molecules S (S; in the
case of LiP, substrate are leedox potential phenols or in the case of MnP and VP
Mn?*) (Dunford, 1999; RuiDuefias and Martinez, 200B) Cleavage site of aliphatic

side chains in lignin forms benzaldehydes. Lignin cleavage site by the enzyme (LiP,
MnP or VP),between @) ambd iG s h o wn (HanymelrardCullany 2008w

The catalytic cycle of Mnis similar toLiP, but uses aMn?* co-factor,which is
omnipresent in lignocellulosend ischelated byanorganic acicsuch as oxylateMnP is
activatedby H,0, and forns a FeMnP complex (Compound I) with a Feradical
complex water is releasedndMnP Compound lis formed Mn?*is oxidised to M,
Compound Il is reduced and a second®Mis formed from MA* regenerating the
native enzyméFigure1.12). VP, which combineg features of both LiPs and MnRsan
also oxidise MA" to Mn®". MnP catalyses the formation of a range of radicals, from a
variety of aromatic and nearomatic substratesome of which are shown irfrigure
1.13) (Baoet al, 1994; Hofrichter, 2002)

The role of veratryl alcohpl secondary metabolite, mentioned earlier as being
involvedin lignin degradationis not well understod and there are a number of theories
about its activity. In one theoryiP oxidises veratryl alcohol to a veratryl alcohol
radical cation whicltandiffuse into lignin and cleave it oxidatively by electron transfer
(Hunt et al, 2013) For large polymers, oxidative cleavage requires the presence of
veratryl alcohol, and a veratryl alcohol catimould be ablaiffuse into lignin,due to
its small sizeto catalyse the oxidation of substraidis supports thargument for this
role forveratryl alcohol An alternative theory proposdar veratryl alcohol concerrits
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inactivation of HO,, prevening the oxidation of LiP. The \eratyl alcohol cation has a
long half life at low pH, and lignin is a bulky substrate, thus LiP may require some time
to cleave the polymeand would be oxidised bif,O,, if it were not protected by
veratryl alcoholCai and Tien, 1992)

Ligninolytic f . -
o sl | Substrates [ Radicals |
OH @ 0% o
— s O
Phenals Phenoxyl radicals

}zg \@:""‘—3»\@:"”

Amines Amino radicals

Certain non-phenolic Aryl cation radicals

Chelaled aromafics
“‘a”g;“ﬂfe("” R-CH,.COOH + ReEH A RCH, CO0 O
Carboxylic acids @ Alkyl radicals Peroxyl  Super
@ [C-radicals)  radicals  oxide
W 0,7
..-'-: R-SH —£—> RS+ ——» R-S0O0-

Thicls ® Thiyl radicals (highly reactive)

(.

Ry

f A AT
Ligninalytic fungus .

(wood decayer) unsaturated Alkyl radicals
fatty acids (C-radicals) 0,

"N

O0=

Ry

Fatty acid peroxyl radicals (highly reactive)

Figure 1.13. Substrates of MnP artthe radicals generated by its activififofrichter,
2002)

Laccase catalyses theductionof O, to H,O from many compound@aldrian,
2006) Laccaase, polyphenol oxidase (multicopper oxidasa)alyses the reduction ok O
to water and oxidises a wide range of phenolic andpi@molic substrates, with the
exception of tyrosine, using them as hydrogenodoandredox mediatorgFigure1.14)
(Strong and Claus, 2011; Hammel and Cullen, 20Q&)xccases are extracellular
glycoproteins and usuallyonsist ofisoenzymesvith unique substrate specificjtsgnd a
pH range of 3 7 (Dwivedi et al, 2011; Baldrian, 2006)
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Cross-linking reaction
(dimers, trimers, polymers)

0, + 4 Substrate 2 H,0 + 4 Substrate Depolymerisation
- . J_I'?f:/h‘ Internal reaction
— — (ring cleavage, quinone formation)
LACCASE
£ =

0, + 4 Mediator 2 H,O + 4 Mediator

“\_; ) 4 Substrate

Figure 1.14. Laccase reaction. Laccase catalyses the reduction, db Qvater by
oxidation of substrateand formation of unstable radicals. These radicals further react
with substrate, forming dimersrirhers and polymers; they can also depolymerise
substrate or cleave aromatic rings, forminginones. Substrates of laccase are
numerous and isoenzymes many specificities have been identified in all organisms that
possess laccasesipbDenols, aromatic am@s, polyphenols, and methoxy substituted
phenolsare all substrates of laccase. There over 100 synthetic mediators, used in
industrial applications of laccagdohannes and Majcherczyk, 200@nd naturally
occurring mediators includ@-coumaric acid, ferrulic acid or synapic acid, derivatives

of phenylalanine and putative precursors of monoligr{@song and Claus, 2011,
Boerjanet al, 2003)these mediators can improve the effacacy of lacd&sagyet al,

2002)

Due to their broad substrate specificity laccases have perhaps the widest range of
biotechnological applications of any enzynhaccases have been used to remove toxins
from industrial wastesand to degradagrcindustrialwaste polyaromatic cdrons and
carcinogenic compound&eum and Li, 2004; Hadibaratt al, 2012; Hadibarata and
Kristanti, 2012a; MoreirdNeto et al, 2013; Chapplet al, 2007; Alcaldeet al, 2002;
Yanget al, 2009; Kanget d., 2002) andhave been used to polymerise compounds in
the personal care and cosmetic indugigonet al, 2010; Markussen and P.E. Jensen,
2006) They have been used in food and drink industriedanfy beer, juice and wine
and improve products containing glutgdsmaet al, 2010; Rodriguez Couto and Toca
Herrera, 2006; Renzettet al, 2010) Their medical applications include use as
biosensors, sterilising agents andmmunochemical and enzymatic asséysvivedi et
al., 2011; Liu and Dong, 2007; Orndorff, 1984; Muetal, 1985)
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1.1.2.7  Other cell wall componentdegradation by basidiomycetes species.
Cellulose the most abundant component of the plant cell wall is an unbranched

polysaccharide polymer composed bfl,4-linked glucose monomers which form

microfibrils of parallel polymers be composed of up to 15,000 glucose monomers. The

structure of cellulose is skvn in Figure1.15 (Sticklen, 2008)

CH,OH CH,OH
0 )
H

H

H
OH

NH, NH,

NHCOCH,

Chitosan

N\ -
H OH
e 0 CHOH

0.

NHCOCH; H o

NHCOCH;

OH

Cellulose Chitin

Figure 1.15. Structures of cellulose, chitin and chitogdanget al, 2004)

Hemicellulose is comprised of short polysaccharides condpos$edifferent
saccharide monomers, and has andom structure which links other cell wall
componentgSticklen, 2008) some possible structures oémmicellulose are shown in
Figure 1.16. Pectins are heterogeneous polysaccharides found in the primavyadell
which are branched and highly hydratad comprise one third of primary cell wall
moleculegWong, 2008) The structure of pectils made upf homogenous regions and
other regions which areomposed of many different polysaccharidmsd pectin from
different organisms varies in composition, one such structure is shofigure 1.16
(Huismanet al, 2001) In addition, the fungal cell wall is comprised of chitin, a4§1
linked N-acetytb-D-glucosamine pgkaccharide, similar to cellulose except for an
acetamide group, in place tbie hydroxyl at the @ postion of the glucose un{ilanget
al.,, 2004) Fungal cell walls must constantly be remodelled and may undergo
acetylation {0 chitosan) (Figure 1.15) as the fungus forages for nutrition, which
requires degradative enzym@=ofilova, 2010; Vincenrgt al, 2012).
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Figure 1.16. Structure of hemicelluloses from softwood and pectin. Man,
mannopyranose; Gal, galactopyranose; GICA, glucuronic acid; Ara, arabinose;Xyl,

xylose; (Laine, 2005)

Degradation of these heterogenous polysaccharides by fungi requires a wide
range of hydrolytic enzymes with specificity for cleavage of particular glycosidic bonds.

These enzymes are broadly categorised into (i) glycoside hydrolases, (ii)
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glycosyltransferses, (iii) polysaccharide lyases and (iv) carbohydrate lyases. Some of
these enzymes may also have carbohydrate binding modules which bind
polysaccharides and present them for lysis by glycolytic enzyi@Gastarelet al,

2009) These categories are further subdividetb ifiamilies based on substrate
specificity and catalytic mechanism. Briefly, glycoside hydrolases cleave bonds
between two carbohydrates between carbohydrate and rcarbohydrate moieties;
glycosyltransferases transfer saccharides from a donor whiogphoractivated, to

an acceptor forming glycosidic bonds; polysaccharide lyases cleave polymers that
contain uronic acids, to form unsaturated hexenuronic residues and polymers with new
reducing ends; carbohydrate esterases cleave esters iR, olg®m or polysaccharides
(Cantarekt al, 2009)

1.2  Armillaria spp.

Armillaria (Agaricales, Physalacriaceaegpecies were first described by a
Danish mycologisMartin Vahlin 179Q andin 1857 Fredrich Staude characterised the
generic rank ofArmillaria (Watling et al, 1982) Armillaria melleawas characterised
by Paul Kummera German mycologish 1871(Kummer, 1871) The genug\rmillaria
(Fr.) Staude and type specieArmillaria mellea (Vahl) P. Kumm, are taxonomically
recognised classifications today. A former synonym for the gerasAmmillariella
(Singer, 1986)

Armillaria species are some of the largest organisms on earth and persist in the
soil for many yearsOne A. ostoyaespecimen, in a forest of mixed conifers in Oregon,
U.S.A.,is reputed to be millennia old and estimatecctwer 965 ha(Fergusoret al,

2003) Armillaria spp. are both saprophytic and parasitic and are pathogens of more
than 600 plant speci¢Raabe, 1966)Pathogenicity is dependent on both &renillaria

species and the host species, and in addition, individual isolates may be more or less
virulent on different specieg§Raabe, 1972)The descending order of virulence
pathogenic speciess A. mellea A. ostoyae(Morrison, 1982, 1991)A. gallicia, A.
cepistips (Redfern, 1975; Morrison, 2004; Gregory, 1988)hough in North America

A ostoyaes more widespreadd. mellea the most virulenof Armillaria spp. infects

fruit, timber, and agronomic crops, as well as ornamental species and weeds
(Baumgartneret al, 2011; Raabe, 1962; RobinsBax and Fox, 2002; West and
Hughes, 2000; Sair@ses, 2004; Pertet al, 2008; Morrison, Q04; Choiet al, 2011;

Korhonen, 1978)A. melleawas listed by the American Phytopathological Society as a
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high priority species for genomic sequencing, due to its virulence and pathogenicity on
forest trees and the corresponding impact this hasalmaldL O, levels(APS, 2008)

The numbers oArmillaria species now identifiecs more than 5fCoetzeeet
al., 2011) There is one holarctic group comprised of three subgroups, Europe, North
America and Asia Table 1.1), and three noholarctic groups (i) Austrialia, South
America and New Zealand; (i) Africa and India; and (iii) Central Americable 1.2)
(Coetzeeet al, 2011) There are a number of species in egobup which may be
compatible. Br instance A. melleais known as North American Biological group
(NABS) VI, European Biological Species (EBS) D, and Chinese biological species
(CBS) K, but has no compatible group from Japan. On the other Aam@pistpes
EBS B and NABS Xl crosses, are infertfgaumgartneet al, 2011)

Table 1.1 The Armillaria species which occur the Holarctic Floral Kingdom.

Westemn Morth America Eastern Morth America Europe China Japan
A BSM
NABS NIl
NABS X1 NABS XI B NAG D
NABS VI NABS VI E (B5B NAG A
NABS Il
A. jezoensis H
A. mellea NABS VI NABS VI D BSK
A. mellea ssp. nipponica B5G NAG Am
A. nabsnona NABS IX NAG B
A. ostoyae NABS | NABS | C CBSD NAG C
inapina NABS V NABS V CBSA F
. singula G
A. tabescens * * * (BS| T
Undescribed species
NABS X
CBs C
CBSF
CBSH
CBSJ
CBSL
CBS N
(B O
NAG E

NABS, North American biological species; CBS, Chinese biological species; NAG,
Nagasawa, Japan; *, a species is pre@@aimgartneet al, 2011)

1.2.1 Taxonomy

Armillaria spp.wereoriginally classifiedby the morphological characteristics of
their fruiting bodies, pathogenicity and ecological niche, but tlais unsatisfactorgs
over 274 species were classified taxonomically Aamillaria mellea (Volk and
Burdsall, 1995) due to their white spores and gill shageukudaetal., 2003)
Additionally, basidiocarps are shdwed in the field, these fruiting bodies are not
always produced angasidocar@nd hyphal morphology may be influenced by nutrition

source, basidiocarps are not easily induced in the laboratory and may have altered
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morphology in culture¢Kile and Watling, 1988; Grillet al., 2000; Baumgartnest al,
2011)

Species recognitiqrusing mating studieas a basis for biological identification,
was used in the 1970s and a number of diffefentillaria species were identified in
Europeand North America by this methddnderson and Ullrich, 1979; Korhonen,
1978; Baumgartneet al, 2011) Mating studies are not satisfactory as a means of
identification. The morphology of haploid mycelia, which is white initially, after
successful mating becomes brown and crustose which is the morphology of the diploid
(Korhonen and Hintikka, 1974pbut diploidhaploid mating results can be ambiguous
(Harringtonet al, 1992; Korhonen, 1978However, this method still is used to identify
species in Europe, where biological and morphologfahillaria species coincide
(Baumgartneet al, 2011)

Table 1.2. Armillaria species and equivalent species in the -Hotarctic Floral

Kingdoms
Central America South America Africa Australia New Zealand Other regions
India
New Guinea
A. fuscipes
A. griseomellea
h SIG I
A. mellea SIG |
A. mellea ssp. nipponica Bhutan
*

A. melleo-rubens

New Guinea, Sumatra, Malaysia, Fiji
India

A. procera
A. puiggani
A. sparrei
A. tabescens

A. tigrensis
umbninobrunnea

A v £
A. yungensis
Undescribed species
BPS | Bhutan

NZ Armillaria sp.

BPS, Bhutan Phylogenetic Species; NZ, New Zealand; SIG, Somatic Incompatibility
*, a species is presefBaumgartneet al, 2011)

Molecular approaches have improvepeciesidentification and DNA based
identification has been used mecent years to determine the origins of different
Armillaria species, their phylogengeographical origins and distributiqoetzeeet

al., 2011) Several molecular methods have been employadplification fragment
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length polymorphism(AFLP) was one of the first of the molecular methods to be used
(Motta, 1985; Smitret al, 1990; Péresierraet al, 2004) Restriction fragment length
polymorphisms RFLP) (Otieno et al, 2003; Andersoret al, 1987; Coetzeet al,
2000) with identification of intergelt sequence (IGS)f rDNA hasenabled species
comparisongMwenije et al, 2006; Jahnket al, 1987; Sicoliet al, 2003; Anderson
and Stasovski, 1992; Kim and Klopfenstein, 2000; Coetzeal, 2001; Coetzee,
Windfield, Kirisits, et al, 2005; Otiencet al, 20(; Coxet al, 2006) this hasbeen
combined with internal transcribed regiofT$) of rDNA profiling (Schulze and
Bahnweg, 1995; Otienet al, 2003; Coetzeet al, 2001; Coetzee, Windfield, Kirisits,
et al, 2005; Sicoliet al, 2003) Somespecieshavevery similarITS sequencesand
althoughlGS sequences can differentiate between European spsmies isolates oA.

cestipesandA. gallicacamot be distinguishe(Chillali et al, 1998)

An approachtaken byAntoninetal. ( 2009) combiningITS and IGSprofiling
with sequencing oélongation factor 4J (EF1-U )gene,of A. cepistipesandA. gallica,
was used successfully to dierentiate betweerthese speciesAnother combination
method used IGS wh fatty acid methylester profiling of speciego confirm the
identity of differentArmillaria speciesn a singlearea(Cox et al, 2006) Pectic enzyme
profiles (isozyme profiles)rom different Armillaria specieswas usedsuccessfullyto
distinguishbetweena number ofAfrican species andomeEuropean specigdwenje
and Ride, 1997; Mwenjet al, 2006) andin a larger studpf 36 isolatesfrom different
hosts andyeographiaegions 17 Armillaria specieswereidentified bypecticisozyme

profiling (Coetzeeet al, 2009)

Positive speciedgdentification is vitalto prevent the introduction of pathemgjc
speciednto agronomic crops and timber forefRossman and Pahidernandez, 2008)
Holardic Armillaria strains from Europe appear to have been introduced into South
Africa, andhavenot causedlamage to agronomic crqpsut are restricted to gardens in
urban areagCoetzeeet al, 2001) This contrasts with the introduction of Asian species
to Africa, where their sl distibution is extensivegompatibility with African strains
is evident andtheyhave been identifieth locations 4000 km aparBasidiospores are
thought to be thenode of dispersal of these specipsssiblyderived from an inial
infection of infected plants importdtbm Asia(Baumgartneet al, 2011)

1.2.2 Lifecycle of Armillaria spp.
The vegetative state oArmillaria spp. is diploid, not dikaryotewhich is

unusual among basidiomycet@dsorhonen and Hintikka, 1974A. melleais unusug|
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both among basidiomycetes amtso among Armillaria spp. inthat its vegetative
myceliado not have a dikaryat stage during fruitingFigure 1.17) (Ota et al, 1998;
Lamoure, 1985)In A. melleasingle spore matingslikaryotic myceliaform, but these
dikaryote cells are unstableand either die within a few days or become diploid
(Lamoure, 1985)Most Armillaria species have two dikaryotstages, the first occurs
after mating oimonosporus myceljand the second in theldwymenium or gill tissue,
before neicsisandthe generation of haploid basidiosporésgure1.17). A subspecies

of A. mellea identified in Japan has an unusual type of homothalligmereby
tetrgploid cells undergo meiosis twice and haploalls are generated. These cells fuse
and migrate to the basidiospormther singly or in pairs where basidiospores are either

diploid, arucleate,or dikaryotic and diploidKigure1.17) (Otaet al, 1998)

Armillaria spp. grow assaprophyticrhizomorphs,comprised ofthousandsof
hyphae surrounded by a protective melanin containing shefaitth look similar to
plant rootgSchweigeret al, 2002; Mihail and Bruhn, 2005; Motta, 1969; Y afestal,
2009) These rhizomorphs growhrough the soilforaging for nutrientgMihail and
Bruhn, 2005) and colonising plant roots. Rhizomorphs may have dichotomous
branching, similar to adventitious root systems in plaatsmonopodialbranching
similar to tap root systems in plantand species withdichotomousbranchingare
generally more virulentMorrison, 2004) Mycelial hyphal fansinfect plants by

growing between the bark and cambium eventually killing the plant.
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Figure 1.17. Lifecycles of selectedrmillaria spp.A. A. mellealifecycle: The most
persisent mycelia are vegetative diploid brown caiose mycelia. During fruiting,
basidiocarp areformed which contain basidia with diploid nuctBatundergo meiosis
generatinghaploid basidospores. The basidiospores are -disigersed and germinate
into white fluffy haploid mycelia (primary mycelia) with a tetrapolar mating system.
Mating produces dikarymt mycelia which becomes diploid and forms secondary
mycelig or die within a few dayfLamoure, 1985; Korhonen and Hintikka, 1974; éta
al., 1998) B. A. gallicalifecycle: Vegetative mycelia, the persistent form of the fungi,
are diploid but in the gill tissue (subhymeniumikaryaic myceliaform, these develop
by unknown mean#to dikaryotic basidiathat undergo mitosis and meiosis forming
haploid basidiosporesvhich are winddispersed and germinate into primary mycelia.
Heterothallic nating produces diploid secondary mycel@. JapaneseA. mellea:
Vegetative diploid mycelia becontetraploid(4n) and undergo meiosikaploid cells
are generated, two pairs fuse and migrate to basidiospores either singly, ,iomadrts

at all. Basidiosporesre winddispersed and germinatetondiploid mycelia. This is a

form of homothallism an&nown only in thisspeciegOtaet al, 1998)

1.2.3 Armillaria mellea pathogenicity and virulence.

A. melleais known by several namesuch as honey fungus, root rot, toit, or
bootlace fungusthe latter a reference to the black rhizomorphs found under the bark of
diseased trees and in the s&asidiospores are not widely implicated in the spread of
the fungus(Williams et al, 1989) however a study byravadonet al. (2011) has
suggested that the role of basidiospores in infection is greébhte was thought
heretofore and this supports studied A. novaezealandiaethat found basidiospores
were responsible for colonisation of tree stur(tgeod et al, 2002 2008) Most plant
infections byA. mellea occur through contact witlhhizomorphs in the sqilor by
contactbetweerroots of infected plantsn the wild A. melleamostly affectstrees that
have been subjected to strelsg insects competiton or environmental conditions but
canit also kill healthy treegWilliams et al, 1989) However in land thathas been
cleared for planting of agricultural or timber crops, rhizomorphs remain in the soil and
on tree stumpssening as innocuk for new foci of infection(Baumgartner, 2004;
Baumgartneet al, 2011) A. mellearhizomorph systesiaredichotomousand variable
in volume and lengtifMorrison, 2004) White mycelial fans grow betvea bark and
wood in the vascularcambium(Shaw IIl and Kile, 1991and mechanical activity as

well as enzyme hydrolysis of plant tissue, cause host tissue peneteadtimud the
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precise nature of enzymmediated degradation of plant tissue is not knoGiearly
much work remains to be done on identifying the melleaiid e g r a Yasoukaro .
destructionand necrosis of cambium and secondary xyfellow (Shaw IIl and Kile,
1991; Yafettoet al, 2009; Mwenjeet al, 2006)andoncea plant has beegirdled byA.
mellea mycelig it inevitably dies (Williams et al, 1989) In a virulence study of
Armillaria spp., 66% of Douglas Fir seedlings exposef.tmelleabecame infectetly
the funguswithin one year and 81% of these di€tfity-one percenof all seedlings in
the study were dead within two yegMorrison, 2004) This virulence is mirrored by a
study of vineyards in Northern Italy where it was found that replanting of vines had no
effect on the total number of infected vin@ertotet al, 2008) although more resistant
species canbe grown in areas infected withA. melleato alleviate its effects
(Baumgartner and Rizzo, 2006; Thonesl, 1948)

1.2.3.1 Signs and symptoms oinfection by A mellea

Signs ofinfection by A. melleainfection are usuallyisease focthat expand
radially, with dead and dying plantforming circular openings in forest canopies
(Figure1.18), or discoloured red patches$vines withinvineyard due to discolouration
of leaves(Figure 1.18), (Baumgartneet al, 2011; Fergusoet al, 2003; Pertott al,
2008) Individual trees within an area may become infected more rapidhin an
infection locus(Baumgartneet al, 2011) Infected treegxhibit wilting and defoliation
with gradual loss of vigour anstunted growthfruit quality deteriorates, andeathof
the plant followseither from loss of vascular tissue, susceptibility to attack from other
pathogens and insects, or wood l@gsch causeghe plant to collapséBaumgartner
and Rizzo, 2001b; Baumgartnext al, 2011; Pertotet al, 2008; Thomidis and
Exadaktylou, 2012)Large amouts of resinareexuded byinfectedplants,particularly
coniferous treega protective mechanism by the Hosiot collas may be swollenor
may have cavitiegWilliams et al, 1989; Brazee and Wick, 2009%nd A. mellea
rhizomorphs can be seen growing on roots and inasoudnd plantsA. melleafruiting
bodies which grow in clumps, habit known asaespitosg(Figure1.18), can be seem
the soil or around the basef infected plants in Autumn, patlarly under moist
conditions(Williams et al, 1989; Coetzeet al, 2001; Otienaet al, 2003; Baumgartner
et al, 2011) Dark-colouredA. mellearhizomorphs are visiblen wood underneath the
bark d roots and at theoot collar (Figure 1.18) and white mycelial fans are visible
beneath tree bargpreathg upward from the roofgFigure 1.18). Wood from infected
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treeshas a watesoaked appearance and dark coloured wood decay lines are visible on

woodin advance of mycelial far®Villiams et al, 1989; Baumgartnest al, 2011)

Figure 1.18. Anatomy of infection byA. melleaA. Virgin forest in Montana, U.S.A.
Aerial view shows several disease centres indicated by light coloured patches, which are
gaps in the forest canopiwilliams et al, 1989) B. Aerial view of vineyards in
Northern Italy, where red patches indicate areas affected bhyelleainfection (Pertot

et al, 2008) C. A. mellearhizomorphs and basidiocarps on tea plasttowing
caespitose basidiocarg®tieno et al, 2003) D. Black A. mellearhizomorphs found
between the bark and the wood of sle@hotograph, Lairich Rig [GBY-SA-2.0
(http://creativecommons.org/licenses/y/2.0). E. White mycelial fan ofA. mellea
beneath the bark of a birch tree where it has destroyed the vasaul@ium and
secondary xylem. (Photograph J. Worral
http://www.apsnet.org/edcenter/intropp/lessons/fungi/Basidiomycetes/Pages/Armill

aria.aspx).
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1.2.3.2 Damage caused byA. mellea

Although damage to plants B®yrmillaria spp. worldwide has been recorded for
many years, confusion arising from lack of positive identificationth& infecting
species has alouredthe damage done by each particular spe€eslitative dataare
available but quantiative dataless s¢ and the range of host species parsesitiby
A.mellea(Raabe, 1962, 1966; RobinsBax and Fox, 2002jneans that no cohesive
edimates are available of the totabst ofdamage caused by the fung®erhaps its
ubiquitous existence precludgsantification, asa study ofA. melleareportedit to be
highly pathogenic on a range of deciduous trees and conifers in the United Kingdom
(Rishbeth, 1982)but ths studyonly assessed the species causing pathogeniather
than the cost in economic and ecological terms. In EurBpemelleais prevalent
throughout the continenespecially in the more northern regiof@Guillaumin et al,
1985) There is widespread\. melleainfection in Californiaon many hostsits
occurence has been reportedimdigenoudorests, urban areas, vineyard and orchards
with higher incidence observed in vingards and orchardthan in otherlocations
(Baumgartner and Rizzo, 2001a,ln Californian mixed-hardwood forestsa survey
found A melleainfections inmore than 12%of deadtreesand over 9% livingtrees
(Baumgartner and Rizzo, 2001a,lBhutan a kingdom in the Himalayass highly
forested(64%), which is ecologicaly important but the forests aralso of significah
local economic importanceThe forestshave shown a decline in Fir populations
attributed toArmillaria spp. infection but due to thdransient nature of basidoicarps,
the speciesresponsiblehave not beermdentified (Codzeeet al, 2005) A. melleahas
been identified as responsible for oak forest decimd®emsylvania (Marcais and
Wargo, 2000)and Missouri(Bruhnet al, 2000)in the U.SA., and in Iran(Davari and
Askari, 2005) Infectionsof Alnus glutinosawere reported in th&€zech Republic
(Antonin et al, 2009)andPinusandEucalyptusn Africa (Wingfield and KnoxDavies,
1980) (Wingfield1980 Knox) A. melleawas found to bepresent in most areas of
Greecein uncultivated areagnd was alséound to behighly pathogenicd olive trees
(Tsopelas, 1999)

Some quantédtive data on the scale 8f melleainfections have been published.
A survey of Pinus spp. in timber stands in South Africa, showed 20% tree mortality
within the first 15 years after planting dueAanmillaria infection (Lundquist, 1993)In

the Rift Valley of Kenya, forested land has been cleared for tea plantations, and
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A. melleainfection has been reported, infecting not only pésntsbut also indigenous
trees, particularlyAcacia spp., adjacent to plantationé. mellea infection occurs
wherever tea is grown in Kenya canig up to 50% crop losses on small far(@nsando

et al, 1997) In Zimbabwe A. melleais most prevalent in the eastern highlands and
infects pine plantations and orchards. It is not very prevabenvirulent among
indigenous tree speciedut is virulent in orchardswhere land is cleared and
rhizomorphs serve as inoculahas been reptedfrom one disease lation, wheretwo
orchardswvere infected byA. mellea80% of plumtreesin an orchard oR ha, and 60 %

of peach trees in a 1.5 ha orchasgrekilled by the funguand 20 % of theemaining
peachtrees were symptomatiwith chlormotic leaves(Mwenje et al, 1998) A. mellea
also infects cassava an important food cvdmch is vital for the local economy in
Zimbabwe andA. melleainfection has been responsible for up to 30% of Cassava crop
lossegMwenjeet al, 1998) In a survey of vineyards of northwest Spdifo of plants
were infected byArmillaria spp. One vineyard had a 17% infectiorerahd two years
later the infection rate had risen to 43% of plants from that vindgaitzOses, 2004)

an indication that once an area has an infection Idcumelleaspreads rapidlyA
4-year assessmenf vineyards of PiamRotalina inNorthern Italy where viticulture is

of great economic importancéound that25% of the vineyards (36 Havere infected

by Armillaria spp. and tha2% of the cultivated vines exhibited disedBertotet al,
2008) Fir trees in the sulhgine region of Colorado are particularly susceptible to
A. melleaand quickly succumb to infection. The annual loss of timber from Fir species
in this area is estimated to be 10,560Williams et al, 1989; Shaw Il and Kile, 1991;
USDA Forest Service, 2011Wood destruction byA. melleaon walnut timber in one
Iranian forest represented up to 10% of wood wefBlalili et al, 2010) In Canandan
prairie provinces vinere conifer regeneration has been undertakemelleakill edtrees

5 to 25 years after planting witimortality ratesof up to 25%(Mallett, 1985) The
annual loss causday Armillaria spp. to the peach industry in South Carolina was $3.86
million in the years 1987 to 1992 and in Georgia in 2@0tnillaria spp. caused
$660,000 damage to the peach indu@tiller, 1994; WilliamsWoodward, 2001 ox

et al, 2006)

Most studiesinto pathogenic aspects &. melleacontrol have focussed on
control measuregBaumgartner and Warnock, 2006b; Baumgartner and Rizzo, 2006;
Baumgartner and Warnock, 2006a; Baumgartteal, 2013; Adaskavegt al, 1999;
Dalili et al, 2010; Marcais and Wargo, 2000; Pellegratial, 2012; Raziq, 1998;
Redfern, 1975; Veness, 1991a; Ageiral, 2006) These include bigontrols by use of
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a proprietory inoculant(Baumgartner ah Warnock, 2006b)and application of
microorganismgPellegriniet al, 2012; Raziq, 1998)Chemicaltreatmentshowever,
have been largely ineffectiveAdaskaveget al, 1999; Veness, 1991b; Marcais and
Wargo, 2000; Aguiret al, 2006) wherebythe onechemical control which is most
effective, methyl bromide, is about to be banned for use in the(BaBmgartneet al,
2011) although some recent success has been demonstrated using cyproconazole
(Thomidis and Exadaktylou, 2012)evelopment of resistamioststrainsis also a route
under investigatiom the development oA. melleacontrolmeasure¢Baumgartner and
Rizzo, 2006) Pear trees were thought to be resistari.tmmellea and were the species
of choice in Californian orchards for this reason, thé incidenceof infection has
increased and many disease foci hlaeen identifiedputatively spread through clearing
of oak forests for orchardéRizzo et al, 1998) This makes investigation of the
pathogen at molecular level more urgentorder to develop more effective controls for

A. mellea

A. melleais a symbiont ofGastrodia elata a member of the orchid family and
penetrates the roots @. elatawhich derives its nutrition from fungal digestion of
wood (Gaoet al, 2009; Sekizaket al, 2008; Parlket al, 2010) A. melleacan also be
parasitised by other spesi@ndEntoloma abortivumanother Agricaricales specjas
one such organism, which caus&s melleafruiting bodies to become m&hapen
carpophoroids, which are fruiting bodies comprised Ayimillaria spp. hyphae
(Czederpiltzet al, 2001; Fukudaet al, 2003) Moreover,an ascomycetéjlynnea is
also thought to paras#e A. mellea(Fukudaet al, 2003)

1.2.4 Bioluminescence secondary metabolitesand known protein activities

A. melleahas been known to be bioluminescent and to seaetange of
bioactive compoundsany of which are sesquiterpene aggtersthat wereidentified
in the thirty yearsbetween 1970- 2000, but there has beemmarkably little
investigation ofthe fungus since the advent of hitiitoughputgenomic and proteomic
technobgies.Little is known about mechanisms Af melleainfection, inoculationof
plants withA. melleaand detection of infection is difficult under laboratory conditjons
which hampers investigation into mechanisms pathogenicity and virulence

(Baumgartneet al, 2010)
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1.2.4.1  Bioluminescencan A. mellea

A. melleamycelia are known to b&minescentat 5207 530 nm, when the
fungus is actively growing on wood, in moist, acid (pH 5.8) conditions, with an
adequate supply of oxygen, at moderate temperatures; and light contirneesmitted
until active growth is nutritiofimited (Coder and Daniel, 1999 uminescence is
erhanced by growth in a dark environmgMihail and Bruhn, 2007)and in vitro,
optimum conditions for the induction of luiminescenceAofmelleagrown on agatr, is
22°C and pH 3.5 7 (Weitz et al, 2001) A. mellealuminescence, although previously
reported only in mycelia, has been detected in both basidiocarps and rhizomorphs
(Mihail, 2013). This attribute was used as a toxicity biosensor ford&Blorophenol
(3,5DCP), pentachlorophenol (PCP), copper and zinc, with a putative application as a
bioassay, to detect environmental pollutaats the level of luminosity corresponds to
metabolic activity, thus toxic levels of pollutants are indicated by reduced luminosity
(Weitzet al, 2002)

1.2.4.2  Diketopiperazines

A 2,5diketopiperazinewas extracted from Amellea (Wang et al, 2013)
Diketopiperazines are bioactive compounds and are kntw have wideanging
activities with antibiotic, antifungal and cytotoxic properti@dartins and Carvalho,
2007) Diketopiperazines are synthesised by-nbosomal peptide (NRP) syrdtases;
large multimodular enzymes, whose modules incorporate speaifino acidsinto a
growing peptide, and synthesise a wide range of secondary metabolites aaufiv@o
compounds( O06 Ha atlab r2012) Peptides may be modified as the NRP is
synthesised, and the monomers incorporated into the peptide are ditbrsgre than
500typesidentified to date(Cabocheet al, 2008) including nonproteinogenic amino
acids, fatty acids antd-hydroxy acids(Striekeret al, 2010) The existence of NRRS
like genes inA. melleawhich could synthesise diketopiperazines was first confirmed in
2011, but this is the first identification of one of these metabolités mellea(Misiek
et al, 2011; Wangetal., 2013)

1.2.4.3 Anti-inflammatory activity

Two compound were extracted fromA. melleaand identified by NMRas
ergosterol(Macaulay, 1988; Guo and Guo, 20@8)d ergosterol peroxidgaoet al,
2001; Kimet al, 1999; Guo and Guo, 20Q&lthough there was no gutdation of the
levels of ergosterol or ergosterol peroxi@®th of these compounds have been shown

to inhibit nitric oxide production in stimulated macrophages, indeed ergosterol is
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particularly active in this regard, and ergosterol peroxide additionally has cytotoxic
activity against human prostate and breast carelétines(Ma et al, 2013) A. mellea
extracts were shown to have a very high I8Y22.8 %) of lipid peroxidation inhibition

an indication of antioxidant activityagainst rat liver microsomes, in a comparison of 20
fungal species, and the actiwzempound was identified as ergosterol peroXigien et

al., 1999) Extractsfrom mycelia of A. melleawere shownin assaysto haveanti
inflammatory activityagainst lipopolysaccharide induced stress in human cell lines by
inhibiting niticoxide and prostaglandin production and prategtagainst pre
inflammatory cytokine productionA. melleaextracts showed significant levels of
protection of THR1 cels against celdeath during LP$nhduced stresgWu et al,
2007)

1.2.4.4  Antimicrobial activity

Mycelial, organic extractdrom A. melleaenvironmental isolag had activity
against several microbescluding Escherichia coli Salmonella typhimuriupSarcina
lutea, and Candidaalbicans Although A. melleaantimicrobial activity was lesshan
that of other fungal species, extraatsoexhibitedantioxidant activityasdetermined by
scavenging ofreactive oxygen species howevéhe bioactive components of the

extracts were not determinélalyoncuet al, 2010)

1.2.45 Antioxidant activity

Intracellular and secreted texcts fromA. melleashowhigh antioxidant activitieswith
high levels of F& chelating activity,and scavening activity ROSand superoxide
anions which protecs cells againstuniversaldamageby harmful moleular species
(Lung and Chang, 2011)olysaccharides which comprised 27®%s/w) of the water
soluble fraction ofmycelial extractsfrom A. melleahad high levels ofantioxidant
properties and were shown to scaveng®S inhibit DNA damage and lipid
peroxidation in murine hepatic microsom&=ao and Wang, 20)2Exopolysaccharide
extracts fromA. melleaof undetermined structure, but with molecutaassranging
1850 to 2140 kDa, also had antioxidant propertfegivity of the exopolysaccharide
which also had proteinaceous contemas related to masgtotein/polysaccharide ratio

and higher activities were seen in high mass polysacchdtideg and Hsieh, 2011)

Ergothionine Figure 1.19), derived from histidinghas two tautomeric forms but is
found mainly in its thione form rather than its thiol form. Ergothioneine is very stable

and is not easily oxidised, it scavenges ROS and chelates i@&talsh and Halliwell,
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2012) It is found ubiquitously in organismsand in mammalsit accumulates
particularly in cells prone to high levels of oxidative stress, such as thédikeah and
Halliwell, 2012) It is very potent antioxidat and cytoprotectardandis found in high
levels in the mycelia oA. mellea(Leeet al, 2009; Parlet al, 2010)
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Figure 1.19. Ergothioneine tautomer structurés. Thione tautomerthis conformation
is more stable than thiols suds glutathione.B. Thiol tautomer;a less stable
conformation. In physiological conditions solution the thione is predominaf€heah
and Halliwell, 2012)

1.2.4.6  A. melleaimmunostimulating activity

Polysaccharide extracts from fruiting bodies Af melleawere purified by size
exclusion chromatography and characterised by NMR. The polysaccharide was
composed of (6)-linked-U-D-glucopyranosyl, (£,6)linked- U-D-glucopyranosyl and
(1-6)-linked- U-D-galactopyranosyl residues in the ratio of 3:1:1, and terminated with
one single terminal €)-b-D-glucopyranosyl at the @ position of (32,6)linked- U-D-
glucopyranosyl.The polysacchariddnad stimulating effects on murine lymphocyte
productioninduced by lipopolysaccharide and concanavalin Fhe extract, termed

A. melleapolysaccharideAMP), has potential as an immapotentiating agenfSunet

al., 2009) Unidentified watersoluble components frorA. melleawere found tanduce

the maturation of human dendritic cellsithout inducing upregulation of pro

inflammatory cytokins (Kim et al, 2008)

1.2.4.7 A. melleaindole compound

Three indole compounds, the amino adidryptophan and its derivatives
tryptamine and serotonimere isolatecnd purified fromA. melleaThelevels of these
compounds were higher than those found in mthasidiomycetes, particularly
L-tryptophanwhich was 19fold higher than previously determined in basidiomycete

species and serotonin which was shown to Held} higher tha found in other
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basidiomycete specigdluszyskaet al, 2011) Indole compounds are biactive and
psychoactive and -tryptophan and serotonin have been used in the treatment of
depres®n (Young, 2007; Thomsoet al, 1982)

1.2.4.8 A. melleaknown proteins and their activities

An endaexonuclease purifiedrom A. mellea was found to cleave both
singlestranded DNA and doublgrandedDNA, exhibiting more activity towards
dsDNA but had no activity against RNfdealy et al, 1999) A fibrinolytic enzyme
A. melleametaloprotease (AMMP)has been extracted and purifilcee et al, 2005;
Healy et al, 1999)from A. melleafruiting bodies. It cleaves the amino side of lysine
residues and has been used in saeqa analysis of proteir(tewis et al, 1978a)and
waspatented as possibletreatment for thrombosidBroadbentet al, 1972; Leeet al,
2005) Two laccases have been identified and purified flarmelleaboth had optimal
activity at pH 4 and it was not determined if the two laccases wegrelitf products of
the same gend.accases were only secreted during rhizomorph formadioth growth
media was found to influence the production of each laccas&Byis and Thurston,
1996; Rehman, 1992In a survey of lignirdegrading enzymes in eigAtmillaria spp,
A. melleahad low levels of laccase production compa@d. tabescensvhich has a
more saprophytic lifestyle (Stoytchev and Nerud, 20Q0)Laccase activity was
determinedto be a key step in the bioremediation of a range golyaromatic
hydrocarbondy Armillaria spp., although activity was only apparent after a substantial
amoun of biomass had been generafelddibarata ad Kristanti, 2012a, b; Hadibarata
et al, 2013, 2012)Armillaria spp. could utilise PAH as sole carbon sources, although
addition of polysaccharide esubstrate enhanced laccase actiijadibarata and
Kristanti, 2012b)

1.2.4.9  Sesquiterpenearyl-esters

The most welknown metabolites oA. melleaare sesquiterpeneyé-estersand
fifty -onedistinct £squiterpenebave beendentified of which fifteen have been shown
to have antibiotic activit{Donnelly et al, 1982; Momoseet al, 2000; Arnoneet al,
1988; Misiek and Hoffmeister, 201,0)hree have antifungal activitfCremin et al,
1995; Donnelly,et al, 1985c; Donnelly and Hutchinson, 1990; Macaulay, 1986}
six have cytotoxic actiwtagainst lymphatic, breast and colorectal can@osinelly, et
al., 1985; Misieket al, 2009) The structures of some of these compounds is shown in
Figure 1.20 (Misiek et al, 2009) The sesquiterpene is a protoilludanol alcohol which is

esterified by an orsellinic acid derived from polyketide synthase metabdirsnillaria
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spp. sesquitegme aryesters are tricyclical, comprised ofused ring structures,
specificallya five membered rings fusedto a six membered ringhich is fusedo a
four membered ringand wide range of functional groupare bonded to this last
structure The central six memberehg contains a double boraohd this, coupled to the
lipophilic properties of the compousds thought to determine the bioactivity of the
sesquiterpereand the antibiotic activity of the compouwsnfMisiek and Hoffmeister,
2010)
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Figure 1.20. Structures oklevensesquiterpenes extracted fraxn melleamycelia and

culture supernatan{Misiek et al,, 2009)
1.2.5 Recent mokcular studies onArmillaria mellea.

1.2.5.1 Processing sites involved in intron splicing oArmillaria natural
product genes

A. melleahas long been known to produce secondary metabolites and small
molecules, probably in response to competjtamas virulence compounds against host

species (Sonnenbichleret al, 1994) Following A. mellea culture in conditions
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conducive to secondary metabolite productioDNA synthesis was undertakeand
four geneswhoseproductswere anticipated to be involved in seatary metabolism
were analysed to verifiyn silico-predictedsplice sitesThefour open reading fraes of
interest were identified aerfl (an openreading frame similar to a netbosomal
peptide synthetase (NRP&hd transcription regulatorNRPS are modular proteins
containing adenylation, condensation, thiolation and optionahespsation domains,
involved in synthesis of secondary metabolites mentioned earlierorfl had
homology to zinc fingemotif genesbut was unusual in that ftvo zinc finger motifs
and appeared to béhe first time it had been identified in basidiomyceféBis zinc
finger is a transcription activator iMagnaporthe griseaand Aspergillus spp. for
secondary metabolite productioorf2 and orf3 had 48% sequenc&milarity to each
other, and had homology to the sequences of major facilitator efflux transporters
putatively involved in small molecule transpdithile the whole proteins faorf2 and
orf3 showed homology to &oprinopsis cinereahypothetical proteinmotifs from
within the sequence had homology to efflux pumpsdrag resistance protein in
C. neoformansand an aminotriazole resistance proteinNeBurospora crassawith
similarity of 31% and 37% respectively. Homology to other proteins which facilitate
self-resistance to antibiotiproducing organisms was also identified. The homologs
usually have extensive transmembrane regions, @afl had 12 andorf3 had 14
transmembrane helicestf 4 was homologou$o a putative laccase, several alternative
splice stes for this gene were determinedth alternative and acceptor splice junctions

which appeared to be allele speciiMisiek and Hoffmeister, 2008)

1.2.5.2  Structure and Cytotoxicity of Arnamial and Related Fungal
Sesquiterpene Aryl Esters

A new compound, arnamiakhich was structurallyelated tosesquiterpene aryl
estas previously identifiedwas extracted and isolated from the liquid supernatant of
A.mellea cultures. The structure of arnamial was elucidatétgure 1.20), and
arnamial, together with six previously identified related sesquiterpencagsested for
cytotoxicity against colorectal carcinoma, breast adenocarcinoma and lymphoblastic
leukemia cell lines. Four of the seven compounds tested: arnamial, melleolide D,
melledonal C, and 10-hydroxymellolide, showed cytotoxicity against the cancer cell
lines, and the newly identified arnamib&ad the highest levels cytotoxicity compared
to the other cytotoxic compoundsgainst all cell linesThe unique position of a dol&b
bond which changed the conformation of the sequiterpenesigt was determined to

be responsible for conferring cytotoxic properties to arninfirthermore, the
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cytotoxicity was established to be caspase related, and cytotoxicity was by the apoptoti
pathway(Misiek et al, 2009)

1.2.5.3  Agrobacterium tumefaciendMediated Transformation for Investigation
of Somatic Recombination in the Fungal PathogeArmillaria mellea.

