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ABSTRACT

Nine geographically diverse isolates of the witctesom pathogemoniliophthora
perniciosa were cultured on nutrient medium. They includedGibiotype strains (from five
tropical American countries) differing in virulenoa the cacao plafitheobroma cacao, two
Brazilian S-biotypes, infective on solanaceous $iaatd an Ecuadorian L-biotype, infective
on certain lianas. Mycelial growth rates and motpbies differed considerably between the
strains, but no characters were observed to ctereligh virulence or biotype. In plant
inoculations using spores from basidiome-producuigures, one C-biotype caused symptoms
on tomato (an S-biotype host), thereby adding tdesmce of limited host adaptation in these
biotypes. Mycelial proteomes of the nine strainsenanalyzed by two-dimensional gel
electrophoresis (2-DE), and 619 gel spots werexiad®n all replicate gels of at least one
strain. Multivariate analysis of these gel spotcdminated the L-biotype, but not the S-
biotypes, from the remaining strains. The proteosmailarity of the S- and C-biotypes could
be seen as consistent with their reported lackhglggenetic distinction. Sequences from
tandem mass spectrometry of tryptic peptides fragon2-DE spots were matched with
Moniliophthora genome and transcript sequences on the NCBI atchég’ Broom Disease
Transcriptome Atlas databases. The protein-spatiftations indicated th#1. perniciosa
saprotrophic mycelial proteome expressed functpmisntially connected with a ‘virulence
life-style’. These included peroxiredoxin, heat-chproteins, nitrilase, formate
dehydrogenase, a prominent complement of aldo1leghoctases, mannitol-1-phosphate

dehydrogenase, and central metabolism enzymesvatfosed pathogenesis functions.
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I ntroduction

The causal agents of the two major diseases obd#foa source of cocoa for chocolate) in
tropical America are sister taxa in the agaric gaaniliophthora (Griffith et al. 2003; Aime
and Phillips-Mora 2005). Due to their economic itpand global threat, much research has
been devoted to the genomes of both spelleperniciosa (Mondegoet al. 2008) and, more
recently,M. roreri (Meinhardtet al. 2014; Diaz-Valderrama and Aime 2016). Genome
information has underpinned recent studies on ¢rgsts expresseih vitro or in planta during
theM. perniciosa life-cycle, by revealing or confirming potentiafhogenesis and
developmental functions (Piresal. 2009; Leakt al. 2010; De Oliveirat al. 2012;
Thomazellaet al. 2012; Francet al. 2015; Gomest al. 2016).

Transcript expression does not necessarily eqaaieotein content, and therefore the
technically more challenging proteomics approachdiso been applied to many plant
pathogenic fungi (Fernandez-Acesioal. 2006, 2007; Bohmaeat al. 2007; Cobost al. 2010;
Kwon et al. 2014).Moniliophthora proteomics should be another beneficiary of releva
genome resources. Silehal. (2012) have described an early proteomic study.of

perniciosa.

The present study applied proteomicsnteitro cultures ofM. perniciosa (formerly
Crinipellis perniciosa). As a hemibiotrophM. perniciosa grows saprotrophically on standard
nutrient media. One of our objectives was to gauigether the proteome of this culturable
form contained only ‘housekeeping’ proteins, or thlee its latent pathogenicity was evident in

specialist functions that could be recognized wh#haid of genome information.

A related query was whether genotypic diversityoperniciosa isolates, differing in host
range and virulence, might manifest in the sappdtioproteomeM. perniciosa is indigenous
to the Amazon region but, over this vast territggographically separated populations
infecting a range of host plants have been idextifMeinhardet al. 2008). The important
‘C-biotype’ infects certain species of the Malvae@&athe generdheobroma (notably the
cacao plant]. cacao) andHerrania. Symptoms of the biotrophic phase of infectiodude
stem swellings, and the shoot proliferation thajegrdered the name of witches’ broom
disease (Meinhardt al. 2008).

Included in this study were C-biotype isolatesatifig in their specific virulence

interactions with cacao. Shaw and Vandenbon (2fiiif)d the cacao clone Scavina 6,
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selected historically for witches’ broom resistgneas never infected by the Trinidadian
isolate GC-AS. In contrast, two Brazilian isolat€astl and APC3, were both able to infect
Scavina 6. All three of these isolates were ingaséid here, along with other C-biotypes from
Ecuador, Peru and Bolivia.

The ‘S-biotype’ was found by Bastos and Evans (1 @85species of the Solanaceae near
cocoa farms in the Amazon. Although S-biotype hasjbres cause witches’ broom
symptoms irSolanum lycopersicum (tomato) andCapsicum annuum (bell pepper)M.
perniciosa has not become an agricultural disease of solanaagrops (Marellet al. 2009).
Interestingly, DNA studies have found the C- anbi@ypes are not phylogenetically distinct
(de Arrudaet al. 2005; Marelliet al. 2009).

A third biotype investigated was the ‘L-biotypedund in tropical forest on liana vines such
asArrabidaea verrucosa of the Bignoniaceae (Griffith and Hedger 199443lhe outcrossing
reproductive strategy (bifactorial heterothallisshthe L-biotype results in greater local
genetic diversity than in the C- and S-biotypesicilexhibit primary homothallism (Griffith
and Hedger, 1994ab). Most genetic diversity inlétter biotypes appears to be associated
with different geographical origins (Ploedizal. 2005; Rinconest al. 2006).

Accordingly, this study compared the growth andgomic profiles in culture of C-
biotypes of different geographical origins and méga virulence, S-biotypes and an L-biotype
of the witches’ broom pathogén. perniciosa. In the process, the utility of recently-available
sequence information on tiMoniliophthora genomes (Mondegei al. 2008; Meinhardét al.

