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Botrytis cinerea Protein O-Mannosyltransferases Play
Critical Roles in Morphogenesis, Growth, and Virulence
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Abstract

Protein O-glycosylation is crucial in determining the structure and function of numerous secreted and membrane-bound
proteins. In fungi, this process begins with the addition of a mannose residue by protein O-mannosyltransferases (PMTs) in
the lumen side of the ER membrane. We have generated mutants of the three Botrytis cinerea pmt genes to study their role
in the virulence of this wide-range plant pathogen. B. cinerea PMTs, especially PMT2, are critical for the stability of the cell
wall and are necessary for sporulation and for the generation of the extracellular matrix. PMTs are also individually required
for full virulence in a variety of hosts, with a special role in the penetration of intact plant leaves. The most significant case is
that of grapevine leaves, whose penetration requires the three functional PMTs. Furthermore, PMT2 also contributes
significantly to fungal adherence on grapevine and tobacco leaves. Analysis of extracellular and membrane proteins showed
significant changes in the pattern of protein secretion and glycosylation by the pmt mutants, and allowed the identification
of new protein substrates putatively glycosylated by specific PMTs. Since plants do no possess these enzymes, PMTs
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constitute a promising target in the development of novel control strategies against B. cinerea.
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Introduction

Protein glycosylation is an important and highly conserved
posttranslational modification consisting in the addition of
carbohydrate residues to target proteins. It plays essential roles
in eukaryotic cells from fungi to mammals [1], being crucial in
determining the structure and function of numerous secreted and
membrane-bound proteins. Glycosyl residues, mainly N-acetylglu-
cosamine, N-acetylgalactosamine, mannose, galactose or glucose,
can be linked to proteins via asparagine (N-glycosylation) or via
hydroxylated amino acids including serine, threonine, and, more
rarely, tyrosine, hydroxyproline and hydroxylysine (O-glycosyla-
tion). Both glycosylation pathways are conserved from prokaryotes
to humans, but some differences exist in the class and number of
the carbohydrate residues added [2,3]. Mlinked oligosaccharides
are diverse in the type of sugars added but, in eukaryotes, they are
all bound by a GIcNAc monomer to a defined sequence in
proteins, Asn-X-Ser/Thr [3], where X can be any amino acid but
Pro. In contrast, O-linked carbohydrate chains are more hetero-
geneous in relation to their sugar components and the way they
bind to one another and to the proteins [1-3]. Currently there is
no known consensus sequence for protein O-glycosylation sites,
although prediction tools have been developed for mammals [4]
and it is generally accepted that the presence of regions rich in
Ser/Thr residues in secretory proteins results in the addition of a
high density of O-linked oligosaccharides [5-7].

O-glycosylation has been studied extensively in fungi, mainly in
the budding yeast Saccharomyces cerevisiae [1,8-10]. The first step of
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the O-glycosylation pathway in these organisms, often referred to
as O-mannosylation, consists in the addition of one mannose
residue to Ser/'Thr residues in target proteins catalyzed by dolichyl
phosphate mannose-dependent protein O-mannosyltransferases
(PMTs), located in the lumen side of the endoplasmic reticulum
(ER) membrane [11]. However, the initial addition of glucose or
galactose residues to Ser/Thr has also been reported for
Trichoderma [3]. The oligosaccharide chain is then extended, as
the protein continues the secretion through Golgi, by several other
enzymes generating linear or branched sugar chains composed
mostly of mannose residues [3,9]. Yeast usually have linear sugar
chains composed exclusively of up to five mannose residues, but
filamentous fungi may have branched chains containing also
glucose or galactose [3,11]. PMTs have been found in both
prokaryotes and eukaryotes [11], but not in plants, making these
proteins promising targets in the design of novel control strategies
against fungal plant-pathogens.