A. melleamating can occur in the environment between diploid and haploid
mycelia and a recombinant diploid organism t@ngenerated without meiosis. While
this is thought to contribute to the pathogenicityPofmellea no reliable method had
been developed towsly thisphenomenonA novel transformation system fér. mellea
was developed usinggrobacterium tumefacien® generate somatic recombinants
using a hygromycin phosphotranserase géwpd)( Transformation of the fungus was
confirmed by growth on selegg media, Southern blotting and F®PICR. Markers of
mitochondrial and nuclear inheritance were developed to idem#fysformants, and
wild type didoids were crossed with hygromyenedgstant haploids, which conferred
hygromycin resistance on the recondiits.RecombinanA. melleaused as inocalfor
grape plants, showed no difference in fungal biomass compared with wild type. This
was the first timeA. melleatransformation had been carriedt and represented a major

advance in study of the pathog@aumgartneet al, 2010)

1.2.5.4  Arapid infection assay for Armillaria and real-time PCR quantitation
of the fungal biomass in planta

An A. mellea infection study in the laboratorwas developed to eggite
detection of infected plants, as plamsvitro are slow to exhibit signs of infectipn
which may take 18 monthe appearand inocula may not infect all plants. Susceptible
and nonrsuscetible plants were used in the assay and infection witimelleawas
carried out over eight weeks. Infected plant roots were subjectptryatePCRof a
single copy fungal gene EBANd a single copy grape get)P-glucose: flavaoid 3
O-glucosyl transferase (UFGT)A ratio of fungal biomass:plant biomass was calculated
and the infection of plants determined by gPCR was confirmed by confocal microscopy.
The study confirmed EEL as a s i n gA. melleaihefiyst timethaethis had
been determined,and also the 150 bp section of tgene amplified by PCR was
invariant among North AmericaArmillaria specieswhereas other PCR primers were

designed to be able to differentiate between spéBmsmgartneet al, 2010)
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1.2.5.5 Characterisation of the ArmA adenylation dormain implies a more
diverse secondary metabolism in the genusrmillaria.

In a follow-on study ofMisiek and Hoffmeister (2008)A. melle cDNA was
synthesisedand data were interrogatefibr proteins involved insecondary metabolite
biosynthetic pathways. Ayene enading encoding a quinone synthetddes gene,
armA, was identifiedfrom cDNA. The substrateof these quinine synthetase proteins
are 20xo acids, but no aminotransferase genes were detected close to this gene, as
might have been expectethstead two halogenase genasmH1 and armH2 were
adjacent to the gene, whose product is referred to as Afglire 1.21). Other open
reading framesorfl i orfll, had homology to heat shock proteirsf$) glycoside
hydrolase family 79 proteinso(f9), transcription regulatorsoffl and orf6) and
hypothetical proteinsn other organismsoff 6, 7, § 10 and 11). ArmA has three
domains and biochemical analysis ofsitfunction indicateghat it does not have
functions similarto quinine synthetase, nor was it similar to furanggethetase, a
bacterial proteirwhich has &-oxo acid substratspecificity. ArmA had similarity toan
NRPS and L-leucine was found to behe optimal substratefor ArmA and the
adenylation domain of thiSRP synthetase wasdentified. A modified diketopiperazine
composed of Heucine was identified id\. ectypa.This would imply that ArmA is an
NRPS lacking a condensation domaimdis the first biochemical characterisation in a
basidiomycete, of an NRPS amino aadenylating enzym@Misiek et al, 2011)

y)

= -»B-a /e

orf4 armH2 armA orf8 arf7  orf6 orf5 erf2 armH1 orf3  orf9 orfl orfll v orf10
2kb

Figure 1.21. Open reading frames and genes identified from the genorAe oéllea
encoding a NRPSlike cluster armA quinine synthetaskke enzyme; armH1,
halogenase;armH2 halogenase;orfl, transcription regulatororf2 efflux protein;
orf3efflux protein; orf4 laccase;orf5 unknown; orf6é transcription regulator,orf7
unknown; orf8 unknown; orf9 glysoside hydrolaseprfl0 unknown; orfll unknown
(Misiek et al,, 2011)

1.2.5.6 Genome mining reveals the evolutionary origin and biosynthetic
potential of basidiomycete polyketide synthases

A genome library ofA. melleaclones(unpublishedWwas screened fgrolyketide
synthasegenes and one cosmid contained a fragment of a ketosynthase gene. This gene

armB, was sequenced and cDNA obtained. Comparative bioinformatic analysis of this
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sequenceagainstthe genomic sequences of thiftye recently sequenced fungi was
carried outto determine the phylogenetic chacteristics of the polyketide synthase (PKS)
genes. A phylogenetic tree was constructed and showed tHaPK3 genes were
identified. Analysisof PKS genes deduced that they evolved prior to the divergence of
Ascomycota and Basidiomycota. Comparison of genomic and metabolomic data
revealed that thermay bemany more putative polyketide metabolites than have been
empirically identified to date. A average of four PKS genes in Agaricomycotina
genomes was revealed araVeals thathese organismaretargets for identification of
novel metabolitedn silico analysis of these genemnd similarity clusters apparent after
phylogenetic analysjswill inform future predictions of basidiomycete PKS gene

functions(Lackneret al, 2012)

1.2.6 Knowledge deficiency ofA. melleabiology

Although online resources and software tools are available for investigation of
A. melleaand other fungal specie$dblel1.3), there is a dearth of relevant experimental
data.Thus, sincghere havébeen so few genomic studies loasidiomycete species and
little genomic information onA. melleain particular, genoms sequencing and
annotation of thé\. melleagenome wuld provide a platform for study of the pathogen.
The genomic sequencing and annotatiorAoimelleawould alsosubstantiallyaddto the
gereral knowledge of basidiomycete aAdmillaria spp. andA. mdlea in particular
The fact that the genome has not been sequdnatatehas hamperethe investigation
of the proteome oA. mellea Indeed, o large scale proteomic study 8f melleahas
been undertakemeither of intracellulaor of secretegroteins(secretome)but with a
complete genomethe hugh diversity of biosynthetic enzymes and their putative
products canto be determined Furthermore, protocolsand techniquesfor the
implementation of proteomic studies in basidiomycetesd more pdicularly in A.
melleg have not been developednd highthroughput technologies have not been
utilised hithertofore for investigation this virulent pathogBevelopment of techniques
and highthroughput strategiesvould contribute tothe body of knowledge of the

integrated biological system &f mellea

Furthermore, mlecular stuges of A. mellea in stress or pathogenic
environmentshave never been undertakehus study of the proteins differentially
expressed by the pathogen under oxidative streasiquely expressed in an infection
model would also greatly contribute todiscovery of the pathogenic and virulence

mechanisms ofA. mellea
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Table 1.3. Online resources and software tools for investigatioA.ahelleaand othebasidiomycetepecies.

Website address Description
http://armillariamellea.com/ Database oA. melleanucleotide and protein models.
http://botit.botany.wisc.edu/toms_fungi/ Webpage of Tom Volk of th&niversity of WisconsirFLa Crossefungal

information links and resources

http://fungi.ensembl.org/index.html Database of fungapecies with genome assembly information, compar

genomics, regulation, annotation and gene variation.

http://fungidb.org/fungidb/ FungiDB Database of fungal sequences and software tools for func

analysis of genes and proteins

http://genome.jgi.doe.gov/programs/fungi/index.jsf MycoCosm JGI. 1000 Fungal Genomgwoject to sequence 1000 genon

and a database of fungal genome sequences and software tools for ¢
and promotion of function studies into species with relevance to
environment and energy

http://mycor.nancy.inra.fr/blogGenomes/?category _name=pl: The blog of Francis Martin of the FrenthRA Forestry CenteMycorWeb

biology Genomicslogis a portal withpostings about about the increasing amour
data generated on the genomes of fungi and plants, and how to ac
through the tools, databases and resources that are publicly available.
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http://armillariamellea.com/
http://botit.botany.wisc.edu/toms_fungi/
http://fungi.ensembl.org/index.html
http://fungidb.org/fungidb/
http://genome.jgi.doe.gov/programs/fungi/index.jsf
http://mycor.nancy.inra.fr/blogGenomes/?category_name=plant-biology
http://mycor.nancy.inra.fr/blogGenomes/?category_name=plant-biology

Website address Description

http://tolweborg/Basidiomycota/20520 Tree of Life A collaborative project of biologists and nature enthus

worldwide to provide information on biodiversity and phylogeny

organisms.
http://www.broadinstitute.org/scientific JointGenome Initiative Database of sequence data and analysis of orge
community/science/projects/fungaénomeinitiative/fungat of bio-medical, agricultural and industrial relevance.
genomeinitiative.
http://www.genomesonline.org/chin/GOLD/index.cqgi GenomesOnline Database (GOLD) provides access to data from gen

and metagenomic sequencing projects worldwide

http://www.ncbi.nlm.nih.gov/genome/browse/ Database of all genomes deposited with the NCBI
http://www.sanger.ac.uk/resources/downloads/fungi/ Wellcome Trust database of fungal gensmmequenced by the organisatior
https://sbi.hkijena.de/FungiFun/FungiFun.cgi FungiFun is an online tool for functional annotation of fungal genanat

proteomic data
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http://www.broadinstitute.org/scientific-community/science/projects/fungal-genome-initiative/fungal-genome-initiative.
http://www.genomesonline.org/cgi-bin/GOLD/index.cgi
http://www.ncbi.nlm.nih.gov/genome/browse/
http://www.sanger.ac.uk/resources/downloads/fungi/
https://sbi.hki-jena.de/FungiFun/FungiFun.cgi

1.3  Thesis objectives

The objectives of the work presented in this thesis are tdepth analysis of
the genome oArmillaria melleaand proteomic analysis é. melleaunder a variety of
conditions. This will identify protein families and individual proteins encoded in the
genome of this pathogen. Development of methods for culture and extraction of protein
from both the mycelia and culture supernatanté.aielleawill allow identification of
proteins expressed under nutrieeplete as well as nutrieatestricted conditions.
Conditions of stress and infection should identify proteins putatively involved in

virulence and pathogenicity of the organism.
To these ends the following approaches will be taken:

1. Genomic sequencing &. melleaand constructio of acDNA database which

will be annotated by bioinformatic analysis.

2. Methods will developed foA. melleaculture, protein extraction from both
mycelia and culture supernatants, prior to separation and analysS-MS/MS and

interrogation of theDNA database.

3. Novel method of analysis of compléx melleaproteinmixturesby LC-MS/MS

will be developed to identify mycelial and secreted proteins.

4. Oxidative stress will be induced iA. melleaand proteins differentially

regulated under two stremrs will be identified by.C-MS/MS analysis.

5. An infection model forA. melleawill be developedto identify A. mellea
proteinswhich may beuniquelyexpressediuringA. melleainfection
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Chapter 2 Materials and Methods

The following aganisms were used in this studyble2.1).

Table 2.1. Organisms used in this study

Organism Strain

A. mellea(Vahl:Fr) Kummer DSM 3731, DSMZ Sales, Germany.

Aspergillus fumigatus Strain AF293

Candida albicans Clinical isolate from a patient with ocule
infection

Escherichia coli Clinical isolate

Pseudomonas aeruginosa Strain 27853

Methicillin  resistant Staplylococcus American Tissue Culture Collection
aureus

Staplylococcus aureus Clinical isolate

All chemicals were purchased from SigiAlrich Chemical Co. Ltd. (U.K.)unless
otherwise stated.

2.1 Materials

2.1.1 DNA isolation

ZR Fungal/BacteriaDNA kit (Zymo Research Group) containing: lysis solution,
Zymo Spin IV spin filters DNA binding buffer, ZymeSpin IIC ColumnDNA prewash
buffer, Fungal/bacteridbNA wash bufferDNA elution buffer.

2.1.2 3 M Sodium Acetate
Sodium acetate (258 mg) was added ol Milli -Q® H,0.

2.1.3 Media and Agar

2.1.3.1 Potato dextrose broth (PDB)

Potato dextrose brottd.8 g was added to 500 ml Erlenmeyer flasks hwiz00 ml
deionised (dH,0). These were plugged with cotton wool, the top wrapped in aluminium
foil and autoclaved (108C for 30 min).
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2.1.3.2  Potato dextrose agar (PDA)
Potato dextrose brotf#.8 g was added to ZDml dH,O and agar (§). The solution
was autoclaved (108C for 30 min) and allowed to cool to 3C before being poured

into 90 mm petri dishes, under sterile conditiong allowed to set. Stored at'€.

2.1.3.3  Malt extract agar (MEA)

Malt extract agar (30 g) (Oxoidtd., U.K.) was added to 600 ml dB, and dissolved.
The solution was autoclaved (106 for 30 min), and allowed to cool to 3C. Agar
(25ml) was poured into 90 mimetri dishes, under sterile conditions and allowed to set.
Stored at £C.

2.1.3.4  Trace elements

Na,B,O7.7H,O (40 mg), CuS@5H,0 (400 mg), FeSER2H,O (800 mg),
NaMo0O.2H,0 (800 mg) and ZnSLyH,O (8 g) were added to 800 ml of distilled water
(dH20) in sequenceauntil each dissolved, before the next addition. The solution was
brought to 1L with dH,O and autoclaved at 12C for 15 min. Stored in aliquots
(50ml) at1 20°C.

2.1.3.5 50 X Salt solution
KCI (26 g), MgSQ.7H,0 (26 g), KHPO, (76 g) and trace elements (50 rffBection
2.1.3.9 were added to 800 ml dB and dissolved. The solution was brought to 1 L

with dH,O and autoclaved at 12C for 15 min. Stored at room temperature

2.1.3.6 100 X Ammonium Tartrate
Ammonium tartrate (92 g) was dissolved in 1 L of,@Hand autoclaved at 12T for

15 min. Stored at room temperature.

2.1.3.7  Sterilising Solution
11 % (w/v) Sodium hypochlorite solution (318 ml), was added to 1 LQikb make a

3.5 %(w/v) solution.

2.1.3.8 300 mM L-glutamine
L-glutamine (43.8 g) was added to 800 ml, @1 HCI| was added dropwise until it
dissolved, then the solution adjusted to pH 6.5, the volume brought to 1 L wi@ dH

and filter sterilised. Stored at room temperature.
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2.1.3.9 Carbon Sources
The following were used as discrete carbon sources for culture media: alkali lignin,
xylan from beechwood, microgranular cellulose, rutin hydrate, yeast extract, glucose,

malt extract (SharlguSpair).

2.1.3.10 Sterilised Vitis vinifera (grapevine)

A branchfrom grapevine purchased commercially @ndwnin Maynooth, Co. Kildare
(100 g), wasbroken into5 cm pieces, put into a container with enough sterilising
solution(Section2.1.3.7 to cover, sealed and agitated gently for 35 min. Under sterile
conditions the supernatantvas poured off and replaced with sterdel,O and the
agitation repeated. Pieces were rinsed with stelflgO twice more, removed from
dH,0, gently shaken to remove excek$0, ground in liquid N and put into a sterile

container. Stored70°C.

2.1.3.11 Culture of A. melleaon MEA with autoclaved C. albicans

Malt extract agar (3@) (Oxoid Ltd., U.K.) was added to 60l dH,O, and dissolved.
C. albicanscells (4 x 10/ml final conc) were addedThe solution was autoclaved (105
°C for 30 min), and allowed to cool to 8G. Agar (25ml) was poured into 96 m petri
dishes, under sterile conditions and allowed to set. StoretiCat 4

2.1.3.12 Minimal Media (MMA) agar

Ammonium tartrate (Sectiof.1.3.9 10 ml, salt solution (Sectio2.1.3.5 20 ml, and
one carbon source fror{Section2.1.3.9 (10 g) were added to 800 ml gbl and
dissolved, adjusted to p6i8 and brought to IL with dH,O prior to the addition of agar
(20 g). The solution was autoclaved (15 for 30 min) and allowed to cool to 5C.
Where grapevine wabe carbon sourcét wasadded to cooled media after autoclaving
(Section2.1.3.10 Agar waspoured into 90 mm petri dishes, under sterile conditions

and allowed to set. Stored at@.

2.1.3.13 Minimal Media (MML) liquid

Ammonium tartrate (Sectiol.1.3.§ 10 ml, salt solution (Sectio2.1.3.5 20 ml, were
added to 800nl dH,O, adjusted to pH6.8. and brought to L with dH,O. 200ml was
poured into 500nl Erlenmeyer flasks and a single carbon source fi®ettion2.1.3.9

(2 g) was addedWhere grapevingdSection2.1.3.10 was the carbon source it was
added to cooled media after autoclavifigpe solution was mixed and flasks plugged
with cotton wool, the top wrapped in aluminium foil and autoclaved (I0Sor
30 min).
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2.1.3.14 Phosphate Buffered Saline (PBS)
One PBS tablet was added to 200 ml ob@Hlissolvedby stirring and autoclaved at
105°C for 30min. Stored at room temperature.

2.1.3.15 Phosphate Buffer Saline 0.086 Tween (PBST)
Tweenn20 (0.5ml) was added to 1L PBS Section2.1.3.14 prior to autoclaving at

105°C for 30 min. Stored atoom temperature.

2.1.3.16 Bradford Solution
One part BioRad dye reagent was added to four parts PBS and mixed. This was stored

at 4°C for one wek

2.1.4 Solutions for pH Adjustment

2.1.4.1  5M Hydrochloric Acid (HCI)
36-38 % Hydrochloric acid (43.64nl) was added slowly to a glass graduated cylinder
containing with dHO (50ml) and the volume adjusted to 160 with dH,O. Stored at

room temperature.

2.1.4.2 5M Sodium Hydroxide (NaOH)
NaOH pellets (2@) were added to did (80ml) and dissolved using a magnetic stirrer

and the volume adjusted to 160 with dH,O. Stored at room temperature.

2.1.5 A. melleaprotein extraction

2.1.5.1 Lysis buffer 17 A. mellea2-DE protein extraction

Tris-HCI (12.5 g), NaCl (2.9 g), EDTA (7.44 g), Glycerol (100 ml) were added to
800ml of Milli -Q® H,O, adjusted to pH 7.5 using 5 M HCI and volunteught to 1 L
with Milli -Q® H,0. Storage: 2C. DTT (4.63 mg/ml), Jug/ml (final) each pepstatin A,

leupeptin and aprotinin were added directly before use.

2.1.5.2 LysisBuffer 21 A. melleawhole cell lysate (WCL) protein extraction
Tris-HCI (394 mg) Guanidine HC (57.32g), DTT (154 mg)were dissolved in 8@l
Milli -Q® H,0 adjusted to pHB.6, brought to 10énl with Milli -Q® H,O. Stored at 4C.

2.1.5.3 50 mM Tris Buffer pH 7.5
Trizma base (303 mg) was added to 40Milli -Q® H,O, dissolved using a magnetic
stirrer, adjusted to pH 7.5 and brough60 ml.

59



2.1.5.4 100mM ammonium bicarbonate (NHsHCO53)

Ammonium bicarbonatéAnalR Code 103025E)395 mg), was added to a container
and brought to 5énl with Milli -Q® H,O. For immediate use.

2.1.55 10mM Ammonium bicarbonate (NH4HCO53)
Freshly madémmonium bicarbonatél00 mM, 5 ml) (Section2.1.5.4 was added to a
container and brought to 50 ml wikhilli -Q® H,O.

2.1.5.6 50mM Potassium phosphate (KHPO, pH 7.5)
Potassium phosphate (3d@)) was added to a container withdH40 ml), adjusted to
pH 7.5and brought to 5tnl with dH,O.

2.1.5.7 1M DL -Dithiothreitol (DTT) stock
DTT (154.2mg) was added tdH,O (1 ml).

2.1.5.8 1M lodoacetamide stock
lodoacetamid€184.96mg) was added tdH,O (1 ml)

2.1.5.9  Trypsin Diluent
Acetonitrile (ACN), (1 ml) was added to ramonium bicarboate (10 mM, 9 ml)
(Section2.1.5.5. Final ACN conc. 10 % (v/v).

2.1.5.10 Trypsin solution WCL (400ng/ul)
Trypsin Diluent (Section2.1.5.9, (50 pl), was added to a 2@Qig vial of trypsin
(Promega Sequencing grade modified trgpgb111).

2.1.5.11 Trypsin solution WCL agar (65 ng/ul)
Trypsin Diluen (Section2.1.5.9, (300ul) was added to a 3@y vial o trypsin.

2.1.5.12 Trypsin solution in-gel digestion(13 ng/ul)
Trypsin Diluent (Section2.1.5.9, (1.5 ml), was added to a 2Qg vial of trypsin
(Shevchenket al, 2007)

2.1.5.13 80% (v/v) Glycerol solution
Glycerol (800 ml)was added to eontainer, brought to 1 L with ¢ and mixed with
a magnetic stirrer. The solution was autoclaved at 2Xor 15min. Stored at room

temperature.
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2.1.5.14 Supenatant organic extraction buffer

Ethyl acetate (5@nl), dichloromethane (33.3 ml) and methanol (1®lY were added to
a 1 L containe(Smedsgaard, 1997%tored at room temperature.

2.1.5.15 100% (w/v) Trichloroacetic acid
A solution of 100g solid TCA (Merck Ireland, and dHO (45.4 ml)was made and
mixed well to dissolve the TCA. Stored at@.

2.1.5.16 10% (w/v) Trichloroacetic acid
TCA (100 %,(w/v) 100ml), was added to 90l dH,O. Stored at 4C.

2.1.6 Sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SD®AGE)
reagents

2.1.6.1 10% (w/v) Sodium Dodecyl Sulphate
SDS (10g) was added to 106l of Milli -Q® H,O, and dissolved. Stored at room
temperature. In the event of SDS precipitation solution was placed &€, 3mtil it

redissolved.

2.1.6.2 1.5M Tris Buffer, pH 8.8

Trizma base (18.1%) was addd to 75ml Milli -Q® H,O and dissolved using a
magnetic stirrer and the pH adjusted to 8.8 usihd HCI or NaOH (Sectior2.1.4.1or
2.1.4.2. The volume was brought to 16 with Milli -Q® H,O. Stored at £C.

2.1.6.3 0.5M Tris Buffer, pH 6.8

Trizma base (6.0%) was added to 7Bl Milli -Q® H20, dissolved using a magnetic
stirrer, adjusted to pH 6.8 using B HCI and the volume brought to 108l with
Milli -Q® water. Stored at £C.

2.1.6.4 30% Acrylamide/Bis
Protoge® (30 %) (National Diagnostics, Dublirdreland.

2.1.6.5 10% (w/v) Ammonium Persulphate (APS)
Ammonium persulphate (0g) wasaddedto 1 ml with Milli -Q® H,O. Stored at £C,
and used within 24.h

2.1.6.6 1% (w/v) Bromophenol blue solution

Bromophenol blue (0.8) was added tMilli -Q® H,O (20 ml). Stored £C.

61



2.1.6.7 0.5% (w/v) Bromophenol blue solution
Bromophenol blue (0.4) was added tMilli -Q® H,O (20 ml). Stored £C.

2.1.6.8 5 X Solubilisation buffer

Glycerol (8ml) was added tMilli -Q° H,O (4 ml), containing 1.6ml of 10 % SDS
(Section 2.1.6.) and 1 ml of 0.5 M Tris-HCI (Section 2.1.6.3, (pH 6.8).
2-mercapthoethanol (0.nl) was added to the solution with On2l of 0.5 % (w/v)
bromophenol blue solutiofection2.1.6.7. Stored in 1 ml aliquots at20 °C.

2.1.6.9 5 X Electrode running buffer
Trizma base (18), glycine (72g) and SDS (%) were added thilli -Q® H,O (800ml),
and dissolved using a magnetic stirrer. The final volume was adjusted_tore

solution was stored at rootemperature.

2.1.6.10 1 X Electrode running buffer

200ml 5 X electrode running buffeSgection2.1.6.9 was put into a 1 containe and
brought tol L with dHO.

2.1.6.11 Coomassié@Blue Stain Solution

Deionised water (60@nl), glacial acetic acid (10énl) and methanol (30@nl) were
added to a glass bottle, containing Brilliant Blue R. The solution was stored at room

temperature

2.1.6.12 Destain Solution
Glacial acetic acid (10fl) was added to 606 Milli -Q® H,O and 300m| methanol.

The solution was stored at room temperature.

2.1.6.13 Colloidal Coomassi& Fixing solution

Phospha acid (30ml), was added tailli -Q® H,O (470 ml) and ethanol (500l).
Made on day of use.

2.1.6.14 Colloidal Coomassié-FD Incubation buffer

Phosphoricacid (30 ml), was addedo Milli -Q® H,O (400 ml), methano{340 ml) and
ammonium sulphate (17§), brought up td L with Milli -Q® H,0O. Made on day of use.

2.1.6.15 Colloidal CoomassiéFD Stain solution

Phosphoric acid30 ml), was added tdJilli -Q® H,O (400 ml), methano(340 ml),
ammonium sulphate (1% (w/v) (170g) brought up to 1 with Milli -Q® H,O. Stain
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solution 100 mlwas added to each geTolloidal Coomassié Blue G250 (Serva

Germany, (0.35¢/L) was sprinkled directly onto solution

2.1.6.16 2-DE Focussing Buffer

Urea (48 g), Thiourea (15.2 g), CHAPSd)% Triton X-100 (1ml), Tris base (0.13)
added to 50nl Milli -Q® H,0 and brought to 106nl with Milli -Q® H,O. Stock solution
stared in 1 ml aliquots ait 20 °C until use. After thawing, DTTO(01 g, 65 mM fing|
was addedo 1 ml of stockwith IPG Buffer 3- 11 (8pul), 4-7 (5ul) and 6- 11 (5ul)

(Amersham Biosciences).

2.1.6.17 Equilibration Buffer

Glycerol (15 ml), SDS (1 g), Urea (18, Tris bas€300 ny) were added to 40 riMilli -

Q® H.0, adjusted to pH 6.8 and brought up to 50 ml. Stored in 10 ml aliquots at
120°C.

2.1.6.18 2-DE Reduction buffer
DTT (200 mg), final conc. 2 % (w/v)was dissolved into 10 ml equilibration buffer
(Section2.1.6.17%

2.1.6.19 2-DE Alkylation buffer

lodoacetanide @50 mg) final conc. 2.5 % (w/\) was dissolved into 10 ml
equilibration buffer (Section 2.1.6.1F and 1% (w/v) bromophenol blue solution
(Section2.1.6.6, (100ul), was added.

2.1.6.20 Agarose Sealing Solution

Trizma base (1.5 g)lycine (7.2 g) and SDS (0.5 g) were addedtti -Q® H,O (80
ml). 0.5 % (w/v) Agarose (0.9), 1% (w/v) bromophenol blueSection2.1.6.9, 200yl
were addedrad volume brought to 10l

2.1.7 0.1% (v/v) Trifluoroacetic acid
Aqueous trifluoroacetic acid(99 %), 6 pl) was added t& ml dH,O for immediate

use.

2.1.8 OFFGEL electrophoresis solutions

2.1.8.1 OFFGEL stock solution (1.25 X)

Urea (25.2 g), was put into a 5@ container with thiourea (9.4), DTT (600mg), and
glycerol (6 ml). 3-10 IPG buffer (Amersham Bioscience$p00 ul), was addal and
volume brought to 5énl with dH,O. Stored frozein 20 °C.
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2.1.8.2 OFFGEL strip rehydration solution
OFFGEL solution(Section2.1.8.) (1.25 X,280ul) was added t@0 ul dH,O.

2.1.8.3  PepCleart™ Sample Buffer
0.1% Formic acid (1ul) was added tilli -Q® H,O (800pl ) containing ACN (20Qul).

2.1.8.4 PepCleart™ Activation Solution
MeOH (3 ml) was added tdilli -Q® H,O (3 ml).

2.1.8.5  PepClead™ Equilibration Solution

0.1% Formic acid (§l) was added tilli -Q® H,O (5.7 ml) containing ACN (30Ql).

2.1.8.6  PepClearT™ Wash Solution
0.1% Formic acid (12u) was added tavilli -Q® H,O (11.4 ml) containing ACN
(600pl).

2.1.8.7 PepCleart Elution Buffer
ACN (200pl) was added tvilli -Q® H,O (180pl).

2.1.9 Liquid Chromatography Mass Spectrometry reagents (C-MS/MS)

2.1.9.1 50 mM lodoacetamide
lodoacetamide (46 mg) was added.@® mMNH4HCO; (Section2.1.5.94 (5 ml). Made

on day of use.

2.1.9.2 LC-MS/MS Buffer A
1 ml Formic &id (Fluka) was added to HPLC gradeteral L and used within 7 days.

2.1.9.3 LC-MS/MS Buffer B
HPLC gade wateX100 ml)and 1 ml formic acid were added to 89 ACN and used
within 7 days.

2.1.10 Stain, assay buffers and reagents

2.1.10.1 100 mM Sodium acetate buffer pH 5.0
Sodium acetate (8@) was added to 800 ml d&, adjusted to pH 5.0 with 9% acetic
acid andbrought to 1 L with dKDO.

2.1.10.2 20% (w/v) Bovine serum albumin (BSA)
BSA (2 g) was put into a container and brought to 10 ml withQdEnd allowed to

dissolve.
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2.1.10.3 Fluorescein diacetate (FDA) stock solution
FDA (5 mg) was dissolved in 1 nalcetone Stored frozen tar 20 °C or at 4°C in

darknessfor up to 4 weeks.

2.1.10.4 Fluorescein diacetate (FDA) working solution
FDA (40 ul) stock solution (Sectior2.1.10.3 was added to 10 ml PB&ection

2.1.3.14 and stored on ice idarkness prior to same day use.

2.1.10.5 Propidium lodide (PI) stock solution
Sterile PBS $ection2.1.3.14 (5 ml) was added to 10 mg PI. Stored in (00aliquots
ati 20°C in darkness

2.1.10.6 Propidium lodide (PI) working solution
Pl stock (10ul) solution was added to 494 sterile cold PBS (Sectio.1.3.14 and

stored on ice in darkness for same day use.
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2.2  Methods
The schematic shown iRigure 2.1 illustrates the the genomic, proteomic, nheti

and bioinformatic workflows that weemployed during thistudyof A. mellea

Culture
[
v v
Mycelia Supematant
Lyseand Lyseand Extract Organically
extract DNA extract protein protein extracted
] I I metabolites
Genome Method 2 Method 1 SDS-
sequencing Dialyse whole PAGE?2-DE +
and assembly cell lysate protein excision
l L Trvpsin digest
of protein
In-silico cDNA
database + 4
construction LC_M.S MALDI-ToF
analysis analvsis
Fy 1
cDNA database |
interrogation
|
v
Spectrum Mill SignalP/SecretomeP/TargetP

analysis and data f—*| BioEdit

—L-| ProteinGRAVY

export
Blast2G0 analysis RP-HPLC
I analysis
' v ' v
BLAST GO analysis InterProScan ‘ KEGG mapping |

Figure 2.1. Schematic of A. mellea genomic, proteomic, metalmmic and
bioinformatic workflows. Blue arrows illustrate genomic workflow; red arrows indicate
proteomic workflow; purple arrows show metab®knalysis workflow(data will not

be shown in this thesisgreen arrows demonstrate the bioinformatic workflow and
doubleheaded black lines show confirmation of thesilico A. melleacDNA database

through proteomic analysis.
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2.2.1 DNA isolation

A. melleaDNA was extracted using a ZR Fungal/ Bacterial DNA Kit (ZyR@search
Group) using a modified protocdMycelia were ground into a fine powder in liquid,N

300 mg added to tubes containing glass beads (200 mg, 0.4 mm). Lysis Solution (750
pul) was added, specimens were béadten for 2 min at 20 Hz followed by
centifugation at 10,00@ for 1 min. Supenaants (400 ul) were transferred to Zymo
Spin IV Spin Filters and centrifuged for 1 min at 7,0§0Fungal/ Bacterial DNA
Binding Buffer (1200 pl) was added to the filtrates which were then passed through a
Zymo-Spin [IC Column by centrifuging at 10,009 for 1 min. DNA PreWash Buffer

(200 pl) was added to the Zyr&pin 1IC Column which was then centrifuged for 1 min

at 10,000g. Fungal/Bacterial DNA Wash Buffer (500 pl) was then added to the spin
column which was agn centrifuged at 10,000 for 1 min. DNA was eluted from the
column following the addition of DNA Elution Buffer (100 ul) and centrifuging for 30 s

at 10,000g. DNA was precipitated by adding 3 M sodium acet%\/@ (ol.) and 3 vol
ice-cold ethanol(100 % (v/v)). Following incubation &R0 °C for 3 h, specimens were
centrifuged at 13,00@ for 10 min andsupernatarst removed. Pellets were washed
again with icecold ethanol(75 % (v/v),180 ul) followed by centrifugation at 13,0@0

for 10 min. Afte supernatantemoval, pellets were adried to remove traces ethanol
before resuspending Milli -Q® H,O (20 pl).

2.2.2 Genome Sequencing, Assembly and Annotation

A single nePCR paireeknd library was created fromA. mellea genomic DNA
according to the mbod of Kozarewaet al. (2009) with an estimated fragment size of
168+ 92 bp (inferred by remapping the reads onto the assembly witidhesoftware

(http://maq.sourceforge.nPt/ The library was run on three lanestbé Illlumina GAll

at 76 bp read lengti{Bentley et al, 2008) producing a total of 6.72 giga base pairs
(Gbp) Q20 bases. The reads were assembled with Velvet v@ZeB3no and Birney,
2008)with a kmer of 53 bp. The raw sequence dateeleen submitted to the ENA
under accession: ERP000894. Gene modalse predicted using thab initio gene
finder AUGUSTUS (Stanke and Waack, 2003Based ona close phybgenetic
relationship Laccaria bicolor was chosen as an appropriate training sequehoe
minimum length of a gene was set to 300 nucleotides. A preliminary annotation of
predicted gene models was performed using Blast@GiDeseet al, 2005) Blast2GO
(B2G) was also used to assign gene ontology (G8hburneret al, 2000)terms to all

gene models. Signal secretion peptides were predicted using SignalP(Ber3ddsen,
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et al, 2004) A. melleamultigene families were located by performing anagihinst all
BlastP database sear¢hltschul et al, 1997)the resulting hits were clustered into
families using the mcalgorithm (Enrightet al, 2002)wi t h an i npaA i on
nucleotide sequenci silico cDNA databaseén FASTA format was generated and
converted to a peptide sequence FASTA format datab@ibes database was

interrogated for all subsequeproteone investigations.

2.2.3 Phylogeneic supertree construction

Genome datawas obtained from the relevant sequencing centrEable 2.2) for
phylogenetic supertreeonstructionfrom 23 Basidionycete and 2 Ascomycete species
and a phylogenetic supertree was construdig®r. David Fitzpatrick Gene families
were aligned using the multiple sequence alignment software Muscle(E8gar,
2004)with the default settings. Using the default settings, lgised or fast evolving
regions of alignments were removed with Gblof&astresana, 2000Permutation tail
probability (PTP) test¢Archie, 1989 Faith and Cranston, 199Were performed on
each alignmet to ensure that the presence of evolutionary signal was better than
random (P < 0.05)Gene families that failed the PTP test were remo@utimum
models of protein evolution were selected udihgdelgenerato(Keaneet d., 2004)

and these were used to reconstruct maximum likelihood phylogenies in Phyml v3.0
(Guindon and Gascuel, 2003Bootstrap resampling was performed 100 times on each

alignment and majority rule consensus (threshold of 3886} were reconstructed.

2.2.3.1  Protein identification overview

As illustrated Figure 2.1), two methods of protein identification were employed.
Method 1, whereby proteiwas extracted from either mycelia or supernatant, separated
by SDSPAGE in one or two dimensions, excised from gels, digested with trypsin and
analysed by liquid chromatography mass spectrometry-MISIMS) and matrix
assisted laser desorption ionisatiomei of flight (MALDI-ToF) before bioinformatic
analysis. Method 2, whereby protein was extracted from either mycelia or supernatant,
digested with trypsin and analysed by-MS/MS directly, with no further processing

prior to bioinformatic analysis.
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Table 2.2. List of Basidiomycota genomes used in phylogenetic supertnestruction
Genome centre and subphyla are listed. The Ascomyc€@mslida albicansand

Saccharomyces cerevisiaere used as outgroups.

Species Centre Subphylum

Malassezia globos JGI Ustilaginomycotina

Ustilago maydis BROAD Ustilaginomycotina

2.2.3.2  Bioinformatic Analysis of protein data

A FASTA format fileof the cDNA protein database was saved with sequence alignment
editor BioEdit(Hall, 1999) This file was then used as a query file to select subset data
for discrete searches, whereupon a subset datal@sseonstructed for further analysis.
The online software tool Blast2GO (B2@& functional analysis and annotation tool
was employed initiall(Goétz et al, 2008) a BlastP search of the National Centre for
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Biotechnology Information neredundant database (NCBInr) was run, with the number
of hits set to ten and files saved in .xml format; a GO mappingfetkpved, after
which annotation and annotation augmentatiegre implementedinterProScar(IPS)
(Figure2.2) a n dntenfProScan GOerget o a n n wds perfornoed; @yme code
and KEGG mapping steps were run, after comqeof which GO slim wagxecuted

and combined outputgenerated

Application Databases
BlastProDom:  HMM-Smart: SuperFamily:

FPrintScan: HMM-Tigr: Gene3l:
HMM-PIR: ProfileScan: HMM-Panther:

HMM-Pfam: PatternScan: SignalP:
TM-HMM:

Figure 2.2. Application databases interrogated by InterProScan during Blast2GO

analysis of proteins

Subset databases were used to query PhdKis et al, 2004) which uses protein
sequence data to model topography of proteins with regard to transmembrane regions.
ProteinGRAVY (Stothard, 2000)nterrogation with protein sequence data returns a
number denoting the hydropathy of proteihgdrophobic showing a positive number

and hydrophilic showing a negative resulthe Centre for Biosequence Analysis
(Technical University oDenmark) SignalRPeterseret al, 2011)database was then
searched with protein sequence data for signal peptides denoting a secretion signal and
interrogation of a second w@dase SecretomefBendtsenet al, 2005) with protein
sequence data for naassical secretion signal$argetP interrogation of sequences
returns sequences which show a mitochondrial target sequence together with a score
denoting the likelihood fothe protein being mitochondrigEmanuelssoret al, 2007)

BioEdit (Hall, 1999)multiple sequence alignment tool ClustalAarkin et al, 2007)

was used to align sequencAl.softwareused for data analysis is shownTiable2.3.

2.2.3.3  Culture of A. melleaon solid media

Mycelia from culture ofA. melleaon MEA (stored at £4C wrapped in parafilm) was
used to inoculate petri dishes of agar (Secfdn3.3or 2.1.3.13. A sterile loop was
used to excise 3 5 mm mycelia that were placed into the centre of a pesh.di

Cultures were incubated at 26 for 3- 6 weeks, after which they were stored a4
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wrapped in parafilm. Alternatively, plates intended for metabolite organic extraction

were stoCed at 120

Table 2.3. Programs used for bioinformatic analysis

Program Function Reference

BioEdit A biological sequence alignment editor for alignmer (Hall, 1999)
or editing of sequences in FASTA format with links 1
exteRNAI programs e.g. ClustalW
BLAST Search of National Centre for Biotechnology (Altschul et al,
Information, norredundant database (NCBInr) for  1990)
homology to input sequence.
Blast2Go BLAST search, GO mapping, InterProS@amotdéion, (Conesaet al, 2005)
enzyme code mapping and Kegg pathway mapping
consolidation of annotation amplaphing of data in
text or graphical format by biological process, cellul:
component or molecular function.
ClustalWw A multiple sequence alignment program (Larkinet al, 2007)
GO A gene orthology classification scheme based on  (Ashburneret al,

cellular component, molecular function, and biologic 2000)

process.
InterProScan European Bioinformatics Institute InterProScan (Zdobnov and
database collection for protein signatures Apweiler, 2001)
Kegg Kyoto Encyclopedia of Genes and Genomes (KEG( (Kanehisa and Goto,
pathway pathway mapping databases show protein interactic 200Q Kanehisa et
mapping and reactions al., 2012)
Phobius Protein topology and signal prediction i.e. membran (Kall et al, 2004)

regions and signal peptides

Protein Calculates the grand average of hydropathy (Stothard, 2000)

GRAVY

SecretomeP Predicts the presence of naassical secretion signal (Bendtsen, Jenseet

al., 2004)

SignalP Predicts the presence and peptide cleavage sites of (Peterseret al,
secretion signal peptides 2011)

TargetP Predicts the subcellular location based on (Emanuelssoet al,
mitochondrial targeting and secretory peptides 2007)
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2.2.4 A. mellea- maintenance and storage

A. melleawas maintained on MEA (Sectio2.1.3.3, inoculated and grown as in

Section2.2.3.3 Plates wrapped in parafilnvere stored at aC.

2.2.4.1  Liquid Culture of A. mellea

Under sterile conditions ethanol (300 pl) was added to flasks of autoclaved liquid
media Section2.1.3.1or 2.1.3.13 which was then inoculated with melleamycelia as
follows. Agar culture (25 ml) was broken up using a sterile loop, transferred to a sterile
container with approx. 10 ml steritH,0O andshakenvigorouslyto break the mycelia

into pieces Aliquots of this liquid/agar were used to inoculate the flasks which were
incubated at 28C, either static or shaking for-@ weeks. Flasks were also wrapped in
foil to totally exclude light andyrown in static conditions at 28 for 3 - 6 weeks.

Cultures were ab grown with ethanol omitted.

2.2.4.2  Harvest and storage ofA. mellealiquid culture

Mycelia from A. mellealiquid culture were filtered through miracloth, washed with
Milli -Q® H,O (50 ml) dried thoroughly with absorbent paper, wrapped in aluminium
foil and put immediately into liquid nitrogen ¢N Stored ai 70 °C or alternéively put

into a contaner and lyophilised to drynesSupenatant filtrates werestored af 20 °C

in sterile contaiers.

2.2.4.3  Agar culture of A. fumigatus

Under sterile conditions loop of spores from a stocknidiasolutionof A. fumigatus
was streaked onto culture platgf MEA (Section2.1.3.3 and incubated at 37C for 3

days. To harvest the freshly grown spores, PESIc{jon2.1.3.15 10ml, was put onto
the dish and the surface rubbed with a sterile bent glass rod to dislodigia The

liquid was pipetted into a sterile container and used for inoculation of pedesdid

solutiors werestored at £C for up to two weeks.

2.2.4.4  Maintenance ofC. albicans

Under sterile conditions a loop of culture from a stock solutbrC. albicanswas
strealed onto culture plates of MEA (Secti@rl.3.3 and inciated at 37C for 2 days.
To harvest cultures, glycerol solutio®gction2.1.5.13, (10 ml), was put onto the
culture and a sterile bent glass rod used to wakinies into the liquid. The liquid was
pipetted into a sterile container and used for inoculation of pl&béstions werestored
at1 70°C.
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2.2.4.5  Culture of C. albicanson MEA

Under sterile conditionsa loop of culture from a stock solutiaf C. albicanswas
streaked onto culture plates of ME&dction2.1.3.3 and incubated at 37C for 30 h.

To harvest cultures, 2 ml of PB&dction2.1.3.14 was put onto the culture and a
sterile loop used to wash colonies into the liquid. The liquid was pipetted into a sterile
container. 10Qul was removed and serially diluted to 1:10100 and 1:1000. Cells
were counted on a haemocytometer atodexiat4 °C for up to four weeks.