2014) andV. perniciosa transcriptomes (Teixeirg al. 2014) was demonstrated.
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M aterials and methods

Fungal cultures

Moniliophthora perniciosa strains belonged to our isolates collection (Tdl)|estored long-

term in 15% glycerol at -8C. Mycelial cultures were grown at 25°C in the damk MYEA
medium (5 g yeast extract, 30 g dark malt powdeig agar, per L). Growth was measured
from colony radii at two-day intervals between @413 days after subculture. Agar-free
mycelia, when required, were grown in ‘top-layeultares (Cohen 1973), in which four square
plugs (5 x 5 mm) of mycelia from MYEA were inocuddt(facing up) on the surface of
double-strength MYEA in 9 cm Petri dishes, followsdthe addition of 6 mL sterile dB

which formed a liquid layer ca. 1 mm deep on tharagrface. Plates were incubated at 25°C
in the dark. This method allowed growth of fungaltares with the same morphology as on

standard agar, but with easy removal of the myoelnith a spatula.

Mycelia for protein extraction were harvested frbghday-old top-layer cultures, washed in

water, blotted on filter paper, and samples (200 wejghed, then freeze-dried.

Basidiomes were produced by a modified Griffith &etiger (1993) method. A bran-
vermiculite mixture (40 g vermiculite, 50 g domedtran cereal, 6 g Ca3@®i.0),, 1.5¢g
CaCQ, 200 mL distilled water) was distributed into siamestic aluminium pie dishes (110
mm diameter x 20 mm deep), sealed with aluminiuiirefad autoclaved (15 min, 120).

Each pie dish was inoculated in sterile conditiaith eight mycelial pieces (0.5 x 1 cm) from
2-3 week-old top-layer cultures (placed with aemgicelia face-down), then re-sealed with
foil and incubated at 25°C in a vented plastic aowr, until the bran-vermiculite matrix was
covered by dense white mycelium (typically threeeks. The pie-dish cultures were then
hung with wire (Vaseline-coated to exclude pestsaail in a vented Plexiglass mist cabinet
(50 cm x 50 cm cross-section, 1 m height, held®@or8 legs above a timer-controlled
humidifier), in a warm glasshouse (18-28°C). Pighdiultures were kept in constant mist until
basidiome primordia appeared (about 10 days), titaesferred to periodic misting, typically
two daily periods (01:00-08:00 h and 16:00-17:00 h)

Plant inoculations

To harvest basidiospores, pilei from fresh basidisif8-25 mm diameter ) were pinned to a

polystyrene support, gills facing down, over a fibinslurry agar (1 mL of 0.2% agar no. 2,

5



135 autoclaved) in a 9 cm Petri dish. Sufficient piare mounted for complete coverage of the
136  Petri dish, and left for 3-6 h. The agar bearirgjble spore prints was scraped into a 2 mL

137  centrifuge tube, gently homogenized, and adjustekdit spores mL.

138 Plants were grown in pots of peat-based composta&fheobroma cacao cv. Comum)

139  was inoculated at two months old. Toma$ol&num lycopersicum cv. Ailsa Craig) plants were
140 inoculated at 10-14 days old. Spore suspensiong@2Q.) were placed onto apical buds and
141  the top three axillary buds. A second inoculatiaswapplied after 3 days. Controls were

142 mock-inoculated with spore-free agar. Inoculateahfd remained 2-3 days in a warm (30-
143  45°C), humid micro-climate in trays of 1 cm-deep watevered with clear plastic hoods and
144  placed over heating pipes. The hoods were thenved)@nd the plants kept in a warm (20-

145  45°C) glasshouse with saturating relative humidity.

146  Protein extraction

147  Each strain was extracted in biological triplicafies., three culture experiments). Freeze-dried
148  mycelial samples were ground with mortar and pesteled on ice with 2 mL extraction

149  buffer, containing 16 mM gHPQO,, 4 mM KH,POy, 1% Triton, 33 mM dithiothreitol (DTT),
150 18.8uM EDTA and 1 mg mL protease inhibitors (Roche, UK), then centrifu¢@t,000g, 30
151  min, 4°C). One volume of ice-cold 20% trichloroaceicid in acetone was added to the

152  supernatant. Proteins were precipitated (-20°Q,dnd centrifuged (21,00§) 15 min, 4°C).
153  The pellet was washed twice in ice-cold acetonegusonication followed by repeat

154  centrifugation. The acetone was discarded anduthe [eft open at -20°C for 10 min. The

155  pellet was sonicated in 2@ of ice-cold C1 buffer, containing 6 M urea, 1.5tMourea, 3%
156  3-[(3-cholamidopropyl) dimethylammonio]-1-propanksnate (CHAPS), 66 mM DTT, and
157  0.5% Pharmalyte pH 3-10 (GE Healthcare, UK), themtrcfuged (13,009, 5 s). Protein in the
158  supernatant was assayed using Bradford reagemhéSigK).

159  Two-dimensional gel electrophoresis (2-DE)

160  Protein samples (100 ng) in 1@k C1 buffer were soaked overnight into 7 cm pH 3NLO

161  IPG strips (Bio-Rad, UK). Isoelectrofocusing wasfpened at 4000 V to a total of 10,000 Vh
162 in a Protean IEF Cell (Bio-Rad, UK). Strips werertequilibrated for 15 min in bromophenol
163 blue-dyed buffer (50 mM Tris-Cl pH 8.8, 6 M ure®98 v/v glycerol, 2% w/v SDS, 5 mg riL
164  DTT), then another 15 min in buffer with 15 mg thiodoacetamide replacing DTT. Second
165 dimension electrophoresis was performed by thedstahLaemmli system on 12.5%
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polyacrylamide running gels in a Tetra Gel Elechaesis tank (Bio-Rad, UK), in 1x TGS
buffer (Bio-Rad, UK), for 20 min at 70 V, then @@V until the end of dye migration.