Phylogenetic analysis has shown that PMTs can be classified
into three subfamilies: PMT1, PMT2 and PMT4 [12,13]. S.
cerevisiae and  Candida  albicans genomes both code for one
member of subfamily 4 and 2-3 members of subfamilies 1
and 2, but Schizosaccharomyces pombe and all filamentous fungi
analyzed so far have only one representative pm¢ gene per
subfamily [1]. All PMTs are ER integral membrane proteins
and share similar hydropathy profiles, seven transmembrane
domains have been proposed [14], as well as the presence of
three MIR conserved motifs essential for the mannosyltransfer-
ase activity [12]. In S. cerevisiae, proteins of the PMT1 subfamily
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Figure 1. Phylogeny and expression of B. cinerea PMTs. A) Phylogenetic analysis comparing B. cinerea PMTs with those of various fungi. First
two letters in each protein name indicates the fungus it comes from (Sc: Saccharomyces cerevisiae; Ca: Candida albicans; Sp: Schizosaccharomyces
pombe; Um: Ustilago maydis; Cn: Cryptococcus neoformans; Bc: Botrytis cinerea; An: Aspergillus nidulans; Af: Aspergillus fumigatus). Accession numbers
can be found in Table S1. B) and C) Q-RT-PCR analysis of bcpmt expression in the wild-type strain B05.10 grown either in liquid media supplemented
with the indicated plant extracts or glucose (B), or in B. cinerea-infected tomato leaves (C). Bars represent the relative amount of mRNA with respect
to ungerminated conidia as mean values (n=3) and standard deviation.

doi:10.1371/journal.pone.0065924.g001

(Pmtlp and Pmt5p) form heterodimers with proteins belonging
to the PMT2 subfamily (Pmt2p and Pmt3p), whereas PMT4
acts as homodimer [15]. Although bioinformatics approaches
have been used to identify putative targets of specific PMTs
[5,6], only a few proteins have been identified as substrates of
specific PMTs in yeast [5] and in filamentous fungi [6,16].
The physiological role of O-glycosylation in fungi has been
established primarily through the study of pm¢ mutants, since they
are blocked in the first step of O- mannosylation. As a result, it is
known that O-glycosylation is crucial for these organisms, as no
mutant defective in all pm¢ genes could be isolated so far.
Moreover, the deletion of single pm¢ genes, usually the one coding
for a PMT2 subfamily protein, or the simultaneous deletion of
several of them, can also result in lack of viability. Those single or
multiple pmt mutants which are viable often display clear
phenotypes whose study has allowed the establishment of
important roles for O-glycosylation in cell wall integrity, cell
morphology and proper development, sensing environmental
stress, as well as in the stability, sorting, and localization of
secretory proteins [10,11,17-20]. In S. cerevisiae, single pmt mutants
are viable but the simultaneous disruption of three pmt genes, one
member of each subfamily, is lethal [8]. In yeast with a single pmt
gene per subfamily such as Cryptococcus neoformans [21], the
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subfamily 2 gene is essential for growth, although contradictory
results have been reported for S. pombe [22,23]. Single S. pombe
mutants in the genes of subfamilies 1 or 4, although viable, show a
pleiotropic phenotype with altered cell morphology, abnormal cell
wall composition, and defective cell-cell separation and mating
[22,23]. In the case of the human pathogen C. negformans deletion
of subfamily 1 or 4 genes also resulted in altered stress resistance
and reduced virulence [21]. S. pombe and C. negformans mutants
lacking both genes from subfamilies 1 and 4 are also not viable
[21,22]. The situation is similar in filamentous fungi where the
PMT2 subfamily member is either essential, as in Ustilago maydus
[24], or its deletion has a great impact in viability, as in Aspergillus
midulans [25]. Interestingly, deletion of the gene for the single
PMT4 in U. maydis completely abolished pathogenicity of the
fungus by eliminating the ability to penetrate the plant tissue,
without otherwise affecting the U. maydis life cycle [24].

We have previously noted the abundance of Ser/Thr rich
regions among Bolrylis cinerea secreted proteins [7,26], which were
predicted to be the site of high density O-glycosylation, pointing to
this process as an important determinant in the biology and
virulence of this widely distributed and crop-devastating plant
pathogen. Here we report the characterization of the three B.
cinerea pmt genes and their contribution to hyphae morphology,
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growth, and virulence, as well as the identification of putative
specific substrates of individual PMTs.