2.2.4.6  Liquid culture and storage of C. albicans

Under sterile conditions 10@ of culture from a stock solutioaf C. albicanswas put
into 100 ml flasks containin§0 ml of autoclaved PDBSection2.1.3.]) and incubated
with shaking (200 rpm) 37C for 24 h. Cultures were harvested by pipetting into a
sterile container and cefrfuging at 4000y for 5 min. Liquid was removed and the cells

were washed twice with sterile PBS (5 ml). Unused solwtiasstored at £C.

2.2.5 Oxidative stress

Liquid static cultures ofA. mellea(Section2.2.4.])) were grown in PDB media for 28
days. Two discrete oxidative stress conditions were induced as follows:,(G) H
(9.79M, 20 pl, 1 mM final) wasadded to cultures, an equivalent volume ofilstéH,0
was added to controls, (b) Menadione (0.5 mM) in methanol plus; EE@M final),
were added to cultures, an equivalent volume of methanol was added to détuinls
Duenaset al, 1999) Cultures were incubated at 2& for 3 h with stirring ever
15min, then placed on ice and harvested immediately. Mycelia were washed wih dH
(50 ml) dried and flash frozenin,f e f or e st €r Sugewataats were Trézen
at 9C20

2.2.6 Co-cultures

2.2.6.1  Co-culture of A. melleaand A. fumigatuson MEA

Under steite conditions, petri dishes of MEA (Sectiéhl.3.3 were inoculated with
A. melleamycelia (Sectior2.2.3.3 and also in four places withAspergillus fumigatus
Af293 (5ul x 4) in PBST (Sectior.2.4.3 contining between T0and 16 conidia per

inoculation. Plates were incubated at°€5and grown for 21 weeks.
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A. mellea cultured in PDB media incubated for 24 davs at 23°C

|
' ' ' }

H,0, (20 ul, 9.79 M) Menadione (0.5 mM)FeCl;

H,0 20 uD) I mM (1 mM) in MeOH (1 ml) MeOH (1 ml)
I l ] |
L ]

Cultures incubated for 3 h at 25°C with stirring every 15 min
Mycelia and culture supematants harvested
+
Mycelial cells lvsed and protein extracted
'

Method 1 Proteins subjected to 2- DE separation and staining
]

Digital images prepared
'

Images analysed by SameSpots software
Differentiallv regulated proteins identified and excised from 2-DE gels and trvpsin digested
v
LC-MS/MS analysis
!
cDNA database interrogation
Spectrum Mill analysis and data export

¥

Bicinformatic Analysis

Figure 2.3. Workflow for oxidative stress, differential proteomiéslowed by LC-
MS/MS analysis,identification and bioinformatic analysis of differentially regulated

proteins.

2.2.6.2  Co-culture of A. melleaand C. albicanson MEA

Under sterile conditiongetri dishes of MEA $ection2.1.3.3 were inoculated with
A. melleamycelia Section2.2.3.3 incubated at 25C for one week.Four dscrete
inoculations ofC. albicans(Section2.2.4.5 per plate were carried out each with the
same number of cellsanging from 16 - 10° cells per inoculation Cutures were

incubatedor a further 24 weeksat 25°C.

2.2.6.3  Culture of plugs from A. melleaand C. albicansco-cultures on MEA
Under sterile conditions a cork borer was used to remove plugs from inoculation points

of bothA. melleaand C. albicansco-cultures andC. albicanscontrols. The plugs were
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agitated in PBS (SectioR.1.3.14 (7 ml), to suspend. albicanscells and dilutions
were made 1/10, 1/10@/1000 and 1/10000. Cell suspension (ui0vas pipetted onto
MEA (Section2.1.3.3 plates and spread using sterile inoculating loop. Cultures were
incubated at B3°C for 30 h.

2.2.6.4  Co-culture of A. melleaand C. albicanson PDA

Under sterile conditiongetri dishes of PDASection2.1.3.9 were inoculated witlA.
mellea mycelia (Section 2.2.3.3 incubated at 25°C for 8 days, inoculated with
C. albicansfrom agar culture using a pipette tip0{ cellsx 4) and grown for a further
16days.

2.2.6.5 Co-culture of A. melleaand Pseudomonas aeruginosan PDA
Under sterile conditionspetri dishes of PDA Section2.1.3.9 were inoculated with
A. melleamycelia (Section2.2.3.3 incubated at 25C for 8 days, inoculated with

P. aeruginosaylycerol stockODggo>3), (5 pl x 4) and grown for a further 16 days.

2.2.6.6  Co-culture of A. melleaand Staphylococcus aureusn PDA

Under sterile conditionspetri dishes of PDA Section2.1.3.9 were inoculated with
A. melleamycelia Section2.2.3.3 incubated at 23C for 8 days, inoculat with S.
aureusglycerol stockODgoo>3), (5 ul x 4) and grown for a furthiel 6 days.

2.2.6.7  Co-culture of A. melleaand Methicillin -resistant Staphylococcus aureus
(MRSA) on PDA

Under sterile conditionspetri dishes of PDA Section2.1.3.9 were inoculated with
A. melleamycelia Section2.2.3.3 incubated at 25C for 8 days,inoculated wih

MRSA glycerol stocKODggo>3), (5 pl x 4) and grown for a further 16 days.

2.2.6.8  Co-culture of A. melleaand Escherichia colion PDA

Under sterile conditionspetri dishes of PDASection2.1.3.9 were inoculated with
A. melleamycelia Section2.2.3.3 incubated at 25C for 8 days, inoculatewith E.
coli glycerol stockODgpo >3), (5 pl x 4) and grown for a further 16 days.

2.2.6.9 A. fumigatuswith A. melleasupernatanton agar

Under sterileconditions organic extract frorA. melleasupernatanbr methanol control
(200 pl) was added to 12.5 ml ME£Section2.1.3.3 poured and allowed to tséPlates
were inoculated with5 pl harvestedA. fumigatus conidia (Section 2.2.4.3 in
quadruplicate and incubated at 25 for 120h. Culture diameters were measured at

48 h post inoculation and every Pthereafter up to 120.
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2.2.6.10 Co-culture of A. melleaand C. albicansin PDB

Under sterile conditions ethan@00ul) was added to flasks of autoclaved liquid media
(Section2.1.3.10r 2.1.3.13 which were then inoculated with mycelia. Agar culture
(25 ml) was broken up using a sterile loop, transferred to a sterile container with approx.
10 ml sterile dHO and shaken to break the mycelia. Aliquotdho$ liquid/agar were

used to inoculate the flasks which were incubated &t28ither static or shaking for 1
week. Flasks were inoculated with albicanscells (1 x 16) returned to the incubator

and grown for a further 13ays.

2.2.6.11 Lyophilised Supeanatant in solvent

In accordance with a modified protocol fro@olemanet al. (2011) flasks from
monoc-culture of A. melleain PDB (Section2.2.4.9 or co-culture of A. melleaandC.
albicansin PDB (Sectior2.2.6.1(Q were harvested arglipernatanivasgravity filtered
through miracloth. Thesupernatantvas lyophylised to dryness and resuspended in
DMSO or MeOH at a rate of 200 mg/ml.

2.2.6.12 Plate assay ofC. albicanswith A. melleamono-culture and A. mellea
and C. abbicansco-culture lyophilised supernatants

MEA plates were inoculated wit@. albicanscells (10°, 10 or 10°) cells in PBST. The

cells were spread with sterile tungsten beads to ensure confluence. Pads of filter paper
(6 mm) were put on the surface. Supant resuspended in MeOg€olemanet al,

2011) was applied to the paper padsramge ofsupernatantoncentrations (1 mg
10mg/50 pl MeOH) from moneculture and ceculture culturesupernatarst 50 pl

MeOH was added to one pad as control (Se@i@r6.1). Cultures were incubated for

24 h at 37C.

2.2.6.13 Supenatant Organic extraction

Culture supenatant(Section2.243whi ch had bee°@ was darosiedd a't
and extracted twice with organic extraction buffer (Sec2dh5.14 2:1 supernatant

The volatiles were removed under vacuum, and organic layer resolubilised in methanol

1 th . .
/100 original volumesupernatant

2.2.6.14 Assay ofAspergillus fumigatusAf293 growth with A. melleaculture
supernatantextract in MML

A. mellealiquid cultures (10 ml) of MML (Sectio2.1.3.13 with glucose as a carbon
source were inoculatewith A. fumigatus(Section 2.2.4.3, containing 10* or 1C

conidia A. melleaculturesupernatanfL00 ml) organic extract was resolubilised in 1 ml
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methanol (Sdamn 2.2.6.13. Inoculated media (40@) was put into each of four
microfuge tubes. Organic extract (R each was added to 2 tubes and MeOH|{B5
each wasidded to the other 2 as control. Tubes were vortexed briefly to mix.

Inoculated media (200l) was added to twenty further tubes? t@nidiato ten and 19

conidiato a second ten.

Samples were diluted serially by withdrawing 20 from the microfuge tués
containing organic extract or methanol and adding it to one of the tubes containing
inoculated media only, mixing well and withdrawing 2@Dand adding it to a tube
containing media with the same cell concentration. Six dilutions were obtained.
Duplicaes from each dilution (10Ql) were added to a 96 well plate. The plate was
incubated at 37C for 96 h. The optical density of wells (Abs 540 nm) was measured on
a BioTec Synergy HT Plate reader running KC4 (V.3.3 Rev 10) at 24 h, 48 h &and 96

2.2.7 Protein Extraction

All protein extraction was carried out af@.

2.2.7.1  Bradford Protein Assay

Stock solution of BSA (10 mg/ml) was prepared and diluted in PBS (Sexfidh19

to give solutions of known protein concentration (as well as a blank PBS control) to
generate a protein standard curve. Samples of known concentratipl) (@&e mixed

with Bradford solution (Sectio2.1.3.1¢, (980 ul), to give a final volume of 1 ml.
Protein samples to be assayed (#)) were mixed with Bradford solution (Section
2.1.3.16, (980 pl), to give a final volume of 1 ml. Following 10 min incubation,
absorbances were determined using a spectrophotometersgatn AEppendorf
Biophotometer). A graph of #s,m Versus BSA concentration was plotted and the
protein concentration of the samples was calculated from the curve. All samples were

prepared and analysed in duplicate.

2.2.7.2 Method 1- A. melleamycelial lysate protein extraction for 2-DE
separation of proteins

A. melleamycelia were harvestedSéction2.2.4.9, ground to very fine powder in
liquid N, using a pestle and mortar and weighed. PMSF (100 mM) was aiteety
to mycelia at dinal concentration of InM. Lysis buffer Section2.1.5.) was then
added(2 ml/g). A probe sonicator (Bandelin Sgrtos HD2200) Cycle 6, Power @
was used to generalgsates in six 10 s bursts, coolinthe sample on ice for one min

between bursts. Lysataverefrozen in liquid N, thawed on ice and sonicated as before.

1



Mycelial lysates were centrifuged at 3,20@r 15 min to remove cell debriSamples

were removed to clean tubes, sonicated on Fisher Scientific FB15050 Sonicating
waterbath, centrifuged at 14,090or 15 min and agai placed into a clean tub€old

100% (w/v)TCA (Section2.1.5.15 stock solution was addesb that it comprised 1%

(v/v) of the final solution. Samples were vortexed and kept on ice for 1 h. The samples
were centrifuged at 14,008 for 15 min. The liquid was removed and Ip&d were
washed with icecold acetone. Samples were put on ice overnight. The wash step was
repeated twice more with centrifugation at 10,0§Gor 5 min each time. -BDE
focussing buffer $ection2.1.6.1§ was added to each tube at a rate ofl/y of ground
mycelia. Samples were centrifuged for 5 min at 13,@)0Protein concentration was

then quantified using the Bradford Protein Asgagction2.2.7.]).

2.2.7.3 Method 2A - A. melleamycelial whole cell lysate (WCL) protein
extraction for direct LC-MS/MS analysis

Mycelia were harveste(Gection2.2.4.2, ground to very fine powder in liquidJNising

a pestle and mortar and weighed. WCL Lysis Buffeeqtion2.1.5.9 was added to
mycelial mass at the ratio of 6 ml/g mycelia. A peaonicator (Cycle 6, Power 20,)
was used to generate a lysate in six 10 s bursts, cooling samples on ice 1 min between
bursts to generate a whole cell lysate. Sampleg wentrifuged at 14,000 g for 15
min and liquid removed to a clean tube.3Gvas retained for determination of protein
concentation using a Bradford assay (SectihR.7.). After sonicaiton, 1M DTT stock
(10 pl/ml lysate) was added. This was incubated atG&or 30 min, allowed to cool to
room temperature andM iodoacetamide (5hl/ml of lysate) was added. The solution
was incubated in darkness at rodemperature for 20 min. The lysate was dialysed
twice using MWO03115 dialysis tubing, againsta&dl0O0 mM ammonium bicarbonate
(Section2.1.5.9, (2 x 50 volumes),dr at least 3 on each occasion, with stirring, at
4 °C. The denatured protein was put into a clean.tBlezipitates of denatured prtein

was present after dialysislaterial wasstored afi 20 °C prior to trypsin digestion

2.2.7.4  Method 2B Whole cell lysate(WCL) of lyophilised A. melleamycelia
protein extraction for direct LC-MS/MS analysis

Lyophilised mycelia (100 mg) were placed into microfuge tubes withmem3tungsten
bead and beaten at 3 for 5 min. WCL lysis buffe(Section2.1.5.2 (500 pl), was
added to the tubes and beaten as before. A furthen200CL lysis buffer was added
and samples incubated for 1 h on ice. Tubes were centrifuged at gF@0P min and
liquid removed to a clean tube. M DTT (Section2.1.5.% (5 ul) was added and
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incubated at 56C for 30 min. Samples were cooled to room temperature afaduR7
1 M iodoacetamidéSection2.1.5.9 was added. Tubes were incubated in the dark for
20 min. The liquid was transferred to dialysis tubing (MWO031IE)e lysaé was
dialysed twice using MWO03115 dialysis tubing, against cold 100 mM ammonium
bicarbonatgSection2.1.5.9, (2 x 50 volumes), for at leasttBon eactoccasion, with
stirring, at 4°C. The denatured protein was put into a cléalme; a precipitate of

denatured protein was present after dialysis. Stated0 °C.

2.2.7.5  Extraction of secreted protein fromculture supernatants prior to SDS
PAGE

This protocol wa adapted fronfragneret al. (200). Supenaant, frozen ati 20 °C
(200 ml) for a minimum of 12 h was defrosted and centrifuged on a at 48 ,@0TC)
for 30 min. Thesupernatamivas removed to a cleaontainerand concentrated ifold
by lyophilisation 100% (w/v) TCA stocksolution Section2.1.5.19 was added to the
conentrate so that it comprised 20 (v/v) of the final solution. This was mixed and
incubated on a roller overnight 4°C. Samples were centrifuged at 1, °C) for
45 min. Trisbuffer (Section2.1.5.3 (50 mM, 2 ml) was added to i®ld acetone (8
ml), final concentratin of buffer 20%(v/v). The pelletwasted with + 2 ml of this
solutionand was centrifuged for 3 miat 9,400 (4 °C). The wash step was repeated
twice with 2 min centrifugation each timafter which it was washed with omel of
ice-cold acetone, centrif@gl for 2 min, air dried and stored a0 °C. Prior to
separation by SDBAGE, 1M DTT (Section2.1.5.7 (10 ul), 10% (w/v) SDS(Section
2.1.6.2 (10 pl) and 5X solubilisation buffer $ection2.1.6.8, (10 ul), were added to
solubilise theprotein.

2.2.7.6  Concentration of secreted protein fromculture supernatants

This protocol was adapted froRragneret al. (2009) Supenaant, frozenat120 °C
(200 ml) for at least 12,hwas defrosted and centrifuged at 48,@0@ °C) for 30min.
Thesupernatantvas put into a clean containendlyophilised to dryness.&nples were
storedi 20 °C, resolubilised indimethyl sulfoxide(DMSO) or MeOHat 10mg/ml for

use in plate assay.

2.2.7.7 Extraction of secreted protein from agarfor SDS-PAGE or direct
LC-MS/MS analysis(Methods 1 and 2)

This protocol was adapted frommcombination of two protocolémanakaet al. (2010)
andFragneret al (2009). Cultures grown on an agar medium were ground gently using

a pestle and mortar to break up the agar butte@rind mycelia. KHPQO, (Section
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2.1.5.6, (50 mM, 50 ml) was added gradualtp a 25 ml agar culturérhis wa agitated
overnightat 4°C. The liquid was gravity filteretbefore being cenfuged at 48,00Q (4
°C) for 30 min andsupernatarst wee put into clean container100% (w/v) TCA stock
solution(Section2.1.5.15 was added to thiequid so that it comprised 1% (v/v) of the
final solution. @mples were mixed and incubatednoa roller overnight at £C,
followed by cetrifugation at 1700y (4 °C), 45 min. Tris-buffer (Section2.1.5.3, (50
mM, 2 ml) wasadded to ice coldcetongfinal concentration of Triduffer 20 %(v/v)).
This solution (1-2 ml) was used to wash the pellet. This was centrifuged for 2amin
9,400g (4 °C) and washed twice more with centrifugation for 1 rat®,4009g (4 °C),

after which it was washed with rhl of ice-cold acetoneair dried and stored a0 °C.

Routinely,120 ul 1 M DTT, 10pl 10 % SDS(w/v) and 10ul 5 X solubilising buffer
(Section2.1.6.9 wereaddedto pelletsprior to separatin by SDSPAGE. Altanaively,
pelles weretrypsindigestedandproteinwasanalysedlirectly by LC-MS/MS.

2.2.8 Sodium Dodecyl Sulphate Polyacrylamide Getlectrophoresis (SDSPAGE)

2.2.8.1  Gel Electrophoresis(SDSPAGE)
SDSPAGE gels, both stacking and separating, were prepared accordi@gnamli
(1970) (Table 2.4). The gels were cast usir§joRad gel casting apparatus (BioRad,

CA. , USA) according to the manufacturer 6.

Samples were prepared by adding 1 volume of 5 X solubilisation bufésti¢s
2.1.6.9 to every 4 volumes of sample to a 1.5 ml microfuge tube. Tubes were pierced
on the lid and boiled for 10 min before being loaded onto the gel wiiarailton
syringe. A prestained protein marker (BioLabs, UK) was loaded into one well.
Electrophoresis was carried out initially at 60 V for 30 min, followed by Electrophoresis
at 120 V for 1 h or more, depending on the nature of the sample, uXirfiguhnng

Buffer (Section 2.1.3.8), until dye front was 0.5 cm from the bottom of the gel.
Following electrophoresis, gels were either placed in (i) Staining solution (Section
2.1.6.1) overnight with gentle agitation and subsequently placed istala solution

(Section2.1.6.12 for 30 min or (ii) submitted for Colloidal CoomaséiBlue Staining

(Section2.2.8.3.

2.2.8.2 Colloidal Coomassi€ Blue Staining
Gels were fixed overnight in fixing solution (Secti@rl.6.13. This was followed by

three 20 min washes in MH(D® H,O. Gels were princubated for 1 h in incubation
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buffer (Section2.1.6.14 before being stained for betweerb4ays in stain solution
(Section 2.1.6.15. Gels were destained by repeated changing of HflliH,O to

remove background staining.

Table 2.4. Reagent volumes used for SIPAGE preparation.

Reagent Stacking Separating
Mini Mini Gel Large Gel
Gel
Acrylamide% 4% 750% 10% 12% 10% 12%
0.5M TrisHCL pH 6.8 (ml) 0.63 - - - - -
1.5 M TrisHCL pH 8.3 (ml) - 1.75 175 1.75 15.75 15.75
10 % (w/v) SDS (ul) 25 70 70 70 605 605
30 % (w/v) Acrylamide/bis 0.33 1.73 2.33 2.83 20.93 25.35
Acrylamide (ml)
Deionised HO (ml) 1.53 3.66 3.08 233 27.68 20.85
10% (w/v) Ammonium 50 25 25 25 225 225
persulphate (ul)
TEMED (ul) 5 575 5.75 575 522 522

2.2.8.3  lIsoelectric Focussing (IEF) and2-DE

Protein (250 - 300 pg) was resolubilised in -DE focussing buffer (250ul)
(Section2.1.6.16, centrifuged at 12,009 for 5 min to remove insoluble material and a
few crystals of bromophenol bluedded A pipette was used to load sampédsng the
length of13 cmIPGphor strip holders. A forceps was used to placdR@ strip, gel
side downinto the holdeon top of the sample excluding any bubbl€ke strips were
then overlaid with 1 ml of Overlay fluid (GE Healthcar#é)e plastic cover was put on
top, the IPGphor sfpi holders placed on IPGphor Il IEF uaitd subjected to isoelectric

focussingaccording to the program fable2.5.

Table 2.5. IEF program

Voltage Time (h)
Step 50 12
Step 250 0.25
Gradient 5000 2

Step 5000 5
Gradient 8000 2
Step 8000 1
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Following IEF, IPG strips were equilibrated2-DE reduction buffer $ection2.1.6.18

for 20 min, followed by equilibration in alkylation buffe8éction2.1.6.19 for a further
20 min. IPG strips were then rinsed irXIElectrode Running buffeiSgction2.1.6.1Q
before being placed on top of a homogenous-BBSE gel, using a forceps. Gels were
overlaid withagarose sealing solutio®éction2.1.8.4), which was allowed set before
the gels were placed intbe PROTEAN Plus Dodeca Cell (BIRAD) according to the
manufacturer's instructions. The upper and lower chambers were filled wikh 2
electrode runningbuffer, 1 X electrode running buffer respectively. Gels were
electrophoresed for 1 h at 30and 30mA per gel for the remaining time until the dye
front was 2 cm from the bottom of the gebllowing electrophoresis, gels were either
placed in (i) Stainig solution Gection2.1.6.1) overnight with gentle agitation and

subsequently placed in @gain solution $ection2.1.6.13 or (ii) Colloidal Coomassié

Blue Staining $ection2.2.8.3 was carried out.

2.2.9 Comparative proteomics SameSpat softwareanalysis

A. mellealiquid cultures which had been subjected to oxidative stress (S
were harvested (Sectigh2.4.3, mycelia protein was extracted aseparatedby 2-DE
(Table 2.4 and Section2.2.8.3, and gelswere stained with Colloidal Camassie
(Section2.2.8.9. Digital images of gels were recorded usmdCCD sanner. Image
quality was inspectedmageswere aligned normalised and replicates groupesing
ProgenesisSameSpots softwa in line with workflow recommended by software
developerSpots were selectedr excision and-C-MS/MS analysis based onpa<0.05

Anova value fronBameSpotanalysis and visual inspection.

2.2.10 Protein Digeston methods

2.2.10.1 Digestion of WCL mycelial samples

All microfuge tube weresiliconised with Sigmacote. Samples whole cell lysate
(Section2.2.7.3 or lyophilisedwhole cell lysate(Section2.2.7.9 were vortexed, and
100 pl put into microfuge tules. Trypsinsolution (Section2.1.5.10Q (400 ngpl, 5 ul)
was adde@ndincubatedovernight at 37C.

2.2.10.2 Digestion of agar samplesgor direct analysis by LC-MS/MS
Trypsin solution (Sectio2.1.5.1), (65 ngful, 50 ul), was added to microfuge tubef
protein extracted from agaBéction2.2.7.7, and incubatedvernight at 37C.
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2.2.10.3 In-Gel Digestion of SDSPAGE samples

An in-gel digestprotocol according toShevchenkoet d. (2007) was utilied. All
microfuge tubes were siliconised with Sigmacddme or two dimensional gels were
rinsed in dHO, (a) SDSPAGE gel bandswere excised using disposable scalpels
cleaned in methanoBandsapprox(2 mmx 4 mm)weretransferred to microfuge tubes

(b) selected gel spots fro@DE gels were excised using a pipette tip from which the
tapered end had been cut and transferred to microfuge tuB@smM ammonium
bicarbonate (Sectio.1.5.9 was added to the microfuge tubes to cover the gel pieces
and incubated at room temperature for 1 h to destain the gel pieces; liquid was removed.
If the gels were heavily staingthe pieces wer destained a second time. Acetonitrile
was added to cover the gel pieces and incubated for 20 min at room temperature and
ACN removed.Trypsin solution(13 ngful) (Section2.1.5.12, 50l was added and the
microfuge tubes were left on ice for 30 min. The tubes were checked to ensure the gel
pieces were covered with solution and returned to ice for a further 90 min with
occasional vortexing, and incubated overnigh87°C. The samples were subjected to
sonication on a waterbath for 10 min then centrifuged at 13000 10 min and the
supernatarst removed to a fresh tube. Gel pieces were store@@fC. The samples
weredried under vacuumrhermo Scientific Saant DNA120 Speediva@and stored at

1 20°C for aralysis byLC-MS/MS.

2.2.10.4 OFFGEL peptide digest

A whole cell lysatg2.2.10.) (approx 50Qug) wasput into a microfuge tubélrypsin
solution (Section2.1.5.10Q (400 ngpl, 5 pl) was added and incubatex/ernight at
37°C. 360ul of the whole cell lysate tryptic digest was put into a clean microfuge tube
with 1.25X OFFGEL solution2.1.8.2, (1.44ml).

2.2.11 OFFGEL peptide electrophoresis

An Agilent 3100 Fractionator was used for electrophoresis. 2G &rips were placed

into OFFGEL tray as per manufactuieinstructions. A twelve well frame was fitted

and 40ul rehydration solutionSection2.1.8.3 was pipetted into each well. Two wetted
electrode pads were put on each end of the strip. The gel was rehydrated for 15 min and
150 ul OFFGEL peptle digest $ection2.2.10.4 was pipetted into each well and the
cover seal fitted. dkD (10 pl) was pipetted onto the electrode pald®s cover fluid,
(200pul), was pipetted onto anode end of the IPG strip and. Jonto the cathode end.

An additional 200ul was applied to both ends aftemiin and the tray fitted into the

fractionator. Fractionation was started using the default peptide program OG122PEOQO.
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Once frationation was completed fractions were collected into separate microfuge
tubes which were dried by vacuum centrifugepCleafR” sample buffer (67ul) was
added to each sample. Samples were sonicated on a water bath for 10 mitotwice
ensure they wereni solution. PepCledd C-i5 spin columns (Pierce, U.S.A.) were
prepared by tapping to settle resin. The caps were removed and sgllaned into
receiver tube PepCleaH" Activation solution was added (2Q0) (Section2.1.8.3 to

each, washing the colunwalls andcentrifuged at 150@ for 1 min. Flowthrough was
discarded and this was repeated. PepCleaiquilibration solution (200 pl)
(Section2.1.8.5 was added, tubes were centrifuged at 1§0@r 1 min. This was
repeated. Samples were loaded on top of resin, clean receiverwabeused and
columns centrifuged at 1803 for 1 min. Flow through was recovered and reloaded
onto the resin to ensure sample binding and centrifuged at §5@8 1 min.
PepCleafWash solution (20Q1) (Section2.1.8.§, was added to each tube which was
centrifuged at 150@ for 1 min and flowthrough discardedThis washing step was
repeated twice more. Columns were placed into new receiver tubes and P8pClean
Elution Buffer (Sectior2.1.8.% (20 ul) was added to each, centrifuged at 1%50for

1 min and this was repeated using the same receiver tubes. Samples were evaporated

under vaccum for storage b€-MS/MS analysis.

2.2.12 MALDI -ToF Mass Spectrometry

2.2.13 MALDI ToF Matrix Preparation

Trifluoroacetic acid (Sectiof.1.7, (0.1 % (v/v)in Milli -Q® H,0, 500ul) was added to
an equal viume of ACN. To this solutioniJ-cyano-4-hydroxycinnamé acid(4-HCCA)

(5 mg) was added. The mixture was vortexed foni@ and allowed to stand at room
temperature for 1Bin. The mixture was vortexed for 30and centrifuged at 12,0@0
for 1 min, thesupernatanivas retained. Inted calibrants Angiotensifragmentlll and
human ACTH18-39 were addedn sufficient concentratiorio be identified inmass

spectraabove background.

2.2.14 Target preparation and MS analysis.

Aliquots of peptide solution from ingel digest of SDSAGE sampls (Section
2.2.10.3 (2 pl) werediluted 1:1 with the matrix sample siliconised microfuge tulse
Matrix/peptide sample (0.4ul) was transferred to anndividual position onthe
MALDI -ToFtarget slide and allowed to air dry. Samples were prepared in duplicate and
each slide submitted for MALBToF analysis contained at least one spot ofraste

calibration mix (LaserBio labs, Proteomix C104).4 pl) as well as each spot
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containing intend calibrants, Angiotensin fragment Ill and human ACTH3® All
samples were subjected to delayed extraction reflectron MALdH analysis with a
nitrogen laser (337 nm) at 20 kV using an Ettan MAJIF Pro mass spectrometer
(Amersham Biosience). Spectra were calibrated, before ma®$2 (lists were

interrogated against
(i) a FASTA version ofA. melleain silico cDNA protein database

(i) the NCBInr databast search for protein hits byomologyagainst proteing other

organsms.

Criteria were set as monoisotopic peptide tolerad@gopm and 2 missed cleavages
with variable modifications set as oxidation of methionine and carbamidomethylation

for all database searches

2.2.15 Liquid chromatography mass spectrometry {C-MS/MS)

An Agilent 6340 ESI ion trapwith system software V6.2 wassed to determine the
identity of peptides or moleculedgilent recommended settings were usedviBe
serum albumin (BSA) standafd0 fmol) wasanalysedjdentified and used to verify
accuracyof identification and optimum machine functionalibefore samples were

analyed.

2.2.15.1 LC-MS/MS analysis of Whole cell lysate

Whole cell lysatedigess from mycelia Gection2.2.7.3, lyophylised mycelia (Section
2.2.7.9 or agar Section2.2.7.7, (20 pl) were spin filtered (Agilent Technologies
0.22um Cellulose Acetate) prior taC-MS/MS analysis.Samples were dilutedt a

range of(llloo'l' 1) in LC-MS/MS Buffer A (Section2.1.9.3. Preliminary analysis was
performed with serial dilutions ranging fro}ﬁlooto neatsampleuntil spectral intensity

was sufficiently high to identify proteins from background.

A high capacity loading 156m, 300A, C-18 chip with a 9nm, 160nl trap column
(G424062010)was used for sample analysfn initial 10 min gradient oEC-MS/MS
Buffer B (Section2.1.9.3 method was followed by gradient optimisation based on
peptide retention time and spectral intensity of irdlial samplesTestgradients(A 1

G) are shown ifTable2.6.
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2.2.15.2 LC-MS/MS analysis of SDSPAGE samples

Samples from SD®AGE, 2-DE (Section2.2.10.3 gel digests which hableen dried by
vacuum centrifuge wereeconstituted in 2Qqul Buffer A (Section2.1.9.2; OFFGEL
peptide electrophoresis samples (Sectib@.1]) reconstituted in 50ul Buffer A
(Section2.1.9.2 wereanalysed using ProlD 150 (l1), 156nm, 300A, C-18 chip with

a 9mm, 40nl trap column (G424®2006). Aalysis of bands or spots excised from
polyacrylamide gelsvas by Program A. Program A followed ByogramC was used
for the analysis of OFFGEL peptide eleophoresis samplg9able2.6).
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Table 2.6. SeventestLC-MS/MS gradiens showing%B vstime (min).

Program A Program B ProgramC ProgramD Programk Programk ProgramG
Solvent Time Solvent Time Solvent Time Solvent Time Solvent Time Solvent Time Solvent

Time (Min) 500 (min) B(®%) (min) B(%) (min) B(%) (min) B(%) (min) B(%) (min) B (%)
0 5 0 5 0 5 0 5 0 5 0 5 0 5
1 5 1 5 1 5 1 5 20 15 40 15 100 11
7 70 17 70 60 50 120 70 350 40 160 30 340 16
8 100 18 100 63 100 121 100 360 48 480 36 540 21
9 100 23 100 66 100 126 100 365 100 570 48 690 28
10 5 24 5 67 5 127 5 370 100 595 100 710 40
375 5 600 100 715 100
605 5 720 100
725 5
Flow rate 0.6 0.6 0.4 0.6 0.4 0.4 0.4
(ul/min)
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2.2.15.3 LC-MS/MS Chromatogram analysis

Protein identificationwas performed usingdgilent G2721AA Spectrum Mill MS
Proteomics Workbenckoftware(Rev A.03.03.084 SR4An A. melleain silico cDNA

protein database Section2.2.2 in FASTA formatwas downloadedto the Spectrum

Mill database folder The database was renamed PmAlleain accordance with
Agilent instructions, the initaPA denoting a protein databada the SpectrumMill

protein database utilities taimdices were created for the newly downloaded database
and the database list was updatedw M3IMS datafilesfrom LC-MS/MS analysis(.D
format) were uploaded tohe Spectrum Mill server for analysis.Data files were
extracted using default criteria. MS seagshvere then performed using the following
criteria tryptic enzymatic digestwith fixed modification carbamidomethylation of
cysteines and two variable modifications, deamination and oxidation of methionine.
Two missed cleavages were allowed. The minimum scored peak intensity was set to 70;
with precursor mass tolerance- .5 Da and product mass tolerance @/7. The
maximum ambiguous charge was set to 3, witleguence tag length3>and minimum
detected peakset to 4. Reversed database scores were calculated. Autovalidation was
used to validate files using the Agilent default settings for proteins and then peptides.
Figure 2.4 is a schenatic of a worklow from Agilent andable 2.7 shows peptide

scoring system for validation of resu{@pectrum Mill MS Proteomics Workbench)

Start here.
Collect and transfer data to
Spectrum Mill server

Preprocess spectral files(Data I Set search parameters and run
Extractor page ) searches (MS/MS Search page)

1

Summarize valid results Validate medium-quality results Validate highest-quality results
(Protein/Peptide Summary manually (Protein/Peptide automatically (Autovalidation
page ) Summary page ) page)

F Y
.

o you want to
process the data
further?

Create a final results summary

{Protein/Peptide Summary page )
End here.

Figure 2.4 Schematic workflow from Agilent Spectrum Mill guidelines. The boxes

outlined in red were used in this study
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Table 2.7 Agilent Spectrum Mill guidelines for validating ion trap results based on
MS/MS Search swres

Peptide Quality Peptide Likelihood of valid interpretation
score fragmentation
13-25 Excellent Extensive When combined witl SPI of 70 orgreater,

very likely to be valid

9-13 Good Substantial When combined witio SPlof 70 orgreater,
likely to be valid

6-9 Mediocre Moderate Review results to determine whether

interpretation is valid

3-6 Weak Sparse Not likely to be valid

2.2.15.4 Mycelial microscopy
Mycelia (1 mm) were excised and suspended in a drop of water on a glass slide, a cover
slip placed on top and pressed with blotting paper to absorb excess liquid. Slides were

sealed with a colourless lacguand allowed to dry prior tmicroscopy

2.2.15.5 Live/dead cell stainingof C. albicans

This protocol was adapted frodones and Senf{1985) C. albicanscells (Section
2.2.4.50r Sectio2.2.4.§ were harvested in PBSéction2.1.3.14 and 2x 10 cells

either live or dead by autoclaving for at 1Z1 for 15 min,wereplaced ina microfuge
tube.Cells were pelleted by centrifagjonat 4000g for 5 min at 4°C. 100ul (2 pg) of

FDA working solution $ection2.1.10.4 and 30pul (0.6 pg) Pl working solution
(Section2.1.10.§ was put directly onto cells which were incubated 3@ min in
darkness. Tubes were centrifuged as before and stain removed. Cold PBS (1 ml) was
added to the cells and vortexed. Tubes were centrifuged as before and liquid removed. 1
ml 20 % (w/v) BSA (Section2.1.10.2 which had been kept on ice was put onto pgllet
mixed to resuspend peltetcentrifuged as before and BSA removed, leaving
approximately 5@l. 1 - 3 pl was pipetted onto a large cover gliff6x 26 x 0.17mm),

spread to an area of 10m? and allowed to dry at 4C. Samples were viewed dmyp

cover slip was put on top as water causes cells to excrete fluorescein. Slides stored in

the dark at room temperature for aplt week.
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2.2.15.6 Live/Dead staning of C. albicanscells from ccculture

This protocol was adapted fromones and Senft (1985L. albicanscells from
co-culture (Section 2.2.6.9 inoculation points excised using a sterile cork bevere
suspendedn PBS (7 ml) (Section 2.1.3.14 Cell suspensionliquid (1.5 ml) was
removed to a clean tulandpelleted by centrifugation at 40@Xfor 5 min at 4°C. 100

pl (2 ug) of FDA working solution (Sectio.1.10.4 and 30ul (0.6 pg) PI working
solution (Sectior.1.10.§ was put directly onto cellwhich were incubated for 30 min

in darkness. Tubes were centrifuged as before and stain removed. Cold PBS (1 ml) was
added to the cells and vortexed. Tubes were centrifuged as before and liquid removed.
1ml 20 % (w/v) BSA (Sectior2.1.10.2 which had been kept on ice was put onto the
pellet, mixed to resuspend the pellet, centrifuged as before and BSA removed, leaving
approximately 5@l. 1 - 3 pl was pipetted ot a large cover slide (76 x 26 x 0.17 mm),
spread to an area of 10 rhand allowed to dry at 4C. Samples were viewed dry; no
cover slip was put on top as water causes cells to excrete fluorescein. Slides stored in

the dark at room temperature for up tavdek.

2.2.15.7 Confocal microscopy

Olympus FluoView 1000 (FluoView FV1ASW V.1.07 software) was used to
visualise prepared mycelial slides (Sectih@.15.4 or stained ells (Section2.2.15.5
Section2.2.15.9.

2.2.15.8 Data analysis
Data was exported from Spectrum Mill and analysed udiyosoft Excel® pivot
tables.

Statistical analysis was carried out in EXcelsing a {test and graphs generated in

Excel unless stated otherwise.
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Chapter 3 Genome sequence amgsisof A. melleaand in silico cDNA
database construction and annotation

3.1 Introduction

3.1.1 Sequencing

AlthoughA. melleais a virulent pathogen, little is known about it at a molecular
level (Baumgartneet al, 2011)and genome sequencing is a first step in addressing this
deficiency. Whole genome sequencing enahleaysis of an organism and comparison
across different phyla. A core proteome can be deduced, to provide insight into
processes and development of an organism, compared with organisms of the same or
different phyla (Francois et al, 2010; FernandeEueyo et al, 2012) Where an
organism is newly sequenced, protein functions ba inferred through homology.
Comparison with protein networks in other organisms can establish possible interaction
partners in protein complexes. Bioinformatic analysis of protein domains permits the
preliminary appraisal of the functions of novel seqgces. Sequence data can be mined
for compounds with biotechnological application, such as proteins with bioactive
properties (e.g. antibiotic, cytotoxic or fibrinolytic), or industrial relevance (lignolytic or
cellulolytic enzymesjAranteset al, 2012)

Since highthroughput DNA sequencing has played a major part in revealing
fungal genome datdFitzpatrick et al, 2006; Vanden Wymelenberg al., 2006;
Kamperet al, 2006; Srivatsaret al, 2008; Martinet al, 2008; Ohmet al, 2010)
particularly from basidiomycetes, and because it was deployed for explorationAaf the
melleagenome, the evolution and principles of the technique vl the described.
Sanger sequencing, or first generation sequencing technology, was developed in 1977.
It is based on fragmentation of templ&®&lA and synthesis of complementary DNA
strands from denatured template DNA, which are terminated by a fluorescent
dideoxynucleotide detectable by lag8hendure and Ji, 20Q8)his sequencing method
is accurate (99.999%) and fragment lengths are long-$800bp). However, its
throughput is low (1.9 ~ 84 Kb/run) and the cost of sequencing is high ($2,400/million
bases), making this type of sequencing prohibitively expensive and slow, although
recent improvements have increased the rates of data outpué figre throughput
sequencing systems, also known as next generation sequencing (NGS) systems were
reviewed byLiu et al. (2012. The systems were the Roche 454 sequencer, the AB
SOLID system and the lllumina GA/HiSeq system. This review details the NGS

systems, their advantages, disadvantages and relative costs. The difference between
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these systems and the older Sanger sequencing technology is that in NGS, many
fragments are sequenced at the same time, known as parallel sequencing, resulting in
very high throughput (0:120 Gb/run), low cost ($0.7 $10/million bases)DNA
sequencing. Téa disadvantages of the NGS parallel processing systems are shorter read
lengths (501 700 bp) and reduced accuracy {989.9 %). However, as sequencing is
considerably cheaper using these methods, more coverage and repeat sequencing can be
carried out.

Illumina sequencing begins by randomly fragmenting DNA by sonication.
Exposed ends are repaired by addition of dNT®$A polymerase and polynucleotide
kinase, which produce blunt endBdNAwi t h phosphoryl ated 50
30 e n dadenylatedeAdaptes are then ligated to each endy addition of
oligonucleotides to phosphorylated and adenylaldA fragments Figure 3.1)
(Shendure and Ji, 2008)he adapters have PCR and sequencing primer annealing sites,
as well as an index sequence. This index allows different samples to be (tihoteda
Inc., 2012)and electrophoresis is then usegoot DNA fragmentdy size

.,\E:S

Rd1 5P _ P

Index "RaoSP 1P P

P7

1. Adapters with PCR, sequencing primer
annealing site and index are added to DNA

Rd1 SP Rd2 SP /
* Index
Index ,"Ra2 Sp Rdi SP
P7 P5
2. Adapters are ligated to DINA
; P5 Rd1 SP DMA Insert Index
Rd2 SP P7

3. Templates are denatured and amplified
prior to hybridation to flow cell surface

Figure 3.1. Template preparation for addition #oproprietaryflow cell. Adapters with

PCR, sequence primer annealing site and inslEguencesre ligated to DNA and
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amplified. P5 oligo, red; P7 oligo, green; Rd1l sequencing primer site, yellow; Rd2

sequencing primer site, blue, Index, black; DNA, dillymina Inc., 2011)

The templatdDNA fragments arelenaturedandsingle stranded DNA templates
added to a lllumina proprietaryflow cell which has a carpeof oligos that bind the
adaptes, and consequentlyo the fragmers of template DNA. These templates are
duplicatedby addition of unlabelled nucleotides and polymerasé, bind covalently to
the flow cell surface The templates are amplified to generate hundreds of millions of
unique clusters through isothermal bridge amplication. The reverse strands, those
attached to P5 oligos on the flow cell, are removed by washing, the template ends are
blocked and DNA primers added to the templéliasmina Inc., 2011; Ansorge, 2009)

Nucleotides modified with a chacally cleavable, specific reporter fluorophore
for each of the four bases and a 36 hyd
terminator are added to the flow cell with a polymerase adapted to accommodate these
dNTP modifications. All four nucleates are added at the same time and compete to
bind to the template, thus complementary nucleotides are incorporated one at a time into
the newly synthesiseDNA and unincorporated nucleotides are washed away. A laser
excites the fluorophores which emit at wavelength specific to each base, thus
identifying the newly added bases. This flow cell image is captured and the base added
to each cluster determi ned. The 306hydr orx
chemically in preparation for the additiohtbe next base. Cycles of base incorporation,
imaging and chemical cleavage follow until each DNA template has been sequenced
(Figure 3.2 and Figure 3.3). Hundred of millions of clusters are sequenced in parallel,
generating the very large datasets characteristic of lllumina sequé&tiagdure and
Ji, 2008) A stepwise summary of this approach, known as sequencing by synthesis, is

shown inFigure3.2 andFigure3.3.

lllumina sequencing is constrained by short read lengths, as more than one base
can be incorporated, or the terminator may bleat&ve and not block addition of bases
(Dohmet al, 2008; Voelkerdinget al, 2009) In both of these cases the sequence is out
of phase with the other sequences in a cluster. A second error type where cleavage of
either the terminatoor the fluorescent moiety is not completed, generates signal decay
or noise. As clusters are comprised of identical sequences, short reads are not
problematic, but as reads become longer, errors accumulate, thus limiting read length. A
read length of 150p has an error rate of less than 0.1% using this techn(mgym et
al., 2008; Voelkerdinget al, 2009)
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L

Prepare Genomic DNA Sample

N,

Adapters

2\

— 2

Attach DNA to Surface

Randomly fragment genomic DNA and ligate adapters to both ends of the
fragments.

— B

Bridge Amplificaton

Bind single-stranded fragments randomly to the inside surface of the flow
cell channels.

4

Fragments Become Double Stranded

Add unlabeled nudleotides and enzyme to initiate solid-phase bridge
amplification.