The 2-DE gels were stained using Coomassie PhaBligelR-250 (GE Healthcare, UK),
and their images were scanned on a GS-800 calibirateging densitometer (Bio-Rad, UK),
and imported into Progenesis PG220 v2006 softwdoal{near Dynamics, UK). Following
automated spot detection, manual editing of bouedavas performed on a single ‘reference’
gel (one of the APC3 triplicates) with the greatastiber of visible spots. A few landmark
spots were ‘locked’ to match other gels to thenezfee in Progenesis ‘warping’ mode. Then
spot matches were performed manually, using a stamgismall threshold. Spot numbers were
then automatically synchronized, before backgrasutairaction using the ‘mode of non-spot’
method, and normalization of spot volumes usingltspot volume multiplied by total area.
Unmatched spots were then reviewed using the feiffee map’ and, if added, the background

subtraction and normalization were repeated.

For the multivariate analysis presented in Resatish gel, regardless of strain or
experiment, was matched to the single APC3 referget as described above. This was
deemed a non-biased strategy for strain discrinanatather than creating a master gel from
averaged gels of each strain. For comparison, uhers of matched spots per gel using both

alternatives are shown in Supplementary Table 1.

Data analysis

Normalized volumes of all spots indexed in the Bragis software were exported as data
files. Spots identified in all three replicatesanly strain(s) were collated for multivariate
analysis. This yielded a data matrix of 27 (gel$)19 (spots). Principal component analysis
(PCA) was performed on mean-centered, unscaledrd&MCA-P v.11 software (Umetrics,
Sweden). The resultant PCs were employed in caabveciates analysis (CVA) with fungal
strains as groups, and permutation analysis of Mabhis squared distances (De Maesschalck
et al. 2000) between any two defined groups, in PASTIVQ (Hammeet al. 2001). Pearson
correlation analysis was also performed in PAST.

Protein sequencing and identification

Plugs (1-2 mm) from protein spots of interest waanually excised from the gel and
destained in 5QL of 50% acetonitrile/50% NHHCO; for 15 min at 37C, repeated as
necessary. After dehydration (0 acetonitrile, 37C, 30-45 min) plugs were rehydrated
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overnight in 9uL 50 mM NHHCOs/1 pL trypsin (Sigma, UK) at 3TC. Then plugs were twice
eluted (3QuL 60% acetonitrile /1% trifluoroacetic acid withré® 2 min sonications and ice-
cooling), and the pooled eluates dried in a vacuanirifuge. The resulting peptides were

resuspended in 10 of 5% acetonitrile /0.05% trifluoroacetic acid.

Peptides from digested protein spots were desafied) C18 ZipTips (Millipore, UK)

according to the manufacturer’s instructions. Sasplere loaded into gold coated nano-vials
and sprayed under atmospheric pressure at 800-90@&\D-Tof-1.5 hybrid mass spectrometer
(Waters, UK). From full scan mass spectra, ionsvidentified as possible tryptic peptides.
Tandem (MS/MS) mass spectra, obtained for thesebgrcollision-induced dissociation
(using argon collision gas), were recorded over 8¥#A400 Da with scan time 1 s. MassLynx
v.3.5 ProteinLynx (Waters, UK) was used to progessfragmentation spectra. Each
spectrum was combined and smoothed twice by th#zZRgyvGolay method at £3 channels,
with background noise subtracted at polynomial nideand 10% below curve. Monoisotopic
peaks were centred at 80% centroid setting. Peak tists for each spectrum were exported in
.dta format, and spectra common to each 2-DE sputatenated into a single MASCOT
generic format (.mgf) file using the merge.pl Paript (www.matrixscience.com). Merged
files were submitted to a MASCOT MS/MS ions seaxdtmin a locally installed MASCOT
server to search the NCBInr protein database (18018). Search parameters were as
described in Morphewt al. (2012). BLAST searches were used to obtain foneli

hypotheses foM. perniciosa accessions without functional annotatith.perniciosa

transcript sequences with similar predicted fumior InterPro domains, and high sequence
identity to the MS/MS peptides, were identified aigdhe RNA-seq libraries of the Witches’
Broom Disease Transcriptome Atlas (WBDTA) at httpdinfo08.ibi.unicamp.br/wbdatlas
(Teixeiraet al. 2014).
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222 Results and discussion

223  Developmental charactersof M. perniciosa strains

224  Differences in saprotrophic growth and morphologyweenM. perniciosa isolates were seen
225  duringin vitro culture on MYEA medium (Fig 1), and remained cstesit over four years of
226  observation. The Ecuadorian L-biotype isolate (S)#ad the most transparent texture, due to
227  mycelia of lower density tending to grow in an aemanner. At the other extreme was the
228  Bolivian C-biotype YB2, which produced snow-whit@anies with dense, entangled hyphae
229 anchored to the medium, and little aerial mycelitime other isolates showed intermediate
230 hyphal densities and propensities to aerial growtth the geographically diverse C-biotypes
231  RNBP1, Castl and GC-A5 forming relatively abundaearial hyphae. The distinctive mycelia
232 exemplified by SCFT and YB2 were similar to the pbkypes described respectively as

233 ‘flocculent’ and ‘compact’ by Alvinet al. (2009), who observed either in the genome-

234  sequenced. perniciosa isolate FA553, depending on carbon source. Fudégils of colony

235  morphologies are in Supplementary Table 2.