Results

The Three B. cinera pmt Genes are Constitutively

Expressed

A BLAST search of the B. cinerea T4 (http://urgi.versailles.inra.
fr/Species/Botrytis) and B05.10 (http://www.broadinstitute.org/
annotation/genome/botrytis_cinerea) genome databases, using S.
cerevisiae PM'T proteins as query sequences, allowed the identifi-
cation of three putative PMT homologues. Phylogenetic analysis
with CLUSTALW2 (Figure 1A) grouped ecach of the three
putative B. cinerea PMTs into each PMT subfamily [1], and we
therefore named these genes as bepmtl (BofuT4_P160540.1/
BC1G_12913.1, subfamily PMT1), bepmt2 (BofuT4_P003410.1/
BC1G_02981.1, subfamily PMT2) and bepmt4  (Bo-
fuT4_P109250.1/BC1G_02548.1, subfamily PMT4). As the rest
of the filamentous fungi studied so far, B. cinerea has a single
representative of each PMT subfamily.

The comparison of the hydropathy profiles of each BcPMT
with a consensus hydropathy profile for the corresponding PMT
subfamily (Figure S1) revealed that B. cinerea PMTs are structurally
similar to the rest of fungal PMTs, and are probably inserted in a
similar way in the ER membrane. Although w silico prediction
tools (TMHMM [27], PredictProtein [28,29], or Phobius [30])
predicted up to 12 transmembrane domains in the 3 BcPMTs
(Figure S1), the coincidence of the hydropathy profiles with those
of S. cerevisiee PMTs, which have been reported to have 7
transmembrane domains [14], and the well-known fact that
protein structure is much more conserved throughout evolution
than amino acid sequence [31], led us to hypothesize the same
distribution of transmembrane domains (Figure S1).

The PMT and MIR domains typical of PMTs [11] are also
present in the B. cinerea enzymes (Figure S1), and there is strong
sequence similarity in the so-called loops 1 and 5 (Figure S2) with a
percentage of identity always higher than 50% in a comparison
with the corresponding loops of S. cerevisiae PMTs (not shown).
These loops are located in the ER lumen and have been
implicated in the mannosyl transferase activity [11]. The essential
DE motif in loop 1 suggested to play a central role in catalysis [32]
is also present in the three BcPMTs, as all the conserved residues
and sequence motifs identified as essential for catalysis or
dimerization by Girrbach et al. [12].

Expression analysis of the three bcpmt genes reveled that all of
them were expressed under all conditions tested (Figure 1B). In
minimal media supplemented with various plant extracts, or in the
control media with glucose alone, the levels of expression were not
very different from one another, ranging between 1 and 4 times
the amount of mRNA present in ungerminated conidia. All 3
genes were also expressed ¢ planta, in tomato leaves infected with
conidia of B. cinerea B05.10 (Figure 1C), and the time course of the
expression indicated a relatively steady pattern of expression for all
three genes, with only a small increase in b¢pmt4 expression at 8
and 16 hours post-inoculation.

All bcpmt Mutant Strains Show Reduced Growth in
Axenic Culture

Single knock-out mutants were generated for all three bepmi
genes by replacing the coding sequence with a hygromycin
resistance cassette (Figure S3) and homokaryotic strains were
identified by PCR and Southern-blot analysis (Figure S3). The
resulting single b¢pmt mutant strains were designated Abgpmil,