— 5. Denature the Double-Standed Molecules

The enzyme incorporates nucleotides to build double-stranded bridges on
the solid-phase substrate.

6_ Complete Amplification

Denaturation leaves single-stranded templates anchored to the substrate.

Several million dense clusters of double-stranded DNA are generated in
each channel of the flow cell.

Figure 3.2. lllumina Sequencing, Steps & (lllumina Inc., 2010)
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7 Determine First Base : — 8 Image First Base

The first sequencing cycle begins by adding four labeled reversible After laser excitation, the emitted fluorescence from each cluster is captured
terminators, primers, and DNA polymerase. and the first base is identified.
9. Determine Second Base S 1 O. Image Second Chemistry Cycie

The next cycle repeats the incorporation of four labeled reversible After laser excitation, the image is captured as before, and the identity of

terminators, primers, and DNA polymerase. the second base is recorded.
— 1 1 Sequencing Over Multiple Chemistry Cycles — — 1 2. Align Data
.
@
G
® e
L4 1
GLIGAIGTGECBLETCALTCCGOIGG
®e s * |
CACICCIGICS
1 | CICACTCCROIGG
GIGCCACCTICA
L] ATGIGCCACCICACIC
Y GIGECBLCTCACICAIG
® e CTIECHIGIGG
1 G e et e
‘ R et e D s
® o
b
® G G
s GCTGA...
The sequencing cycles are repeated to determine the sequence of bases in The data are aligned and compared to a reference, and sequencing
a fragment, one base at a time. differences are identified.

Figure 3.3. lllumina Sequencing, Steps12 (lllumina Inc., 2010)
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Millions of short sequence reads approximately 100 bp, are generated by NGS.
These are aligned and assembly algorithms are used to compile the short read lengths
into larger contiguous DNA sequences called conigeefly, reads are aligned so that
bases from one sequence overlap the same bases in another and thus contigs are built up
from millions of overlapping reads, using bioinformatic softw@terbino and Birney,

2008) Scaffolds are assembled from contig overlaps. A schematic of read alignment for
contig assembly is shown iRigure 3.4. Where resequencing is being undertaken a
reference genome may be used to align sequgibenina Inc., 2010)as shown in
Figure 3.3 12, where the top line is the reference (purgdbe} in the case ofie novo

sequencing this is not an option

Multiple assembly programs have been developed for KSzkiewicz and
Studholme, 2010)Analysis of homopolymeric and repetitive sequences of short read
length are problematic, although accurately sequenced, algorithims are required to

assemble thenmto contigs.

ATCGGACTTGGTTGCCAGTGACAGTGAACG
GGACTTGGTTGCCAGTGACAGTGAACGTA
ACTTGGTTGCCAGTGACAGTGAACGTAG
GGTTGCCAGTGACAGTGAACGTAGA
TGCCAGTGACAGTGAACGTAGAAT

) 4

ATCGGACTTGGTTGCCAGTGACAGTGAACGTAGAAT

Figure 3.4. Schematic of read aligment and sequence ddgdrom sequencing reads

On completon of this process contigs are subjected to interrogation by gene
finding software, which searches the contigs for genes. AUGUSTUS was the program
used in this studgStanke and Waack, 2003ylathematical models of biological signals
such as translation staand stop sequences or splice sites are used by gene prediction
software. Wherede novosequencing is undertaken, an already sequenced organism
which might be expected to have a similar gene structure is used as a training set for
mathematical models ofege structure in the organism being sequer{&anke and
Waack, 2003)Laccaria bicolorwas used in conjunction with AUGUSTUS softwa®
a training set forA. melleagenome sequence annotatidtidden Markov Models

(HMM) are used to train software to recognissid@mmycete introns which may have
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specific sequences or have similar lengthenomic data processing is then complete
and a protein database is generated from genomic data. Genes and protein motifs from
related organisms show genesahilarity, thus enbling genes and their structures to be

deduced from newly sequenced d@tanke and Waack, 2003)

3.1.2 Genome

The first basidiomycete genome sequence, th& chrysosporiuma whiterot
fungus, presented difficulty iab initio gene finding. Organisms from other goloms
and phyla were used as comparative models to deduce homology, which was
particularly difficult for more novel genes and approximately 10,000 genes were
predicted(Martinezet al, 2004) The genome of. bicolor was sequenced in 2008 and
was twice as big as that &f. chrysosporiumwith approximately 20,000 genes. It
lacked plant cell wall carbohydrate degrading enzymes which might have been expected
in this fungus but retainetthe ability to degrade other polysaccharides, thus providing
insight into the lifestyle of this symbiotic and saphrotrophic mycorrhizal fu(igastin
et al, 2008)

Protein signature domains and motifs enable categorisation of proteins into
families and the number of protein families and the average number ofinzqgter
family was shown to increase with the size of the gendMartin et al, 2008)
Corresponding to sequencing technology acceleration, the number of sequenced
organisms and accuracy of sequencing in recent years, bioinformatic and proteomic
information has increased exponentia(Riffle and Eng, 2009) A recent study
indicates that while the numbers of entries in the NCBI database since 2003 has
remained fairly constant only about 50% of the entries in that build are represented in
the current database, due to constant revision and uf&atetmet al, 2012) However
Sirotaet al. (2012) allude to the fact that a number of well studied proteins have been
removed. Carbohydrate esterase (CE) family 10 proteins are one case in point, where
the Carbohydratéctive Enzymes sitewyww.cazy.org no longer updates this class of

protein as their activity is now known to be much broader that previously thought and
this classification is obsolete, howeveBBAST search still identifies proteins as CE10,
but they cannot é annotatecsa single functional class. Other databases sudR&s

can be used tdurther identify protein domain signatures and motifs within their

sequences enablimgore accuratannotation.

It is against this background of rapidly developing tecbggl continuously

emerging genome sequences and-ebanging data repositories, that the present work
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was initiated. Given the importance Af melleaas a plant pathogen, and dearth of
knowledge regarding its biology and virulence, the objectives ofvtitk presented in
this chapter were:

1. To sequence and annotate the melleagenome, and construct am
silico cDNA database for detailed analysis, and subsequent proteomic investigations.

2. To undertake a phylogenetic analysis Af melleaand to reval its
position, and nearelatives in the basidiomycete phyla.

3. To carry out a detailed bioinformatic analysis and survey ofthaellea
genome.
4. To identify, categorise and carry out a detailed bioinformatic analysis of

the major protein familiesnreoded by the predictel melleacDNA database.
5. To illuminate that status of hypothetical and predicted proteins, in
addition to detection of ank. melleaspecific proteins, encoded within the predicted

melleacDNA database.
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3.2 Results

3.2.1 Sequencing and database setup

lllumina GA Il sequencing system was used in this study, with read lengths of
76 bp which had a Q20 score, inferring 99% accuracy in base d&lvigg and Green,
1998) NGS analysis ofA. melleaDNA yielded 6.72 Gbpof sequence datdNucleotide
reads of Hength (kmers) which overlap byXknucleotides are used to assemble contigs
(Zerbino and Birney, 2008Kmers are shorter thasequence read lengths and 53 bp
kmers were used in this study. VELVET, a program developegdeblyino and Birney

(2008) was used to assembe melleacontigs and results are shownTiable3.1.

Table 3.1. Genome assembly statistics farmellea(Vahl:Fr) Kummer DSM 3731.

Scaffolds Contigs
N50 36,679 bp 5,485bp
Largest 639,705 bp 154,911 bp
Count 4,377 15215
Total Length 58,358,34Mp 71,738,977 bp

The initial genome assembéndcorrespondingd. melleaaccession numbers

available from the following web addreskitp://armillariamellea.com/A. mellea

protein coding genes\ (= 14473) with an average length of 1575 ,dmd an averag
1228bp coding sequence length with average exon length of 218ndpon average
4.72 intronggene.In the case oA. melleaaverage intron length was found to be 73.62
bp. These data are comparable to the gene statistics desv@ assembly data of two
closely related fungi for which sequencing data is availabéblé 3.2) (Martin et al,

2008) A number of coding sequences% 957) were below the threshold for minimum
gene length. The numbers of protein coding genes {4473) is similar to that of.
cinerea (n = 13544) and somewhat lower thanbicolor (n = 20614)(Table 3.2 and
Figure3.5) (Martin et al, 2008) From thes@rotein coding genesucleotide sequences
were translated into their corresponding protein equivalents using-aouse perl
program written bypr. David Fitzpatrick An in silico cDNA proteinsequence database
was hus generated in FASTA format and converted to a peptide sequence FASTA
format databaseGenes were numbered sequentially on contigs and corresponding

proteins were given a unique numeric identifier, AMXXXXX.
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Table 3.2. Gene statistics foA. mellea(Vahl:Fr) Kummer DSM 3731

A. mellea L. bicolor C.cinerea

Genome Assembly (Mb) 58.3 64.9 37.5
Number of proteircoding genes 14473 20614 13544
Coding sequence <300 bp 957 2191 838
Average gene length (bp) 1575 1533 1679
Average coding sequence length (I 1228 1134 1352

Average exon length 217.5 210.1 251
Average intron length 73.6 92.7 75
Average number of introns per gen 4.72 4.44 4.66

3.2.2 Phylogenetic supertree

A representative genome species tree consisted dfag@liomycete species and 2
ascomycete outgroup$§igure3.6). In total 8860 homologous gene families (contam

4 or more genes) were identified using a previously described randomised BlastP
approach(Creeveyet al, 2004, Fitzpatrick et al, 2006, Pisaniet al, 2007) Gene
families (0 = 2,924) that failed thpermutation tail probabilityRTP test(Archie, 1989;
Fitzpatrick et al, 2006) were removed, leaving a dataset of 5,936 gene famillfess.
number of gene families iA. melleais considerably larger than the number of gene
families inC. cineraand comparable to the number of families determindd bicolor
(Martin et al, 2008)(Figure 3.4).

Genefamilies were used to reconstruct supertrees using gene tree parsimony
(Page, 1998Slowinski and Page, 199@nhplemented in the software DupTree version
1.48 (Weheet al, 2008) Figure 3.6 shows a basidiomycete supertree and the arrow

indicates the position &. melleain the overall phylogenetic relationship.
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Figure 3.5. The number of protein families compared with numbers of protein coding
genes in sequenced basidiomycete species (AdaptedMestm et al, 2008a) Number

of A. melleagene families shown is as a red circléne number of A.mellea protein
families is greater than expected given the genome size in compadsother

basidiomycetes.
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— Dichomitus squalens

Polyporales
100 Cranoderma sp. 10597
100
Postia placenta
100 Cerinorionsit siuh ,
i) Ceriporiopsis subvermispora
Corticiales Phanerachaete carnosa
1id Phlebia brevispora
Homebasidiomycetes —Armillaria mellea -1—
10
Agaricales 100 Maniliaphthora perniciasa
100 Aparicus bisporus
100 Caprinopsis cinerea
100
100 —Laccaria bicolor
100 Caniophora puteana
Boletales| 100 Paxillus involutus
100
Serpula lacrvmans
. . Tremella mesenterica
Agaricomycotina Tremellomycetes

100

100

Cryptococcus neaformans

100

Cryptococcus pattis

Microboiryomyeetes — Sparobolonmyces roseus
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Puccinia graminis
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Candida albicans
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Figure 3.6. Basidiomycete phylogenetic supertree: Supertree is derived frog® 5,9
individual gene families. Basidiomycotina subphyla, class and orders are shown where
applicable. Numbers along branches represent bootstrap support values. Two
Ascomycete speciesCéandida albicansand Saccharomyces cerevisjadave been

chosen as an ayrioup.Arrow indicatesA. mellea
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3.2.3 Genome analysis and protein families

Analysis of theA. melleagenome has been undertaken using a range of
bioinformatic and proteomic analysis tools, to ident proteins encoded bythe
genome. As littleA. melleagenomic and proteomic data has been publigbediate
homologous sequence information from other organisras wged to annotate the
genone. Information which is publig available include databases whose information is
specific to particular types of prn (vww.cazy.org (Lombardet al, 2010; Henrissat
and Bairoch, 1993; Henrissat, 1991; Coutinbbal, 2003; Cantareét al, 2009) to

domain specific protein signature predictidriti://www.ebi.ac.uk/interppo(Hunter et

al., 2012) or structural information which has been experimentally determined
(http://www.rcsb.ord in other organisms. Crodéimked database information such as
that retrieved by Bs2GO (B2G) (Conesaet al, 2005) whereby all information

pertaining toan individualproteintakenfrom many different databases suahCAZy,

the IUBMB Enzyme Nomenclature lisenzyme codes and KEGG paftdty mapping

may be viewed in tabular formandis invaluable in genome annotation

Thein silico A. melleacDNA protein database was initially analysed using B2G
(Conesaet al, 2005)and datamining tools were used to visualise results in graphical
format. B2G, a program which combines searches frdifferent databases, initially
interrogates the NCBInr database with sequeriesaovosequences are annotated by

searching the NCBInr databasehttp://blast.ncbi.nlm.nih.ggv for homologous

sequences. Conserved sequences within phyla will return annotation, hofee\er,
newly sequenced organism such Aasmellea less conserved sequescexhibit no
BLAST homology Figure 3.7A showsa breakdown of BLAST annotation: functional
annotation, hypothetical proteins, predicted proteins Andnelleaspecific proteins
were 59% 16% 6% and 19% respectively. Gene Ontology (GO)
(http://www.geneontology.org/from organisms sequencef® novois less than from
organisms which have already been sequenced, but complete genes are not necessary to
identify attributes of (i) molecular function, (ii) biological process or (iii)lutar
component associated with a sequeasellustrated inFigure 3.7B, where 57% ofA.
mellea proteins had GO annotatiomPS combines a number of protein rectigni
resources into a single tool, based on recognition of conserved protein domain
signatures and motif&Zdobnov and Apweiler, 2001gnd Figure 3.7C illustrates IPS
annotation percentages where only 8% of proteins did not hgvaramotationFigure

3.7 illustratesthe genome annotation percentages obtained from the three different
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search methods. More proteins were annotated using IPS search, as theteete
databases are searched fommology, protein motifs, protein fingerprints, signal
sequences and mathematical protein models, thus parts of proteins can used to infer
functionality (Zdobnov and Apweiler, 2001; Huntet al, 2012; Mulder and Apweiler,
2008)(Figure3.7).

BLAST genome annotation

(/ Blast

annotation
|II 59%

Unigue
19%

Hypothetical
16%

Predicted
6%

GO genome annotation

B.

III GO
annotation
\ 57%

InterProScan genome annotation

InterProScan
02%

Mo IP5
8%

Figure 3.7. Genome analysiBy Blast2GOannotation ofA. melleaprotein database\.
BLAST annotation: Protein sequences homologous to proteins with known functions
59%; Proteins homologous to proteins whose function have been preadistico and
are MAhypot hedeingi@ddicted( 1f Gri8)ligo anRlysis of ORK6%), as

well as A. melleaspecific proteing19%).B. Gene ontology (GPannotation Proteins

with GO in molecular function, biological process or cellular component 57%; Proteins
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with no GO 43% C. InterProScan(IPS) annotation: Proteins for which a domain

signatue or motif annotation was returned: 9286pteins with no IPS annotation: 8%

3.2.3.1  Survey of A. melleaproteins

A. melleacDNA data analysed by B2G was categorised by biological process,
cellular component and molecular function to give an overview of broatkipro
categories. One feature &2G analysis is generation of combined graphs for large
datasets of complex data. These are directed acyclic graphs (DAG), which use GO
annotation of sequences to determine molecular function, biological process and cellular
component for sequences where thesist. These graphs are hierarchical and enable
visualisation of complicated data by GO term association of sequences. Nodes which
represent a GO term are generated and node scores are determined from the number of
sequences associated with that termyauoweer, colour intensity of nodes with high
scores aids visualisatiorFigure 3.8). From these DAGmore simplified multilevel
graphs which show the statistical remestion of genes from the lowest category at
each node may be generated. The number of sequences belonging to a category is
shown graphicallyConesa and Gotz, 2009)hese visual outputs do not show all of the
sequences in the dataset, as they would have too many components, rather, they give an
overview of sequence distribution.

[7] blast2go/B2G_Example_Files/annot_interpro_annex_example.dat - Blast2GO at CIPF - V.2.3.5 N
File Blast Mapping Annotation Analysis Statistics Select Tools View Info

E— [co:0007067,Go:0016021 | @ @ [ransportbinding;apoptosis | @ % [sPo_2518,0Dx18 HUMAN | @ %
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Imitogen-activated EV2E Kinase aciviy Eprotein aming acd phosconatior: IPRO00719; ]
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Figure 3.8. Combined graph screenshotRiast2GO(Conesa and Gotz, 2009)
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The largest proportions oA. melleagenes categorised by biological process
(Figure 3.9), was DNA metabolic processn(= 1142). Research Collaboratory for
Structural Bioinformatics protein data bank (RCSB 1 PDB,
http://www.rcsb.org/pdb/homeaccessed®2.09.2012), lists 1606 different eukaryotic

proteinsassociated wittDNA metabolic process, the majority of which are transferases,
but include hydrolases, lyases anddoreductase®\. melleahas representation in 71%

of proteins in this categoryindicating that these are highly conserved proteins.
Processemvolve DNA replication, repair, recombination and structure. As a proportion

of all genes involved in biological processes, this category almost outweighs the next
three categories: catabolism £ 594), carbohydrate metabolism £ 388) and protein
modification g = 376) together. This signifies the importance DNA processing to the
organism as it supercedes the energy production and growth together. Protein
modification genesn(= 376) are more nuarous than amino acid metabolisn¥ 319),
indicating the importance of pestanslational modifications (PTMs) in the organism.
Cell signalling 6 = 230) and regulation of downstream cellular process is next most
important category. Transcription BINA prior to protein synthesis and relevant genes

(n = 217), is the next most abundant category. Lipid process gere$q7) encodig
proteins which catalyseeactions and pathways involving hydrophobic molecules
including fatty acids, sterols and glycerotipi functioning as cell membranes, energy
storage and signalling molecules form the next most substantial class. Gene ontology
for response to stress € 179) is next in rank, followed by ion transpant£ 122) and
generation of precursor metabolites witie liberation of energyn(= 98). The smaller

categories of bioprocess proteins are showrigare3.9.
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Figure 3.9. Biological process.GO multilevel representation of all proteins from tAe melleacDNA database ideified following Blast2GO
annotation; identification obiological procesproperty domains defined byttp://www.geneontology.otgGO annotation from the lowest nodes of
GO hierarchy in the category of moleculanétion is shown. Numbeis bracketsndicate the number of proteins in each category.
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A view of the genome cellular component clasdggure 3.10) shows protein
complexesif = 403) as the largest class of cellular components. Ribosome proteins are
the next most significant class. Proteins in the nucleoplasm form the next category (
112). Mitochondrial proteinsn( = 100) have almost theasie number as nuclear
proteins signifying the importance of these proteins. Cytosolic proteirs95) were
lower than the previous categories and comprised 8 % of the total. The endoplasmic
reticulum (ER) § = 61) protein functions range from transpoot ¢haperones and
hydrolases. Nucleolar proteine € 42) which comprise those involved DNA and
RNA processing, cell cycle and cytoskeleton proteins are represented. Golgi apparatus
proteins ( = 41) for processing, sorting and transporting proteins is the next most
numerous class. RCSB - PDB search for Golgi lists proteins with such diverse
functions as lipid and peptide binding, transport and membrane proteins. Smaller classes
of cellular compaoent can be seen Fgure3.10.
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Figure 3.10. Cellular component. GO multilevel representatn of all proteins from thé\. melleacDNA database identified following Blast2GO
annotation; identification ofellular componenproperty domains defined thttp://www.geneontology.orgcO annotation from the |laagt nodes of
GO hierarchy in the category of molecular function is shown. Numbdnscketsndicate the number of proteins in each category.
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A. melleanucleotide binding proteingi(= 1206), are the most abundant class
categorised by molecular functioRigure 3.11). This corresponds with the numbers in
the DNA metabolic process genes in the biological prockeda Figure3.9). RCSBI
PDB search of these proteins lists 2761 eukaryotic proteins in this category, which
denotesthat A. melleais representeih 44% of proteins in tis class. Taken together
with the next most abundant group, RNA bindimg=< 649), they account for a very
large proportion of all molecular functions. These proteins are diverse and complex and
form macromolecules that regulate transcription, translatioeplication and

modification of nucleic acids.

Electron carrier activity proteingn(= 314), are generally membrane bound,
metalcontaining proteins such as cytochrome C or flavoproteins accepting or donating
electrons. They are involved in a broad range molecular functions, cellular
respiration, redox signalling and proteosome activity. Protein kinases 429) are
involved in signalling and regulating protein activitlamel et al, 2012) Histone
modification, cell cycle and stress signalling are some of the molecular functions of this
group as classified by AmiGO the GO browser and earch engine

(http://amigo.geneontology.ong/The dructural moleculer{ = 164), molecular function

categoryincludes such proteins as extracellular matrix structures, protein complex
scaffolds, structural cotisients of chromatin and ribosomes. AmiGO defines
carbohydrate bindingn(= 45) molecular function proteins as noavalently binding

and interacting selectively with carbohydrate moieties and AmiGO lists 6591 protein
products conforming to thidescription, which include oligosaccharide, disaccharide

and monosaccharide binding.
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Figure 3.11. Molecular function. GO multilevel representation of all proteins from themelleacDNA database identified following Blast2GO
annotation; identification ofmolecular functiorproperty domains defined bytp://www.geneontology.otgcO annotation from the lowest nodes of
GO hierarchy in the cagery of molecular function is shown. Numbéndracketsndicate the number of proteins in each category.

111


http://www.geneontology.org/

A subset of proteins in therotein databasevhich Blast2GO annotated as
containing PFAM domainshftp://pfam.sanger.ac.yk(Puntaet al, 2012)(n = 475)
was surveyed and analysed. These included proteins determiBed\BY searchd be
A. melleaspecific genesn(= 4), hypotheticalrf = 56), predictedr{ = 24) and proteins
whose sole annotation were topological featunes {30). This enabled a more specific
analysis of proteins with functional regions than those identified by T®@re were
twenty-seven PFAM functional domains which had more than 3 genes associated with a
particular function Table 3.3). The most abundant wereblex like domams ( = 119).
Alpha-beta hydrolase folds 5 and 6 had sevdwty domains and ankyrin repeats
twenty-eight.

Table 3.3. Summary of PFAM domains with annotation gfeater than3 genes

showing numbers o&. mella genes attributed to each domain

CP:]:?(;T; Pfam Description Qérr‘r;esllea
PF12937 F-box-like 119
PF12697 Alpha/beta hydrolase fold 6 67
PF12796 Ankyrin repeat 28
PF12706 Betalactamase superfamily domain 13
PF12710 Haloacid dehalogenadi&e hydrolase 11
PF12874  Zinc-finger of C2H2 type 9
PF05729 NACHT domain 8
PF11895 Domain of unknown function (DUF3415) 8
PF06330 Trichodiene synthase (TRI5) 7
PF11790 Glycosyl hydrolase catalytic core 7
PF12770 CHAT domain 7
PF04193 PQ looprepeat 5
PF07691 PA14 domain 5
PF12695 Alpha/beta hydrolase fold 5 5
PF12799 Leucinerich repeat 5
PF00637 Region in Clathrin and VPS 4
PF12708 Pectate lyase superfamily protein 4
PF02114 Phosducin 3
PF07534 Top-leveldomain(TLD) 3
PF10433 Mono-functional DNAalkylating methyl methanesulfonate N 3
term
PF11700 Vacuole effluxer Atg22 like 3
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Pfam Pfam Description A. mellea

Code genes
PF11717 RNA binding activityknot of a chromodomain 3
PF12352 Snare region anchored in the vesicle membrater@inus 3
PF12763 Cytoskeletalregulatory complex EF hand 3
PF12783 Guanine nucleotide exchange factor in Golgi transpert N 3

terminal
PF12848 ATP-binding domain of ABC transporters
PF12998 Inhibitor of growth proteins Nerminal histonébinding

3.2.3.2  Carbohydrate Active Enzymes (CAZy)

A survey of theA. melleagenome against th€arbohydrateActive Erzyme
(CAZy) database was carried otittp://www.cazy.org Cantarelet al, 2009)and the
data compiled into familiesT@ble 3.4) (A. melleaaccession numbers in accompanying
CD file Seq_BLAST_IPS.xIsx)Interrogation of theCAZy database with sequences
from theA. melleacDNA databaseeturned hitsr{ = 442) against proteins in t@AZy
database. Further analysis by Center for Biological Sequence analysis (CBS) prediction
server [ittp://www.cbs.dtu.dk SignalR identified 172 of these with classical secretion
signals, of which 53 conitaed transmembrane regions. Prediction by TargetP targeted
six of these to the mitochondrial membrane. Analysis by CBS SecretomeP identified

proteins ( = 168) with nonclassical secretion signals.

CAZy analysis of the genome followed by a comparativdyarsaof plant cell
wall (PCW) degrading enzymes M melleaand other fungi with sequenced genomes
was performedAmselemet al, 2011 Fernande#ueyoet al, 2012; Martin et al,
2008) When compared with other basidomyces®wn inTable 3.5, A. melleahas
27% more PC\Widegrading CAZys than average for this dataset while it has 1% more
PCWtdegrading CAZy than the average ascomycete, thusnelleahas a CAZy
enzyme arrayharacteristic of both ascomycetes and basidiomycétgsg 3.5). The
number ofA. melleacarbohydrate esterases was almost twice that.ofinerea a
basidiomycete, the fungus with next highest abundance. The numbers of glycosyl
transferases and pectin lyases both showed closer similarity to Ascomydetdsare
cellulose and pectin degradingnd do not degrade wood. Numbers of Glycoside
Hydrolass (GHs) were compable with fungi from both basidiomycete and
ascomycet@hyla The number of. melleaGH genesrf = 223) show greater similarity
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to ascomycetes than to basidiomycetes as can be seérable 3.5. Among
basidiomyceteschizophyllum commur{e = 236) possessethore GH enzymes than
A. mellea
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Table 3.4. CAZy annotation ofA. melleagenome carbohydrate active enzymes. http://www.cazyagtarelet al., 2009)

Carbohydrate Binding Modules Total
Family CBM1 CBM13 CBM21 CBM48 CBM48/GH13 CBM5/CBM12/GH18 CBM50 7
Number 3 4 2 1 1 1 3 15
Carbohydrate Esterases Total
Family CEl CE4 CES CE9 CE9/GH128 CE10 CE10/GH1 CE14 8
Number 5 16 9 11 1 54 1 1 98
Glycoside Hydrolases Total
Family GH1 GH2 GH3 GH3/CBM1 GH5 GHG6 GH6/CBM1 GH7

Number 8 1 16 1 7 1 1 4

Family = GH9 GH10 GH11 GH12 GH13 GH13/CBM20 GH15 GH15/CBM20
Number 1 6 2 4 7 2 3 2

Family GH16 GHI18 GH20 GH23 GH25 GH27 GH28 GH29

Number 16 10 2 1 1 5 17 3

Family GH30 GH31 GH35 GH37 GH38 GHA43 GH47 GH51

Number 2 5 7 3 1 5 11 3

Family GH53 GH61 GH61/CBM1 GH63 GH71 GH72/CBM43 GH75 GH76

Number 2 21 1 1 7 1 2 4

Family GH78 GH85 GH88 GH92 GH109 GH125 GH127 GH128 48
Number 1 1 3 4 8 1 2 6 223
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Glycosyltransferases Total

Family GT2 GT3 GT4 GT4/GH13/GT5 GT8 GT15 GT17 GT20

Number 38 1 7 1 3 5 1 4

Family GT22 GT24 GT28 GT32 GT35 GT39 GT48 GT49

Number 1 1 1 2 2 4 2 1

Family GT50 GT57 GT58 GT59 GT6e1 GT66 GT69 23
Number 1 1 1 1 7 1 4 90
®Polysaccharide Lyases Total
Family P°PL1  PL3 PL5 PL8 g
Number 5 8 2 3 °18

CAZy are families grouped according to structural domain and module similarity. Genes are grouped into CAZy classesrasub@atibgorised by family. Below each family is
shown with the number &%. melleagenes encoding for each family. Totals represent the number of families and proteins in edPhottissclass, polysaccharide lya%el1,
olysaccharide lyase family iNumber ofA. melleagenes identified as belonging to polysaccharide lyase fan{iy= 5). “Total number of polysaccharide lyase families identified

from the protein database € 4). °Total number ofA. melleapolysaccharide lyase proteins identified from the datalvaselg).
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Table 3.5. A. melleaplant cell wall degrading enzymes compared with other fungi

Organism Phylum Attributes %CE °"CBM °GH ‘GT °PL 'EXPN
Armillaria Mellea (Vahl:Fr) Kummer DSM3731  Basidiomycete Necrotroph/White rot -lignin 98 15 223 90 18 20
Ceriporiopsissubvermispora Basidiomycete Non-phytopathogenic White rolignin 16 37 170 67 6 11
Coprinopsis cinere®kayama 7 (#130) Basidiomycete Non-phytopathogenic 51 89 211 71 13 15
Laccaria bicolorS238NH82 Basidiomycete Mycorrhizal 19 26 163 88 7 12
Phanerochaete chrysosporium Basidiomycete Non-phytopathogenic White retignin 17 48 177 66 4 11
Schizophyllum commur4-8 Basidiomycete Non-phytopathogenic White Réignin 30 30 236 75 16 19
Postia placenta Ma®98R Basidiomycete Non-phytopathogenic Brown Ret 18 20 145 71 8 13
cellulose
Aspergillus nidulangGSC A4 Ascomycete Non-phytopathogenic Model organisn 31 41 251 92 21 1
Aspergillus nigelCBS 513.88 Ascomycete Necrotrophic 24 40 243 111 8 1
Podospora anserin& mat+ Ascomycete Non-phytopathogenic Model organisn 41 97 226 86 7 2

4CE carbohydrate esteras€BM carbohydrate binding moduléGH glycoside hydrolas€'GT glycosyl transferaséPL pectin lyase'EXPN expansinsA. melleadata is bold.
Highlighted in yellow is the organism with the highest ocenre of this class of enzynfEernande#ueyoet al, 2012;Martin et al,, 2008)
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3.2.3.3  Glycoside hydrolases (GH)

Glycoside hydrolases degrade and modify cell wall components such as chitin,
cellulose and pectin, with activity against the celllsvaf fungi, plants and bacteria
(van den Brink and de Vries, 201X3lycoside hydrolases were the major group of
CAZys (n = 223) and familiesr( = 48). A breakdown of the activities &. mellea
glycoside hydrolases and their associated families is showralte 3.6, (A. mellea
accession numbers in accompanying CD file Seq_BLAST_IPS.Xsg}ein families
with differential abundance in th&. melleagenome compared with other fungi include
a number of GH enzyme familied. melleahad greater abundance of GH1 family
(n = 8) than any of the comparative specie3able3.5. GH3 famly  a -glecosiglases
and degrade cellulosA. melleaGH3 enzymes (n=17) are more numerous than in other
basidiomycetedior examplethe white rot fungu®. chrysosporiumn comparison has
eleven Table3.5). GH15 a glucoamylase famik. mellea(n = 5), hydrolyses glucose
polysaccharides such as starthglucose monomerdt has been widely desbed and
characterised in bacteria and eukarydté e | et &l, 2011; van den Brink and de
Vries, 2011) The number of GH15 family genes A melleais greater than all other
fungi in Table3.5. GH27 family are multifunctional enzymeath arabinopyranosidase
and galactopyranosidase activ{{fyakamotoet al, 2010) and are implicated in stress
resistance and cell wall integriffWest et al, 2009) Pectolytic enzymes auld be
expected to be more numerous in ascomycetes than basidiomycetes, Autribiea
genomeencodesmore than twice the numbesf GH28 enzymes than any other
basidiomycetelisted in Table 3.5. GH28 enzymes showed correlation between the
number of duplications in a genome and pathogenicity, in a 69 species comparison of
non-pathogenic and biotrophic fungi which have fewer GH28 genes, with necnatroph
species which have greatly increased numfi®psockettet al, 2011) The only fungus
from Table 3.5 possessing more GH28 genes tlhammellea(n = 17)is A. nigerwhich
has n = 21 while other fungi in have an average of five GH28 enzymes. This
observation supportthe findings ofSprockettet al. (2011) asA. melleais a virulent
pathogen.Harris et al. (2010) showed thatGH61 family has negligible hydrolase
activity in fungi, but that GH61in the presence of divalent metal ions, increased the
lignocellulytic enzyme activity of other glycoside hydrolgsegfold. GH61 genes are
highly abundant irA. mellea In biofuel production, cocktails of enzymes are required
to breakdown lignocellulose. In view the abundance of GH enzymés mellea it
may be suitable as a single source of enzymes for biofuel production as it not only has

abundant GH6Iamily enzymesput also has many lignocellulytic enzymés.mellea
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GH75 chitosanase (Am10471 and Am7009), identified in bacteria and ascomycetes but
not to date i n b aldiinkagesmstveentbriosaminelresiduese s b
of patly acetylated chitosan. During fungal growth, cell walls are continuously repaired
and reconstructed by chitinases and chitosan@sdser and Specht, 2009). mellea
GH109 family U-N-acetylgalactosaminidase has to date only beemtified in
prokaryotic exoglycosidasgmssessean unusual mechanism using NAD a manner
indicative of an oxidoreductasleut not requiring a divalent metal ion. The enzyme was
characterised byLiu et al. (2007) in Elizabethkingia meningosepticumA
biotechnological application of this unigaetivity which cleaves GalNac, is synthesis

of universal red blood cells from A and AB blood groups. GalNac isAtlaatigenic
moiety of blood groups A and AB and enzymatic cleavage of this enahleet al.

(2007)to convert group A blood type to group O blood type.

Table 3.6. A. melleaglycoside hydrolase activities and associated families

Uni-Prot/CAZy eH _ No-
Family genes
U-1,66mannanase GH76 4
U-amylases,cyclomaltodextrin glucanotransferase GH13 9
Ugal act o-dacktggalactosamibidaséspmaltodextranases GH27 5
Uglucosidase; U glswamd rypsidasee ; Usu GH31 5
U-L-arabinofuranosidases; endoglucanase GH51 3
UL-f uc o s i -d,3Is4-Sucosiddse GH29 3
UL-iduronidasesb-x y | o s i -fl,&xsyel so; s ifhdasabimofurandsidase; GH43 5

arabinanase; xylanase; galactanfi-@alactosidase

U-L-rhamnosidase GH78 1
Umannosidases GH47 11
Umannosidases; mannosyll i g o s a el&-h,&manndsiasél GH38 1
mannosyloligosaccharidé}1,3mannosidase

U-N-acetylgalactosaminidase GH109 8
b-1,3-glucanase GH128 6
b-1,3-glucanosyltransglycosylase GH72 1
b-galactosidases GH2 1
b-galactosidasesxo-b-glucosaminidase; exb 1 -gafactanase GH35 7
b-glucanasesgyloglucan:xyloglucosyltransferas GH16 16
b-glucosidases GH1 8
b-glucosidases; xylan 1:@x y | o s i-M-acstyghexpsarbinidase GH3 17

b-hex osami ni das e sl6iNamtylguoosammibdasea s e s GH20 2
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GH No.

Uni-Prot/CAZy Family genes

b-L-arabinofuranosidase GH127 2
Chitinases, endb-N-acetylglucosaminidases,-Nracetylchitobiases GH18 10

xylanase inhibitor; concanavalin B; narbonin

Chitosanase GH75 2
D-4,5u n s at ugluauroeytihydoolase GH88 3
Endo-1,4-b-xylanase, Xylanases GH10 6
Endo1l,4-b-galactanases GH53 2
Endoglucanases GH12 4
Endoglucanases and cellobiohydrolases GH6 2
Endoglucanases and cellobiohydrolases;dmndgd-glucanase; reducing end GH7 4
Acting cellobiohydrolase; chitosanase; efidb,3-1,4-glucanase

Endoglucanases; coppeependenpolysaccharide monooxygenases GH61 22

Endoglucanases; endogl-gluwasidasesex®- c¢ GH9 1

Glucosaminidase

Endoglucanases; reducing eacting cellobiohydrolase; endnl,4- GH5 7
Glucanase; chitinase

Endob-N-acetylglucosaminidase GH85 1
Exo-U-1,6-mannosidase GH125 1
Glucan endal,&Uqucosidases GH71 7
Glucoamyl ases; -gdhalascodextranase U GHI15 5
Gl ucosyl ceqéagni Wasmx®d o;b i-fucastlase; b GH30 2
Lysozymes GH25 1
Lysozymedype G; peptidoglycan lyase GH23 1
Mannosyioligosaccharide glucosidasesglacosidase;d,3-glucosidase;a GHG63 1

Glucosidase

Mannosytoligosaccharide mannosidases; mannosyli g o s a €12-h a GH92 4
mannosidase; mannosgligosaccharidé}1,3mannosidase ; mannosyl

ol i gosael@mannd s intdbansneo; s illPana @ n ol i- d
1,3mannos i-ldamanag U

Polygalacturonases; xylogalacturonan hydrolase;pmtggalacturonosidase GH28 17
Trehal arshalase U, U GH37 3
Xylanases GH11
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3.2.3.4  Carbohydrate Esterases (CE)

Carbohydrate esterasageaccessory enzymes to facilitate cell wall degradation
by GH in order to release saccharid€antarelet al, 2009) There were eight CE
protein families totalling 98 proteins encoded bythe A. melleagenome whichs a
greater abundance than all the other specidsabie 3.5. Indeed,C. cinereg the next
most abundant, has 51. Thesetpins can be modular, forming a protein complex with
other CAZy. One CE9 (Am16040) was a module of a GH128 protein and a CE10
(Am18271) formed a module of a GHTI&ble 3.4) (A. melleaaccession numbers in
accompanying CD file Seq_BLAST _IPS.xIsXJE are usually metal binding enzymes
and have conserved motifs and doma(iBsair et al, 2005; Cantarekt al, 2009;
Caufrier et al, 2003; http://www.cazy.org/Carbohydraisterases.html (Accessed
18/12/2012). Hemicelluloses arshort heteropolymers which can crosslink to other cell
wall polymers such as lignin®r form esters with phenolic acids involved in plant
defenceCE1 family preferentially cleave-@-linked residues of which hemicellulose is
composedvan den Brink and de Vries, 201 Xylan, a hemicellulosecomprises 30%
of plant cell walls CE1 esterases cleave ester bonds enabling access by xylanases and
pectinases and release of these defence molgé&desiaConeseaet al, 1999;Fauldset
al., 1997%.

CE4 family q = 16), CAZy cleave 2-linked residues were identified iA.
mellea They are hitin deacetylases whose highly conserved catalytic and binding sties
(Caufrieret al, 2003; Blairet al, 2005) were conserved iA. mellea CE4, are secreted
during hyphal penetration of plants yolletotrichum lindemuthianum Tsigos and
Bouriotis (1995)hypothesised that chitin of invading pathogens triggers recognition by
plant defences inducing plant chitinase activity which gives rise to formation of lignin
and callus. Deacetylases nifydplant chitinases thereby neutralising plant defences,
and modify fungal chitin to chitosan which plant deacetylases are unable to modify,

thus enabling the fungus to invade the plant.

A. melleahas greateabundance of CE enzymes than other flistgd in Table
3.5, with more than double the number of the other fungi in total. CE families generally
have been found to act as accessory enzymesilitataccell wall degradation by GH in
order to release saccharid&sng et al, 2011)
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3.2.3.5  Carbohydrate Binding Modules (CBM)

Carbohydrate binding modules are attached to other CARBgsastonet al,
2004) They bind carbohydrates and act in concert with lytic enzymes, while not having
lytic activity themselvesAs thee families are modules attached to otl®&AZys
(Borastonet al, 2004) their activity is carbohydrate binding, enabling otG&Zy to
lyse glycosidic bonds. Thus, as can be se€ehainle 3.4 (A. melleaaccession numbers
in accompanying CD file Seq_BLAST_IPS.xIs€BM are regularly associated with
other classes dZAZy. They are usually incorporated in a protein fold of ano@rzy.

There were fifteen proteins from seven families identified primarily as CBM. CBM48
was a modular attachment of GH13 (Am17455) and a CBM5 module was attached to a
CBM12 module and GH18 protein (Am18922). CBM1 family proteins=(3) were
attached to @3, GH6 and GH61 proteins (Am13998, Am19553, and Am20347,
respectively). CBM20 familyr( = 4) were attached to GH13 (Am13041 and Am16197)
and GH15 (Am14148 and Am14157). A CBM43 module was bound to a GH72
(Am15111).

CBMs bind carbohydrates and act in camowith lytic enzymes, while not
having lytic activity themselves. CBMfembershave antifungal properties thought to
be brought about by inhibition of chitin biosynthesis during cell divigdehmoodet
al.,, 2011) CBM12 previously only described in bacteria, is unusual in the specificity of
its substrateas many CBM bindhon-specifically to polysaccharides. CBM12 binds
very specifically to insolublechitin but not to chitin oligosaccharides or glucose
(Boraston et al, 2004) and acts in concert with chitinase. Chitinases have been
investigated as biotechnological biocontrol for plant pathogenic fl\ghmoodet al.,
2010)

3.2.3.6  Glycosyl Transferases (GT)

This protein family catalyse$i¢ transfer of sugars from donor to sugar or-non
sugar acceptor molecules and members are classed according to sequence similarity
(Coutinho et al, 2003) Ninety proteins from 23 families were identified in tAe
melleacDNA database by interrogation of tiBAZy databaseTable 3.4) (A. mellea
accession numbers in accompanying CD file Seq BLAST_ IPS.x[Sre protein
(Am8629) tad motifs from GT4, GT5 and GH13.
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3.2.3.7 Polysaccharide Lyases (PL)

Eighteen PL from four families were identified in the melleagenome Table3.4) (A.
melleaaccession numbers in accompanying CD file Seq_BLAST _IPS.#sxigal PL

are secreted, degrade pectin in the cell wall of plants and are phytopathogenic virulence
factors(Herron and Benen, 2000; Creee al, 2008) Pectinsare cleaved by PL and
pectates are cleaved by melhk p e ndant PL s .-elinddatomof thegreon i s b

reducing end of the polysaccharide.

PL5 family has alginate lyase activity. Alginates are heterpolysaccharides
c o mp o s eDdmamnérondte and its5C e p i-lrgrilurondte. The gel formed on
brown seaweeds and produced by some bacteria is comprised ahdpsathogenic

bacteria use the gel as a protective biofifoonet al, 1999)

3.2.3.8  Cytochrome P450 (P450)

A. melleahas a largen = 248) P450o0me Table 3.7) (A. melleaaccession
numbers in accompanying CD file Seq_BLAST_IPS.xIswith monooxygenases
ranging insize from 105 to 2505 residue$he active site of these enzymes is a
cydeinethiolate bound to a heme group. Sevesitght percentr( = 193) of A. mellea
P450 proteins are full | engt h-rot(fungds,P300 r
chrysosporiunonly has 15qDoddapanenet al, 2005) while the browrrot fungusP.
placent has 184(lde et al, 2012) and Ganoderma lucidiumhas 197 functional
cytochrome P45)(Chenet al, 2012) SecretomeP analysis of all the melleaP450
genes identified 112 with classical secretion sign&sgtalP, a further 89 with non
classical secretion signals (SecretomeP), and a Phobius search predicted proteins with
transmembrane regions € 92). Three proteins (Am14960, Am3421 and Am3841)

with mitochondrial target signals were identified by TargetP.

Table 3.7. BLAST annotation of cytochrome P450 genesimellea

BLAST Description No. of
Genes
614 534 cytochrome p450 3
Benzoate 4monooxygenaseytochrome p450 3
Cytochrome p450 160
Cytochrome p450 11b1 1
Cytochrome p450 4f5 5
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BLAST Description No. of

Genes
Cytochrome p450 cyp3 cyp5 cyp6 cyp9 1
Cytochrome p450 family protein 1
Cytochrome p450 monooxygenase 10
Cytochrome p450 monooxygenase pc' 4
Cytochrome p45@onooxygenase p& 10
Cytochrome p450 oxidoreductase 1
Cytochrome p450 oxidoreductase ' 1
Cytochrome p450, putativd @§laromyces stipitatu8TCC 1

10500]
High nitrogen upregulated cytochrome p450 monooxygenas 4

P450 monooxygenase

Pah‘inducible cytochrome p450 monooxygenasepadi 1 10
Pahtinducible cytochrome p450 monooxygenasepati 4 30
Potential p450 cytochrome 1

Cytochrome P450abundance inA. mellea has likely arisen from gene
duplications and insertions with possible neofunctionalisai8yed and Yadav, 2012)
Theseenzymesare monooxygenases and detoxify many xenabaimpoundsn vivo.