236 We found that colony expansion rates varied conaig between isolates (Fig 1). The
237 dense colonies of YB2 were extremely slow-growih@ (nm & between days 9-13 of

238 culture). The fastest growth was exhibited by thazBian S-biotype APS1 (3.2 mm'jd

239  Among C-biotypes, the Brazilian Castl grew fastgst mm d), followed by APC3, PichiE
240 and RNBP1 (2.4-2.5 mmi®). Relatively slow-growing isolates were the Triiian C-biotype
241  GC-A5 (2.0 mm &), and the Brazilian S-biotype WMAS5 (1.9 mnit)d

242  Comparative virulence of C- and S-biotypes

243  We sought to confirm the host specificities of 8d &-biotype strains using plant infections.
244  Infective spores of the S-biotype isolates (WMASB &#PS1), and of the APC3 and Castl C-
245  biotypes were obtained froax planta basidiomes by the method of Griffith and Hedger

246 (1993). Mist conditions were used to induce frucafion in dense white mycelial cultures on a
247  bran-vermiculite matrix, resulting in crimson pignt&tion of the mycelial surface within two
248  days, and patches of basidiome primordia after at@oudays. Differences in fructification

249  dynamics and basidiome characters were evidentdaetthe four strains. Fructification was
250 rapid and abundant in WMADS5, which yielded up to ba8idiomes per dish by the fifth day

251  post-induction. In contrast, APS1 and APC3 produeedfold fewer basidiomes at a time,
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over longer periods. Castl fructification variednr sparse to coverage of half the pie dish
surface. Maximum pileus diameter was greatest iIG2E3.3 cm), and smallest in APS1 (2.2
cm). All four strains displayed a range of pinkctanson pigmentation on pilei, gills and
stipes, as shown in Supplementary Fig 1. No basidioharacters specific to either C- or S-

biotype were identified.

Spores collected from thex planta basidiomes were used to infect young cacao andttom
plants, respectively putative hosts for the C- &ralotypes (Fig 2). All cacao plants
inoculated with the C-biotype APCA8 € 5) developed stem swelling and axillary shoot
proliferation (Fig 2A), characteristic symptomsvatches’ broom disease. On cacao
inoculated with the S-biotype WMAS E 5) or controlsrf = 8), these symptoms were not
observed (Fig 2A). Less predictably, inoculationnarhato with spores of the C-biotype Castl
induced some stem swelling, fasciation, and flugtohaxillary shoots (Fig 2B) on 3 out of 12
plants. Spores of the APC3 C-biotype induced veitgt siem swellings and faint stem
epidermis necrosis on 5 out of 6 inoculated tonpédats. Tomato plants inoculated with the
S-biotype WMAS ( = 6) developed pronounced symptoms, includingtstgnstem widening
and fasciation, leaf deformations and abnormalayilshoots.

For a long time, C- and S- biotypes were thoughtmaross-infect each others’ hosts
(Bastos and Evans 1985). Our observations, howaddrio more recent findings of C-biotype
induced symptoms on a solanaceous host. Letpas (2001) found symptoms on both
malvaceaousTheobroma cacao, T. bicolor andT. grandiflorum) and solanaceouSdlanum
paniculatum) hosts upon cross-inoculation with each othBt.perniciosa isolates. Deganello
et al. (2014) observed an 18% height reduction wherviceo-Tom tomato cultivar was
inoculated with a C-biotype isolate from Urucucahi&, though no other morphological
symptoms were seen. Defence gene expression lanetibese C-biotype infections were
interpretable as a non-host response (Degastedlio 2014). The same study found that S-
biotype disease progression in tomato suggestdabnoon-host resistance rather than a fully
adapted pathogen (Deganedial. 2014).

Proteomic comparison of cultured strains

Strains were compared by 2-DE of proteins extrafrtad triplicate top-layer cultures on
MYEA medium (Fig 1). One APC3 gel was selected [figh spot count) as the reference to
which others were matched using Progenesis PGZR@ase. On average, 364 (SD, 52) spots
on each gel were matched to the APC3 referencexplore whether similarities between

10
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strains might be evident from the 2-DE gels, wdgrared multivariate data analyses on the
spot volume data. We collated only spots preseall ireplicate gels of at least one strain, on

the assumption that these might be most strairrnamdtve.

We first applied PCA to the spot data. As the fivad PCs accounted for only 32% of
overall variance, pairwise PC scores plots offdéiraded explanatory power. However, we
recruited 68.1% of the data variance by using CWAfre scores of the first eight PCs (Fig 3).
CVA derives linear combinations of variables (hét€s of the 2-DE data) to produce
maximal, and second-to-maximal, separation betwiedéined groups (here, fungal strains) on

the first two canonical axes.

On the CVA plot (Fig 3), the slow-growing YB2 culéuoccupied the most negative region
of the (vertical) canonical axis 2, while fasteowing cultures occupied the positive region. A
possible relation between growth properties anteproes of the cultures was supported by a
correlation coefficient of -0.752 (< 0.05) between growth rates and mean values isr2awr

each strain.

The L-biotype SCFT appeared separate from all attrtams on the CVA plot (Fig 3). For
statistical support, we used permutation with 2p88udoreplicates on the Mahalanobis
squared distanc®AD?) between the multivariate data (i.e., scores ghtePCs) for any two
defined groups. This non-parametric test confirmeignificant distance between SCFT and
the C- and S-biotypedD? = 33.36;p < 0.01).

On the other hand, the S-biotypes APS1 and WMASdichssociate as a distinct group on
the CVA plot, being interspersed with the C-bioty@&C-A5 and PichiE (Fig 3). Furthermore,
the two-group permutation test did not significarstéparate the APS1/WMADS pair from the
other biotypesNID? = 5.683;p = 0.06). The proteomic similarity of the S- andidtypes
could be seen as consistent with the DNA evidenhatthese biotypes are not phylogenetically
distinct (de Arrudaet al. 2005; Marelliet al. 2009).

Certain C-biotypes occurred in proximity on the Cylst (Fig 3). One apparent association
was Castl/APC3, and this pair was significantlyasafed from all other strains in the
permutation testD? = 12.61;p < 0.01). Castl and APC3 were isolated over a deapért in
different Brazilian states (Table 1), but do shtheeproperty of being able to infect the cacao
clone Scavina 6, which is resistant to many wittbhesom strains, including GC-A5 (Shaw
and Vandenbon 2007). However, the relative virudeoicthese strains differs on other cacao
clones (Shaw and Vandenbon 2007). RNBP1 and YB2 lile@wise in proximity on the CVA

11
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plot, and as a pair were significantly separatechfall other strains in the permutation test
(MD? = 12.50;p < 0.01). RNBP1 and YB2 were, again, isolated evdecade apart, but
geographically both came from the Western reachdscAmazon basin (Table 1).