Abcpmit2, and Abcpmi4.
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All three Abcpmt mutants showed a lower growth rate than the
wild-type strain in all media tested (Figure 2). Ab¢pmi2 was not able
to grow at all in 3 of the most standard B. cinerea growth media,
Gamborg’s B5, MEA and PDA, while Ab¢pmtl and Abcpmi4 grew
in these three media with a 23-62% reduction in the growth rate,
as compared with the wild-type strain. These differences were
smaller in the richer medium YGG and in SH, and these media
even allowed the growth of Abgpmi2. Other studies in yeast and
filamentous fungi have shown that pm¢ mutants partially recover
the normal growth rate levels in media supplemented with osmotic
stabilizers [8,33,34]. The addition of 1 M sorbitol, 1 M sucrose, or
0.5 M KCl to the cultures in MEA (Figure 3) increased the growth
rate of the wild-type strain B05.10, surprisingly, by 18%. This
increase was only slightly higher for Abgpmt! (17-40%), but a
clearer recovery of the growth rate was observed in the case of
Abcpmi4 (28-62%), and especially in the case of Abepmt2 (Figure 3),
which did not growth at all in MEA but recovered the growth rate
to 56-74% of that of the wild type with the osmotic stabilizers.
The stabilizing effect of the increased osmolarity is usually
interpreted by a weakened cell wall structure. A cell wall not fully
able to cope with the osmotic pressure would be a growth-limiting
factor at low osmolarities, but not so when osmolarities of the cell
interior and the surrounding medium are similar. The fact that it is
especially Abcpmt2 the mutant that most clearly recovers the
growth rate in the presence of osmotic stabilizers may represent
that BcPM'T?2 is the main contributor to the O-glycosylation of key
structural cell-wall proteins.

Abcpmt Strains Produce Less Conidia but More Sclerotia

The amount of conidia and sclerotia produced was determined
quantitatively for the Abgpmt mutants grown for 15 days on tomato
fruit extract, either under continuous visible light, to maximize the
production of conidia, or in the dark, to maximize the production
of sclerotia [35]. Abcpmi2 was completely unable to sporulate, even
when osmotic stabilizers were added to the growth medium, and
no clear sclerotia formation was observed (Figure 4). However,
Abcpmt2 colonies were strongly melanized in the dark, which is one
of the features of sclerotia (Figure 4A). Abgpmt4 and especially
Abcpmt] were able to sporulate, but the number of conidia
produced was reduced (Figure 4B). This difference was larger in
the dark, so that light was a more potent inducer of sporulation for

Il B05.10
71 Abcpmt1
+{ I Abcpmt2
1] Abcpmt4

Growth rate (mm/day)
O N M O O 8 5 K

GB5

MEA PDA SH YGG

Figure 2. Growth of Abcpmt strains in axenic culture. Growth
rates (mean values and standard deviation) of the three mutant strains
and the wild type (B05.10) in different media. Media compositions are
given in Experimental Procedures. Asterisks indicate a statistically
significant difference with the wild type in the same medium (n=3,
p<0.05).

doi:10.1371/journal.pone.0065924.g002
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Figure 3. Effect of osmotic stabilizers on the growth of Abcomt
mutants. Growth rates (mean values and standard deviation) obtained
in MEA plates supplemented with the indicated osmotic agents.
Asterisks indicate a statistically significant difference with the wild type
in the same medium (n=3, p<<0.05).
doi:10.1371/journal.pone.0065924.g003

the pmt mutants than for the wild type. Addition of sorbitol
improved sporulation only slightly in the case of Abcpmi4
(Figure 4B). Conidia obtained from these two mutants did not
show any difference in their germination rate as compared with
the wild type (not shown), about 83% of conidia obtained were
able to germinate in all cases. Sclerotia production, on the
contrary, was higher for Abcpmtl and Abcpmt4, under continuous
illumination, than for the wild type (Figure 4C). Light is a strong
repressor of sclerotia formation for B. cinerea [35] but it seems that
it does not produce the same effect in the pm¢ mutants. Addition of
the osmotic stabilizers KCI and sorbitol completely abolished
sclerotia formation for the three mutants and for the wild type (not
shown). The sclerotia produced were viable in 100% of the cases.