Their activity in fungi is both intracellular and extracellular. Particularly interesting is
complete degradation td,0 and CO, by fungi of polycyclic aromatic hydrocarbons
(PAH) which are environmental pollutants and carcinog@enget al, 2008). It was
thought that the ability of white rot fungi to degrade PAH was due to its laccases and
peroxichses and that low nitrogen (lignolytic) conditions would be conducive to PAH
degradation buByedet al.(2010)have shown the ability d?. chrysosporiuni450s to
degrade high mol ecul ar wei ght PAHs ( 04
because of the number and varied specificity of thRéG0 monooxygenases are thought

to be particularly good candidates for bioremediation of Ridddapanenkt al,

2005) The abundant cohort of P450 genesA. melleamakes it likely thatit has
specificity for many PAH and recent studies into this have been conducted by
Hadibarataet al. (2012) and Hadibarata and Kristanti (2012b) melleawas shown to
degrade naphthalene, pyrene, benzo[a]pyrene, pyredeaathracene although its
catalytic activity was attributed to laccasesther than cytochrome P450 enzymes
(Hadibarataet al, 2012; Hadibarata and Kristanti, 2012a, 2012b; Hadibaetial,
2013)
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3.2.3.9 Expansins

BLAST identified A. melleaexpansin genesn(= 3) and InterProScan (IPR)
identified a further seventeen (total:= 20) with expansin motifsT@able 3.8). These
proteins are involved the expansion and extension of plant cell walls during growth and
differentiation.Expansin proteindisrupt the noftovalent interaction between cellulose
micrdfibrils and hemicellulosgCosgrove, 2000)They cause relaxation of cell wall
turgidity enabling water and solutes to fill vacuoles thus enallmgening and
expansion of the cell wall. These enzymes have also been identifiednyg fungi
(Verbekeet al, 2009; Saloheimet al, 2002; FernandeEueyoet al, 2012) These
proteins have &ignalP 20-30 aa from the Merminal, several cysteines putatively
involved in folding, a HisPheAsp catalytic site and conserved cellulose binding Trp

residues near the-términal.

In a study of mycoparasite activity between the weimt plant symbiont
Trichoderma atrovirideand Rhizoctonia solania plant pathogenic funguReithneret
al. (2011 identified an expansin like gene (SWO1) upregulated.imtrovirde even
before contact between the two fungi became visible, indicating signalling between the

fungi, a function not usually associated with expansins.
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Table 3.8. Proteins containing terProScan expansin (IPR009009) domain signatures identifiad A0 melleagenomesurvey. Nineproteins were

identified by BLAST search as having homology to expansins. GO annotation identified protein signatures with varied biological processes,

carbohylrate metabolism, symbiosis, defence.

No.

= -
Accession bBLAST description

‘GO Biological Process

Am7435  Calciumtransportingatpase biosynthetic process; nucleobase, nucleoside, nucleotide and nucleic acid metabolic process; ion t
Am14461 Ceratoplataninrelated secreted protein symbiosis, encompassing mutualism through parasitism

Am14586 Ceratoplataninrelated secreted protein -

Am18392 Eliciting plant responséke protein -

Am16559 Endoglucanase-like protein protein modificatiorprocess

Am18393 Epll protein symbiosis, encompassing mutualism through parasitism

Am16042 Expansin family protein -

Am19860 Expansin family protein -

Am19903 Expansin family protein defense response to fungus; defense response to bacterium

Am17252 Glycoside hydrolase family 16 protein  metabolic process; carbohydrate metabolic process

Am18844 Glycosyl hydrolase family 45 protein carbohydrate metabolic process

Am7123  Glycosyl hydrolase family 45 protein carbohydrate metabolic process; metabolic gssc

Am11610 Non-catalytic module family expn proteir -

Am18712 Non-catalytic module family expn proteir -

Am2584  Non-catalytic module family expn proteir -

Am6133  Non-catalytic module family expn proteir -

Am6783  Non-catalytic module family expprotein defense response to fungus; defense response to bacterium

Am8597 Non-catalytic module family expn proteir chitin catabolic process; defense response to fungus; defense response to bacterium
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®Accession

NoO BLAST description ‘GO Biological Process

Am17698 Riboflavin aldehyddorming enzyme -
Am18718 Riboflavin aldehyddorming enzyme -

2Accession No"BLAST description°GO biological process
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3.2.3.10 F-box and ubiquitin proteosome pathway proteins

F-box proteins if = 71) were identified in theA. melleacDNA database
(A. mellea accession numbers in accompanying CD file Seq_BLAST IPS.xkx)
BLAST search identified fifteen, of which eight had IRER001810 Fbox protein
motifs, and the balancen (= 56) were identified by IPSIPR001810 motif. These
proteins have been identiflen model systems and are involved in regulation of many
processes including cell cycle, nutriti@md transcription by labelling proteins with
ubiquitin (Liu and Xue, 2011)Fbox proteins have been studied in model systems for
some time, but there have been recent studies of these proteins in other organisms. High
numbers of Fbox protein homologs have been found in pathogenic fithgalbicans
(n = 21), Cryptococcus neofmans (n = 19), Fusarium graminearumn = 62),
Fusarium oxysporunfn = 53), Botrytis cinerea(n = 40) andMagnaporthe oryzae
(n=11) (Butler etal., 2006; Jonkerst al, 2011; Shietet al, 2005; Liu, Wanget al,
2011; Hanet al, 2007; Sweigarcet al, 1998) A number have been shown to be
essential virulence proteir(siu and Xue, 2011)Ubiquitin and ubiquitin proteosome
pathway proteinsn( = 78), in addition to Fox proteins, were identified in tha.
melleagenome of which eighteen were ubiquitin ligases and seventeen were ubiquitin

conjugating enzymes.

3.2.3.11 Hydrophobins

Hydrophobins are morphogenetic and form an interface between fungi and host
in both mutualistic and pathogenic interactions. They self asgeatltlydrophobic and
agueous interfaces and have an ability to attract proteins due to their amphipathic
charactelVincentet al, 2012) Hydrophobins it = 31) fromA. melleawere annotated
by BLAST (A. mellea accession numbers in accompanying CD file
Seq_BLAST _IPS.xlsx)Hydrophobinsare small molecular weight proteins found only
in fungi (Sundeet al, 2008) and A. melleahydrophobins are between 87 and 203
residues long. Hydrophobins generally show little sequence similarity but all are
hydrophobic, have four disulphide bon(fSgure 3.12) and are secreted. One of the
hydrophobins identified from theA. mellea cDNA database (Am10069) has a
SecretomeP motif while the othersave SignalP motifs. Six have predicted
transmembrane regions. These are divided into hydropholn=16§, hydrophobin 2
(n= 15) and other hydrophobing & 10). Hydrophobin gene products are insoluble
polymers of two types: Hydrophobin 1 which form éay of parallel rodlets, are

insoluble in organic solvents, detergents and alkali but soluble in 100% TCA and can be
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repolymerised into rodlet$lydrophobin 2 are aggregates of monomers soluble in some
organic solvents and do not form rodlets. Sc3 hydrbpisoof Schizophyllum commune

coat the surface of hyphae. They attach to hydrophobic surfaces, decrease surface
tension of aqueous substrates enabling submerged hyphae break the surface and become
aerial mycelia, a second hydrophobin Sc4 provides theskabywith air channels
(Whiteford et al,, 2004;Wostenet al, 1999) In a study oMagnaporthe grisedTalbot

and Kershaw, 1996)yappresorium formation and pathogenicity were suppressed by
deletion of a class 1 hydropbin. Class 2 hydrophobins in an immunological study of
Cladosporium fulvunby Whiteford et al. (2004) were secreted by the fungus onto
substrate and neither growth or pathogenicity was affected in class 2-¢émoskains.

Figure 3.12 showsA. melleahydrophobinsequences which have been truncated for
illustration and aigned using BioEdit and ClustalW. The alignment shows cysteine
residues highlighted in yellow with the four predicted disulphide bonds in brackets

underneath.

A review by Sundeet al. (2008 described hydrophobins in fungvhose
genomeswvere sequenced at that time as families of between 2 and seven genes, the
exception beingoprinus cinereusvhich has 23 genes. Since thether genomg have
been sequenced and comparisori.obicolor strains S238MNH82 (h = 12) and 81306
(n= 9) strain byPlett et al. (2012) proposes that three extra hydrophobin genes in
S238NH82 arose through duplication as they are bordered by transposon rich regions.

In A. melleatwenty-six residues comprised almost exclusively of proline and alanine
near the Nlerminus of Am12059 and forgne close to the fterminus of Am16941

may indicate similar duplication by TEOG
Am11364 Am12059, Am168l and Am16997) and deletions (Am5852) in hydrophobin

genes.

Due to the unique properties of hydrophobitkey have wide ranging
biotechnological applications: cleaning agents, surface coating of hydrophobic or
hydrophilic materials such as silica, attawnt of proteins to surfaces in cell culture
and attachment of enzymes to biosensors in medical applicdigasecet al, 2012;

Cox and Hooley, 2009)
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residues 140290 of thealignment are shown
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3.2.3.12 Metalloenzymes

The A. melleagenome encodes forfive metalloenzymes. Seven have both
transmembrane regionsdB8ignalPmotifs, with a further twelve and eleven containing
transmembrane regions aignalPmotifs, respectively. There is very little sequence
similarity between these enzymes, but about half of globally identified metalloproteins
have a HEXXH motif.Others have &HExxHxxGxxHx or an abXHEbbHbc motif,
where a is valine or threonine; b is an uncharged residue and c is any hydrophobic
residue.The functions of metalloenzymesicoded byhe A. melleagenome are many
and varied andikely include protein pscessing and signalling, heavy metal transport,
proteolytic activity, antibiotic activity, DNA polymerase activity and terpene synthesis
(Table 3.9). In this study, 17 of the 45 metalloproteins have the HEXXH maiib(e
3.9). Nearly 50% of all engnes require a metal dactor (Waldron et al, 2009)
A. melleaenzymes specifically identified as metalloenzymes have a broad range of
functions {Table 3.9). Four groups @ntaining large regions with almost identical

sequences, were identified amohgmelleametalloenzymes.

In pathogenic speciesnetalloproteins interfere with host defences, cleaving
surface antigens of pathogens to evade host recog(litiorget al, 2005) They cleave
host resistance proteins, such as plant chitinddasmannret al, 2011)and sequester
host metal in pathogenic interactions, thereby starving the host of vital nutrients
(Agranoff and Krishna, 2002)Their activity varies some synthesise clavulanic acid
whi c h i-ladtlamase Hosty (lgbal et al, 2010)and paradoxically some have

b-lactamase activity which cleave antibiot{€arfi et al, 1995)

Metalloproteins involved in signallingandcleave Nterminal signal sequences
from mitochondrial peptidegTaylor et d., 2001) have mitogefactivated protein
(MAP) kinase activity with dual specificity which controls signal transduction in vital
cellular functiongCampset al, 2000) Some metalloproteins whose normal function is
growth regulation degrade host tissue in pathogenic spe¢idssamiet al, 2011;
Laursenet al, 2001) They control cellular influx and efflux of heavy metal ions
(Higuchiet al, 2009;Worlock and Smith, 2002)

While plant terpenebave been widely studied anibre than20,000 have been
identified (Tholl, 2006) less is known about fungal terpenes particularly in higher
fungi. A. melleaterpenes have been studied for quite some time and compounds with
antibiotic, antiungal and cytotoxic properties have been extraatetlidentified Fraga,

2012; Donnelly, Coveneyet al, 1985; Donnellyet al, 1987, 1990; Donnelly and
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Hutchinson, 1990; Fraga, 2003, 2001, 1995; Creetial, 1995, 2000; Donnellgt al,

1986) Terpene synthases synthesise bioactive compounds, from a relatively small pool
of substrates and chaperone the initial substrate through a process of cyclisdtion a
modification. Kéllner et al. (2006) identified fourteen different products from a maize
terpene synthase (TPS4). Other enzymes such as P450 monooxygenases act in concert
with these proteins to further modify their endproducts thus generating an as yet
unidentified, vast range of bioactiveetabolites Technological advances in genome
sequencing with resultant increases in availability of sequence information have enabled
focussed investigation of potential bioactive metabolites. Terpene synthase genes are
clustered with multifunctional P45@enes inFusariumspp. catalysing the synthesis of
mycotoxins(Tokai et al, 2007) Very few genes from higher fgnhave to date been
cloned, their enzymes expressed and functionally characteAgggr et al. (2009)
transformeckE. col andS. cerevisiaavith C. cinereagenesand compounds which were
expressed natively i€. cinereawere obtained. As sources of bioactive enzymes and
metabolites fungi are now coming to the fore with seven nowkl mellea
sesquiterpenoids patented Gizenet al. (2011)as potential treatments for breast, lung,

colon cancer and leukaemia.
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Table 3.9. Metalloproteinsencoded byhe A. melleagenome

®BLAST annotation ®Putative function °Reference 4D *Group 'Motif
A'-pheromone processing metallopeptidase Cleavageof signal peptide (Tayloret al, 2001) Am16706
ste23
Cdf-like metal transporter Cation Efflux protein (Higuchiet al, 2009) Am13812 1 M
Am16286 1
Am16287
Am18263 1 M
Am18300 1
Am18576
Am6025 1
Deuterolysirm35 metalloprotease Metallopeptidase, catalytic domain (Li etal., 2012) Am2792 4 M
Am3079
Am5511 4
Am562 4
Am9292 4
Divalent metal ion transporter with a broad Metal ion homeostasis and intracellular (Agranoff and Am15078

specificity for di‘valent and trivalent metals parasitism.

Krishna, 2002)
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3BLAST annotation ®Pytative function °Reference 9D *Group 'Motif
Endoplasmic reticulum metallopeptidase Amino peptidase M28 (Yoo et al, 2010) Am683 M
Extracellular elastinolytic metalloproteinase Peptidase M36, fungalysithitinase (Naumanret al, Am17617 M
2011)
Extracellular metalloproteinase 3 n/a Am13991
Family metal ion transporter CorA-like/Zinc transport protein (Worlock and Smith, Am16868
2002)
Metal homeostatis protein bsd?2 GNAT protein from the clavanic acid (Igbalet al, 2010) Am17282
biosynthesis pathway
Am8109
Metal ion binding protein Dual specificity MAP kinase (Campset al, 2000) AM15489
Metal resistance protein ycfl ABC transporter Am15778
Metal-dependent phosphohydrolase HD-domain/PDEastike superfamilyDNA (Aravind and Am8863
polymerase Koonin, 1998)
Metallo-betalactamase superfamily protein  zinc metallebetalactamase (Carfiet al, 1995) Am13567
Metallo-betalactamase superfamily protein  zinc metallebetalactamase Am13994 2
Metallo-betalactamase superfamily protein  zinc metallebetalactamase Am15377 2
Metallo-betalactamase superfamily protein  zinc metallebetalactamase Am7220 2
Metallopeptidase Zn-dependent exopeptidases superfamily Am17787
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3BLAST annotation ®Pytative function °Reference 9D *Group 'Motif
Metallophosphatase domagontaining Phosphoesterase domains associated with DI (Aravind and Koonin, Am14387
protein polymerases of diverse origins 1998)
Am14392
Am14449
Metalloprotease Cytophagalysin family regulation of growth (Laursenet al, Am13603 M
and destruction of host tissugy pathogen 2001; Hesamét al,
2011)
Metalloprotease mep2 Peptidase M36, fungalyskthitinase (Naumanret al, Am15013 3
2011)
Metalloprotease mep2 Am16370 3 M
Metalloprotease mep2 Am3869 3
Metalloproteinase 10 Peptdase M36, fungalysinchitinase (Naumanret al, Am10554 3
2011)
Metalloproteinase 10 Am16276 3
Metalloproteinase 10 Am20017 3
Metalloproteinase 10 Am9721
Metalloproteinase 10 Am9998 3
Mycorrhizaupregulated terpene synthase  Terpene synthase metal binding domain (Lesburget al, 1998) Am18307

metal binding domain protein
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3BLAST annotation ®Pytative function °Reference 9D *Group 'Motif
Mycorrhiza*upregulated terpene synthase  Terpene synthase metal binding domain Am20182

metal binding domain protein

Zinc metallopeptidase The WLM (WSS1like metalloprotease) domair (Mullen et al, 2010) Am15931 M
is a globular domain related to the zindike
superfamily of Zrdependent peptidase.

Zinc metallopeptidase Metallo-dependent hydrolases superfamily Am17835

Zinc metalloprotease ADAM/reprolysin (Zhuet al, 2009) Am17506 M

3BLAST annotation”Putative functiorfReference, literature reference to BLAST annotatitih, Gene number from tha. melleadatabase"Group, alignment of metalloproteins

with similar sequenceé\/lotif, M, HEXXH motif of metal binding proteins.
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In addition to the two terpene synthases Tiable 3.9 which were identified as

metalloproteins, a further thidgix genes with terpene synthase motifs (IPR008949) were

identified in theA. melleaprotein database. Eight of these have at least@DXXD motif

and twelve have polyprenyl synthase motifs, denoting terpene precursor sy(ifgpaet

al., 2009) IPSdomain signatures annoté# predicted protas as terpene synthagenes

Table 3.10. Terpene synthase motifs (IPR008949) identified frém mellea database

interrogation ofPS.

Accession No. BLAST description

Am16533
Am14512
Am16904
Am14010
Am14280
Am14824
Am3697

Am9681

Am17869
Am2800

Am9680

Am9682

Am18307
Am20182
Am11113
Am16422
Am4705

Am11145
Am11635
Am12521
Am12829
Am12834
Am12835
Am13169
Am14511
Am14852

Calnexin precursor

Decaprenyidiphosphate synthase subunit 1
Decaprenyidiphosphate synthase subunit 1
Farnesyldiphosphate synthase
Farnesyldiphosphate synthase
Farnesydiphosphate synthase
Farnesyldiphosphate synthase
Farnesyldiphosphate synthase

Isoprenoid biosynthesi®lated protein
Isoprenoid biosynthesi®lated protein
Isoprenoid biosynthesi®lated protein
Isoprenoid biosynthesiglated protein
Mycorrhizaupregulatederpene synthase metal binding domain prote
Mycorrhizaupregulated terpene synthase metal binding domain prc
Predicted proteinlfaccaria bicolorS238NH82]
Predicted proteinljaccaria bicolorS238NH82]
Predictedprotein Laccaria bicolorS238NH82]
Predicted protein

Predicted protein

Predicted protein

Predicted protein

Predicted protein

Predicted protein

Predicted protein

Predicted protein

Predicted protein
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Accession No. BLAST description

Am15668 Predicted protein
Am16105 Predicted protein
Am16722 Predicted protein
Am16896 Predicted protein
Am19043 Predicted protein
Am19082 Predicted protein
Am3931 Predicted protein
Am4655 Predicted protein
Am9864 Predicted protein
Am3952 Squalene synthase
Am17358 Terpene cyclase

Am20210 Terpene cyclase

3.2.3.13 Nonribosomal peptide synthethase (NRPS)

Twelve NRPS genes were identified in themelleagenome. One was annotatedBiyAST

as an NRPS, nine as NRPS 12, and two@wibosomal siderophore peptide switise
proteins Table 3.11). These proteins are large with diverse functionality and encode
adenylation, condensation, thiolation and epimerase domains with variable architecture
whereby domain order is specific to arficular NRPS and may be repeafbliermanet al,

2005; Staclet al, 2007)

Table 3.11. A. melleagenes encoding nonribosomal peptide synthetase proteins identified

from the genome

Accessbn Sequence

No. BLAST description Length InterProScan annotation

Am8348 Nonribosomal peptide synthetase 955 AMP dependent synthetase/ligase
NAD(P) binding domain; AMP
binding conserved site; Low
complexity domain.

Am14132 Nonribosomal peptide synthetak2 421 Low complexity domain,
Transmembrane domain

Am14436 Nonribosomal peptide synthetase . 370 AMP dependent synthetase/ligase

Am2619 Nonribosomal peptide synthetase | 483 Low complexity domain,
Transmembrane domain

Am2620 Nonribosomal peptideynthetase 1z 478 Low complexity domain,
Transmembrane domain

Am3994  Nonribosomal peptide synthetase . 310 Classical secretion signal,

Transmembrane domain

138



Accessbn Sequence

No. BLAST description Length InterProScan annotation

Am445 Nonribosomal peptide synthetase . 670 Transmembrane domain

Am5760 Nonribosomal peptideynthetase 1z 554 AMP dependent synthetase/ligase
Low complexity domain, Classical
secretion signal

Am5761 Nonribosomal peptide synthetase . 494 Low complexity domain,
Transmembrane domain

Am9703 Nonribosomal peptide synthetase | 765 AMP dependensynthetase/ligase;
AMP binding domain; AMP
dependent synthetase/ligase;
NAD(P) binding domain; Low
complexity domain, Classical
secretion signal.

Am9594  Nonribosomal siderophore peptide 753 AMP dependent synthetase/ligase

synthetase Amino acidadenylation domain;
AMP binding conserved site; Low
complexity domain

Am18602 Nonribosomal siderophore peptide 4460 AMP dependent synthetase/ligase

synthetase Condenstaion domain;
Phosphopantethine attchment site
Polyketide synthase
phosphopantethine;
Phosphopantethine binding domai
AMP binding conserved site; Low
complexity domain

3.2.3.14 Polyketide synthase (PKS)
Eleven PKS were identified in thA. melleagenome(Table 3.12), these proteins are
multi-domain although not all domains are present in every prdtggare 3.13 shows the

biosynthesis of polyketides atite domain organisation of polyketide synthases

Table 3.12. A. melleagenes encodingolyketide synthaseroteins identifiedfrom the

genome

Accession BLAST Description Sequence InterProScan Annotation

No Length

Am10848 Polyketide synthase 341 Alpha/beta hydrolase fol8;

Am14527  Polyketide synthase 458 Betaketoacyl synthaseAcyl
transferase/acyl
hydrolase/lysophospholipase;

Am14528 Polyketide synthase 2043 Polyketide synthase, KR; Malon@loA

ACP transacylase, AGBinding;
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Accession
No

BLAST Description

Sequence
Length

InterProScan Annotation

Am14842

Am15264

Am1558

Am16405

Am16406

Am315

Am316

Amb5437

Polyketide synthase

Polyketide synthase

Polyketide bet&etoacyt
synthase

Polyketide synthase

Polyketide synthase

Polyketide synthase

Polyketide synthase

Polyketide synthase

2314

2227

167

1180

829

1475

1011

448

Betaketoacyl synthase; Acyl
transferase/acyl
hydrolase/lysophospholipase; Malonyl
CoA ACP transacylase, AGBInding;

Polyketide synthase, KR; Bekatoacy!
synthase; MalonyCoA ACP transacylase
ACP-binding; Polyketide synthase/Fatty
acid synthase, KR;

Acyl transferase domain; Acyl
transferase/acyl
hydrolase/lysophospholipase;

Polyketide synthase/Fatty acid synthase
KR;

Betaketoacyl synthase; MalonyloA
ACP transacylase, AGBinding;

Betaketoacyl synthase; Acyl
transferase/acyl
hydrolase/lysophospholipase; Malonyl
CoA ACP transacylase, AGBinding;
Thiolaselike, subgroup; Polyketide
synthase, betketoacyl synthase domain;

Polyketide synthase, phospdantetheine
binding domain;

Thioesterase; Acyl carrier protelike;
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3.2.3.15 Oxygenases

Genes encoding oxygenases € 92) were identified in theA. melleagenome

(A. melleaaccession numbers in accompanying CD file Seq_BLAST_IPS.xNixe
have transmembrane regions. Sigfght percent exhibit secretion signalsignalP
(n=21) and Secretomem (= 41). The defining characteristic of these oxidoreductases
is the transfer molecular oxygen to a subst(hfi@yaishi, 2005and tley are classed as
monooxygenases or dioxygenases depgy on whether they integratene or both
atoms of dioxygen into substrat€3xygenases are involved xenobiotic degradation and
metabolic pathway@~etzner, 2002)Oxygenases are utilised by both bacteria and fungi
and can degrade low molecularass PAHYPeng et al, 2008) Cytochrome P45
discussed irbection3.2.3.8 area superfamily oimonooxygenase detailed separately

in this study BLAST annotations and the number of genes relating to each are shown in
Table3.13.

Table 3.13. BLAST annotatiorof oxygenasegncoded within thé. melleagenome.

BLAST Description No. of
Genes

2-nitropropane dioxygenase 6

2 OG-Fe oxygenase
3-hydroxyanthranilatedioxygenase
4-hydroxyacetophenone monooxygenase
Alpha-ketoglutarate dependent xanthine dioxygenase
Alpha-ketoglutaratedependent sulfonate dioxygenase
Alpha-ketoglutaratetiependent taurine dioxygenase
Aromatic ringopening dioxygenase
Catecholdioxygenase

Cog6 monooxygenase

Delta 12 fatty acid epoxygenase
-Dihydroxy-3-keto-5-methylthiopentene dioxygenase

W RPN PFP R RP WORFR NP RO

Dimethylaniline monooxygenase
Extracellular dioxygenase 16
Flavin-binding monooxygenase 6
Flavin-containing monooxygenase fmo family protein 2
Flavoprotein oxygenase 1
GPl anchored dioxygenase 1
Heme oxygenase 1

Hypothetical monooxygenase 12
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BLAST Description (NBO. of
enes

Intradiol ring-cleavage dioxygenase 3

Kynurenine 3monooxygenase
Leucoanthocyanidin dioxygenase
L'-lysine 6:‘monooxygenase
Monooxygenas&AD-binding
Myo'-inositol oxygenase

Naringenin 3dioxygenase
-Oxoglutarate 3dioxygenase
Pentachlorophenol-#honooxygenase
Phytanoyl dioxygenase
Protocatechuate dioxygenase
Salicylate 'monooxygenase
Squalene monooxygenase

Taurine catabolism dioxygenase
Thymine dioxygenase

TPA: 20G*-Fe oxygenase (afu_ortholog@é&UA 5g11160)
Trimethyllysine dioxygenase

P P RPN R NP W®WR R RNERRR R

3.2.3.16 Oxidases and peroxidases

BLAST interrogation of theA. melleagenome identified genes encoding oxidases
(n=118) (Table 3.14) (A. mellea accession numbers in accompanying CD file
Seq_BLAST _IPS.xlsxjand peroxidasesn(= 24) (Table 3.15) Eighty-six percent of
these had secretion signa&ignal® (h = 56), SecretomeP(= 67). Transmembrane
regions ( = 36) were identified in these proteins. Two laccase genes were identified
(Table3.14).

Table 3.14. BLAST annotation of oxidase genes from thenelleadatabase

BLAST Description No. Genes
Acyl- oxidase 9
Alcohol oxidase 2
Alcohol oxidaselike protein 6
Alterndive oxidase 1 1
Amine oxidase 2
Amino oxidase domain protein 1
Aryl-alcohol oxidase 23
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BLAST Description

Aryl-alcohol oxidasdike protein

C-4 methyl sterol oxidase

C-4 methylsterol oxidase

Conidial pigment biosynthesis oxidase arb2 brown2
Copper amine oxidase

Copper radical oxidase

Copper radical oxidase variant a

Coproporphyrinogen iii oxidase

COX16_crynb ame: full=cytochrome c oxidase assembly protein mitochon

flags: precursor

Cytochrome c oxidase assembly protedx11
Cytochrome c oxidase assembly protein cox15
Cytochrome c oxidase subunit v
Cytochromec oxidase chain vi

D-aminoacid oxidase

D-aspartate oxidase

Dihydroorotate oxidase

Diphenol oxidasea?2

FAD FMN-containing isoamyl alcohalxidase-
Glucooligosaccharide oxidase

Glucose oxidase

Gulonolactone oxidase Igol

Lac2 laccase2 ame

Lac4, laccase4 ame

L-amino acid oxidase

L-ascorbate oxidase

Lysyl oxidase

Multicopper oxidase

NADH:flavin oxidoreductas®&ADH oxidase
NADH:flavin oxidoreductas&lADH oxidase family protein
NADPH oxidase

NADPH oxidase isoform 2

NADPH oxidase regulator

Peroxisomal copper amine oxidase
Polyamine oxidase

Protoporphyrinogen oxidase

P N W PR P R P DMNOWEFRE NP R RPEPRNOURRPEPRERDNRENNLEPRE
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BLAST Description No. Genes

w

Pyranose Dxidase

Pyranose oxidase

Pyridoxamine 5phosphate oxidase
Pyridoxamine 5phosphate oxidasémn-binding
Pyridoxamine phosphate oxidase
Pyridoxaminephosphate oxidase

Subunit vib of cytochrome ¢ oxidase

Sulfite oxidase

N = e = = SIS

X15341 cytochrome oxidase subunit

Table 3.15. BLAST annotation of peroxidase genes from Ahenelleadatabase

BLAST. Description No. Genes

A chain crystal structure analysis of fungal versatile peroxidase from
pleurotuseryngii
Chloroperoxidaséike protein
Cytochrome c peroxidase
Fungal peroxidase
Glutathione peroxidase
Heme peroxidase
Manganese peroxidase
Manganese peroxidase 3
Peroxidase

Peroxidasd AP

Thioredoxirdependent peroxidase

A NN P P A DMNREPNPR PR P

Versatile peroxidase

3.2.3.17 Oxidoreductases

Oxidoreductases were identified from the melleagenome 1§ = 89) (Table 3.16)
(A.mellea accession numbers in accompanying CD file Seq BLAST IPS.xIsx)
Thirteen percent of the genes coding for these proteinSigadlP(n = 12), while none
possessed SecretomeP mofifansmembrane regions were identifiad=(7) and only

one protein (Am13557) had bo8ignalPand transmembrane domains.
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Table 3.16. Oxidoreductases identified from a BLAST search ofAhenelleagenome

Blast description No of Genes

D-lactate dehydrogenase cytochrome oxidoreductase

FAD dependent oxidoreductase family protein 4
FlavoproteilNADH-dependent oxidoreductase
Glucosemethanolcholine oxidoreductase 15
NAD-binding rossmann foldxidoreductase family protein

NADH ubiquinone oxidoreductase subunit

NADH:flavin oxidoreductase nadh oxidase family protein 5

NADH-dependent flavin oxidoreductase

=
(o]

Quinone oxidoreductase

=
=

Oxidoreductase

Oxidoreductase fad naflindingprotein
Oxidoreductas&AD-binding protein

Oxidoreductase htatiplike

Oxidoreductase molybdopterin binding domaontaining protein
Quinate utilisation oxidoreductase

Quinone oxidoreductase

Related tdANADH-dependent oxidoreductase

Short chain oxidoreductase

Sulfide-quinone oxidoreductase

Zinc-binding oxidoreductase

O R P W R AN R R R RO

Zn-dependent hydrolase oxidoreductase family

3.2.3.18 Proline rich repeats (PPR)

Protei ns i l0)hFiglrdBR4 are pfimarily structural proteins and
are not usually found in globular proteins. They are also involved in binding and
signalling (Williamson, 1994) IPS annotation of sequences in this category identified
domains exhibiting signalling and localisation signatures and possessing characteristics
of a superfamily associated with DNA repair and replication
(CATH/G3DSA:3.40.50.0190 http://www.cathdb.infp. These sequences have little in

common except PRRs. Proline confers unusual properties including rigidity and steric

hi ndrance of a dj ac e nthelixafonmation, itecannbéda asian hi b
hydrogen donor because it has a,CG the amide grouand i s known as
breaker o, t hi s -sheetgWildlamson, 1994) Stractutalrprmteains suctb

as collagen contain proline while it is more unusual in globular proteins. PRRs form
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long open structures which have a large surface area to which polyphenols are cross
linked by covalent or multivalent bonds, which are many batky and PRRs are
thought to be have roles in phosphorylation. One -alediracterised property is plant
polyphenol binding(Williamson, 1994) Polyphenols are produced in response to
infection by pathogens anMicholsonet al. (1986) showed thaglycoproteins with

PRR showed 26old greater binding affinity to polyphenolic molecules than to BSA
and proposdthat PRR glycoproteins should be considered fungal virulence factors.
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Figure 3.14. Truncded protein sequences @&f melleaproteins having proline rich

repeat motifsResidues shown in red are proline.

3.2.3.19 Retrotransposable elements

Rearrangement oDNA by transposable elements (TES) increases genetic variation
(Mieczkowskiet al, 2006; Pl# et al, 2012) Genes can be duplicated, deleted, inverted

or moved either within a chromosome, or to other chromosomes, by TEs. These
elements affect gene expression levels, inactivate genes or alter préeinell as

gene inactivation, they are responsible for expansion of gene families and parasitic
organisms can use this to their advantdgbée Schistosoma japonicunGenome
Sequencing and Functional Analysis Consortium, 200@enes encoding

retrotransposable elements € 567) (Table 3.17) were identified in theA. mellea
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genome comprising almost 4% of &l melleagenes(A. melleaaccession numbers in
accompanying CD file Seq_BLAST_IB&Xx). Retrotransposable elements comprised
2.5% ofC. cinereagenomic sequend&tajichet al, 2010) Almost 24% of the genome
assembly ofL. bicolor is comprised of TEs and while 9% were truncated sequences
15% were full length and their presenaad may contribute to the size of the genome
compared withA. melleaand C. cinerea(Labbéet al, 2012) TenA. melleaTEs had
SignalPand ten had transmembrane domains, four retrotransposable elements exhibited
coincident SignalP and transmembrane domains (Am12510, Am2070, Am8384 and
Am8553).IPS domais identified in TEs were also identified raverse transcriptase
ribonucleaseéH-integrase RNA inhibitor and RNA helicasproteins,(Table 3.19). The

most predominant domains wef@HRromatin Organization MOdifie(CHROMO)
domains which are thught to be important in chromosome segregation by silencing
centromeric chromatin by alteration its struct(Peacentiniet al., 2003)

Table 3.17. Retranspaogble elements) theA. melleagenome

Blast description No of genes
Copialike retrotransposable element 2
Copialike retrotransposon family protein 1
Putative retrotransposoBdrpula lacrymanwar. Lacrymans s7.9] 2
Retrotransposable element tf2 193akprotein type dike 416
Retrotransposable element tf2 193akprotein types- partial 1
Retrotransposable element tf2 19%ekprotein type 3dike 1
Retrotransposon like protein 1
Retrotransposon nucleocapsid protein 79

Retrotransposon polyprotein

Retrotransposon ty&opia subclass 8
Retrotransposon ty&opia sukclass

Retrotransposon ty8ypsy subclass 24

Retrotransposon ty8ypsy sukclass

»

Retrotransposederived protein pegl10 isoform 1
Retrotransposcderived protein pegl0 isoform 2 13
Retrotransposcderived protein pegl0 isoform 4
Retrotransposcderivedprotein peg10 isoform 6
Retrotransposederived protein pegt@artial

Retrotransposederived protein pegtike

N N = L

Retrotransposctike 1
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Blast description No of genes

Retrotransposactike protein 1 1

3.2.3.20 Ribonucleases

Of all ribonucleasesn( = 424) in the A. melleagenome most areeverse
transcriptasé&kNaseH-integrase (n = 392) (Table3.18) (A. melleaaccession numbers
in accompanying CD file Seq_BLAST_IPS.xIsx$ignalPs wex only identified in
fourteen and only two had putative transmembrane domaieger& transcriptase
RNaseH-integrasegene annotation by IPS identified fifteen different domain signatures
(Table3.19).

One particularly interesting RNase is an extracellular guasyecific
ribonuclease (Am3791andhas a signalP sequendeis a T./N; family endonuclease
and cleaves phosphodiester bond of guanine. Som&Nases areknown to be
cytotoxic as they cleava guaninebond ina universallyconservedlomain ofthe large
rRNA subunit known asthe sarcin/ricin loogLacadenaet al, 2007) which inhibits
protein biosynthesjsas the protein no longer iméets with elongation factorand
cau®scell death by apoptos{(Szewczalet al, 1993; Lacadenat al, 2007) Cytotoxic
RNases fromAspergilli were found to be unspecific and toxic at levels of rivL
(Lacadeneet al, 2007) Other cytotoxic RNasesith higher specificityhave been used

as anticancer therapies, and ranpirnase (Onc%hax&racted from amphibian eggad

embryos has been registered as an anticancer treatment. It causes apoptosis without
DNA damage and is seen as an alternative to other thergpess 2008)
Overexpression oA. melleaRNase has possible application as producing$eN\ for

use in molecular biology or medical applicasofT akahashi, 1988Allgaier et al,

2010)

Table 3.18. Ribonucleases identified by BLAST in tide melleagenome

BLAST annotation No. Genes

3 tRNA processing endoribonuclease 1
5 -3 exoribonuclease 2 1
Exodeoxyribonuclease 1 1
Extracellular guanyspecific ribonuclease 1

1

Mitochondrial exoribonuclease eyt
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BLAST annotation No. Genes

Pabdependent pobgpecific ribonuclease subunit pal 1

Poly-specific ribonuclease 1
Related to ribonuclease p protein subunit p30 1
Reverse transcriptase ribonuclease 5
Reverse transcriptageNaseH-integrase 392

Ribonucleaséi

Ribonucleaséil

Ribonucleas#i2 subunit a
Ribonucleas® mrp protein subunit

Ribonucleas® protein subunit p29

6
2
1
1
1
Ribonuclease t2 2
Ribonucleases p mrp protein subunit pop3 &dlaunit 1
RNA helicaseRNase 2
RNase h domain protein 1
RNase | inhibitostype ATP binding cassette protein 1

1

TPA exp: reverse transcriptase ribonuclease h

Retrotransposormbundant domains are the CHROMO domains. Ribonuclease genes
have similar domains to those found in retrotransposable eleriabise.3.19 compares

these genes to the number of genes in ribonucleases and retrotransposons. The
CHROMO/shadow domains in retrotransposons are approximately four times more
abundant in retrotranspons @ RNases. GAG (group specific antigen gene) protein
domains ( = 80) identified among genes encoding transposable elements were more
abundant compared to genes encodiidpse (n = 2). Other domains had comparable

frequency in both.
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Table 3.19. Domains identified by IPS ibhothribonuclease and retrotranspbse elemengenes

IPS ID Domain Transposable Ribonuclease
Elements
RT-RNAse Inhibitor ~ Helicase
h-integrase

IPR001450 4 Fe-4S binding domain 1

IPR017900 4Fe4S ferredoxin, irorsulphur binding, conserved site 1
IPRO17896 4 Fe-4S ferredoxirtype iron-sulphur binding domain 1
IPRO03593 AAA+ ATPase domain 1
IPR013283 ABC transporter, ABCE 1
IPR017871 ABC transporter, conserved site 1
IPR003439 ABC transporteflike 1
IPR023780 Chromo domain 170 52

IPRO00953 Chromo domain/shadow 196 54

IPR016197 Chromo domairike 204 58

IPR0O00488 DEATH 9 1
IPR005034 Dicerdoublestranded RNAbinding fold 1
IPR011545 DNA/RNA helicase, DEAD/DEAH box type fterminal 2
IPR0O05135 Endonuclease/exonuclease/phosphatase 2

IPR014001 Helicase superfamily 1/2 AFBinding domain 2
IPRO01650 Helicase, Gterminal 1
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IPS ID Domain Transposable Ribonuclease
Elements
RT-RNAse Inhibitor  Helicase
h-integrase
IPR0O01584 Integrase, catalytic core 188 186
IPRO01995 Peptidase A2A, retrovirus, catalytic 2
IPR021109 Peptidase aspartic 36 35
IPR005162 Retrotransposon gag protein 81 2
IPR013242 Retroviral aspartyl protease 39 40
IPRO00477 Reversdranscriptase 102 116
IPR013103 Reverse transcriptase, RNfependent DNA polymerase 9
IPR002156 Ribonuclease H domain 5
IPR012337 Ribonuclease Hike domain 209 207
IPRO00999 Ribonuclease Il domain 1
IPR0O07209 Ubiquinolcytochrome chaperone, CBP3 1
IPR013084 Zinc finger, CCHC retroviratype 10 10
IPR001878 Zinc finger, CCHGCtype 16 9
IPR015416 Zinc finger, H2C2type, histone UAS binding 13 30
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3.2.3.21 Ribosomal proteins

The A. melleadatabase was annotated fronBRAST search with genes encoding
ribosomal proteins ( = 115) (Table 3.20) (A. mellea accession numbers in
accompanying CD file Seq_BL3T IPS.xlsx) This dataset hasignalP (n = 6),
SecretomePn( = 69) and transmembrane regionms £ 9), and only in the case of

Am7387, defined as @bosomalRNA assembly protein mis3vere these coincident.

Table 3.20. Ribosomal protein classificatiomrdm BLAST analysis of theA. mellea

genome
BLAST Description No. of Genes
30Sribosomal protein 1
37Sribosomal protein 1
39Sribosomal protein 1
40S ribosomal protein 28

50S ribosomal protein

54Sribosomal protein

60S ribosomal protein 43
Mitochondrial ribosomal protein 12
Other ribosomal proteins 12
Ribosomal processing proteins 7

3.2.3.22 Ribonuclease inhibitor proteins

Ribonuclease inhibitor proteins encompass a brspectrum of proteins including
F-box superfamily, discussed in Secti8r2.3.10 A. melleacDNA database search by
IPS returned motif annotation codes € 192) from the University College London

Gene 3D database for these proteins.

UucC

database lists 2515 unique organisms and 1194 GO terms associated with ribonuclease

inhibitor proteins  http://www.cathdb.info/version/3.5.0/superfamily/3.80.10.10
(accessed 109-2012)

3.2.3.23 Hypothetical proteins

The hierarcy of predicted proteins used by SWRFBOT for annotation iprobable,
potertial, putative and hypothetal in decreasing order of precisigApweiler, 2001)
Protein function prediction may be derived using sequence similarity, potetiein

interaction, phylogenetic analysis by bioinformatic analysis using data mining tools,
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machine learing, -B structure or gnomic context approaches. Hypothetical proteins

are proteins that have been predicted by nucleic acid sequence analysis, they are
ambiguous as they may not encode proteins as they have no expressed sequence tags
(EST) orcDNA and are not similar to knowgenes(Mohan and Venugopal, 2012)
They may be homol ogous to genes of wunkno
they have been assigned a function but they have not been experimentally characterised
(Sivashankari and Shanmughavel, 2006; Lule¢cal, 2005) BLAST annotation
identified 2333 hypothetical proteins potentially encoded byAheanelleagenome.

Further information regarding the functionality of these genes was determined from
other database searches. IPS analysis of these matched 88% to protein signatures, and
39% ( = 904) had GO annotation. Two hundred and sixty hypothetical proteis

without IPSmatch have GO annotations. Within this dataset, SignalP peptide465)

were predicted and transmembrane regions were predicted in 505 genes. Hypothetical
proteins predicted byBLAST but with minimal information from other searches
denoting 3D structure such as a coil (ntkhelix nonb-strand)(Fitzkeeet al, 2005)or

seg (lowcomplexity segmentYWootton and Federhen, 199@&Jere also predicted

(n = 425). Hypothetical proteins iA. melleawere homologous to hypothetical proteins

in sixty-eight different species. Species with the greatest abundance of orthologs were
Serpula lacrymanspp. 6 = 874), Coprinopsis cinereaokayama7#130 (n = 484),
Schizophyllum communé4-8 (n = 419) Moniliophthora pernicios&FA553 (n = 306).
Onehundred and sixty one proteins from themelleadatabase showed homology to a
single hypothetical proteifCC1G_0348Bfrom Coprinopsis cinereamkayamar7#130)
Heterokaryon incompatibility motifsn(= 49) wee identified by IPS in this group.
SignalP ( = 15) and transmembrane domains<5) werealsoidentifiedin this group

the transmembrane domains being coincident with Sigriddifnologs of hypothetical

proteins from more than 50 species were identiffietheA. melleagenome.

A. mellea genes encoding hypothetical protein homologs identified froter
basidiomycetesM. perniciosaFA553 (n = 306), S. communeéH4-8 (n = 419) C.
cinerea okayama7#130n = 484) andS. lacrymansspp. @ = 874) were highly
abwndant. However, genes encoding homolérgen L. bicolor were in much lower
abundancen = 18). Hypothetical proteins annotated BYAST functions(n = 92) are
shown in Table 3.21 (A. mellea accession numbers in accompanying CD file
Seq_BLAST_IPS.xIsx)
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Table 3.21. Hypothetical proteins from thé. melleagenome \kich haveBLAST

functional annotatioigin = 92).