I dentification of proteinsof M. perniciosa cultures

Information on sufficiently abundant proteins oe thPC3 and Castl C-biotype gels was
obtained by MASCOT searches of databases using 8S#duences of tryptic peptides from
2-DE gel spots (Table 2). For most queries, anssior from the genudoniliophthora was

the best match. At the time of this study, kheperniciosa genome version deposited at
DDBJ/EMBL/GenBank was lower quality (accession ABRBx coverage) than that M.
roreri (accession LATX, 91x coverage). ConsequentlyMheoreri genome provided the
MASCOT matches in 16 queries, whie perniciosa provided only 11, seven of which were
partial sequences (Table 2). For one query (spptth@ MASCOT match was from another
genome-sequenced agafthi zophyllum commune (Ohmet al. 2010), but this sequence

showed 94% identity to avl. perniciosa accession, EEB94528.

Another new resource is the WBDTA, based on RNAlgegries of RNAs from a range of
cultures and pathogenic stagedvbfperniciosa (Teixeiraet al. 2014). NCBI database
information (function and InterPro domains) on astens similar to the 2-DE spots (Table 2)
was used further, to identify similar transcripighe WBDTA. Transcripts (MP identifiers)
with high identity to the 2-DE spots peptides ardable 3. The 14-day-old dikaryotic
mycelial cultures library of the WBDTA would be th@st comparable to the cultures we
analyzed. Table 3 therefore reports expressioheofdlevant transcripts in this library, as well
as the library in which they exhibited maximal eegsion. Eighteen of the 20 matched genes
showed substantial expression in 14-day-old dik@eyaycelia (over 20% of the maximal
expression during the life-cycle), making a relasioip to our 2-DE spots plausible (Table 3).

An outstanding feature of thé. perniciosa proteomes (Tables 2-3) was the prominence of
putative aldo-keto reductases (AKRs). The AKR stgmeily has a common structure and
reaction mechanism, involving NADPH-dependent oxieduction of carbonyl compounds,
but it encompasses diverse functional roles aabsdyla (Mindnich and Penning 2009). We
found an AKR, spot 1, that was among the most adminproteins in all cultures (Fig 1),
irrespective of biotype (see Supplementary Figrajtantitative data). Spot 1 appeared to
correlate with culture growth rate (coefficient D.p < 0.05), having lowest abundance in the
slow-growing YB2 C-biotype, and highest in the fgedwing APS1 S-biotype. Three other
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spots were assigned as AKRs (Tables 2-3). Twoeadel{16, 17) were moderately abundant in
all strains, but spot 4 showed great variabilitygdSlementary Fig 2). Spot 4 was present in all
replicates of the C-biotype APC3, but in otherisgauch as the C-biotype Castl, it was not
detected (Fig 4 inset). The peptide sequencesabfdswere found in spot 1 (Supplementary
Table 3), and each could be matched tdlanoreri accession with a theoretical molecular
weight (36.4 kDa) and pl (6.2) similar to the gslimates for spot 1 (35 kDa, pl 6.5). Spot 4
was estimated to have a similar molecular weightkBa) but more basic pl (8.5), suggesting
a modified isoform of the same protein.

Such prominence of AKRs has not been widely replaridungal cultures on complete
media. Leakt al. (2010) foundMVl. perniciosa AKR transcripts were induced in nitrogen-
limited liquid cultures, and were expressed inatdel cacao tissues. They proposed AKRs
belong to a suite of ‘virulence life-style gendsat enable colonization of the host
environment (Leaét al. 2010). One virulence-associated AKR is Ae'S1 gene of
Alternaria alternata, involved in biosynthesis of a toxin for pathoggtyi on strawberry (ltet
al. 2004). In cultures dfstilago maydis, expression of the AKR YakC increased in the
transition to filamentous growth associated with plathogenic life-style (Bohmet al. 2007).
Other evidence for AKRs in fungal-plant interacgancludes the AAD1 aryl-alcohol
dehydrogenase of the lignin-degra&aner ochaete chrysosporium (Yanget al. 2012), and
up-regulation of AKRs in th&hizophagus irregularis-Medicago truncatula symbiosis
(Tisserantt al. 2013). In other fungal systems, AKRs detoxify aleiotics, such as
pharmaceuticals i€@andida glabrata (Farahyaset al. 2013). Evidence also supports a role for
fungal AKRs in stress responses. Yeast mutantstleden AKR genes, for example,
exhibited abnormal oxidative and heat stress (ClaauogPetrash 2008). The putative AKR
gene MP13440, which shared high identity with thets 1, 4 and 17 peptides, had highest
expression in infected fruit in the WBDTA (Tablg But little (< 1% of maximum) in green

brooms. The role of AKRs in witches’ broom diseasaits elucidation.

Several other proteins in our cultures would bes@iant with a stress response syndrome
(Tables 2-3). These included two heat-shock pretinnd in all strains (spots 11 and 12). In
addition, a 1-cys peroxiredoxin (spot 6) was detgcn most gels, generally in high amounts
in the faster-growing strains, but showed considleraariability even between replicates
(Supplementary Fig 2). Peroxiredoxins are widestributed peroxide-decomposing enzymes
(Monteiroet al. 2007). Cobost al. (2010) detected peroxiredoxin, and heat-shocteprpin
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liquid cultures of the grapevine pathodeiplodia seriata, and speculated that peroxiredoxin

could contribute to pathogenesis by counteractogj-produced hydrogen peroxide.