Abcpmt2 Shows Sensibility to Calcofluor White, SDS and
Culture Shaking

To test the integrity of the cell wall, growth rates were measured
for the Abcpmt mutants in YGG plates, a medium that allowed the
growth of the three mutants, supplemented with different
concentrations of calcofluor white (CW), Congo red (CR), or
sodium dodecyl sulphate (SDS). 500 ug ml~' CW inhibited the
growth of the wild-type strain and the three mutants (Figure 5A),
but the inhibitory effect was stronger for Abcpmil, Abcpmi4, and
especially for Abepmi2, which was also affected at lower concen-
trations. Similarly, addition of SDS resulted in significant growth
inhibition only for Ab¢pmi2 (Figure 5A). At 0.03% SDS, the growth
rate of Abepmi2 is reduced 77% as compared to the growth without
SDS, while the reduction observed for the wild-type strain was
42%. In addition, Abcpmi4 showed a change in its pigmentation
induced by SDS (Figure 5B). Interplay between the cell wall
integrity pathway and melanin biosynthesis genes has been
proposed for B. cinerea [36], a fact that may be related with this
increased pigmentation. Contrary to what has been reported for
some fungi [25,37], but in accordance to others [24], the addition
of CR to YGG plates did not cause any reduction in the growth
rates of the wild-type strain or any of the Abcpmt mutants (not
shown). It is necessary to note, however, that those pm¢ mutants
with increased sensitivity to CR, in other fungi, show it usually at
temperatures higher than what is optimal for the corresponding
organism [25].

A weakened cell wall may also represent a problem for fungi
growing under some kind of mechanical stress. This was tested
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Figure 4. Conidia and sclerotia production by Abcpmt mutants.
The indicated strains were grown under continuous light (plain bars) or
in darkness (hatched bars) in tomato-agar plates. Osmotic agents were
added when indicated. A) Appearance of the colonies 12 days after
inoculation. B) Conidia production at day 15. C) Sclerotia production at
day 15. Bars represent mean values (n=3) and standard deviation, and
asterisks indicate a statistically significant difference with the wild type
in the same medium (p<<0.05).
doi:10.1371/journal.pone.0065924.9g004

simply by growing the Ab¢pmi mutants in liquid YGG medium,
with or without shaking, and comparing the size of the colonies
formed by the mycelium expanding from individual agar plugs.
The slow shaking used (60 rpm in a reciprocal shaker) caused a
reduction in the colony size for every strain, included the wild
type (Figure 5C and D), possibly because the turbulence in the
medium makes the whole colony to be more like a wool yarn
mstead of the typical star-like morphology found on agar plates.
This reduction, however, was much more pronounced for
Abcpmtl and Abcpmt4 than for the wild type, suggesting that the
mechanical resistance, and therefore the structural integrity of
the cell wall and/or extracellular matrix, is affected in these two
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Figure 5. Effect of various chemical agents and culture shaking on the growth of Abcpmt mutants. A) Growth rate of the three mutants
and the wild type (B05.10) on YGG-agar amended with calcofluor white (CW) or sodium dodecyl sulphate (SDS). B) Dark pigmentation of Abcpmt4 in
YGG-agar supplemented with 0.01% SDS. C) and D) Effect of culture shaking on growth rate (C) and colony morphology (D). The indicated strains
were grown in liquid YGG with (hatched bars), or without (plain bars), shaking (60 rpm in a reciprocal shaker). Pictures were taken at day 4. A dashed
line was drawn at the edge of colonies, where necessary, to aid visualization. Bars represent mean values (n=6) and standard deviation, and asterisks
indicate a statistically significant difference with the wild type in the same conditions (p<<0.05).

doi:10.1371/journal.pone.0065924.g005

mutants. The reduction in colony size caused by agitation was
very small for the Abcpmt2 mutant, but it is necessary to note
that the colonies of this mutant are also very small and compact
on agar and the mycelium shows an aberrant morphology, as
will be explained below.

Increased sensitivity to cell wall degrading enzymes can also
be taken as an indication of a weakened cell wall, and this was
checked for the Abcpmt mutants by estimating the rate of
protoplast generation from mycelium. Incubation with a mixture
of enzymes displaying B-glucanase, cellulase, protease, and
chitinase activities, according to the manufacturer (Lysing
Enzymes from Trichoderma harzianum, SIGMA L1412), resulted
in the release of protoplast at an increased rate from the three
mutants, as compared with the wild type (not shown). Abepmtl
and Abcpmi2 released about twice the number of protoplast per
gram of dry weight released by the wild type, and Abgpmté
released about three fold.

Taken together, all these results imply that all three BcPMT
proteins contribute, one way or another, to the structure, stability,
or rigidity of the B. cinerea cell envelopes. It has been known for
long that O-glycosylated proteins play an important role in
maintaining the structure of the fungal cell wall [11,38], and this
may also be true for the extracellular matrix [39]. Our results
suggest that in B. cinerea the glycosylation of this kind of proteins is
carried out by the three PMTs.