BLAST Description

No of Genes

Conserved hypothetical amidohydrolase
Conserved hypothetical exported protein
Hypothetical acetylcholine esterase

Hypothetical adenylyl cyclase associated protein
Hypotheticalamidohydrolase

Hypothetical arrestin

Hypothetical carboxylesterase

HypotheticaDNA photolyase

Hypothetical eukaryotic translation initiation factor eifl suil
HypotheticalFAD dependent oxidoreductase
Hypothetical fungal pheromor@PCR
HypotheticalGMC oxidoreductase
HypotheticalG-protein coupled receptor
Hypothetical histidine phosphotransferase
Hypothetical iron permease

Hypothetical iron reductase

Hypothetical iron transporter

Hypothetical iron transportdriosynthesis regulating transcription factor
Hypothetical iron uptake cluster protein
Hypothetical kinase

Hypothetical leucingich protein

Hypothetical lysophospholipase

Hypothetical magnesiuniike protein

Hypothetical monooxygenase

Hypothetical nRNA turnover protein 4ike protein
HypotheticalNADH-ubiquinone oxidoreductase complex i lyr_b22 ndufb9 sub
Hypothetical nucleolar complexssociated protein 3
Hypothetical pas domain protein

Hypothetical proline serirdch protein

Hypothetical prolinerich protein

Hypothetical pyrophosphatase dcp2

Hypothetical response regulator receiver protein
HypotheticaRNA-binding protein

Hypothetical RTAl-like protein

P RN R R R R R R

= =
NN RPN R NP R AAMRPRDNERODNDRN

O RPN R W R R R R
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BLAST Description No of Genes

Hypothetical transporter of tiéRAMP family 3
Hypothetical triacylglycerol lipase

Hypothetical ubiquinone oxidoreductase 20 kd subunit
HypotheticaWD-repeat protein

Hypothetical zinc finger protein

TPA: aromaticaminc-acid hypothetical

TPA: conserved hypothetical proteidgpergillusnidulansFGSC A4]

I N N N

3.2.3.24 Predicted proteins

Predicted proteins are similar to hypothetical proteins and are predicsgicco from

ORFs (open reading frames) of genomic sequences and show similarities to
characterised protein conserved residues but not to significant protein regions
(Sivashankari and Shanmughavel, 2008)eir functions may be inferred by motifs and
domains from other organisms although enzyme function may differ between
organisms.Functions may be predicted by (i) protgirotein interactions, where two
proteins interact in another organism, (ii) comparative genomics and phylogeny where
genes from metabolic pathways and structural complexes evolve together in different
organisms, p(iif) annotation based on 3D structuyi®ivashankari and Shanmughavel,
2006). From predicted protein® (= 921) encoded by tha. melleagenome, 89% have
IPSmatches, some of these have only minimal structural information such as conserved
protein coils, segmentS§ignalPor transmembrane regions € 436). There were GO
amotations for 34% of genes encoding predicted protains (316). All proteins
without IPS match had GO annotations. SignalP motifs=(144) and transmembrane

(n= 194) regions were identified in these predicted protein sequences. Predicted protein
encodng genes were homologous to predicted proteins frordiggimct species Table

3.22) (A. melleaaccession numbers in accompanying CD file Seq_BLAST_IPS,xlIsx)
with the greatest frequency beibgbicolor predicted protein homologs & 835), from

44 different superfamiliesT@ble 3.23), fourteen different protein families (PFAM) and

311 different IPS protein domains.
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Table 3.22. A. melleaproteins homologous to predicted proteins in other organisms

Seq. Description No. of genes
Predicted protein4rthroderma ota€CBS 113480] 1
Predicted protein4spergillus terreutNIH2624] 7
Predicted proteinljaccaria bicolorS238NH82] 815
Predictedprotein [Physcomitrella patensubsp. Patens] 1
Predicted proteinfostia placentdMad-698 R] 85
Predicted proteinfyrenophora triticirepentisP+1C-BFP] 1
Predicted proteingclerotinia sclerotioruni980] 6
Predicted proteinTrichoderma reesgpM6a] 2
Predicted proteinyncinocarpus reesil704] 1
Predicted protein\erticillium albo-atrumvams.102] 2

Table 3.23. A. melleahomologs inL. bicolor. Classificationof superfamilies identiéd
by IPS.

Superfamily o

D Description No of Genes
SSF75011 3-carboxycis,cismucoante lactonizing enzyme 1
SSF54862 4Fe4S ferredoxins 1
SSF53474 U fhydrolase 13
SSF56801 Acetyl-CoA synthetaséike 2
SSF55753 Actin depolymerizing proteins 1
SSF55961 Bet vl-like 1
SSF57667 b-b-U zinc fingers 5
SSF54277 CAD & PB1 domains 1
SSF51197 Clavaminate synthadike 2
SSF52096 ClpP/crotonase 1
SSF54001 Cysteine proteinases 1
SSF52467 DHS-like NAD/FAD-binding domain 1
SSF51905 FAD/NAD(P)-binding domain 5
SSF54373 FAD-linked reductases,-@rminal domain 2
SSF81901 HCP-like 3
SSF144232 HIT/MYND zinc finger-like 4
SSF52972 ITPaselike 1
SSF52058 L domainlike 2
SSF141091 L21p-like 1
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Superfamily

D Description No of Genes
SSF56281 Metallo-hydrolase/oxidoreductase 2
SSF140361 MIT domainlike superfamily 1
SSF103481 Multidrug resistance efflux transporter EmrE superfamily 2
SSF51735 NAD(P)-binding Rossmanfold domains 5
SSF54427 NTF2-like 2
SSF81301 Nucleotidyltransferase 1
SSF81631 PAP/OASL1 substratkinding domain 1
SSF143870 PF0523like 1
SSF50729 PH domainlike 2
SSF53254 Phosphoglycerate mutaike 1
SSF88723 PIN domainlike 1
SSF52540 P-loop containing nucleoside triphosphate hydrolases 4
SSF140860 Pseudo ankyrin repetike superfamily 1
SSF57850 RING/U-box 3
SSF54928 RNA-binding domain, RBD superfamily 8
SSF52047 RNI-like 5
SSF53335 S-adenosylL -methioninedependent methyltransferases 10
SSF82199 SET domain 1
SSF46966 Spectrin repeat 1
SSF54637 Thioesterase/thiol ester dehydrasemerase 1
SSF48452 TPRlike 3
SSF54236 Ubiquitin-like 4
SSF53300 VWA-like 1
SSF46785 "Winged helix" DNA-binding domain superfamily 9
SSF143990 YbiA-like 1

3.2.3.25 A. melleaspecificproteins

A. melleagenes which revealed no BLAST homology< 2721) may be unique to the
organism (A. mellea accession numbers in
Seq_BLAST_IPS.xIsx)Twenty three percent of these € 640) had no GO, IPS or

enzyme annotation. Combined detail from the remainderZ081) was obtained using

accompanying CD file

various databases. Genes had IPS motifs (2081), GO annotationn(= 64) and
enzyme code npping ( = 4) enabling initial putative annotation. Genes with structural
features 1t = 1899) and secretion signals £ 398) only, comprised a large proportion
of these. Genes encodingnserved protein segments or coil structures anky 274),

and proeins with transmembrane regioms£ 336) were identified. Putative functions
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of A. melleaspecificgenes were identified from protein coding motifs identified by IPS
in this cohort 0 = 112), homology to protein familiesn(= 6) and superfamilies
(n=19).

Retrotransposon gag protemotifs (n = 33) were identified among thA. mellea
specific proteins. Three proteins (Am1367, 12059, and 16941), with homology to
hydrophobin proteins were identified amoAg melleaspecific proteins Figure 3.12),
although Am12059 does not havesgnalPwhich would be expected. Alignments of
these A. mellea specific genes with hydrophobin motifs and othér. mellea
hydrophobins arshown inFigure 3.12. Fbox protein motif annotation@ = 8) were
identified by IPS (AmM7860, 7008, 8001, 8058, 9370, 10484, 122&@ 12409.
Proline rich extensirsignature(n = 6), (Am18127, 12814, 13195, 13711, 1514&d
16029, were identified among\. melleaspecific proteins.A. melleaspecific genes
(Am10137, 19420, 4742and 6913 (n = 4) with motifs homologous to CHROMO

domains were identified.

Protein motifs (hn = 3) with characteristics described in an antigenic
galactomannoprotein identified in cell walls Af fumigatug(Yuen et al, 2001)were
identified (Am14278, 10612nd16682. Also identified asA. melleaspecific proteins,
were highly conserved leucineh repeat motifs indicative of ribonuclease inhibitor
proteins { = 30). Zincdependent binding motifs(= 21) which are found in a range of
proteins, which bindDNA, RNA, lipids and other proteins were identifiedAn mellea
specificproteins.

3.3  Concluding remarks

The work presented in this Chapter encompasses the first detailed sequence
investigation ofArmillaria mellea The findings reveal thdahe genome size 8.3 Mb,
and consists of almost 15000 genes, with each gene containing approximately 5 introns.
A. melleais most closely related td. perniciosa The data further detail the occurrence
of a rich repository of carbohydrateegrading enzymes, a large P450ome, and the
presence of manyA. melleaspecific genes. While the genome shows some
characteristics reminiscent of other fungal genomes, it cantaemy unique aspects,
and more importantly, its availability now sets the scene for detailed proteomic

dissection of the organisawhich will be elucidated in subsequent Chapters.
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Chapter 4 Proteomicinvestigation of Armillaria mellea by
electrophoresis and mass spectrometry

4.1  Introduction

As so littleA. melleagenome and proteome data has been published to date, this
studyrepresentshe first attempt to addresset deficitby analysis of a broad range of
mycelial and secreted proteinsing several proteomic techniques. The most widely
established media f&. melleaculture is PDB(Lung and Chang, 2011; Donneby al,
1997; Sonnenbichlegt al, 1997) in the case of liquid culturer in the case of solid
culture MEA (Raziq, 1998; Otienet al, 2003; Hadibarata and Kristanti, 2012ahd
these wee both used in this study. Mycelial proteins identifimda gel electrophoresis
mass spectrometrgpproachwere derived solely from PDB cultures, while secreted

proteins were derived from cultuom a variety of media.

The dynamic ature of protein andmetabolite expression induced by
environmental conditions makes the study of the global proteome more difficult and
there is no universal method of analy@aginsky and Gruissem, 2006)o study the
organismin vitro, defined media which restrict specific nutrients to patéicearbon
sources are utilisedHowever, proteins which may be induced by symix or
pathogenic interactions are excluded from consideration by use of defined media,
resulting in knowledge gaps due to more favourable conditions than those found in
nature an issue which also pertains to plant studi@sllakovaet al, 2012) Defined
media with restricted carbon sources/@been used to induce expression of prote&ins
fungi (Martinez et al, 2009; Vanden Wymelenbergt al, 2009; Horiet al, 2012;
FernandezAcero et al, 201Q. Lignocellulosic biomass degradation is of particular
interest as agrondustrial waste disposas$ costly, as well as causing environmental
pollution (Strong and Claus, 2011White rot fungi can completely degrade lignin
substrates tél,0 andCO, (Martinezet al, 2009) releasing sugars from plant cell walls
which become available for bfwel generation(Strong and Claus, 2011)hus,
extracellular A. mellea enzymesmay have potential for lignocellulosic material

degradation in industri@nd biemedicalapplicationgKunamneniet al,, 2008)

The fungal cell wall is very robugBowman and Fre, 2006)making cell lysis
and protein retrieval difficujtand mechanicand chemical methods must be employed
to achieve this. @& electrophoresisvhich separats proteins by sizeor in two
dimensioms by both charge and size used tasolateeither single or a small number of

proteins If there are any containantspresent2-DE is unyielding angbroteins will not
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focusand proteins cannot be isolatdRblysaccharides secreted imko melleaculture
media comprise up to 10% (w/i@sao et al, 2009) many bioactive metabitdés are
also known to be secretdMisiek et al, 2009; Donnellyet al, 1985; Herathet al,
2012; Misieket al, 2011)as well ashydrolytic enzymeqHadibarata and Kristanti,
2012a) and melaninThis makes itdifficult to separate proteins of interest fraime
mixture, asconcentration of the media also concentrates interfering compounds
Proteins areultimately excised from polyacryamide gels andbjgated to tryptic

digestion into their component peptides for analysis.

MALDI -ToF is an analysis method whereby digested proteins are embedded in a
matrix comprised of small UV absorbant molecules and stdgjeto a laser pulse. This
pulse desorbs the matrix and in doing so protonates and ablates analytes which are
accelerated into a flight tube by application of an electric {igltlifmann, 1995; Yates,
1998) On exiting this fieldanalytes maintain their speed and drift to an analyser. The
length of this drift is extended by an ion mirror, extending the time of flight (ToF)
allowing for better resolution of individual peptides. This drift, their ToF, is measured
in calculating their mass, as lighter particles move faster than heawsr Peptides
which have been protonated have a single charge and a mass ofINbding the mass
of the peptide and Hhe proton. The analyser identifies peptides based on their mass to
charge ratior/2. MALDI control software compares thms/zto a database, in this case
the A. melleacDNA databasgean in silico protein digestof this datahse is used to
generate mtein mass fingerpristand identification is derived from then/z of

component peptidgKaufmann 1995; Yates, 1998)

LC-MS/MS or liquid chromatography tandem mass spectrometry, is an
analytical method whereby digested and protonatgutigesare separated initially by
HPLC (high performance liquid chromatography) based on their hydrophobicity by
loading them onto a reversed phasg €@lumn and eluting peptides using a gradient
mobile phase of organic solverigr example acetonitrile(Penget al, 2003) Eluted
peptides in acidified liquid are sprayed into a nitrogen filled chamber at high
temperature; ektrostatic repulsion causes the charge to be pushed to the droplet surface
causing the droplet to explode as the liquid evaporates d@outomb force. This
fission is repeated until only the peptide which has acquired one or multiple charges
from the lquid, is in the gas phase. The resultant precursor ion is trapped amdigs
analysed, ion$eld in the trap take energy frothe dipolar field, collide with helium

gas and fragment, the fragment/z are analysed in a second round of mass
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spectrometry(MS?). Thus fragmentation data and a mass fingerprint are obtained for
each peptide. Fingerprints are compared to a database to identify p(¥teies, 1998;
Gaskell, 1997; Fenet al, 1989)

There has to datdeen no global protein study Afmillaria spp.proteinsfrom
either intracellular or extracellulatocations instead focus has been oiioactive
metabolte analysigDonnellyet al, 1982; Yang, Swet al, 1989; Donnellyet d., 1990,
1987; Yang, Chenet al, 1989; Donnelly, Covenet al, 1985; Yanget al, 1990;
Misiek et al, 2009; Cremiret al, 1995; Donnelly, Abeet al, 1985; Sonnenbichleat
al., 1997; Bohnertt al, 2011; Muszyskat al, 2011; Misieket al, 2011), enzymatic
activity (Healy et al, 1999; Barryet al, 1981; Hunneyball and Stanworth, 1975;
Doonan and Fahmy, 1975; Lewvas al, 1978; Billal and Thurston, 1996ynocellulose
degradatior(Stoytchev and Nerud, 2000; Dhima al,, 2012; Birkinshawet al, 1948)
and bioremediation(Hadibarata and Kristanti, 2012a; Hadibarata al, 2013;
Hadibarata and Kristanti, 2012b; Hadibaretal, 2012)

The objectives of this chaptaevere to establisha comprehensiveproteomic

overview ofA. mell@, taking he followingappoaches

1. To optimise growth conditions mycelial biomass and culture
supernatants generation.

2. To develop protocols for efficient protein extraction in oreconstruct
the first 2DE mycelial map oA. mellea

3. To develop procedures for optimiga of protein retrieval from culture
supernatants for SDBAGE,

4. To identity proteins from theA. mellea cDNA database following
separation by gel electrophesis and analysis by MAL&F and LGMS/MS.

5. To carry out a bioinfomatic analysis of the proteins identified from

A.mellea mycelia and secretome to attribute functions to these proteins.
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4.2 Results

4.2.1.1  Optimisation of growth conditions

A. melleagrown on solid media produced cultasghich had fluffy white mycelia at its
cente with rhizomorphs radiating outward$he rhizomorphs initiallyhad a white
fluffy appearancebut were subsequently replaced by smoother ddvkewn sclerotial
mycelia as growth proceededith aerial hyphae projeiclg above the culture surface
(Figure4.1).

Figure 4.1. Culture ofA. melleaon MEA showing fluffy white mycelia in the centre,
sclerotial rhizomagohs and somdark brownaerial hyphae can be seen at the edges.

Brown exudates can be seen at the tips of some of these.

Two distinct morphologies were observed in liquid cultlreth static and shaking
floating form which had white fluffy aerial hyphae with brown branched sclerotial
rhizomorphs under the liquid surfad&igure 4.2) and asubmerged tough white
translucent gelatinous formfhe amount oAA. melleabiomass generated wapecific to
individual cultures, but in all casedorown mycelia produced greater biomathan
gelatinous morphologyBiomass generated under the same culture conditions was >10
times greater where brown mycelia developed than where cultures produced white

mycelia
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Submerged mycelia

Figure 4.2. Liquid culture ¢ A. melleagrown in PDB illustrating twodistinct

morphologieobtained fromnstatic culturs.

Basidiomycete cultue including A. mellea are known produce polysaccharides and
melanin which are secreted into cultusepernatarst (Fragneret al, 2009) This
interferes with protein extraction. Mycelia from static and shakingltares have
different morphology and shaking culés produce more melanirfigure 4.3A
illustrates the morphology anéigure 4.3B the light colour ofsupernatantecovered
from static A. melleacultures, compared withFigure 4.3C and Figure 4.3D which
illustrate morphology andsupernatantolour respectivelyfrom shaking cultureThe
presence of melanin and polysaccharides intesfeuiéh efficient protein extraction

from culture sipernatantg§Fragneret al, 2009)

The most efficacious innoculation methoahd culture conditionsfor biomass
generation|s described in SectioR.2.4.1 Briefly, this involved breaking a culture of

A. melleagrown on agaf25 ml) into pieces with a sterile loop followed by vigorous
shaking in a container of sterit¢O (10 ml) to break the culture into very small pieces.
Aliquots (~10 ml) were used to inoculate flasks of PDB to which 0.15% (v/v) ethanol
had been added. Quiesunder static conditiongiere incubated at 25C for 37 6

weeks.
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Figure 4.3. Comparison between mycelial morphdkesgy and culture supernatant
colouss in staticand shaking culturs of A. melleain PDB. A. floating mycelia from
static culture;B. supernatanfrom static cultureC. mycelia from shaking cultured.

supernatanfrom shaking culture.

4.2.2 Optimisation of protein extraction techniques forSDSPAGE and 2-DE

Due to the dearth of research ¢ime proteomics ofA. melleain particular and
basidiomycetes in general, there are festablished method®r intracellular and
extracellular protein extractiont Was thereforenecessary talevelop techniqueso
separateintracellular proteins by 2-DE and extracellular proteins by SEBAGE
(Fragneret al, 2009)

4.2.2.1  Mycelial protein extraction

Static liquid cultures ofA. melleagrown for 3- 6 weeks (Sectior2.2.4.) were
harvested (Sectior2.2.4.9. Initally a method whereby mycelia were ground and
10%(w/v) TCA (Section2.1.5.1§ added to precipitate protein prior to sonication,
followed by protein solubilisation i2-DE focussing buffer (Sectio2.1.6.1§ was
employed. This protocol was found to be unsuitabldye to the presence of
contaminantsvhich interfered with the focussing of the proteins in the first dimension
andcaused vertical streaking following2E (Figure4.4).
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Figure 4.4. A. melleamycelial 2DE gel showing incomplete focussing and vertical

streaking. Only the proteins in mid range have focussed pyoperl

An optimised method, Method 1 (Secti@®2.7.9, was deelopedwherebymycelia
were ground andlysis buffer (Section2.1.5.) added prior to sonication and
centifugation Cell debris wasthus pelleted andemoved. Soluble potein was
precipatedin TCA and resolubilised in -BDE focussing buffer (Sectior2.1.6.16.
Protein concentratianwere determined usinghe Bradford assay (Sectio.2.7.].
Proteins were separatéy 2-DE (Section2.2.8.3 andthe resultan2-DE gels staired
(Figure4.5). Individual protein spotsvere excised and digested (Sect®bB.10.3 prior
to analysis by MALD}ToF (Section2.2.19 and LCMS/MS (Sectior2.2.15.2.
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Figure 4.5. The first 2-DE map of A. melleamycelial proteome, derived following

culture in PDB media

4222 Supenatant protein extraction

A. melleagrown for 3- 6 weeks (Sectio2.2.4.) was havested (Sectior2.2.4.3. A.
melleaculture supernatarst were frozen at20 °C overnight defrosted and centrifuged
at 48,000g, 30 min.This procss induced polysaccharigeecipitaton which enabéd
retrieval of protein in the liquid fractienAn A. melleaspecific protocol was designed
(Section2.2.7.5, wherebyafter addition ofTCA (10% w/v) protein was precipitated
and collectedy centrifugation. The duration of this step wasreased untithere was
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no furtherprecipitaton of proten. An initial time of 15 min was extended in 15 min
increments to 45 min, which was found to be optimal. Even with this tregtthent
colour of both precipated and resolubilised proteimas brown indicating residual
melanin so 2-DE was not attemptedue to the presena® residualcontamination in
resolubilised supernatantproteins, protein quantitationproved largely ineffective.
Therefore proteinwasresolubilised in M DTT (10 ul), 10% (w/v) SDS (10ul) and

5 X solubilisation buffer (10ul), (Section2.2.7.5 and fractionated by SDBAGE
(Section2.2.8.]).

The increasegbolysaccharide and melangontamination in shaking cultures reduced
the quantityof proteinthat couldbe retrieved asa sticky dark brown pellet woulchot
gointo solution and abrown residue remained in microfuge taliéigure4.6 illustrates
an exemplaiSDSPAGE analysis of proteins extractdcom 200 ml A. melleaPDB
liquid culture supernatarst from shakingand staticcultures respectively Solubilised
protein solution (80 ul) was obtained fronstatic culture supernatarst (200ml), and
solubilised protein solution (80) was obtained from shaking cultusepernatarst(200

ml), and wereloaded in aliquot$20 pl) ontogels (four lanes per each conditipn

M Shaking Static

o«

1 2 3. 4 5 6 7

&
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Figure 4.6. Comparative SDE&AGE analysis of proteins extracted frol mellea
culture supernatarst obtained after shaking anstatic culture M, prestained marker;
lanes 1- 4, shaking culturg lanes 5 8, static culture. Each culture condition yielded
solubilised protein solutio80 pl) which was loaded equally (20 pigr SDSPAGE.

Static culture produced a higher proteielg than shaking culture conditians

A range of media were used as carbon sourcesder to explore if it was possible to
induce specific enzyme expressiamcluding lignin, xylan, cellulose, yeast extract and
glucose (Sectior2.1.3.9. Attempts were made teemove contaminating substances

from proteinin supernatarst of A. melleacultures grown on restricted carbon sources
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but very little biomass was generataslith consequent reduction ithe amounts of
secretegprotein. SDSPAGE was carried oubutin the case okylan orlignin no clean
banding pattern was visible on g€Figure4.7A, and B. Bandsfrom both lignin and
xylan culture supernatarst were excised antrypsindigested prior toLC-MS/MS

analysig(Section2.2.10.3.

Xylan Lignin
AL23455739B1L3456789

- - — A —
kDa KDa

175
|

175

80 80—

58 58
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30 30

|
25 [~ 25

17 17
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Figure 4.7. SDSPAGE ofsupernatarstfrom liquid cultures ofA. melleawith (A) xylan
and B) lignin as carbon soursaespectivelyA. L, prestained marketanes 2- 5 gatic
culture and lanes 69 shakingculture.B. L, prestained marketanesl, 3, 4, 5 baking

cultureandlanes G 9 static culture.

4.2.3 Mycelial protein identification by MALDI -ToF and LC-MS/MS following
2-DE.

A. melleawas grown for three weeks in PDB liquid culture (Secfidh4.]), harvested
(Section2.2.4.2, protein was extracted asdbjected to DE (Section2.2.8.3. Protein
spots o = 206) from 2-DE shown inFigure 4.5 were excised and digested (Section
2.2.10.3 prior to MALDI (Section2.2.14 and LGMS/MS analysis (Sectio.2.15.2
using Program A(Table2.6).

Proteinswere identified by MALD}ToF analysis(Table4.1) in 47 2-DE spots with an
E valueO 0 .c@rr@spondingo 38A. melleagenesrom theA. melleadatdase These
proteins werealso subsequently identified by L8MS/MS with the exception ofie
proteins (Am1181 SH3 domaincontaining protein Am7248 unknown function
protein; Am9971, phosphatidylinositol phosphate kinagepk5; Am13361, aldehyde
dehydrogenaseédm16969 A. melleaspecificprotein of unknown functionwhich were
identified soély by MALDI. Two proteins alcohol oxidasdike proteirs (Am13458
and Am9694) were identified from spot No. 7Although homology of these two

proteins is to an alcohol oxidaBke protein they haves 8 % similarity. There were
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five proteins dentified in more than one spadhdicating the occurrence oprotein
isoforms or subunits of different molecular mass(Am17277, 5-
methyltetrahydropteroyltriglutamateomocysteine S-methyltransferase (cobalamin
independent methionine synthgsBpots 21 and 52; Am1®6, peroxisomal catalase,
Spots 1, 3 and 104; Am17798hosphoglycerate kinas8pots 2, 4 and 113; Am19381
3-ketoacylCoA-thiolase (peroxisomal, Spots 115 and 117; Am65911-cys
peroxiredoxin Spots 8 and 9). Sequence coverage ranged frond@tcand aly three
proteins (Am1181, Am13458 and Am19464) had < 10 % ssmpeoverage. Five
proteins (An®971, Am12502, Am14558, Am16713 and Am18655) had transmembrane
regions and two (Am10845 and Am9971) had classical secretion signals. A further

seventeempossessdnonclassical secretion signals.
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Table 4.1. A. melleamycelial proteirs identified fromby MALDI analysis subsequent &DE (Figure4.5).

®Accession o Spot tM, ®*MALDI Coverage 'GRAVY "SigP/ _ ,
BLAST description tpl T™ Method 'Extraction
No. No. (kDa) E-value (%) Score SecP
Am6591  1-cys peroxiredoxin 8 248 6.1 0 56.8 -0.404 MToF M
Am6591  1-cys peroxiredoxin 9 248 6.1 0 445 -0.404 MToF M
Am19381 3-ketoacytCoA-thiolaseperoxisomal 115 40.32 6.3 0 20.4 0.088 SecP MToF M
Am19381 3-ketoacylCoA-thiolaseperoxisomal 117 4032 6.3 0 20.1 0.088 SecP  MToF M
Am17277 5-methyltetrahydropteroyltriglutamateomocysteine 21 845 64 0 25.6 -0.201 MToF M
S-methyltransferase
Am17277 5-methyltetrahydropteroyltriglutamateomocysteine 52 845 64 0.001 20.3 -0.201 MToF M
S-methyltransferase
Am11823 Aconitate hydratase 22 8459 6.2 0 10.8 -0.278 SecP  MToF M
Am11275 Activator of Hsp70 andHsp90 chaperones 23 64.89 5.8 0 24.8 -0.718 MToF M
Am5210  Alanine transaminase 92 521 57 0.002 134 -0.139 SecP  MToF M
Am13458 Alcohol oxidaselike protein 79 168.02 6.1 0 4.3 -0.313 MToF M
Am9694  Alcohol oxidaselike protein 79 65.92 5.3 0 16.8 -0.286 MToF M
Am13361 Aldehyde dehydrogenase 94 5448 5.9 0.006 15.6 -0.125 SecP  MToF M
Am19374 Aldehyde dehydrogenase 96 55.69 6.2 0.003 144 -0.227 SecP  MToF M
Am19925 Aspartate ammonia lyase 100 5469 7.2 0 13.6 -0.119 SecP  MToF M
Am19833 Chaperone binding protein 149 2205 5.4 0 48 -0.718 SecP  MToF M
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“Accession o Spot ‘tM, ®MALDI Coverage 'GRAVY "SigP/ . _
No. BLAST description No.  (kDa) tpl Evalue (%) Score Secp Method ’'Extraction
Am8697  Glutamate carboxypeptidase 28 5248 5 0 25.6 -0.218 SecP  MToF M
Am19877 Glutamic oxaloacetic transaminas@tl 41 4579 8.6 0 21 -0.212 SecP  MToF M
Am19877 Glutamic oxaloacetic transaminasatl 42 4579 8.6 0 13.2 -0.212 SecP MToF M
Am12863 Glyceraldehydes-phosphate dehydrogenase 127 39.97 8.4 0.001 227 0.079 SecP  MToF M
Am14651 Glycinehydroxymethyltransferase 105 52.32 6.8 0.001 10.6 -0.225 SecP  MToF M
Am7160  Heat shock protein 53 7469 55 0.002 16.2 -0.348 MToF M
Am10845 Hsp70 chaperone 25 72.23 4.9 0 40 -0.391 SigP MToF M
Am18655 Ketol-acid reductoisomerase 49 90.56 9.6 0 17.8 -0.418 MToF M
Am1779 Leucine aminopeptidase 83 51.18 5.6 0.002 17.2 -0.2 MToF M
Am11036 Macrolidebinding protein fkbp12 18 1158 6.1 0 64.8 -0.234 MToF M
Am6119  Malatedehydrogenas® AD-dependent 7 33.81 8.8 0 53 0.291 MToF M
Am6119  Malatedehydrogenas®AD-dependent 126 35.81 8.8 0.002 274 0.291 MToF M
Am19464 mRNA transport regulator 99 148.89 5.3 0.005 6 -0.153 MToF M
Am16969 A. melleaunknown function protein 45 39.89 6.5 0.004 15.2 -0.376 SecP  MToF M
Am14790 P47protein isoform c 65 41.01 4.8 0 304 -0.717 SecP  MToF M
Am17600 Peroxisomal catalase 1 58.48 6.8 0.002 32.6 -0.587 MToF M
Am17600 Peroxisomal catalase 3 58.48 6.8 0 26.4 -0.587 MToF M
Am17600 Peroxisomal catalase 104 58.48 6.8 0.001 25 -0.587 MToF M
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“Accession o Spot ‘tM, ®MALDI Coverage 'GRAVY "SigP/ . _
No. BLAST description No.  (kDa) tpl Evalue (%) Score ™ Secp Method ’'Extraction
Am9971  Phosphatidylinositol phosphate kinapgk5 123 89.93 6.8 0 18.9 -0.586 2 SigP MToF M
Am17796 Phosphoglycerate kinase 2 4591 5.9 0 16 0.006 MToF M
Am17796 Phosphoglycerate kinase 4 4591 5.9 0 41.2 0.006 MToF M
Am17796 Phosphoglycerate kinase 113 4591 5.9 0 27 0.006 MToF M
Am20231 Phosphopyruvate hydratase 12 47.08 5.7 0 29.5 -0.108 MToF M
Am12529 Potential stress response protein 61 4546 4.3 0.004 13.7 -1.54 MToF M
Am12502 Predicted proteinlfaccariabicolor S238NH82] 114 58.67 6.2 0 17.4 -0.174 1 MToF M
Am7248 Protein 24 6743 5.5 0 33.6 -1.029 MToF M
Am11784 Protein vipl 141 2594 6.4 0.007 29.6 -0.458 MToF M
Am19160 Ribose 5phosphate isomerase 14 16.89 6.7 0.002 40.6 -0.003 SecP  MToF M
Am8498  Set domain protein 13 50.74 5.4 0 19.5 -0.235 MToF M
Am1181  SH3 domaincontaining protein 95 105.42 8.2 0.005 8.9 -0.847 MToF M
Am16713 Shortchain dehydrogenase 91 6051 6.2 0 18.6 -0.032 1 SecP  MToF M
Am14558 Valosin-containing protein 51 177.09 5.4 0 12.7 -0.258 3 MToF M

2Accession number froA. melleacDNA databaseBlast annotation following Blast2GO analysis of proteins identified fformelleacDNA databaseM,, theoretical molecular

mass“tpl, theoretical isoelectric pointMALDI E -value, expect value from MALDI analysig proteins identified from. melleacDNA databasg; ‘'GRAVY score, grand average

of hydropathy (Negative score indicates hydrophilicity while Positive sirafieateshydraphobicity); TM, number of transmembrane regiofiSigP, classical secretion signal

peptide; SecP, neclassical secretion signd\fiethod,2-DE proteins separated in two dimensions prior to MALDFBmalysis MToF; 'Extraction: M, mycelia
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Excised spots fron2-DE were alsoanalysed by C-MS/MS. Chromatogram data was
exported to Spectrum Mill for analysis and interrogation of Ahemelleadatabase
applying settings described in Secti@®.15.3 Two hundred and six spots were
analysed andoroteins identiled from excised spotgn = 182). No proteins were
identified from the remaindefn = 24). Spectrum Mill scores ranged from 11.05 to
433.00.Scores in the 9 13, range when combined with a SPI > 7Q &énote peptides

of good quality with substantial peptide fragmentation according to Spectrum Mill
guidelines Table 2.7). Peptide score is a maximum a25, therefore a score of 433

denotes a large number of high scoring peptides.

The number of proteinglentified rangedfrom a single protein per spaip to ten

proteins from a single spgBpot No. 89) (Figure 4.5), and as with MALDI analysis
protein isoformswvere evidentProtein identificationn = 274) wassupported by 1428
peptidesafter interrogation othe A. melleadatabase. &centage coverageer protein
ranged between 1% (= 8) supported by 1 peptide and 8186 1) supported by 11
peptidesProteins in this dataset were supportedibngle peptider( = 77), 25 peptides
(n = 96), 610 peptidesr( = 59) and 1125 peptidesr( = 27). The hghest scoring
mycelial proteins uniquely identifieéfom LC-MS/MS are shown iffable4.2.
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Table 4.2. High scoringA. melleamycelial proteins uniquely identifidaly LC-MS/MS analysis subsequent 20DE (Figure4.5).

*Accession _ . . Coverage Unique °SM ‘GRAVY "SigP/ | . ’ _
No. BLAST Annotation tM tpl ) Peptides Score  score Secp TarP 'Method “Extraction
Am14746 20S Proteasome Subunit 28961.1 7.02 28 8 127.39 -0.295 SecP 2-DE M
Am18487 20S Proteasome Subunit 29717.2 8.9 7 2 26.31 -0.28 2-DE M
Am19373 20S Proteasome Subunit 23637.2 5.38 23 3 49.03 -0.208 2-DE M
Am11823 Aconitate Hydratase 84604.4 6.23 19 14 212.14 -0.278 SecP Mt 2-DE M
Am7572  Adenylate Kinase 36640.8 9.3 14 6 85.08 -0.402 2-DE M
Am16947 Aldo Keto Reductase 78476.9 4.56 4 2 4192 -0.457 1 SecP 2-DE M
Am17876 Atpase V1 Al Complex 29102.4 7.82 34 7 109.55 -0.531 2-DE M
Subunit E
Am18616 Citrate Synthase 50677 8.58 5 2 30.99 -1.025 2-DE M
Am10545 CytochromeB5 Reductase 29149.7 8.79 10 2 39.44 -0.282 2-DE M
Am18662 Dihydrodipicolinate 33189.2 6.45 15 5 81.2 0.051 2-DE M
Synthetase
Am19925 Fumarate Hydratase 547049 7.17 21 8 142.75 -0.119 SecP Mt 2-DE M
Am3968  Galactose Mutarotadake 47051.2 5.43 9 3 47.07 -0.222 2-DE M
Protein
Am7428  Heat Shock Protein 70 67452.9 5.51 43 22 390.54 -0.302 2-DE M
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2Accession Coverage Unique °SM 'GRAVY "SigP/

No. PBLAST Annotation °tM , “tpl ) Pepiides Score  score IT™M Secp "TarP 'Method *Extraction
Am5827 Histone 2A 15403.9 10.69 11 1 14.03 -0.377 SecP 2-DE M
Am11737 Hypothetical Protein Cmq 31480.1 9.19 21 4 65.62 -0.316 2-DE M

7689 [Grosmannia clavigera
Kw1407]
Am14390 Hypothetical Protein 51109 4.8 6 2 32.75 -0.793 SecP 2-DE M

Serla73Draft_180097erpula
lacrymansVar. Lacrymans
S7.3]

Am9103  HypotheticalProtein 9374.6 9.15 43 2 39.82 -0.38 SecP 2-DE M
Travedraft_26989Trametes
versicolorFp-101664 Ssl]

Am15767 Mitochondrial Carrier 536455 6.21 4 2 37.65 -0.027 2-DE M
Am14771 Mitochondrial Pyruvate 44318.5 6.25 14 6 110.57 -0.379 Mt 2-DE M
Dehydrogenase E1

Component Beta Subunit

Am17114 Mn Superoxide Dismutase 24551 7.94 12 3 44,61 -0.329 SecP Mt 2-DE M

Am14873 Monooxygenase FABInding 43718.9 5.41 24 9 110.35 -0.325 2-DE M
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*Accession _ . . Coverage Unique °SM 'GRAVY "SigP/ _ ) _
No. BLAST Annotation tM | tpl %) Peptides Score  score T™ Secp TarP 'Method “Extraction

Am17269 Mov34-DomainContaining 40774.1 5.75 6 2 28.4  -0.587 2-DE M
Protein

Am9808  NAD -Binding Protein 371855 5.8 10 3 40.96 -0.181 2-DE M

Am11624 NADH Dehydrogenase 43310.3 6.38 4 2 2777 -0.281 2-DE M

Am19009 O-Methyltransferase Family 3 24976.5 5.81 18 2 36.69 -0.142 2-DE M
Protein

Am16589 PeptidytProlyl CisTrans 11653.6 5.84 20 2 30.28 0.011 2-DE M
Isomerase

Am14569 Predicted Proteinfaccaria 30523.7 6.86 8 2 2597 -0.218 2-DE M
bicolor S238NH82]

Am12246 Predicted ProteinHostia 24544 6.98 18 3 56.85 -0.38 SecP 2-DE M
placentaMad-698 R]

Am5361  Probable UbiquitirLike 8625.1 8.09 41 2 36.28 -0.36 SecP 2-DE M
Protein Ubl1

Am19014 Proteasome Subunit Alpha 62364.2 5.21 14 7 126.29 -0.27 2-DE M
Type 4

Am17973 Protein Disulfide Isomerase 56038.7 4.74 10 4 73.3 -0.449 SigP 2-DE M

Am20247 Protein Disulfide Isomerase 81758.1 5.71 12 8 126.55 -0.364 SigP 2-DE M
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*Accession _ . Coverage Unique °SM 'GRAVY "SigP/ _ ) _
BLAST Annotation ‘M, tpl _ ™ 'TarP 'Method “Extraction
No. (%) Peptides Score  score SecP

Am17183 Proteolysis And Peptidolysis 24178.3 5.81 9 2 32.24 -0.359 2-DE M
Related Protein

Am12194 PRTaseLike Protein 26262.6 5.63 13 2 40.15 0.021 2-DE M
armadillo/beta

catenin/plakoglobin

Am6597  Related To SodiuaCalcium  102126.5 6.26 7 4 67.88 0.026 1 SigP 2-DE M
Exchangers

Am18435 RhogapDomainContaining  152887.8 9.17 2 3 52.97 -0.429 2-DE M
Protein Btereum hirsuturfp-
91666 Ss1]

Am15110 RNA-Binding Domain 42099.1 9.22 5 2 30.3 -1.166 1 2-DE M

Containing Protein

Am8591  S-AdenosyiL-Methionine 30909.1 6.01 35 8 133.71 -0.28 2-DE M
Dependent Methyltransferase

Am7403  Serine Threonine Kinase 57616.5 7.46 6 2 36.64 -0.4 SecP 2-DE M

ReceptorAssociated Protein

Am19833 SGSDomainContaining 220709 5.38 30 6 95.48 -0.718 SecP 2-DE M

Protein
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2Accession Coverage Unique °SM 'GRAVY "SigP/

No. PBLAST Annotation °tM , “tpl ) Pepiides Score  score IT™M Secp "TarP 'Method *Extraction
Am13591 ShortChain Dehydrogenase 30863.8 8.81 16 3 48.02 -0.119 SecP 2-DE M
Am4143  Tautomerase Mif 13132.2 9.26 14 2 32.87 -0.055 SecP 2-DE M
Am4272  Thiazole Biosynthetic Enzym( 33239.5 5.89 19 4 74.17 0.108 SecP 2-DE M
Am10094 Thioredoxin Reductase 36226.3 5.35 22 6 96.61 -0.158 2-DE M
Am19476 Transcription Factor 65206.1 5.93 4 2 29.42 -0.265 2-DE M
Am17950 Ubc-Like Protein 15434.7 6.07 36 4 64.01 -0.475 SecP 2-DE M
Am19982 Ubiquitin-Conjugating 21115.1 6.31 23 4 74.78 -0.306 2-DE M

Enzyme E224 kDa
Am16629 Urease Accessory Protein 23477.8 5.04 34 5 78.08 -0.11 2-DE M
Am16451 Uridine Nucleosidase 72404.4 5.97 5 2 36.07 -0.234 SecP 2-DE M

2Accession number frorA. melleacDNA database’Blast annotation following Blast2GO analysis of proteins identified fPormelleacDNA database®M,, theoretical molecular
mass“tpl, theoretical isoelectric poifiSM score, Spectrum Mill protein scof&RAVY score, grand average of hydropathy (Negative score indicates hydrophilicity while Positive
scoreindicateshydrophobicity):TM, number of transmembrane regiof8igP, classial secretion signal peptide; SecP, fuassical secretion signalarP, subcellular location of
proteins, Mt, mitochondrial targeting peptiéM;ethod:ZDE prior to LGMS/MS analysis, DE proteins separated in two dimensions prior teMM&/MS analysis‘fExtraction: M,
mycelia
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Figure 4.8 provides aroverview ofthe total numbebf proteins identifiedafter 2-DE
fractionation Figure 4.5) and mass spectrometry. The superiorit 6FMS/MS over
MALDI -ToF analysis for protein identification is clearly evideBtata pertaining to
identification of each protein spot in Figure 4.5 are outlined in Appendix A.1

(Accompanying CD file Master Tables Appendices.docx).

Figure 4.8. Identification of A. mellea mycelial proteins following 2DE and mass
spectromeaty analysis. Overall279 proteins were identified, five uniquely by MALDI,
33 by both methods and 241 proteins were only detected Ay &MS.

All details of proteins identified from DE are shown in AppendiA.2 and A.3
(Accompanying CD file Master Tables Appendices.dodxight percentof these
proteins fi = 23) possessransmembrane regions, 54% have secretion sigBajsalP

(7%) and SecretomeP (46%h = 20 and 128respectively) and 12%n(= 35) exhibit
GRAVY scores denoting hydrophobic proteins. The number of transmembrane domains
per protein rangetdetweerone f = 16 proteins), twor( = 4) three (| = 1) and five

=1).

B2G analysis generates hierahical graphs directed acyclic graphs (DAG)f GO
annotated proteingGotz et al, 2008) Scores are assigned to nodes based on the
number of sequences adistance from the paremode This is illustrated byDAG
analysisof molecular functions of. melleamycelial proteinsKigure4.9). FurtherB2G
analysiswasused 6 reduce the complexity dérge datasets and give arverview of
combined annotatiorMultilevel graphs were generated from combined data analysis
whereby the lowest ranked nodes on each branch are visualised toghthaumbers

of proteins in a multileel chart represent the numbers of proteins with a particular GO
designation. Thus peptidase activity is a subset of hydrolase activity, but does not
include all proteins involved in hydrolysi@-igure 4.9). Therefore the number of

proteins in a multilevel chart does not represent all of the proteins in a dataset, only the
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lowest hierarchical level and serves to give a broad overview of thelastainFigure

4.9 is shown as a multilevel chart kigure4.10.