Spot 18 had a negative correlation with growth (atefficient -0.78p < 0.05), being
found in greatest abundance in the slow-growing ¥Blures (Supplementary Fig 2). It
showed homology to mannitol-1-phosphate dehydragge(iBables 2-3), which functions in
biosynthesis of mannitol, a compatible solute poedlby fungi in response to various stresses
(Dijksterhuis and De Vries 2006). Interestingly,rm#ol-1-phosphate dehydrogenase appears
to have been acquired by thmniliophthora genus via horizontal gene transfer from firmicute
bacteria (Tiburciaet al. 2010). These authors point out tNainiliophthora relatives are
saprotrophs (Aime and Phillips-Mora 2005), so agathogenic ancestor might have occupied
soil and decomposed organic material, in whichiftutes are common. Acquisition of
mannitol-1-phosphate dehydrogenase joailiophthora ancestor might have contributed to
the evolution of pathogenicitplternaria alternata mutants in this enzyme, for example, were
less virulent on tobacco (Vélézal. 2008). Ascomycetes suchAdsernaria, however, appear
to have acquired mannitol-1-phosphate dehydrogdmasadifferent horizontal gene transfer,
from actinobacteria (Tiburciet al. 2010). In contrast, most basidiomycetes other tha
Moniliophthora appear to lack mannitol-1-phosphate dehydrogendseh Tiburcioet al.
(2010) speculate is one reason why there are nigtepathogens among ascomycetes than
basidiomycetes. This protein is therefore a furfiessible ‘virulence life-style’ function in the
culturedM. perniciosa proteome.

About one-third of the gel spots in Tables 2-3 wagsignable to central metabolism
enzymes generally encountered in fungal proteotndiess. Malate dehydrogenase (spots 2
and 14), phosphoglycerate kinase (spot 3), anceghjaehyde-3-phosphate dehydrogenase
(spots 10 and 20) featured in proteomic analysesiltdres ofM. perniciosa (Silvaet al.
2013), other agaricomycetes suchRhszoctonia solani (Kwon et al. 2014) andPhanerochaete
chrysosporium (Yildirim et al. 2014), and ascomycetes includidgplodia seriata (Coboset
al. 2010) andAspergillus fumigatus (Vodischet al. 2009). SincéM. perniciosa has been found
to possess only one glyceraldehyde-3-phosphataddatpgnase gene (Linghal., 2009), spot
20 was likely a modified version of spot 10, witkimilar molecular weight, but slightly less
basic pl (Fig 4). Two isoforms with similar moleaulweight and pl were also found in the

pathogenic ascomyceRaracoccidioides brasiliensis (Barbosaet al., 2006).

For each of these ubiquitous enzymes, specialixtd ®inctions have been proposed.

Glyceraldehyde-3-phosphate dehydrogenase has destified as a virulence factor in
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413  mycoses caused IBandida albicans andParacoccidioides brasiliensis (Barboseet al. 2006;
414  Seidler 2013). The other glycolytic enzymes eno(apet 13) and phosphoglycerate kinase
415  have also been implicated in mycoses (PancholiCGlirithtwal 2003). Malate dehydrogenase
416  may be indirectly involved in virulence M. perniciosa. Oxaloacetate produced by this

417 enzyme may be converted into oxalate, from wihiclperniciosa can make calcium oxalate,
418  which appears to play a role in pathogenesis (@edh 2007; do Ricet al. 2008). The genes
419 MP02237, MP03476, MP05722, MP05723, MP12535 withilar sequences to these

420 carbohydrate metabolism enzymes (Table 3) all brathg expression in in the WBDTA green
421  broom libraries (252-1955 RPKM).

422 Spot 9 was matched M. perniciosa accession EEB89936 (hypothetical protein

423 MPER_11918),which had 61% homology with #leurotus ostreatus protein pleurotolysin B,
424  of the membrane pore-forming aegerolysin familyr(ilta et al. 2004). The discrepancy

425 between theoretical (57.2 kDa) and observed (4]) kiecular weights of this protein was
426  consistent with the reported proteolytic cleavagk.iostreatus extracts of the 59 kDa

427  pleurotolysin B into a 41 kDa fragment (Toméeal. 2004). Using ai. perniciosa culture

428  system based on Griffith and Hedger (1993), Rates$. (2009) found differential expression
429  of aegerolysin transcripts during fructificatiomdahave already associated MPER_11918 with
430 the probable pleurotolysin B ™. perniciosa. A role for aegerolysins in the later stages of
431  development would be consistent with the fact eiabnly observed spot 9 in the fast-growing
432  Castl cultures (Fig 4), whose mycelia may have lrearmore advanced developmental state
433  (though basidiome formation was observed in thefteres and has not been reported from
434  any Petri dish cultures). The WBDTA gene most aamib spot 9, MP13610, had strongest
435  expression in basidiome primordia and little in e cultures (Table 3). Similar comments
436  apply to the putative NAD-dependent epimerase 5i{btg 4), of unknown function, and its
437  most similar WBDTA gene MP04655 (Table 3).

438 Other library matches of potential relevance tdpgenesis included a putative nitrilase
439  (spot 15), a function highlighted in tiM: perniciosa genome by Mondeget al. (2008) as an
440  auxin biosynthesis step, via hydrolysis of indolae&tonitrile. Alternatively, nitrilase could
441  detoxify plant-produced cyanides (O’Reilly and Temr2003). Spot 21 was identified as an
442  NAD-dependent formate dehydrogenase, whickliperniciosa may have a role in

443  catabolism of methanol released by hydrolysis afylesterified host pectins (Mondegbal.
444  2008; De Oliveiraet al. 2012).

445 It should be stated that the subset of proteinstifiled by MS/MS were self-selected for
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sufficient abundance on the gels. The sequencediprspots in Supplementary Fig 2
contributed 12.9% of the total variance exploreddWA (Fig 3). Consequently, the proteomic
phenotypes indicated by CVA will remain ‘black bekantil a more comprehensive
characterization of the protein populations. Noakgbs this study supports the potential of

multivariate analysis and sequence informaticafaterstanding fungal proteomes.
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Conclusions

Cultures of geographically divers& perniciosa isolates exhibited differences in mycelial and
basidiome morphology, and also in rates of sappbiogrowth and fructification, but no
biotype-specific characters were observable. ladtdn experiments, moreover, one of the C-
biotypes caused symptoms on tomato, a putativetygs host. The lack of a clear distinction
between C- and S-biotypes also applied at the pnoédevel, as multivariate analyses of 2-DE
spot patterns did not discriminate these two biesyd hese observations accord with genetic
studies that failed to separate C- and S-biotypesArrudaet al. 2005; Marelliet al. 2009).

The single L-biotype, however, was statisticallffetent in our proteomic analyses.

Peptide sequencing of 2-DE spots frivperniciosa cultures confirmed the utility of
recent genome sequencing, includMgroreri, which contributed a number of functional
annotations. The proteomeiafvitro culturedM. perniciosa was suggestive of the ‘virulence
life-style’ proposed on the basis of transcriptlgses by Leakt al. (2010). Unlike these
authors, we did not subject the saprotrophic ceftdo any treatment designed to mimic a host
environment and yet, interestingly, the sampledgmme presented a high proportion of

functions indicative of pathogenicity.
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682

683 Tablel- Provenance dfl. perniciosa cultures.

CBS
Strain  Biotype Origin Host if recorded Date  Collectof Accessior
No.
. . : . , CBS
APC3 C Almirante, Bahia, Brazil Scavina 6 cocoa pod Late 1990's AP 142684
Castanhal, Rortthia Cocoa tree in area of CBS
Castl C B ' | ’ Scavina 6 resistance Early 1980's BJW 142685
razl breakdown
- , CBS
GC-A5 C Gran Couva, Trinidad Dead cocoa broom EBORO's BIW 142682
I I , CBS
PichiE C Pichilingue, Ecuador Dead cocoa broom \FHB0's BJW 142683
. CBS
RNBP1 C Quillabamba, Peru Dead cocoa broom Jun® 199INH
142680
YB2 C Japacani, Bolivia Dead cocoa broom June 198AWB CBS
pacani, 142679
Minas Gerais, Vigosa, | . . . , CBS
APS1 S Brazil Living Lobeira branch  Late 1990’'s AP 142681
Manaus, Amazonas, CBS
WMAS S Brazil Solanum rugosum Jan. 1991 FIW 142677
San Carlos, Napo, . . CBS
SCFT L Ecuador Liana (Arrabidaea sp.) 1987 GWG 142678

684 *A. Pomella (AP); BJ Wheeler (BJW); JN Hedger (JNBA Wyrley-Birch (EAWB);
685 FJ Wilson (FIW); GW Griffith (GWG).
686
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Table 2 Identifications ofM. perniciosa mycelial proteins using MS/MS.

MASCOT Unique

Predicted function

Spot scoré  peptided Accession (species)
1 319 5/5 Aldo-keto reductaSe XP_007856327M. roreri)
283 4/4 Aldo-keto reducta&e EEB99046 K. perniciosa)
2 352 5/5 Malate dehydrogendse EEB94126 . perniciosa)
3 321 6/6 Phosphoglycerate kindse EEB89461 . perniciosa)
4 195 3/3 Aldo-keto reductaSe ESK84368 1. roreri)
5 470 7/8 NAD-dependent epimerase/dehydrdtase  XP_007844083N. roreri)
6 422 6/8 1-Cys peroxiredoxin XP_007845258N. roreri)
355 6/7 1-Cys peroxiredoxin EEB97022(M. perniciosa)
7 257 4/5 Acetyl-acetyltransferase XP_007843079M. roreri)
8 263 5/5 Aspartate aminotransferase XP_007843679N. roreri)
9 235 3/3 Pleurotolysin B homologfie EEB89936 . perniciosa)
53 1/1 Erylysin B€ XP_007849236N. roreri)
10 335 4/5 Glyceraldehyde-3-phosphate dehydrogénaseEB90046 /. perniciosa)
267 3/4 Glyceraldehyde-3-phosphate dehydrogenas¥P_00784680@M. roreri)
11 339 5/5 Heat-shock protein h§s1 XP_007847698M. roreri)
12 101 2/3 Heat shock protein sKs2 XP_003035960% commune)
13 193 22 Enolase XP_007847255M. roreri)
14 484 6/6 Malate dehydrogendse EEB96289 . perniciosa)
475 717 Malate dehydrogendse XP_007846805N]. roreri)
15 344 5/5 Nitrilasé XP_007842695N. roreri)
16 148 2/3 Aldo-keto reductaSe XP_007854364NM. roreri)
134 2/3 Aldo-keto reductale EEB98988 1. perniciosa)
17 69 1/2 Aldo-keto reducta8e EEB97935 1. perniciosa)
18 142 3/3 Mannitol-1-phosphate dehydrogefiase XP_007855888N. roreri)
19 318 4/4 MPER_00772 (unknown function) EEB993@5erniciosa)
20 144 3/3 Glyceraldehyde-3-phosphate dehydrogénas¢P_007846800M]. roreri)
21 290 5/5 NAD-dependent formate dehydrogehase AF055209 . perniciosa)
22 86 2/2 Putative anhydrolase XP_007855443N. roreri)

& MASCOT scores over 68 were considered significart (.05).

b Peptide sequences are in Supplementary Table 3.
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ACCEPTED MANUSCRIPT

692 ¢ Function assignment as database accession.

693 4 Function prediction from BLAST search.
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Table 3 Comparison oM. perniciosa mycelial proteins (Table 2) with transcript seguesin the Witches’ Broom DiseaBrmanscriptome Atlas (WBDTA).