B2G multilevel datasetsvere produced fomolecular functior{Figure4.10), biological
process Figure 4.11) and cellular componentFigure 4.12). When categorisedy
molecular functionGO analysis revealed thaticleotide binding proteingi4%) were
most abundantProten binding proteins Z2%), peptidase activityl(%), and kinase
activity (6%) were lower.Proteins withtransporér (5%) and DNA binding functions
werealsoidentified as well aRNA and electron carrier activity protei(Bigure4.10)

eachaccounting for%, respectively

The largest cohort in biologicgbrocess is catabolic process %)/ carbohydrate
metabolic process (18%) was next rankisgcceededoy generatia of precursor
metabolites and energwhich give the same percentage ragleic acid metabolic
processes @6). Regulation of biologicalprocess (8%) ensues in rankingand
secondarymetabolic procesg%) is next. Translation and response to stress have t
same with 4% each, respectively. lon transport and lipid metabolic pr@é$are the
lowest ranking GOs in this categoffyfigure4.11).

When categorised bgellular componenthe largest grouping are proteiimvolved in
protein complexes40%). Nuclear proteirrepresentatiorwas 206, cytoskeleton and
mitochondral proteins were 12%ach. Ribosome (9%) and cytosol (7%) proteins were

lowest in this categorfFigure4.12).
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Figure 4.9. Directed acyclical graph (DA A. melleamycelial analysioof GO annotation identified frooMALDI -ToF andLC-MS/MS analysis
Nodesassociatedvith < 6 sequences have been eliminated for enhanced clarity. GO annotation hierarchy of protein molecular functions from this
dataset is illustrated Scores are based on thdauof sequences and proximity to parent nodes. Colour intensity varies with the proportionality of the
scorethe more intense colours denoting more proteiea from the lowest node on each branch can be grouped in a multilevel changdeasl

comgicated visualisation of dafg@igure4.10).

182



peptidase activity, 16

electron carrier activity, 6 protein binding, 34

RMNA binding, 7

kinase activity, 10

transporter activity, 8

DMNA binding, 6

nucleotide binding, 69

Figure 4.10. Molecular Function. GO multilevel represetation of A. melleamycelial proteis fractionated by2-DE followed by MALDI -ToF and
LC-MS/MS analysis; identification of molecular function property domains defindattpy/www.geneontology.orgsO annotation from the lowest
nodes of GO hierarchy in the category of molecular function is shown. Numbers indicate the number of proteins in eachhAdage@aof this data

is shown in(Figure4.9).
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translation, 10

secondary metabolicprocess, 12

nucleabase, nudeoside,
nucleotide and nucleic acid
metabolic process, 32

catabaolic process, 62

regulation of biological proces, 19

ion transport, 8

lipid metabolic process, &
response to stress, 10 P P .

generationof precursor carbohydrate metabaolic process,

metabolites andenergy, 32 42

Figure 4.11. Biological process.GO multilevel representationf A. melleamycelial proteinfractionated by2-DE followed by MALDI -ToF andLC-
MS/MS analysis; identification of biological process property domains definddtpy/www.geneontology.org/isualisation of GO annotations is

from the lowest nodes of GO hierarchy, in the category of bidbgiocess. Numbers indicate the number of proteins in each category.
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cytosol, 6

cytoskeleton, 10

protein complex, 32

nucleus, 16

ribosome, 7 mitochondrion, 10

Figure 4.12. Cellular Component GO multilevel representationf A. melleamycelial proteindractionated by2-DE followed byMALDI -ToF and
LC-MS/MS analysis; identification of cellular component property domains definatty/www.geneontology.org/isualisation of GO annotation

is from the lowest nodes of GO hierarchy, in the caldomponent category. Numbers indicate the number of proteins in each category
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Figure 4.13 illustrates the distributioradual of proteins identified following2-DE
separation andVALDI and LC-MS/MS analysiscompared withpredictedA. mellea
proteins based on theoretical ®hd p data using software frorHiller et al. (2006)

http://www.jvirgel.de The genome map shows a grouping of low pH 4oH7) and a

second less dense, smaller grouping at higher pH7(pH 10.13). The theoreticapl
range is pH 4.1810.13 and theoretical Mrange is 7 391kDa (Figure4.13).

1.60 2.40 3.20 4.00 4.80 5.60 6.40 7.20 8.00 8.80 9.![30 10.40 11i20 12.00 12i80 13.60
| | |

400.00

2-DE®
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kDa
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. . . z
3.00 L u:® . -

Figure 4.13. Alignment of theoretical Mand p from A. melleagenomicpredicted
proteins and 2DE proteomic data(Software: http://www.jvirgel.de (Hiller et al,
2006).

Representatives afomeA. melleagene categories described in the genome anafjsis
protein families(Section3.2.3 wereidentified at protein levelCAZys identified were
three each of GHCE, plus one CBM (Am9123)Two proteins were categorised as
metalloproteins (Am1231 and Am18955)Five oxygenasesAfm7250, Am11579,
Am14873, Am16713 and Am18657)hree oxidoreductases (Am247, Am252 and
Am13662)and three oxidasg§Am9694, Am13458 and Am1833Weredeterminedat
protein level Two proteins were recognised 48Sribosomal proteingAm16109and
Am17877) and one as a 60S ribosomal protein (Am19273)Three supmxide
dismutase were distinguished(/Am1068, Am17114and Am18409) & were five
peptidasesThe complement oproteinsgrouped asipredictedp r o t @i=rb)swere
Am7248, Am8356, Am10757Am12246, Am14569 and Am1989land nineteen

proteinswere ranked abypothetical whose presence is now confirm@avo proteins
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Am2320 and Am16969were not identified byBLAST and can be classified &s.

melleaspecificunknown function proteins.

4.2.4 Secretome proteinidentification by LC-MS/MS following SDSPAGE.

A. melleawas grown for 3- 6 weeks in liquid culture (SectioR.2.4.]), harvested
mycelia stored ait 70 °C and supernatant frozenia&0 °C prior to separatio{Section
2.2.4.2. Protein wasseparated b$DSPAGE (SectiorR.2.7.5. Alternaively A. mellea
was grown on solid mediaFigure 4.1) (Section 2.2.3.3, protein extracted and
solulilised (Section2.2.7.9 prior to SDSPAGE. Samples were subjected to gel
electrophoresis (Section2.2.8.), stained (Section 2.1.6.1) and destained
(Section2.1.6.12. Gel bands were excised and digested (Se&ipri5.2 prior to LC-
MS/MS analysis (Sectior2.2.15.2 using Program A (Table 2.6). Spectrum Mill
software was used to analyse chromatograms fromMISIMS using the settings
described irSection2.2.15.3

Overall 340 proteins were identified iA. mellea culture supernatantbased on
LC-MS/MS detection ofL019peptides. Numbers of unique peptides per protereas
follows: single peptiden = 178), 25 peptidesr{ = 128), 610 peptidesr( = 30) and
11-15 peptidesr( = 4).

With regard to structural features of supernafanteins 9% ( = 32) were determined
to havetransmembrane regions, 8aP 41% 6 = 141) and Seetomd® 33% ( = 113)
sgjuenceswere identified inthis dataset ofA. melleasupernatant proteinsherefore
74% of supernatant proteins had secretion signdlsenty proteins had one
transmembrane domain, six had ttk@nsmembrane domaiasdthree, four, six, seven
and nine dorains were identified in one protein each. GRAVY scores indicttat
24% ( = 82) were hydrophobiproteins Theoretical pvalues were between pHO05
and 10.52High scoring proteins from the cohort of secreted prstsishown inTable
4.3 and a complete list of identified proteiaad their associated datan be found in

the AppendixA.3 A.4 (Accompanying CD file Master Tableppendices.docx).
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Table 4.3. High scoringA. melleaculturesupernatanproteins identified by SD®AGE followed by LEMS/MS, uniquely identified by this method.

aAccession PBLAST A _ . . Coverage Unique °SM  'GRAVY "SigP/ . ; ’ _
No. nnotation tM, { %) Peptides Score  score Secp TarP 'Method “Extraction
Am19553 Af411251 1CellulaseCel6B 46891.4 4.54 19 7 123.23 -0.014 SigP 1D Sn
Am5540 Alcohol Oxidase 63989.9 4.6 11 6 97.57 -0.079 SigP 1D Sn
Am19545 Alpha BetaHydrolase 58494.9 4.37 11 4 78.62 0.112 SigP 1D Sn
Am9991  Aspartic Peptidase Al 44506.6 5.4 12 4 69.26 0.006 SigP 1D Sn
Am13346 Betalactamase Transpeptidase 69309.3 4.92 4 2 46.4 -0.05 SigP 1D Sn
Like Protein
Am14725 Carbohydrate Esterase Family 1€ 32583.4 4.19 31 5 101.79 0.001 SigP 1D Sn
Am18408 CarbohydrateBinding Module 35316.9 4.83 10 2 36.26 -0.253 SigP 1D Sn
Family 1
Am4493  Cellobiohydrolasé 48830.8 4.34 12 4 80.6 -0.338 SigP 1D Sn
Am20101 Dyp-Type Peroxidase 56528.5 5.68 17 6 102.42 -0.293 SecP 1D Sn
Am19126 Exo-b-Glucanase 81585.6 5.22 7 4 61.94 0.084 SigP 1D Sn
Am17701 Exosome Component Rrp46 53733.3 5.2 13 4 8391 -0.032 SigP 1D Sn
Am11027 FAD FMN-Containing 56692.7 5.08 13 6 97.48 -0.005 SigP 1D Sn

Dehydrogenase
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2Accession Coverage Unique °SM  'GRAVY - "SigP/

No. PBLAST Annotation M,  ‘tpl (%) Pepiides Score  score Secp 'TarP 'Method ¥Extraction
Am12548 Family S53 Protease 68638 4.42 13 4 86.18 0.151 SigP 1D Sn
Am10289 Glycoside Hydrolase Family 115 114008 4.55 2 2 40.53 -0.094 SigP 1D Sn
Am17847 Glycoside Hydrolase Family 13 56284.6 4.94 5 3 58 -0.24 SigP 1D Sn
Am14157 Glycoside Hydrolase Family 15 61191.1 4.56 11 4 68.88 0.016 SigP 1D Sn
Am18038 Glycoside Hydrolase Family 16  39327.9 6.39 17 5 80.3 -0.114 SigP 1D Sn
Am9564 Glycoside Hydrolase Family 20 59239.4 4.75 7 3 4251 -0.083 SigP 1D Sn
Am4117 Glycoside Hydrolase Family 3 66127.4 4.54 6 4 59.81 0.014 1 SecP 1D Sn
Am14693 Glycoside Hydrolase Family 37 71119.8 4.35 6 3 4478 -0.258 SigP 1D Sn
Am13752 Glycoside Hydrolase Family 47  59389.7 4.97 32 15 282.75 -0.154 SigP 1D Sn
Am15965 Glycoside Hydrolase Family 5 46113.4 4.8 25 6 108.18 -0.212 SigP 1D Sn
Am18634 Glycoside Hydrolase Family 79  38585.2 4.86 19 5 84.99 -0.019 SecP 1D Sn
Am17712 Glycoside Hydrolase Family 92  87085.9 4.84 15 7 112.69 -0.203 SigP 1D Sn
Am7125 Glycoside Hydrolase Family 95 89157.1 4.8 13 8 125.65 -0.138 1D Sn
Am16182 GMC Oxidoreductase 76670.5 4.83 16 7 114.65 -0.127 SigP 1D Myc, Sn
Am13156 Hypothetical Protein 72243.6 4.96 25 10 177.07 -0.065 SigP 1D Sn

Fommedraft_141224pmitiporia

mediterraneaMf3/22]
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2Accession PBLAST A _ . . Coverage Unique °SM  'GRAVY . "SigP/ ; ) _
No. nnotation tM, tpl %) Peptides Score  score ™ Secp TarP 'Method “Extraction
Am712 Hypothetical Protein 25236.3 5.1 13 3 4518 -0.16 SecP 1D Sn
Fommedraft_167770pmitiporia
mediterraneaMf3/22]
Am18468 Hypothetical Protein 522949 4.19 36 10 162.51 -0.272 SigP 1D Sn
Punstdraft_13300Zunctularia
strigosozonataihb-11173 Ss5]
Am15281 Hypothetical Protein 27023.3 4.74 17 2 42.8 -0.072 SigP 1D Sn
Stehidraft_826803tereum
hirsutumFp-91666 Ssi]
Am18005 Hypothetical Protein 89492 5.2 5 3 51.09 -0.468 1D Sn
Travedraft 135035Irametes
versicolorFp-101664 Ss1]
Am380 Laccase 56590.2 4.6 10 4 62.73 -0.019 SigP 1D Sn
Am12382 Laccase 5 74949.3 5.74 10 6 94.18 0.083 SigP 1D Sn
Am4666 Laccase Lcc5 27495.1 5.03 17 3 63.52 -0.115 SecP 1D Sn
Am10767 LCCL DomainContaining Protein 96791.9 5.18 2 2 34.17 0.067 9 SecP 1D Sn
Am9721 Metalloprotease MP2 80032.8 4.81 10 5 63.33 -0.123 SigP 1D Sn
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2Accession Coverage Unique °SM  'GRAVY - "SigP/

No. PBLAST Annotation M,  ‘tpl (%) Pepiides Score  score Secp 'TarP 'Method ¥Extraction

Am5632  A. melleaunknown function 16183.3 5.1 23 3 48.67 -0.519 1D Sn
protein

Am15498 Neutral Alkaline Nodlysosomal  88910.3 5.05 17 10 165.42 -0.095 SecP 1D Sn
Ceramidase

Am16332 Oxalate Decarboxylase 27226.4 4.45 14 3 48.74 -0.235 SecP 1D Sn

Am9981 Peptidase S28 60574.4 4.59 16 7 123.41 -0.061 SigP 1D Sn

Am711 PhdD-Like Protein Pholiota 26324.3 5.18 23 4 75.25 -0.26 1D Sn
namekd

Am5682 Polysaccharide Lyase Family 1  33293.1 5.36 44 7 131.31 0.011 SigP 1D Sn
Protein

Am1482 PoreForming ToxinLike Protein  37463.6 5.08 12 3 51.79 -0.382 1 1D Sn

Hfr-2 [Triticum aestivunj

Am18603 Predicted ProteirLjaccaria 41446.1 5.39 10 3 53.86 -0.492 1D Sn
bicolor S238NH82] Predicted:
Uncharacterized Protein
Loc100241465Yitis Viniferd

Am16001 Rhamnogalacturonan 63120.7 4.63 7 3 64.06 -0.119 SigP 1D Sn

Acetylesterase
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2Accession Coverage Unique °SM  'GRAVY - "SigP/

No. PBLAST Annotation M,  ‘tpl (%) Pepiides Score  score Secp 'TarP 'Method ¥Extraction
Am16269 Serine Carboxypeptidase 49333.5 4.82 15 4 65.81 0.032 SigP 1D Sn
Am9367 Serine Protease 39340.7 4.71 24 6 108.68 0.173 SigP 1D Sn
Am20245  SubtilisinLike Protein 65001 4.59 16 7 144.09 -0.105 SigP 1D Sn
Am9695  SuiE-Like Protein 32123 4.08 14 4 88.65 0.217 SigP 1D Sn

2Accession number froA. melleacDNA database’Blast annotation following Blast2GO analysis of proteins identified fformelleacDNA database®M,, theoretical molecular
mass‘tpl, theoretical isoelectric poifiSM score, Spectrum Mill protein scof&RAVY score, grand average of hydropathy (Negative score indicates hydrophilicity while Positive
scoreindicateshydrophobicity):*TM, number of transmembrane regiof8igP, classial secretion signal peptide; SecP, utassical secretion signdFarP, subcellular location of
proteins, Mt, mitochondrial targeting peptidldethod: 10 SDSPAGE prior to LEMS/MS analysis“Extraction: Sn, culture supernatant.
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A range of alture conditions and media were used to induce the broadest possible
spectum of protein expressiorHowever, & mentioned previously restricted carbon
sources and shaking culture conditions were not conduciveoteimpiidentification as
melanin and polysaccharid®ntaminatiorprovedimpossible to eliminateThere were
greater numbers of proteins identified frautures grown omich media such as yeast
extract(n = 60, peptidesn = 141) and PDB(n = 69, peptidesn = 208) than were
identified from cultures grown omrestrictedmedia.In glucosemedia, the number of
proteinsidentified in supernataistwas low(n = 14, identified from peptides = 30).
Sequence average of between 3% and 59% wdservedfor proteins (1 = 4) from
culture supernatarst of A. mellea grown with xylan as sole carbon soureed 5%
coverage(one peptidg of one proteinin lignin media. N secretedproteins were
uniquely identified fromA. mellea cultures grown on xylan or ligninCulture
supernatant ioteins(n = 41; peptidesn = 290) were identified fromA. melleagrown

on MEA media,althoughnonewas uniquely identified from this growth conditiddne
protein (Am120Q a cupedoxin wasuniquely identified fromsupernatanprotens of

grapevinemedia

In the supernatantproteincohortCAZys identifiedwere GH proteinsif = 50) from 23
families and CE { = 7) from three families, one CBM (Am18404) and one PL
(Am5682).

Ten oxidases were identified including four peroxidag@sn14136, Am14782,
Am18093 and Am20201) and one oxygenase (Am12382). Five oxidoreductases
(Am8112, Am14850, Am15833, Am16182 and Am18195) pius accases (Am380,
Am2859, Am4665, Am4666 and AdR382 were distinguished irthe secretome
Twelve peptidaseswere among the secreted proteins identified. Ribonuclease
(Am15975), ribosomal (Am10216) and ribonwde (Am15893) proteins were
identified in the secretomdataset.Superoxide dismutas€SOD) (n = 4) Am1068,
Am16731, Am18409 and Am1927®ere identified m the secretomeA. mellea
predicted proteins n( = 15) actually identified in culture supernatast were
predominantlyproteins(n = 12) that had been previousbnly predictedfrom agenome
analysisof L. bicolor. Previously classedypothetical proteinsn( = 30) were also
abundant irthe secretomeEight A. melleaspecific proteins were identified within the
secreted proteicohort (Am1874, Am2320, Am5632, Am9253, Am11032, Am11414,
Am13545 and Am136]1
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Proteins were identified from shaking cultures £ 18), after LCMS/MS analysis

(Am11054, Am12518, Am13739, Am13890, Am14850, Am15111, Am15133,
Am15833, Am15965, Am16182, Am16201, Am16331, Aml17712, Am17847,
Am18369, Am1857, Am19794, and Am4047), no proteins were uniquely identified
from shaking culturegherefore protein attributes are included with details of proteins

identified from static cultures.

B2G, andGO were used to annotate secreted proteins under three categories: biological
process, cellular component and molecular functi@D multilevel andysis of
biological functionsis illustrated in Figure 4.14. Consisént with the protein
identification carbohydrate metabolic process comprises aln3i8 of the GO
annotation. Catabolic process accounts fei%2 protein metabolism 16%and

generation of precursor metabolites and enédgs).

The balance of the proteins identified are involved in regulation and signalling:
secondarymetabolic proces$7%), lipid metabolic process (6%tellular amino acid
and deivative metabolic process (6% ksponse to stress (5%¢gulation of biological
process (3%)ion transport (2%)homeostasis (2%jranslation (2% jandtranscription,

cell cycle response to abiotic stulus and cell component organisatiarere 1% each

Multilevel cellular component annotation by GOrigure 4.15), illustrate protein
complexproteinswhich account ér 34% extracellularproteins 19% nuclearproteins
13% and endoplasmic reticulum 9%. GO annotatshows equal proportienof

ribosome, mitochondriatytosolic and cytoskeletqgoroteirs (6%)

Multilevel GO representation of secreted protetasegorisedy molecular functions
shown inFigure4.16. Peptidase activity is shown as the largest compd2d#) and is
represented bfifteen proteins Am1995 caboxypeptidase cpdS precursémn3212,
zinc metallopeptidasefound in the cytoplsm and intermembrane space of
mitochondria;Am5484, proteasome beta 4 subumtm6964, tripeptidyl peptidaseA;
Am7447,26s proteasome regulatory subunit @8m9367, serine proteaseAm9991,
aspartic peptidasAl; Am11985, carboxypeptidase Am12548,family s53 protease
like protein; Am13286, pepsinogen 2Am13665, proteasome subunit alpha type 5;
Am15698, mitochondrial processing peptidase beta mitochondrial precubsmipp);
Am18243, tripeptidyl peptidaseA; Am18773, aspartic peptidaséAl; Am20245,
tripeptidyl peptidased). Nucleotidebinding exhibits 23%, carbohydrate bindind5%
and antioxidant activity 11%epresentatiomnder GOanalysis of molecular function.
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Nutrient reservoirtransporter and kinagellowed, all at5 %, nuclease proteins were at
3%. RNA binding calcium ion binding, motor activity, actimnding structura
molecule activity andranslation factor activityere portrayed & %.
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Figure 4.14. Biological process.GO annotationof A. melleaculture supernatanproteinsfractionated by SD¥AGE followed byLC-MS/MS
analysis; identification of biological process property domains defindatpy/www.geneontology.org/isualisation of GO annotations is from the

lowest nodes of GO hierarchy, in the category of biological process. Numbers in brackets indicate the number of pacteicstegery.
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Figure 4.15. Cellular component. GO annotatiorof A. melleamycelial proteinfractionated by SD®¥AGE followed byL C-MS/MS analysis;
identification ofcellular componenproperty domains defined thtp://www.geneontology.orgVisualisation of GO annotations is from the lowest

nodes of GO hierarchy, in the categoryceflular componentNumbers in brackets indicate the number of proteins in each category.
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Figure 4.16. Molecular function. GO annotatiorof A. melleamycelial proteirfractionated by SD¥AGE followed by C-MS/MS analysis;
identification ofmolecular functiorproperty domains defined ttp://www.geneontology.otd he graph visualisation of GO annotations is from the

lowest nodes of GO hierarchy, in the categorgnofecular functionNumbers in brackets indicate the number of proteins in each category.
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A map of theoretical Ipand M is shown inFigure 4.17. Theoretical moleculamass
range of secreted protsiwas betweer? and397 kDa. Theoretical pwas between pH

3 and10 with 10% of identified proteins pH 7.5.
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Figure 4.17. Map of theoretical Mand p of predicted proteinss. secreted\. mellea

proteins(Software:http://www.jvirgel.de(Hiller et al, 2006).
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4.3 Discussion

Culture conditions for generation &. melle biomass andecreted proteins
were optimisedThe most effective means of generating mycelial biomass was in liquid
culture in PDB where cultures were incubated at Z5. Secreted proteins were more
easily retrieved from static cultures than from shgkitultures under the same
conditions. Two distinct morphologies are observed A1 mellealiquid cultures.
Cultures with brown floating sclerotial mycelia weak least 90% larger and protein
identification from these wasorrespondinglygreater than frorwhite mycelia. Biomass
generation on restricted carbon sources was, glod thus supernatant protein available
for analysis was reducedvith no A. melleaculture supernatant proteinsiquely
identified from these sourcedlevertheless, theroteinswhich were identifiedare
important in the study of lignocellulose degafidn and nutrient scavengingnder
restricted conditiongVanden Wymelenbergt al, 2009, 2010; Horiet al, 2012;
Fern&dezAceroet al, 2010) Protein extractioomethodologiesrom bothmyceliaand
supernatarstwere optimised.Methods were developed using mechanical and chemical
means of cell disruption to recover proteins from mycelia. Protein recovery from the
secréeome was problematic amdodification of protocols fronFragne et al. (2009)
and Imanakeaet al. (2010) were utilised to achiee this. The first 2-DE profile for A.
melleawas establishedVlycelial proteins weresubjected taVIALDI and LC-MS/MS
analysisfollowing 2-DE. Analysis of these results and interrogation of ghemellea
cDNA database identified proteifs = 279) of mycelial origin Analysis byMALDI
ToF proved much less sensitive thanalysisby LC-MS/MS as > 98% ofA. mellea
mycelial proteins were determindxy LC-MS/MS analysis Three hundred and forty
proteinsfrom theA. melleasecretomeavere identifiedoby interrogation othe A. mellea
cDNA databaseafter LC-MS/MS analysis following SDSPAGE. Bioinformatic
analysis of identified mycelial and secreted proteins was undertateg a range of
software tools to annotatelentified proteins.A global map ofA. melleabased on
theoretical Mand p was produced anall mycelial (Figure4.13) and secreted proteins

identified (Figure4.17) were plotted against thirmap

Cultures of the fungus wre grown on rich media and also media which
restricted the carbon source availaivlerder to induce expression of proteatossa
broad spectrum of degradatiativity. This approach was employed Kf$ato et
al. (2007) Vanden Wymelenberget al. (2010, 2009) andHori et al. (2012) in

P. chrysosporiumsecretome analysisshaking and static udtures were also usedto
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inducebreath ofprotein expressiortHoweverin this study,static culture yielded 340
protein identifications and no proteins were uniquely identified from shaking cultures.
A. mellea cultures produce mycelia with different mbagsogies under different
conditions(Gaoet al, 2009)and even under the same conditidms types of mycelia

are formedwith substantial difference in biomaggantitiesNo proteins were uniquely
identified from white submerged mycelia and no proteins were uniquely identified fro
supernatants of cultures grown on lignin or xyl@me secreted protein was uniquely
identified from solid mediautilising grapevineas sole carbon sourgen a medium

designedo induce lignocellulose degradatifvianden Wymelenbergt al, 2010)

Due to the robst nature of fungal cell wallgprotein recovery from mycelia
required mechanical methgdsombining freezing in liquid nitrogen, grinding and
sonicationto lysecells (Feofilova, 2010) This was followedy suspension of proteins
in a lysis buffer and centrifugation to preitgie cell debrisThis treatment was required

prior to preparation foA. melleamycelialprotein separation by-RE.

Secreted proteins were more recalcittanseparation and analy¢isragneret al, 2009;
Sato et al, 2007) A pellet of sticky polyaccharide wasroutinely obtained on
centrifugationand in shaking cultures it was more abundant than in static culligs.
speed centrifugation proved efficacious in abstracting polysaccharidess&orated
proteins samples. Subsequently prolonged cémgation at a slwer speed enabled
protein precipitation,with ensuing solubilisédn for separation by SDBAGE.
Melanin,a phenolic pigmentvasvisible even after resolubilisation of protgifatoet
al., 2007) SDSPAGE served taemovethis, whereby a brown material remained at the
top of each well angroteirs migratedinto gek. Agar too appeared to assistremoval

of melanin and polysaccharidas polysaccharideellets retrieved from these cultures

was smaller than tiseobtained in liquid cultures.

Gel electrophoresis coupled to MALDIoF or LC-MS/MS arewell established
method for protein identification(Jungblt et al, 1996) For A. mellea MALDI -ToF
proved to be much less sensitive thantMS/MS in identification of mycelial proteins.
Proteins which are very large, hydrophobic or having extremarp not suitable for
2-DE andgel freemethodamay be empmyed to analyse theg®incentet al, 2009) but
neverthelesst is a widely used method of protein separation and proved to be suitable
for an intial survey of mycelial proteins, identifying a large number of mycelial
proteins with good coverag@ctual mycelial proteins identified on theoreticaimap of

A. melleagproteins weremainlyin thepl range < pHr (Figure4.13) and clustered below
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100 kDa.Analysis of these results and interrogation of ghamelleacDNA database
identified 279 proteins of myceliabrigin; MALDI analysis uniquely identified5,
LC-MS/MS analysis uniquely identifie@74 and 33 were common to both analyses
(Figure 4.8). Twelve proteins had classical secretion signals and -faven vere
predictedto have norclasscal secretion signals20 % in total These proteins were
largely hydrophilic(> 96 %) with ten proteins showing hydrophobiceynd fourteen had
transmembrane domains, although the transmembrane domains were not coincident
with hydrophobcity. Theproteinwhose predicted topology showed the greatest number

(n = 5) of transmembrane domarhad aGRAVY score(-0.327) which classed itsa
hydrophilic was Am11205, a previously hypothetical protein. Protein sequence
coverage ranged betweerl €6 and81 % whichis comparable witlthat obtained in a

study ofthe basidiomycet®. chrysosporiunfMatsuzakiet al, 2008) Two heat shock

70 proteins, Am10845 and Am 7428 were identified by 25 and 22 peptides,
respectivelyFive proteins were ugjuely identified by MALDI analysis,rash3 domain
protein (Am1181), a previously predicted protein (Am7248malate dehydrogenase
(Am9971), an aldehyde dehydrogenase (Am13261) a protein for which there was

no homology andappeas to be A. melleaspedfic (Am16969). Nineteermycelial
proteins which were previousihypotheticaband f i ve pr evpraains!| y f
have ben identified at protein level and can now be classified.anelleaproteins of

unknown function.

Functional categories afiycelial proteins includeducleotide and nucleic acid
binding protein bindingpeptidase, kinase, transporter activibNA binding, eleaton
carrier, antioxidant activity,catalytic activity, structural molecule activignd protein
bindingin desendirg order ofnumbers ofproteins involvedProteins originated from
the nucleus, cytoskeleton, mitochongtidbosome and cytosol in demnding orderof
protein in each categorYhe biological processes in which mycelial proteins identified
are: catabolic @cess, carbohydrate metabolism, precursor metabolites and energy,
regulation secondary metabolisnmstress responsdranslation, ion transport, lipid
metabolism, cellular component organisation, and homeostasis in desending order of the
numbers of proteisin each proces&O categories identified are broadly in line with
those identified irL. bicolor (Vincentet al, 2012)

The pH range obecretedA. melleaproteins waspH 41 10.5 although most
were between pH 3.5 and pH 6.5 withlarge cluster between pH 4 and pH 5 and M
was largely below 100 kDaFigure 4.17). Proteins from theA. melleasecretome
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(n= 340) were identified using thA. melleacDNA databasefor LC-MS/MS data
interpretationfollowing SDSPAGE. One hundred and fortgne proteins from the
secretome had classical secretion signals and one hundrédrégehhad norclassical
secretionsignals a total of 4 % of secretome proteins identifiedhis is higher
abundance than was identified in a stadly.. bicolor (Vincentet al, 2012) Mycelia
proteins had lower abundance of proteins with secretion signals (53%) and were less
acidic. Eighty-two proteins (24%) had GRAVY scores indicating hydrophobicity. This

is in contrast to mycelial proteir{s 12 %). Forty-seven proteins of supernatant anigi
were predicted to have transmembrane domair&.-ParpDomainContaining Protein
(Am19409) and d.CCL DomainContaining Protein (Am10767@achhad topology
indicating nine transmembrane domaingelve hydrophobic supernatant proteins also
had transmenrane domainsSecreted protein sequence coverage ranged from < 1% to
56%. A cobalamiandependent methionine synthase (A@277), a valoshtontaining
protein (Am14558) and an ATP citrate synthase (Am16101) were identified by 24, 22
and 21 peptides, respaely. Pr ot ei ns previ owmsd 36) aichypot
pr evi ousl y fpr(ed8)overeideatified m theAemelleasecretome at
protein leveland can now be classified @& melleaproteins of unknown function
Eight secreted protegthad no homology to other organisms and can be classified as an
A. melleaspecific proteirs of unknown functionProteins of unknown function iA.
melleaare low and this is due in part to ttegrd growth in protein database repositories
due to advancesequencing technology and project numbers in progress andtudy

L. bicolor secretome at protein lev@fincentet al, 2012)

Secgetome proteinsvere largely catalytic (~ 85%)arge numbers oCAZys
from many families were identified in th® melleasecretomes were many from the
L. bicolor secretome(Vincent et al, 2012) However, the namber of proteins and
families were considerably increased compared to those identified inLthigicolor
secretomeGlycoside hydrolase enzymés = 46) from twentyfour familieswere most
abundantcompared with twelve families fromn bicolor (Vincentet al, 2012) Other
CAZys identified were arbohydrate esterasgn = 8) from four families one
carbdydrate binding modulprotein andthree lyasesMore CE families if = 6) were
identified in theL. bicolor secretome than iA. mellea(Vincentet al, 2012) Proteinr
degrading enzymes (proteases; 3; peptidasesy = 15; metalloproteasen, = 4) were
also identified.Peptidases were less abundantPn chrysosprium and L. bicolor
secretomes than in tl#e melleasecretomdgVanden Wymelenbergt al, 2006; Vincent

et al, 2012) Cellobiohydrolase = 3) enzymes which act in concert with
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endoglucanases (= 3) and exeb-glucanase¢Mattinenet al, 2008)were identified in
addition to the enumerate€dAZy enzyme. Cellulase and enzymes modifig xylan,
xylose xylulose which are involved in saccharification of plaell wall material(Ryu
et al, 2011)also form part of the secretome Afmellea and have lmtechnological
application.Laccasesr( = 5), peroxidasesn(= 5) and oxidaseq(= 7) - other enzymes
with potential for biotechnological applicatign&ere also identifiedThere was an
increased abundance of CAZ{@antarelet al, 2009)in the protein cohort identéd in
supernatantscompared with myceliaTwo superoxide dismutase enzym@m1068
and Am18409) were identified in mycelgs well as in supernatants is not unusual
for proteins to have more than one function and to be found in different cell types
(Jeffery, 1999, 2003; Kueext al, 2011; Gstaiger and Aebersold, 2009; Lowenl,
2008; Bendtseret al, 2005) One A. melleaprotein GenBank: AAD28627.FEndc
Exonucleasgwhich was previously identifie(Healyet al, 1999) was identified in this

study.

An initial survey has identifietivo hundred and ninetsevenproteins from the
mycelial proteome andhree hundredand forty proteins from thesecretome ofA.
melleg the first study of its kind The functional range of identified proteins M
melleawas comparable to the spectrum showrVbyentet al. (2012) in a study oL.
bicolor. High sequence coverage of the proteins is affirmation of the prediction of
intron/exon splice sites and illustrates the qualityndfal gene finding. Thisvork will
serve asa platform for further study of h e o r gr@ends sansé@psmoph and

necrotrophand possible enzymatic applications of its proteins
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Chapter 5 Optimisation of shotgunthe proteomic technique for
Armillaria melleamycelial and supernatant protein identification.

5.1 Introduction
At present, the complete or partial genome sequenceseigiity-five
basidiomycete species are available on the NCBI database

(http://www.ncbi.nim.nih.gov/genome/browseAccessed 25/02/20)3 Specifically,

complete genomic sequence data is available4fGrwhile sequence data for the
remainder comprises raw sequencing data irBeguence Read Archive (SRA)
(http://www.ncbi.nim.nih.gov/Traces/sra/sra.cgi?view=studkscessed 25/02/20)3

obtained from various sequencing platfor(itensonet al, 2012; Suzuket al, 2012)

This compaes unfavourably with the extensive amount of genomic sequence data
available for 3 ascomycetes. Moreover, the exponential growth in fungal genome
sequencing has not been matched by a corresponding increase in proteofiloylaia
2011) In silico protein prediction from genome data, combined with experimentally
verified proteomic data, is therefore essential for biological system profiling, since
metabolic pathways, ptein/protein and protein/metabolite interactions ultimately
control both organism behaviour and functi@gmancoiset al, 2010) Consegently, a
holistic system view is desirable to understand pathicgg and virulence oA. mellea

at a molecular level and to discover bioactive molecules with biotechnological

application.

2-DE has been, until recently, thoe factostandard for protein separation and
analysis, whereby up to 10,000 proteins can Iparseed on a single-RE gel (Klose
and Kobalz, 1995)However, highthroughput analysis &-DE gels by MS is laborious
and time consuminglt is also unsuitable for identification of high molecular mass
proteins,and those with extreme palues. Analysis of intact hydrophobic proteins is
also problematic due to their low solubility and aggregation et al, 1999) Shotgun
proteomics, analogous to shotgun genomics, by which total protein complement is
fragmented by digestion o peptides, generating complex peptide mixturegresents
a solution to the problem of proteomic profiling of biological systems. This batfmm
approach can be used to establish a holistic blueprint of a syAtemengaud, 2012)
One of the advantages of this method is that proteins which are unsuitable for gel
electrophoresis are fragmented by digestion into peptideéshwdo not have the
undesirable biophysical characteristics of the parent protein. Proteins can then be

identified from a fraction of their compongoeéptideg Ernoultet al, 2008; Horthet al,
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2006; Chenauet al, 2008) However, specimens prepared for shotgun proteomic
analysis are, by definition, extremely complex since whole organism protein Igsates
digested and analysed in a sindl€-MS/MS run (Chenauet al, 2008) This
comgexity may be overcome by stlactionation: for example, protein lysates may be
enriched in extracellular or membrane proteins, or from a particular tissue type
(Abdallahet al, 2012) however the salient factor is that a large number of proteins are
digested together and ultimate identification is derived from peptide sequence
information (Ernoult et al, 2008; Horthet al, 2006) This is specifically carried out
whereby abundant peptide signdlem the peptide mixture, are isolated during initial
MS scans, fragmented and-aralysed by M3% scans bya high resolution mass
spectrometer(Gstaiger and Aebersold, 2009MHowever, LCGMS/MS systems are
constrained by their peak (peptide) detection capacity (i.e., the number of peptides
which can be separated or individually detected within the mixture under analysis), and
their load capaty (i.e., the amount of material that can be analysed at any one time).
Thus, as with2-DE, an initial multidimensional separation prior to L&S/MS
analysis can bring combinatorial optimisation of peptide resolufiank, 2002;
Giddings, 2005)however, it is still possibleotsuccessfully identify many proteins by
direct analysis of peptides mixtures by-MS/MS (Chiuet al, 2012)

To date, most proteomic investigations of fungi, particularly basidiomycetes,
havebeen undertaken using electrophoreticligded approaché&onzalezFernandez
et al, 2010) Shotgun analysis of. bicolor mycelia and seaetome carried out by
Vincent et al. (2012) utilised SDSPAGE, 2-DE and an IPG@EF technique similar to
the indirect method described below, whereby peptides were eluted from an
immobilised pH gradient strip rather than maintained in a liquid plagalacentavas
grown on wood secreted proteinprepared, digested, desalted byg Golid-phase
extraction and then subjected to direct shotgGrMS/MS analysis(Ryu et al, 2011)
A multidimensional protein identification technology (MudPIT) technique was utilised
by Manavalanet al. (2011)for the analgis of theP. chrysosporiunsecretome; here,
peptides were iTRAQ labelled, then subjected to staatgpn exchange (SCX) and
desalting prior td.C-MS/MS analysis.

Shotgun proteomic techniques that have been developed are: (i) direct shotgun,
(ii) indirect shotgun and (iii) MudPITMcDonaldet al, 2002; Washburmet al, 2001;
Michalskiet al, 2011; Alveset al, 2007) (i) Direct shotgun analysis (single phase) is a
technique whereby digested proteins are separated by their hydrophobicity -via RP
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HPLC by application of morganic solvent gradient, and analysed_B¢MS/MS (Link

et al, 1999) (ii) Indirect shotgun analysis involves protein fractionation by a
biophysical chareteristic such as charge, size or affinity prior to separation by RP
HPLC andLC-MS/MS analysis. Inone part ofthis study proteins were digested and
peptides separated based on theiinpa similar manner to gel electrophoresis, but in a
liquid phase knwn as OFFGEL electrophoresiBidgure 5.1); (iii) Multidimensional
protein identification technologies (MudPIT) are comprehensive systems whereby
protans, or peptides, are separated in several dimensions using ICAT (isotope coded
affinity tags), SCX or IEF coupled to RPPLC and LCMS/MS (Wall et al, 2000;

Link, 2002; Washburrnet al, 2001) Biphasic chromatography columns with the
combined application asolventgradients to strong cation exchange and reverse phase

material has also been used for MudPMashburret al, 2001)

As with highthroughput sequencing technology, shotgun proteomics
exponentially increases the amount of data generated, which can present problems for
the subsequent analysis and identification of constitpesteins (Penget al, 2003;
Nesvizhskii, 2005) However, bioinformatic tools as described Table 2.3 greatly
assist in the automation of data mining. Nonetheless, complicating issues exist; for
example, (i) a peptide may be identified in more than one prateihe database, (ii)
alternative splicing or isoforms of a protein give rise to identical peptides and (iii) gene
paralogs may have no peptide that is unique to a particular member of a gene family.
Indeed,Nesvizhskii(2005) found t hat -tabllinfanilymepbtides Wweeev e n
identified in a dataset, none conclusively related to a distinct family member. Another
complicating factor may result from truncated sequences angiseigg errors such as
alternative sequences or sequences which have been given different accession numbers
although they are the same gene. Amino acids with identical masses (lle and Leu) or
combinations amino acids with almost identical masses furtmeplamate identification
of peptides, and thus proteins, in instruments such as ion traps which have relatively
low mass accuracy. LT®T or QToF instruments have high mass accuracy and can
overcome this issuéNesvizhskii, 2005) However, conservative analysis of shotgun
proteomic data, allied to the use of commercially available and validated software for

protein identification can surmount many, if not most, of these issues.
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Figure 5.1. Schematic othe Agilent OFFGEL Fractionator: A compartmentalised plastic strip with eleven wells is sealed against a gel stip with
immobilised pH gradient. The wells are filled with sam(geoteins, or a peptide mixte derived from mixed protein digesA voltage is applied to
both ends of the strip and proteins or peptides migrate through the gel to their isoelectris. ambple is applied equally to all welB; Current is
applied and proteins or peptidesgbeto migrate;C. Proteins or peptides reach thelrgnd samples are collected lo€-MS/MS analysis(Agilent

Technologies, 2006)
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Normally, peptide data derived from individual or multiple protein digestion is

used to interrogate theCBI databasehtp://www.ncbi.nlm.nih.goy/using MASCOT

software http://www.matrixscience.comto enable protein identification. This was not

possible for the present sy as insufficientA. melleagenomic or cDNA data was
available on NCBI. Thus, thA. melleacDNA databaseCGhapter 3 used to facilitate
protein identification in this thesis was interrogated using software termed Spectrum
Mill, which is available from Adent. Numerous studies have exploited the power of
Spectrum Mill for highthroughput protein identification from other spedElaoet al,

2006; Luo and Levine, 2009; Scruggs al, 2010; Barket al, 2012; Vanden
Wymelenberget al, 2006)

Where shotgun proteomics is utilisedery large datasets of spectra are
generated. These are reduced by software peptidatran, but as manyen or more
spectra may be obtained for a particular peptiaes yieldingconsiderable amounts of
data.SpectrumMill software assigns a peptide to grdne protein even when the same
peptide is found in more than one protein in aatbase. Spectrum Mill has two
summarymodes: (i) a protein mode which identifies proteins from a databaseoes
not allow for peptide redundancy and eliminadey proteingrom the identified dataset
containingan identical peptide and (ii) analysig peptide, whereby additional proteins
may be identified where a second peptide is sufficient for positive identification.
Ultimately, a score is applied to a peptide or proteifbaged on database interrogation
Sequencebetween the peptide-Mind G termin are reverseda score is applied to the
reversed sequence and subtracted fronpépidescore thusan optimalvalue for the
gi-orwardReverse shodlbethe sameas the peptide scarbut in every casshould be
more than2. % SPIspectral peakntensityis the MS/MS peakietected spectral ion
current percentage of ion cant based on the search and should be over 70 for positive
identification A combination of these parameters filters out poor quality spectra and
results in high fidelity resut Sample duplicates and optimisation also generate
multiple mass spectra with differentages which must be correlated to deduce the

protein score and sequence coverage.
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Overall, the aim®f the work presented in thisiapter were:

1. To develop a de novo L-®S/MS strategy for direct shotgun proteomic
identification of A. mellea proteins using Spectrum Mill and an-house cDNA
database.

2. To develop suitable methods for prepariig melleamycelial protein
lysates for trypsinisatiorgnd to optimise LC conditions for optimal peptide detection.

3. To study the effect of carbon source Anmelleamycelial proteome and
prepare protein lysates for trypsinisation, with LC conditions optimised for peptide
detection.

4. To develop suitable athods for preparing. melleasecretome protein
lysates for trypsinisation, and to optimise LC conditions for optimal peptide detection.