Query/database sequen

Expression in WBDTA RNA-Seq libraries (Teixergal.

overlap 2014)
Spot Gene 1D Predicted function 14-day-old dikaryotic Peak expression in life-cycle
Amino acids ldentity (%) myc)élia (RPKMY (RPKM)’
1 90 100 MP13440 Aldo-keto reductase 668 Infected young &hell (2427)
2 61 100 MP12535 Malate dehydrogenase 462 Non-germinating spores (742)
3 69 100 MP02237 Phosphoglycerate kinase 321 CGreerm (469)
4 32 100 MP13440 Aldo-keto reductase 668 Infectaghy fruit shell (2427)
5 99 100 MP04655 NAD-dependent epimerase/dehydratas 10 Basidiocarps (1662)
6 116 100 MP16197 1-Cys peroxiredoxin 736 7-daydilkdryotic mycelia (3303)
7 48 100 MP01795 Acetyl-acetyltransferase 701 Yadikgryotic mycelia (807)
8 56 100 MP00138 Aspartate aminotransferase 547 mi@ating spores (608)
9 46 100 MP13610 Pleurotolysin B homologue 29 Basidiocarp primordié2578)
10 67 100 MP05723 Glyceraldehyde-3-phosphate dehydrogenas 11600 Senescent dikaryotic mycelium (23464)
11 58 100 MP00096 Heat-shock protein hss1 1290 ctefienecrotic fruit shell (5313)
12 24 100 MP00146 Heat shock protein sks2 224 Recsidp primordig980)
13 31 100 MP03476 Enolase 441 Green broom (1005)
14 136 99.3 MP05722 Malate dehydrogenase 869 Greem (1955)
15 79 100 MP00452 Nitrilase 882 Senescent dikaryotic mycelium (1166)
16 38 100 MP12009 Aldo-keto reductase 200 Youngrgitic mycelium (473)
17 12 92-100 MP13440 Aldo-keto reductase 668 Infected young $thell (2427)
18 30 100 MP10747 Mannitol-1-phosphate dehydrogenas 6897 14-day-old dikaryotic myceliab897)
19 - -
20 42 100 MP05723 Glyceraldehyde-3-phosphate dehydrogenase 60011 Senescent dikaryotic mycelium (23464)
21 55 100 MP03866 NAD-dependent formate dehydroggena 2872 28-day-old dikaryotic mycelia (4213)
22 - -

2|dentifiers of the WBDTA (http://bioinfo08.ibi.ucamp.br/wbdatlasf. RPKM, reads per kilobase per million mapped reads.

¢ Polymorphic peptide: YQENVGAGSIK (in MP13440) and YKENVGAGSIK (in EEB97935, Table 2), which MS/MS wast mble to distinguish.
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Figurelegends

Fig 1 - Mycelia ofM. perniciosa strains cultured on MYEA (12 d, 26) in 9 cm Petri dishes.
C-biotypes: Castl, APC3, RNBP1, YB2, PichiE, GC-&88hiotypes: WMAS5, APS1;
L-biotype: SCFT. Below: 2-DE gel of each strairr@ar locates spot 1 for orientation).
Proteins were separated by pH 3-10 on 12.5% SDSH#&€@ stained with Coomassie
Phastgel Blue R-250.

Fig 2 - Plants inoculated witN. perniciosa basidiospores (defoliated to show symptoms).
(A) Cacao four weeks after mock-inoculation (cohtr@-biotype infection (APC3) or S-
biotype infection (WMADS). (B) Tomato three weeksspanoculation with the C-biotype Cast1,
exhibiting stem fasciation (left), stem swellingftre) and shoot proliferation (right). Inset

shows uninoculated control stem.

Fig 3 - Canonical variates analysis of eight PCs (68of%ata variance) from PCA of 619 gel
spots (as normalized volumes) on 27 gels. Thefuingal strains were the defined groups.

Convex hulls joining data points from biologicapticate gels are labeled by strain.

Fig 4 - 2-DE gel of proteins from culturéd. perniciosa strain APC3. Samples (100 ng) were
subjected to isoelectric focusing in a non-lind&GIstrip (7 cm, pH 3-10), then 12.5% SDS-
polyacrylamide gel electrophoresis as second dirmenBroteins were stained with Coomassie
Phastgel Blue R-250. Arrows indicate peptide-sege@rspots, numbered as in Tables 2-3.
Inset shows part of a gel of strain Castl corredpgnto the rectangle in the APC3 main

image.
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Fig 1 - Mycelia of M. perniciosa strains cultured on MYEA (12 d, 25°C) in 9 cm Petri dishes. C-biotypes:
Castl, APC3, RNBP1, YB2, PichiE, GC-AS5; S-biotypes: WMAS, APS1; L-biotype: SCFT. Below: 2-DE
gel of each strain (arrow locates spot 1 for orientation). Proteins were separated by pH 3-10 on 12.5% SDS-
PAGE and stained with Coomassie Phastgel Blue R-250.



Control WMAS5S

Fig 2 - Plants inoculated with M. perniciosa basidiospores (defoliated to show symptoms). (A) Cacao four
weeks after mock-inoculation (control), C-biotype infection (APC3) or S-biotype infection (WMAS). (B)
Tomato three weeks post-inoculation with the C-biotype Castl, exhibiting stem fasciation (left), stem
swelling (centre) and shoot proliferation (right).
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Fig 3 - Canonical variates analysis of eight PCs (68.1% of data variance) from PCA of 619 gel spots (as
normalized volumes) on 27 gels. The nine fungal strains were the defined groups. Convex hulls joining data
points from biological triplicate gels are labelled by strain.
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Fig 4 - 2-DE gel of proteins from cultured M. perniciosa strain APC3. Samples (100 ng) were subjected to
isoelectric focusing in a non-linear IPG strip (7 cm, pH 3-10), then 12.5% SDS-polyacrylamide gel
electrophoresis as second dimension. Proteins were stained with Coomassie Phastgel Blue R-250. Arrows
indicate peptide-sequenced spots, numbered as in Tables 2-3. Inset shows part of a gel of strain Castl
corresponding to the rectangle in the APC3 main image.