5. To investigate the suitability of OFFGEL electrophoresisAomellea

peptide fractionation prior to L&MS/MS anaysis

210



5.2 Results

5.2.1 Optimisation of the shotgunLC-MS/MS technique

A. melleawas grown on solid (Sectidh2.3.3 or liquid (Section2.2.4.) media for3 -

6 weels and protein wasextracted according to MethodA2WCL (Section2.2.7.3,
Method 2B WClLlyophilised (Sectior2.2.7.94 or secreted protein from agar cuésr
(Section 2.2.7.7. It was observed that 6 M guanidifkCL, combined with DTT
reduction, and subsequent |AAediated alkylation yielded optimal yzelial protein
lysates for trypsinisation, once all denaturant had been removed by extensive dialysis.
Protein lysates were prepared and digested as described in Se2tlh1lor Section
2.2.10.2 diluted and used for diretC-MS/MS analysis (Sectiof.2.15.2. Initial LC-
MS/MS analysis of shotgun peptide mixtures was undertaken using MethdaAe(

2.6, Figure5.2A), and it can be seetiagramaticallythat peptide elution was early and
crowded, thereby impeding optimal peptide, and consequently protein, identification.
Based on acetonitrile concentrati(¥ B) at the time of peptide elution, the gradient
slope and time were adjusted to give improvesbhaion prior to subsequent analyses.
Schematically, Figure 5.2 illustrates elution of 5 identical peptides under two
acetonitrile gradients A and B,showing optimised resolution by adjustment of
acetonitrile gradienta®o B (acteonitrilejmin) in Figure 5.2B. If necessary, a third
iteration was pdormed to produce optimum resolution of eluted peptides and, in
general, peptides were generally eluted at < 40 %hB.number of spectra generated in

an extended run was up to 33,000. This was reduced by peptide validation, but a single
sample with reptiates and optimisation generated up to 4000 valid peptibdtvare
analysis by protein was performed and further analysis of valid peptides was carried

out.

7 min 0-70% Gradient 7 min 0-20% Gradient
100 100
a0 90
80 80
70 70
60 60

s0 —+=%ACN —4—%ACN

A 50
40 + Sample C 49 + Sample

znpr ®

30 30
20 20

10 10

o 0
] 2 4 [ 3 10 12 ] 2 4 [ 8 10 12
Retention Time (min) Retention Time (min)

Figure 5.2. Schematic acetonitrile gradienttudtrating elution of 5 identical peptides:

A. Conditions:ee 10% B'min with peptide retention time between 1.5 and 2 nin;
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Conditions:ae 2.8 % B/mingiving peptide retention time between 3 and 5.3 mith

improved resolution.

5.2.2 Mpycelial proteins from cultures on rich media analysed by direct shotgun
LC-MS/MS analysis.

Proteins from 3- 6 weekA. melleacultures grown on PDESection2.2.4.9 were
harvested and extracted according to Method 2A WCL (Se&i@rv.3. Alkylated
protein extracts were digested as described in Se2tibh0.1 diluted and prepared for
direct LC-MS/MS analysis (Sectio.2.15.2. After initial analysis the gradient was
optimised as described in Sectibr2.1above, and LEMS/MS datafiles were analysed
(Section 2.2.15.3 against the ihouse A. melleacDNA (protein) databaseusing
Spectrum Mill.Further aalysis was carried out using the bioinformatic tools described
in Table 2.3. Ultimately herewere 518 proteinsidentified based on detection ®856
peptidesidentified from PDB The greatest number of peptides identified in one protein
by this method was 15 (Am710, a heat shock protein Hssl) and highest percentage
coverage was 51% (Am14466, a protease propeptide inhib&brhigh scoring A.
melleamycelial proteins uniquely identified by shotgu@-MS/MS are given inTable

5.1. The complete list of identified proteins is to be found in Appersdic2 and A.3
(Accompanying CD file Master Tables Appendices.docx)

Structural feaires of these proteins includetlydrophobicity 6 = 70), and
transmembrane regions € 58), Two glycosyltransferase family 50 proteins (Am5593
and Am199 were predicted tdhave 11 and 12egions respectively and Am17215
(Duf221-DomainContaining Protein was predicted tocontain 11 transmembrane
regions Secretion signals were identified in 47 % of these protSign&lR n = 28 and
SecretomeR) = 220).
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Table 5.1. High scoringA. melleamycelial proteins identified bgirect $10tgunLC-MS/MS analysisnot identified by other methods

*Accession _ . Coverage Unique °SM  'GRAVY "SigP/ .
BLAST Annotation %M, t TarP 'Method

No. (%) Peptides Score score SecP

Am17287 60S Ribosomal Protein L9 21384 9.49 16 2 33.08 -0.219 S
Am6581  Acbp From Moniliophthora Perniciosa  11791.4 6.3 27 2 36.09 -0.636 SecP S
Am15570 Actin Depolymerizing Factor 15572.8 5.04 15 2 33.43 -0.397 SecP S
Am8888  ApoptosisLinked Protein 2 24903.9 4.98 15 3 36.07 -0.383 SecP S
Am4833  Arm RepeaiContaining Protein 214933 5.14 <1 1 25.01 -0.037 Mt S
m19878 AspartatetRNA Ligase 69006.9 5.97 4 2 33.89 -0.413 S
Am17958 Atp Synthase Subunit 5 22291.7 9.86 1 25.22 0.005 SecP Mt S
Am11736 CarbohydrateBinding Module Family 13 80369.9 9.1 5 81.7 -0.936 S
Am18586 Clathrin Heavy Chain 1 189312 5.66 2 40.2 -0.174 S
Am13483 Cral Trio DomainContaining Protein 50799.7 5.52 11 3 55.03 -0.043 SecP S
Am16980 DeadDomainContaining Protein 45189.1 5.11 3 53.07 -0.209 S
Am15326 DeadDomainContaining Protein 62211.6 5.25 2 42.46 -0.135 SecP S
Am18769 Disulfide Isomerase 96397.7 8.21 9 5 80.94 -0.441 S
Am8679 Duf1688 DomainContaining Protein 468739 5.4 11 2 38.75 -0.131 S
Am14010 FarnesylDiphosphate Synthase 414629 5.1 8 2 39.2 -0.21 S
Am17077 Glutamate Decarboxylase 121212 5.4 7 5 79.94 -0.043 SecP S
Am19909 Glycoside Hydrolase Family 16 Protein 147978 9.69 1 2 35.77 -0.157 SecP S
Am18130 Glycosyltransferase Family 35 Protein 107817 6.51 3 2 40.23 -0.329 S

213



*Accession _ . Coverage Unique °SM  'GRAVY "SigP/ _
BLAST Annotation ‘M, tpl _ ™ TarP 'Method
No. (%) Peptides Score score SecP
Am5593  Glycosyltransferase Family 50 Protein  68987.1 9.06 4 2 27.94 0.302 11 SecP S
Am9397  Gtp-Binding Protein Yptl 22571.6 5.75 20 3 41.38 -0.289 S
Am19822 Heat Shock Protein 98414.4 6 5 3 46.1 -0.217 S
Am710 Heat Shock Protein Hss1 705915 5.1 35 15 260.66 -0.445 S
Am6607 Heme Peroxidase 110588 6.15 10 5 93.22 -0.254 SecP S
Am18538 Histone H2A 18629.7 9.55 18 2 39.57 -0.112 2 SecP S
Am19143 Histone H4 81543.6 8.53 3 49.91 -0.02 S
Am10761 Hypothetical Protein Lacbidraft_291634 104910 5.02 2 36.1 -0.605 S
[Laccaria bicolorS238NH82]
Am19191 HypotheticalProtein Serla73Draft_14354 9917.3 9.85 35 2 36.86 -0.816 SecP Mt S
[Serpula lacryman¥ar. Lacrymans S7.3]
Am17043 Leucyl Aminopeptidase 204008 6.18 2 3 53.33 -0.471 1 S
Am15243 L-Glutamine DFructose 6Phosphate 76220.8 6.23 21 10 168.62 -0.142 S
Amidotansferase
Am17403 Linoleate Diol Synthase 111234 6.13 15 9 164.16 -0.317 1 SecP S
Am11730 Mitochondrial Carrier Protein 125072 6.87 4 3 48.1 0.13 SecP S
Am13172 A. melleaunknown function protein 453285 5.6 24 8 135.18 -0.277 S
Am16113 NAD Binding Dehydrogenase 56738.2 7.12 7 2 28.03 -0.308 S
Am14849 NAD -Binding Protein 34440.9 8.72 10 2 34.33 -0.206 SecP S
Am14903 Nuclear Transport Factor 2 13975 4.5 26 2 26.87 -0.014 SecP S
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2Accession Coverage Unique °SM  'GRAVY "SigP/

PBLAST Annotation %M, dtpl _ T™ 'TarP  'Method
No. (%) Peptides Score score SecP
Am17955 Peptidase C1B Bleomycin Hydrolase 102204 5.72 3 2 32.72 -0.221 1 SecP S
Am19506 Peroxisomal Copper Amine Oxidase 92337.9 6.05 7 4 64.48 -0.292 S
Am13744 PlasmaMembrane Protoft 131565 5.25 5 3 55.2 0.025 1 SecP S
Am10922 ProlyltRNA Synthetase 140248 6 3 3 60.81 -0.305 S
Am14466 Protease Propeptide Inhibitor 8111.1 4.11 51 2 27.45 -0.149 SecP S
Am11554 Pyruvate Carboxylase 133085 6.32 10 9 139.78 -0.134 S
Am18495 Rho GdpDissociation Inhibitor 22078.9 5.67 18 2 33.16 -0.496 SecP S
Am15760 Ribosomal Protein 60S 14433.9 4.36 24 2 36.35 -0.295 S
Am13389 Septin 48544.6 6.46 15 4 70.95 -0.633 S
Am19811 Ser Thr Protein Phosphatase 2A 66606.1 4.89 5 2 31.89 0.063 SecP S
Regulatory Subunit A
Am12839 ShortChain Dehydrogenase 29597.3 6.9 16 2 31.73 0.301 SecP S
Am17192 Small Heat Shock Protein 16732.8 5.6 16 2 30.32 -0.609 SecP
Am18403 Stel6 Coprinopsis cinerea 166773 6.57 3 5 76.07 -0.282 S
Okayama7#130]
Am13773 tRNA Synthetase Class li 124421 7 2 3 41.73 -0.51 S
Am19743 Tubulin Alpha 49008.4 4.99 17 5 85.57 -0.232 SecP S
Am17356 Wd40 Repeatike Protein 98427 5.83 3 2 36.09 -0.294 S

2Accession number fromh. melleacDNA database?BLAST annotation following Blast2GO analysis of proteins identified frAmmelleacDNA database®M,, theoretical

molecular masstpl, theoretical isoelectric poinfSM score, Spectrum Mill protein scof§RAVY score, grand average of hydropathy (Negative score indicates hydrophilicity
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while Positive score indicates hydrophobicit§JM, number of trasmembrane regiondSigP, classical secretion signal peptide; SecP;ctassical secretion signdifarP,

subcellular location of proteins, Mt, mitochondrial targeting peptidethod: S, direct shotgun L-®I1S/MS analysis
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5.2.3 Direct ShotgunLC-MS/MS analysis of cultures grown on restricted arbon
sources.

A. mellealiquid cultures were individually grown for 21 days (Sect®B.4.), on
restricted carbon sources including cellulose, lignin, rutin and xylan (Sezidh9.
Cultures were harvested, mycelia lyophytisend culture supernatants frozen (Section
2.2.4.). Protein was extracted (Secti@i2.7.4 and digested (SectioR.2.10.) and
peptide digests diluted f#, with LC-MS/MS Solvent A (Sectior2.1.9.9 in preparation
for LC-MS/MS analysis (3 pl of each digest was used for-MG/MS analysis
(Section2.2.15.) which was performed (Secti@?2.15.3 using program Fl{able2.6).

Mycelial proteins(n = 365) were identified from peptides (= 1558) by shotgun
LC-MS/MS analysis Extensive bioinformatic analyses using Protein GRAVY predicted

a hydrophobic protein content of = 49. Additionally, proteins with transmembrane
domains § = 32) werepredicted by Phobius and secretion signals were predicted via
SecP ( = 164) and SigPn = 13) analyses, respectivelgiving a total of 48%overall
Specifically, proteins r( = 161) were identified in mycelia grown on cellulose,
supported by peptiddetedion (n = 952). Proteinsn = 194) were identified fronA.
melleacultured on lignin from peptides & 1048). From cultures with rutin as the sole
carbon source, proteins € 185), following detection of 1011 peptides, were identified.
When xylan was uskas sole carbon source, proteins<188), supported by 1050
peptides, were identified. A complete listing of proteins identified from cultures grown
on restricted carbon sources is provided in Apperlix (Accompanying CD file
Master Tables Appendicecx) and Table 5.2 presents proteins uniquely identified
following culture on a single carbon sour@&2G analysis followed by GO annotation
illustrates the breakdown of. melleamycelial proteins when grown on restricted
carbon sources by biological proce$3g(re 5.3). The most abundant category
generation of precursor metabolites and en€i@y0). Catabolic processes are slightly
lower at 17%. Proteins involved in translation represent 15%, and nucleoside,
nucleotide and nucleic acid metabolic processes, 12%. Protein modification, lipid and

secondary metabolic process represent 4% each.
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Table 5.2. A. melleamycelial proteinsuniquely identifiedby direct shotgun/LEMS/MS analysisfollowing culture orma specific carbosource

W e e e won ™ et s
Am6728  2-Isopropylmalate Synthase 87719.3 5.48 4 2 37.19 -0.285 L
Am18132 2-Nitropropane Dioxygenase 362534 5.84 6 2 22.59 -0.021 R
Am10445 2-Oxoglutarate Dehydrogenase Complex E1 Compor 111386.6 6.39 1 1 1555 -0.457 SecP R
Mitochondrial Precursor
Am20292 3-Deoxy7-Phosphoheptulonate Synthase 54302.9 6.22 3 1 13.45 -0.099 L
Am19922 60S Ribosomal Protein L22 13803.7 9.35 7 1 14.12 -0.742 SecP C
Am15604 60S Ribosomal Protein L3 43834.1 10.22 9 2 21.09 -0.594 X
Am17432 60S Ribosomal Protein L31 19415.7 10.04 5 1 17.41 -0.447 SecP R
Am12978 60S Ribosomal Protein L44 93132.9 6.63 1 1 11.03 -0.668 C
Am17763 Adhesion Regulating Molecule 35107.5 4.96 4 1 13.72 -0.362 L
Am20036 Aldehyde Dehydrogenase 53410.1 6.29 3 1 16.11 -0.141 SecP R
Am11138 Alpha BetaHydrolase 725249 5.91 5 2 28.27 -0.247 1 SecP R
Am11369 Alpha BetaHydrolase 480719 5.81 3 1 16.51 -0.219 L
Am14083 Alpha BetaHydrolase 17628.4 5.89 11 1 15.76 -0.109 SecP X
Am7036  Alpha BetaHydrolase 19628.3 4.73 16 2 26.79 -0.397 X
Am698 Asparagine Synthase 66390.6 6.02 2 1 15.22 -0.316 L
Am1656  Bifunctional Purine BiosynthesRrotein Ade10 102880.7 6.68 2 1 13.28 -0.141 R
Am16195 BranchedChain Amino Acid Aminotransferase li 50091.5 6.08 4 1 17.03 0.222 SecP L
Am6781  CarbamoyPhosphate Synthase 128202.6 5.58 1 1 13.7 -0.107 C
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W e e o M ot o
Am11216 ClpsLike Protein PunctulariaStrigosozonataihb- 19569.8 9.1 8 1 116 -0.114 SecP L
11173 Ss5] 60S Ribosomal Protein L7/LTprinopsis
CinereaOkayama7#130]
Am10309 Cyanide Hydratase 36508.4 5.17 10 2 38.94 -0.293 L
Am19539 Cytochrome P450 59192.4 7.75 5 1 13.28 -0.202 1 X
Am17714 Duf926-DomainContaining Protein 31943.7 10.34 5 1 11.49 -1.654 R
Am18443 Enoy} Hydratase 28429.6 5.73 6 1 152 -0.14 R
Am17421 FAD Binding DomainContaining Protein 713325 5.1 2 1 14.56 -0.458 X
Am19516 Fruit-Body Specific Gene A 22995.6 4.15 14 1 16.16 -0.335 SigP X
Am6729  GlutamatetRNA Ligase 82564.3 6.35 3 2 30.51 -0.313 L
Am12531 Glycyl-tRNA Synthetase 77477.6 5.69 2 1 14.07 -0.382 L
Am8695 HemeThiolate Peroxidase Aromatic Peroxygenase 30726.2 6.76 6 1 14.97 -0.356 SecP X
Am9566  Hit-Like Protein 15174.7 6.43 10 1 13.27 -0.165 SecP C
Am20185 Homocitrate Synthase 57413.3 5.81 2 1 13.82 -0.254 L
Am6826  Hypothetical Protein Afua_8G01338g$pergillus 6811.8 9.52 24 1 19.01 -0.138 SecP R
Fumigatis Af293]
Am9905  Hypothetical Protein Cc1G_02316¢prinopsis Cinerea 46986.4 5.98 4 1 13.18 -0.155 SecP X
Okayama7#130]
Am15856 Hypothetical Protein Mper_0565pniliophthora 29393.2 5.89 7.664234 1 116 -0.132 L

PerniciosaFa553]
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W e e e oo TH o o

Am1780  Hypothetical Proteirschcodraft 712149chizophyllum 47200.1 6.2 4 1 22.58 -0.305 SecP X
CommunéH4-8]

Am15083 Hypothetical Protein Serla73Draft_17615%fpula 31332.7 4.46 5 1 17.11 -0.942 C
LacrymansVar. Lacrymans S7.3]

Am10047 Hypothetical Protein Serla73Draft_1834&erpula 17599.3 4.88 7 1 17.85 -0.751 1 L
Lacrymansvar. Lacrymans S7.3]

Am17641 Hypothetical Protein Stehidraft 124123t¢reum 18458.2 5.94 17 1 14.53 -0.167 SigP X
HirsutumFp-91666 Ss1]

Am7778  Hypothetical Protein Stehidraft_13288®&t¢reum 7398.4 6.7 22 1 22.18 -0.027 SecP X
HirsutumFp-91666 Ss1]

Am19827 Isopentenyldiphosphate Isomerase 110051.5 4.89 1 1 24.26 -0.444 X

Am15222 Long-ChainFatty-Acid- -Ligase 84686.2 6.08 3 1 18.12 -0.043 L

Am18223 Mas2@DomainContaining Protein 52653.5 5.51 3 1 16.43 -0.417 L

Am10401 Mitochondrial Inner Membrane Protein 26247.7 9.55 5 1 17.69 0.345 SecP X

Am17299 Mov34-DomainContaining Protein 30235.8 6.46 6 1 13.74 -0.348 SecP X

Am3068  Myosin Regulatory Light Chain Cdc4 14466.4 4.77 15 1 13.34 -0.443 SecP L

Am11164 A. melleaunknown function protein 23393.5 11.58 9 1 13.01 -1.75 X

Am15839 A. melleaunknown function protein 18959.3 4.61 6 1 22.16 -0.003 SigP C

Am17640 A. melleaunknown function protein 15273.3 3.58 9 1 11.87 -1.65 SecP L

Am2493  A. melleaunknown function protein 11542.1 8.75 23 1 17 -0.57 X
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B e e oo T ol o
Am4753  A. melleaunknown function protein 19856.9 5.25 6 1 12.42 -0.463 SecP C
Am14843 NAD -Binding Protein 33921.3 8.86 3 1 16.98 -0.197 SecP X
Am6130 NADH-UbiquinoneOxidoreductase 80827.3 5.85 6 3 a7 -0.179 SecP L
Am15049 NADH-Ubiquinone Oxidoreductase Kda Subunit 30681 8.92 6 1 17.98 -0.457 SecP L
Am1862  PciDomainContaining Protein 144834.7 6.03 1 1 17.82 -0.25 L
Am17064 PkinaseDomainContaining Protein 44696.4 8.7 4 1 16.75 -0.164 R
Am13522 Predicted Proteinlfaccaria BicolorS238NH82] 12745.6 7.54 10 1 16.59 -0.495 C
Am15661 Predicted Proteinaccaria BicolorS238NH82] 28483.4 6.09 5 1 15.53 -0.361 SecP L
Am1474  Predicted ProteindclerotiniaSclerotiorum1980] 5325.2 6.28 29 1 12.29 0.2 SecP R
Am2522  Predicted Proteindclerotinia Sclerotioruni980] 59429 6.09 45 2 30.72 -0.028 SecP C
Am10040 Protein Transporter Secl3 36229.9 5.81 5 1 19.73 -0.259 SecP L
Am15181 Protein Yeta 101770.7 4.91 1 1 16.13 -0.296 SecP X
Am3012  Saccharopine Dehydrogenase 42570.9 551 3 1 17.78 -0.101 L
Am20201 Serine Threonindrotein Phosphatase Ppl 38343.6 7.49 5 1 16.35 -0.32 SecP R
Am12952 ShortChain Dehydrogenase 38932.1 5.24 3 1 14.23 -0.118 R
Am15670 ShortChain Dehydrogenase 29960.6 5.61 6 1 12.72 0.208 SecP R
Am12832 ShortChain Dehydrogenase Reductase Sdr 30125.6 9.34 6 1 18.63 0.14 SecP R
Am9802  Ste Stell Cdcl5 Protein Kinase 176778.7 9.31 1 2 25.35 -0.57 R
Am5280  ThreonyHRNA Synthetase 89785.9 6.08 1 1 15.44 -0.457 L
Am15540 Tkl TkI-Ccin Protein Kinase 148559.3 6.65 1 1 1251 -0.431 R
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aAccession Coverage Unique °SM 'GRAVY "SigP/ 'Carbon

No. "BLAST Annotation ™, “tp! (%) Peptides Score score ’ SecP  Source

Am17809 Translation Initiation Factor Eif2 Gamma Subunit 48629.4 7.58 4 1 12.89 -0.147 L

Am14779 Translation Initiation Factor Eif3A 118315.4 9.03 1 1 1452 -0.64 L

Am15088 UbiquinolCytochrome C Reductase IF@ulfur Subunit 33684.6 9.01 3 1 141 -0.122 SecP X

Am17092 Ubiquitin Interaction Domak€Containing Protein Family 38078.6 4.48 5 1 12.83 -0.381 C
Protein

8Accessionnumber fromA. melleacDNA database’BLAST annotation following Blast2GO analysis of proteins identified frammelleacDNA database®M,, theoretical
molecular masstpl, theoretical isoelectric poinfSM score, Spectrum Mill protein scof§RAVY score, grand average of hydropathy (Negative score indicates hydrophilicity
while Positive score indicates hydrophobicit§JM, number of transmembrane regiofiSigP, classical secretion signal peptide; SecP-ctassical secretion signdCarbon
Source, restricted carbon source; C, cellulose L, lignin; R, rutin; X, xylan.
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Figure 5.3. Biological process GO categorisation by biological process of Allmelleamycelial proteinsidentifiedfollowing growth on restricted
carbon sources, amtbtected via shotgun -®IS/MS. Numbers in brackets indicate the numbers of proteins in the GO category indicated.
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5.2.4 A. melleasecreted protein from MEA culture: ShotgunLC-MS/MS
identification and analysis.

Following A. melleagrowth for 21 days on MEA (Sectioca2.3.3, conditioned agar
was harvested as described in Sec@o®.7.7 following gentle maceration, proteins
were extracted into 50 mM potassium phosplmier.0 (Section2.1.5.9 followed by

TCA precipitation, washing and resuspension in trypsin digestion buffer (Section
2.1.5.1). Following direct LGMS/MS analysis, 41 secreted proteins, from culture on
MEA, were identified from peptides (= 290). Almost 61% of the proteins identified
possessed secretion signalsFS(g = 8) SecP i = 17), and ten hydrophobic (24 %),
and four transmembrane (10 %) proteins were detected. Total sequence coverage ranged
from < 10 % 6 = 8), to 10- 20 % f1 = 7), 20- 50 % 6 = 23) up to > 50 %r( = 3).
Single peptides identified two greins, Am10878 and Am13268, proteims{ 19) were
identified from 2i 5 peptides, proteinsi(= 12) 6-10 peptides and >10 peptides< 8
proteins). All proteins identified by this shotgun approach were also identified by other
methods, thus no proteinas uniquely identified by shotgun proteomic analysi#\of
melleasecretome following soligphase culture on MEA agar. Nonetheless, a list of all
proteins identified by this method is givenTiable5.3.
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Table 5.3. A. melleasecreted proteingdentified by shotgun LMS/MS following extraction and trypsin digestiofnpm solidphase culture on MEA

aAccession No. "BLAST Annotation tM , Ytpl (C(:)/c;)v erage ;Jenplgggs eSSCI\éIre ;C(;:SQVY g hSSelggl
Am13268 14-3-3 Protein 30042.7 8.91 4 1 14 -0.404 SecP
Am18230 14-3-3 Protein 341359 4.83 37 10 164.03 -0.35

Am19381 Acetyl- Acetyltransferase 40335.3 6.26 42 11 212.23 0.088 SecP
Am15995 Aldo Keto Reductase 39486.6 8.58 18 5 87.18 -0.183

Am18773 Aspartic Peptidase Al 44136.2 4.75 24 10 165.92 -0.055 SigP

Am14866 ATP Synthase F1 Gamma 32624.5 9.43 27 4 77.84 -0.167 SecP
Am3988 Carbohydrate Esterase Family 4 Protein 135875.9 5.93 3 2 45.32 -0.356 SigP

Am17600 Catalase 58498.8 6.75 39 13 243.76 -0.587

Am16479 Class | Glutamine Amidotransferakée Protein 242135 5.38 11 2 29.79 -0.212 SecP
Am10627 Conjugated Polyketone Reductase C1 36926.4 5.96 27 8 126.92 -0.247 SecP
Am9269 Copper Radical Oxidase 843211 44 21 11 209.37 -0.093 SecP
Am3603 Dihydrolipoyl Dehydrogenase 53233.2 6.62 43 14 266.64 -0.103 SecP
Am20231 Enolase 47096.7 5.72 50 17 316.59 -0.108

Am11987 Extracellular SoluteBinding Protein Family 1 459039 55 29 8 143.59 -0.003 SigP

Am18910 Glucose6-Phosphate Isomerase 61249.8 6.38 5 2 4554 -0.216 SecP
Am12863 Glyceraldehyde ®hosphate Dehydrogenase 39985.1 8.24 38 9 144.96 0.079 SecP
Am14135 Glycoside Hydrolase Family 27 Protein 47065 4.7 18 5 91.48 -0.182

Am12215 Glycoside Hydrolase Family 3 Protein 148863.2 5.59 2 2 38.48 -0.211 SecP
Am5759 Glycoside Hydrolase Family 31 Protein 191108.2 6.39 2 4 60.82 -0.498 1
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Coverage Unique

°SM

'GRAVY

"SigP/

aaccession No. PBLAST Annotation tM | dipl %) Peptides Score  score IT™M Secp

Am15111 Glycoside Hydrolase Family 72 Protein 58531.8 4.34 11 5 846 -0.01 SigP

Am17793 Hcp-Like Protein 154493.3 6.64 3 3 48.33 -0.579

Am3956 Heat Shock Protein 62575.8 5.15 44 19 340.81 -0.051

Am15133 Hypothetical Protein Dicsqdraft_13249Di¢homitus Squalens 14436.6 4.91 31 3 52.74 0.168 SigP
Lyad-421 Ss1]

Am11329 Hypothetical Protein Dicsqdraft_170957ighomitus Squalens 38549.9 5.64 23 4 74.13 0.032 SecP
Lyad-421 Ss1]

Am3943 Hypothetical Protein Schcodraft 696&ichizophyllum 24157.7 4.6 22 3 59.58 -0.156 1 SecP
CommunéH4-8]

Am18369 Hypothetical Protein Travedraft 5201Brametes VersicoldFp- 13690.6 4.47 17 3 64.53 0.174 SigP
101664 Ssi]

Am13739 Malate Dehydrogenase 24250 6 19 65.65 0.314 SigP

Am3212 MitochondrialEndopeptidase 75418.7 5.17 5 52.16 -0.451

Am2320 A. melleaunknown function protein 15229.2 4.62 56 6 110.44 -0.483

Am8112 NAD -Binding Protein 47400.2 8.82 43 15 250.81 0.017

Am14376 NAD-Dependent Formate Dehydrogenase 39653.5 6.32 39 9 146.6 -0.207 SecP

Am10878 Peptidase S28 59821 5.19 2 1 19.36 -0.176 SigP

Am17796 Phosphoglycerate Kinase 46381.6 5.86 56 19 321.14 0.006 1

Am12502 Phosphoglycerate Mutaddke Protein 60386.3 6.2 26 10 188.36 -0.174 1

Am13967 S-AdenosyiL-Homocysteingdydrolase 46819.9 5.59 27 9 121.04 -0.009 SecP
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Coverage Unique °SM  'GRAVY "SigP/

aaccession No. PBLAST Annotation tM | dipl %) Peptides Score  score IT™M Secp
Am19945 Short Chain Type 32236.4 9.3 26 4 65.14 -0.029 SecP
Am4144 Tautomerase Mif 13091.1 4.99 46 3 55,53 0.071 SecP
Am16991 Transaldolase 34862.3 6.26 31 8 143.65 -0.141
Am15936 Triose Phosphatisomerase 25148 6.84 53 9 169.86 0.064
Am15486 Tyrosinase 67594.7 5.75 18 8 127.39 -0.28 SecP
Am12436 Zb Protein 30612.3 5.1 25 5 86.75 -0.341

8Accession number fromA. melleacDNA database’BLAST annotation following Blast2GO analysis of proteidentified from A. melleacDNA database®M,, theoretical
molecular mass'tpl, theoretical isoelectric poinfSM score, Spectrum Mill protein scof&§RAVY score, grand average of hydropathy (Negative score indicates hydrophilicity

while Positive scoréndicateshydrophobicity)TM, number of transmembrane regioP8igP, classical secretion signal peptide; SecPctassical secretion signal.
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5.2.5 Summary of mycelial and secreted proteinsdentified from direct shotgun
LC-MS/MS.

In total, proteinsf = 613) were identified by optimised shotgun analysis following
interrogation of theA. melleacDNA database using 1995 peptides identified by
LC-MS/MS. Approximately 47 % of identified proteins contained a signal sequence:
SigP (n = 32) and SecPn(= 260). A number of hydrophobic proteins were identified

(n = 80) and along with 63 proteins containing transmembrane regions. The breakdown
of number of peptides by which proteins were identified is as follows: 1 peptide
(n=304), 25 peptides i = 204), 610 peptidesr( = 70), >11 ( = 35) with percentage
coverage ranging from: < 10 % € 351), 16020 % f = 122), >20 %1t = 140).

B2G analysis of all mycelial proteins identified by shotdu®-MS/MS, categorised by
biological process,aveals that the largest quotient was classified as translation (45%).
Breakdown of the other categories was as follows: nucleobase, nucleoside, nucleotide
and nucleic acid metabolic process (11%); response to stress (8%); catabolic process
(7%); Protein tansport and carbohydrate metabolic process (5%) each; lipid metabolic
process and signal transduction (3%) edéhgure 5.4). Complementary categorisar

by cellular componentFgure 5.5) displays the breakdown as: ribosomal proteins
(65%); protein complex (10%); nucleus (6%) and cytoskeleton (8#ti)e annotation

via molecular process reveals involvement of proteins in structural molecule activity
(42%), nucleotide binding (17%RNA binding (7%) and enzyme regulator activity
(4%) (Figureb.6).

A theoretical M and p map of theA. melleaproteome was constructed, from the in
house cDNA database, utilising JVirGel softwénép://www.jvirgel.dg (Hiller et al,

2006) and anoverlay of the proteins actually identified by shotgun proteomics was
carried out. The identified proteins encompassed all molecular mass and pH ranges

compared to those predicted from the theoretical prote&igare5.7).

228


http://www.jvirgel.de/

||:lr-:-tein muodification process {1}|I

|signa|transductinn ESJV

|ce|lu|ar homeostasis (1)

|catal:n:-lic process (@)

cell cycle {Ejl" -

|respu:-nse to stress (?]ll—~
translation (39}
generation of precursar metabolites and energy (2)
|carb-:-h'grdrate metabolic process {4}|—"'_'_F
|Ii|:lil:| metabolic process {3}'—/
ion transport (2)
nucleobase, nucleoside, nucleotide and nucleic acid metabolic /
process (10)
|-:-rgane|le organization {2}|I I protein transport (<)

Figure 5.4. Biological process GO multilevel graph oA. melleamycelia analysed by shotgun HE@S/MS; identification of biological process
property domains defined ltp://www.geneontology.otdrhe graph visualisation of GO annotations is from the lowest nodes of GO hyerarch

the category of biological process. Numbers in brackets indicate the number of proteins in each category shown.
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Figure 5.5. Cellular component. GO multilevel graph oA. melleamycelia analysed by stgqun LGMS/MS; identification ofcellular component
property domains defined lntp://www.geneontology.otdgrhe graph visualisation of GO annotations is from the lowest nodes of GO hierarchy, in
the category of lmlogical process. Numbers in brackets indicate the number of proteins in each category shown.
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Figure 5.6. Molecular function. GO multilevel graph oA. melleamycelia analysed by shotgun H@S/MS; identification ofmolecular function
property domains defined lntp://www.geneontology.otdrhe graph visualisation of GO annotations is from the lowest nodes of GO hierarchy, in
the category of biological press. Numbers in brackets indicate the number of proteins in each category shown.
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Figure 5.7. Superimposed theoretical /nd p of all observed proteins from shotgun
analysis of ngcelial proteins on those predicted from in silico analysis ofAthmellea

proteome Software fromhttp://www.jvirgel.de(Hiller et al, 2006)

Ribosomal proteingn = 63) wereidentified in A. melleamycelia,andincluded those

from the large 60S subunit & 36) and thesmall 40S eukaryotic subunit £ 23). Only

one ribosomal protein had a predicted transmembrane domain (Am16486)-ortarty
contained SecP signals and were identified from8lpeptides. Percentage coverage
ranged from 1 % 50 %.Eleven proteasoreelaked proteins were identified in mycelial
extracts. Three (Am10604, Am14271 and Am15029) were the conserved 20S subunit
and the remaindeoriginated formthe 26S proteasome complex proteins. Peptidases
(n= 10), of which two were predicted to be of mitochaoiatl origin (Am3212 and
Am15698), and NADHFubiquinone oxidoreductases (Am6130 and Am15049) were
identified in A. melleamycelia by shotgun proteomics. Ribonucleages= 3) were
identified in mycelia and Am1888 contained a SecP signal sequence and was
hydrophobic. Am6779 was also hydrophobic and Am11553 was predicted to be
hydrophilic in natureHeat shock, heat shodike and activator of Hsp proteins € 15)

were identified from mycelia with 2% 39 % coverage and Spectrum Mill scores of
167 433. The nmber of peptides identified per Hsp ranged from 25. Two
metalloproteins (Am10231 and Am17617) were identified in mycelial extracts by
detection of four and one peptglerespectively. Am10231 is hydrophobic while
Am17617 contains a SecP signal peptide.
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Alpha Betahydrolase proteingi(= 10) were identified in protein extracts from mycelia
of A. melleaby shotgun proteomicsThis family of proteins is one of the biggest
superfamilies of structurally related proteimsth very diverse catalytic activity. There
are currently more than 30,000 proteins in this grqlenfant et al, 2013,
http://bioweb.ensam.inra.fr/esthewhose catalytic actity is derived from a common
NucleophileHis-Acid (Holmquist, 2000) Family membes include lipases, esterases,
peptidases hydrolases peroxidasese and lygsas.of these proteins had SecP and one
had SigPsignal sequencesll had negative GRAVY scoreslthough two had one
transmembrane region. Spectrum Mill scores for these psotaimged from 16 39
with sequence coverage of 3-%6 %based on the detection of 1 or 2 peptides by LC
MS/MS. Eleven glycoside hydrolases (GH) from families 1, 2, 3, 1632738 and 72
were identified by shotgun proteomics. Three proteins conta®ecP and four SigP
signal sequence&our (Am5759, Am12215, Am14135 and Am15111) were identified
in both mycelia and the secretome, while all other GH proteins were uniquely located.
Sequence coverage ranged from 18 %, with between 1 5 peptides iderfied per
protein, and Spectrum Mill scores ranging from 184. Five proteins from four
families of glycosyltransferases (GT; 20, 32, 35 and 50) were identifidee arotein
level in mycelial extracts, two of which contained SecP secretion signal&eirPro
identification was based on detection e2 Linique peptides, and Spectrum Mill scores

were in the range 1:644.

The substratspecifc carbohydrate binding modu@BM12 (Am9123) was identified

at protein level, as was CBM13 (Am11736); these pretaiare identified by 6 and 5
peptidesrespectivelyand had Spectrum Mill scores of 81 and 114. Three carbohydrate
esterase (CE) proteins from two families were detected byMBIMS: CE1
(Am19807) was identified from 4 peptides and contained a SecP gigpatie CE4
(Am3988) was identified in both mycelial and secretome extracts from 3 peptides, and
another CE4 enzyme (Am6064) in a mycelial extract only was identified from 2
peptidesBoth CE4 proteins possessed SigP signal peptides and overall, Spktirum

scores ranged from 4574.

With regard to potential lignin degradation, no laccases were identified in the shotgun
cohort of expressed proteins, but other proteins which may be implicated in lignin
degradation were identified. For instance, a numbkrcytochrome P450s were
identified, includingAm19539 (1 transmembrane region) and Am5494 (a hydrophobic

P450 with 2 transmembrane regions). A monooxygenase (Am16713) with a Spectrum
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Mill score of 247 (from 14 peptides), a dioxygenase (Am18132) ideatiiiem 2
peptides and a peroxygenase (Am8695) with a SM score of 15 (from 1 peptide) were
also identified in mycelia. Six peroxidases (Am13266, Am14119, Am14782, Am18006
Am6607 and Am14136) were identified at protein level from mycelia with Spectrum
Mill scores from 1250, as supported by16 peptides. Three peroxidases possessed a
SecP, and one a SigP, secretion sequence. A hydrophobic thiorddprindent
peroxidase (Am14136) was identified, which did not contain a transmembrane domain,

while two othes (Am13266 and Am14119) had predicted transmembrane domains.

A large number of proteinsi(= 3 2) previ ous hyp octlhaestsiicfail e dp
were identified, which appear to exhibit homologs in 13 other fungal species. These re
categorisedfiunknown function protein@ were identifiedby Spectrum Mill scores
between 11 and 247 (coverage ranged frebd peptides). Four of these proteins were
identified in the fungal secretome and mycelia. Seventeen predicted proteins were
mycelial in origin, containedhomologs in four fungal species, including 12 in

L. bicolor. Two had one transmembrane region; Am15212, Am18801, while Am1474
and Am3995 were hydrophobic. Predicted proteins had Spectrum Mill scores ranging
from 127 49 and were further identified by detien of 17 3 peptides/protein. Fifteen

A. melleaspecific proteinswere identified in mycelia by shotgun E@S/MS. One
(Am2320) was identified in both mycelia and the secretome. Six had SecP and two had
SigP signal sequences, while four had transmeminegiens All were identified by

between 1 and 8 peptides and sequence coverage waa4P%bo
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5.2.6 Indirect shotgun proteomics LC-MS/MS following OFFGEL
Electrophoresis

Mycelial proteins from 3 - 6 week cultures were extracted accogdirno
Method2A WCL (Section2.2.7.3, digested as described in Sectih#.10.4 subjected
to fractionation by OFFGEL electrophoresis (Sectoh 1)), dried and econstituted in
Buffer A (Section 2.1.9.9. Samples were analysed WC-MS/MS using several
gradients (20 mifi 600 min duration) and dilution&t,oo dilution, Y dilution, 1ul, 5
pl, 10 pl. It was found that sample volume oful using Program CTable 2.6) gave

optimum results in terms of@tein identification.

Overall, 91 individual proteins were identified by a combination of OFFGEL
electrophoresis and subsequentMS/MS analysis and were supported by detection of
114 unique peptides. Four and 44 proteins, respectively, contained SigBeaPR
secretion signals, and nine were identified as hydrophobic. Five proteins-fad 1
transmembrane regions. Thierpnges of peptides identified are givenable5.4, with

the greatest number of peptides found in Well 1 of the OFFGEL electexifo

chamber. Interestingly, no peptides were identified from wells 6, 11 and 12.

Proteins § = 5; Am6080, Am7439, Am7452, Am17277 and Am19873) wdentified

from three peptides. With regard to Am19873, one of the peptides was identified in two
wells and Am7452 three peptides were from the same well. Protem9{ Am6591
Am11036, Am11554, Am13413, Am14386, Am14558, Am15608, Am17796 and
Am18706) wee identified from two peptides. In the case of Am6591 and Am18706
both peptides were from Well 1, the remaining seven were from two different wells.
Two proteins (Am14000 and Am20231) each were identified from one peptide present
in two different wells Table5.5). It should be noted that tén melleamycelial proteins

were uniquely identified after OFFGEL electrophoresis fractionation and-(y
MS/MS (Table5.6). Thus, although the overall number of proteins identified following
OFFGEL fractionation was comparatively low, the potential to the technique to aid

idertification of selected proteins is noted.
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Table 5.4. Number of peptides identified from each well following EFEL

fractionationandLC-MS/MS of digestedA. melleamycelial protein

Peptide No.
Well ID rgmgep Peptides

1 4-45 69
2 4.4-52 7
3 4.2-5.8 2
4 5.2-6 7
5 5.5-6 5
6 - N.D.*
7 6 1
8 6.7-7.7 3
9 8.5-9.2 2
10 8.5-9.75 8
11 - N.D.*
12 - N.D.*

*None detected
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Table 5.5. A. melleamycelial proteins identified by indirect shotgun proteomics (OFFGEL electrophoresis followed MBINS).

#Accession ‘SM No.

No. PBLAST Annotation Score  Peptides Well ID
Am17277 5-methyltetrahydropteroyltriglutamateomocysteine-snethyltransferase 53.05 3 W1, W10
Am6080  ATP synthase subunit beta 63.86 3 W1, W5
Am7452  Heat shock protein 90 37.31 3 w1
Am19873 Translation elongation factor 1a 56.88 3 W2, W8, W9, W10
Am7439 Trehalose synthase 60.31 3 W1, W2
Am6591  1-cys peroxiredoxin 37.04 2 w1l
Am15608 40s ribosomal protein s7 28.2 2 w1, W10
Am18706 Actl_schco ame: full=actih ame: full=betaactin 35.94 2 w1l
Am11036 Macrolidebinding protein fkbp12 23.41 2 W1, W10
Am17796 Phosphoglycerate kinase 23.98 2 W1, W10
Am11554 Pyruvate carboxylase 31.71 2 W1, W2
Am13413 Tubulin beta chain 38.32 2 W1, W2
Am14386 UTP-glucosel-phosphate uridylyltransferase 32.53 2 w1l
Am14558 Valosin-containing protein 41.98 2 w1l
Am14000 6-phosphogluconate dehydrogenase 17.9 1 W9, W10
Am20231 Phosphopyruvate hydratase 19.64 1 W1, W2

2Accession number frorA. melleacDNA database®BLAST annotation following Blast2GO analysis of proteins identified flarmelleacDNA databaseSM score, Spectrum

Mill protein score; No. of peptides, No of peptides identified from the protein; Well 1.D., well number containing thet nedstile.
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Table 5.6. A. melleamycelial proteins uniquely identified following prior fractionation of peptide mixtures using OFFGEL electrophoresis.

::I:c.cession ﬁjample PBLAST Annotation ;\P/Ir;)tein :;’Irotein :I;eptide (CO/(z;/erage gg:i:; . fsscl\gre JGRAVY  Sequence
Am10358 W2 Adenylosuccinate 46935.92 6.9 4.65 6 1 16.29 -0.041 (R)VGGGPFPTEQLNDVGVHL
synthase QEVGR(E)
Am10329 W2 Alcohol dehydrognase  37847.44 6.16 4.65 5 1 15.99 0.152 (R)YGVDHILEVGGPGTLEK(S)
superfamily protein
Am14170 W1 C2H2 transcriptiorfactor 69190 8.6 9.7 3 1 13.37 -1.163 (R)YIHNNDHNNITHHQPPKKTK(S)
Am13829 W4 Hypotheticalprotein 66530 6.02 5.96 4 1 13.24 -0.271 (R)INGIVVVRPDGIIGALVGGAD
SCHCODRAFT_107411 GLK(E)
[Schizophyllum commune
H4-8]
Am10368 W1 Ich1-like protein 51630 5.84 4.37 4 1 17.39 -0.113 (R)TLGSFIDLLGSEGWK(I)
Am16377 W1 Predictedorotein 25790 5.81 12.01 7 1 11.05 -0.65 (R)RFVGQKAPLFMPIR(T)
[Laccaria bicolorS238N
H82]
Am9598 W3 Protein 129540 6.38 4.23 2 1 13.14 -0.489 (R)EFILDVLEDVGKSLRDDILK(E)
Am11454 W3 Retrotransposable 19200 4.87 5.84 9 1 11.88 -1.096 (KYGGmSIDTMVVnnK(N)

elementtf2 155 kDa
protein type like
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