PLOS ONE | www.plosone.org

Abcpmt Strains have Atypical Hyphal Morphology and
Produce Less Extracellular Matrix

Microscopic observation of Abg¢pmi mutants, grown in the
chemically defined medium MB supplemented, or not, with 1 M
Sorbitol, revealed big morphological changes in the hyphae of
Abepmt2 and Abepmi4, especially the former (Figure 6). The most
significant of these changes was the increase in the thickness of
cells and the presence of balloon-like swollen cells in these two
mutants, which partially disappear when 1 M sorbitol was
included in the culture (Figure 6A). As discussed before, this can
be explained by a softened cell wall not able to withstand the
osmotic pressure. Similar morphologies have also been observed in
pmt mutants in Asperglillus awamort [16], A. mdulans [33,40], A.
Sumigatus [41] or Neurospora crassa [42]. Curiously, Abepmi2 also
displayed a more frequent appearance of septa separating
individual cells (Figure 6A), especially evident when staining with
CW (not shown). The branching pattern was also different for
Abepmt2 and Abepmt4, with a higher number of branching points in
both of them (Figure 6B). Overall, it scems that Abcpmtl is
morphologically similar to the wild type, Abcpmi2 presents swollen,
more frequently septated, and hyperbranched hyphae forming
compact colonies, and Abcpmt4 displays morphological character-
istics which are intermediate between the wild type and Abgpmi2.
All these changes, with the clear exception of the increase in
septum frequency, reverted with the addition of the osmotic
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Figure 6. Hyphal morphology of the Abcpmt mutant strains. The three mutants and the wild type (B05.10) were grown in MB. 1 M sorbitol was
added to the medium where indicated. A) Morphology under the microscope. B) Morphology under the scanning electron microscope.

doi:10.1371/journal.pone.0065924.g006

stabilizer sorbitol, indicating that they are probably the conse-
quence of the osmotic pressure acting on a weakened cell wall.
B. cinerea hyphae are surrounded by a very prominent
extracellular matrix (ECM) [39,43], especially in very rich media,
which can be visualized as a white halo around fungal colonies
stained with India ink [44]. To analyze ECM in the Abcpmt
mutants, fungal strains were grown in the rich medium YGG,
stained, and observed under the microscope (Figure 7A). In
cultures without shaking, where ECM would be more-easily
retained by the mycelium, the matrix seems to be absent in
Abcpmi2, and reduced to some extent in Abcpmi4 as compared to

PLOS ONE | www.plosone.org

the wild type. When the fungus was grown with slow agitation
(60 rpm in a reciprocal shaker) the differences became more
obvious and both Ab¢pmt! and Abcpmt4, besides Abepmit2, displayed
less matrix than the wild type, almost nothing in the case of
Abcpmi4.

One of the proposed functions of extracellular polysaccharides is
the retention of water in the vicinity of the cells [45]. A common
observation is that mucilaginous old cultures of B. cinerea grown in
rich media are much more difficult to desiccate on filter paper
than young cultures on minimal medium. We took advantage of
this observation to indirectly estimate the amount of ECM, by
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days-old mycelium of the three Abcpmt mutants and the wild type
(B05.10) grown in liquid YGG medium with or without shaking (60 rpm
in a reciprocal shaker). Extracellular matrix is negatively stained against
the India ink background. B) Water retention capabilities of the Abcpmt
mutants. All strains were grown in liquid YGG for 4 days without
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dry weight. Bars represent mean values (n=3) and standard deviation,
and asterisks indicate a statistically significant difference with the wild
type (p<<0.05).

doi:10.1371/journal.pone.0065924.g007

measuring the water retention capacity of the mycelium grown in
rich medium. The results (Figure 7B) indicate that Abcpmit2 has a
water retention capability quite smaller than the wild type, while
Abcpmt] and Abcpmi4 show and intermediate value, in good
agreement with the amount of ECM revealed by India ink
staining.
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These results point to O-glycosylated proteins as key compo-
nents of ECM, a hypothesis that was further explored by treating
ECM-rich mycelium with proteinase K (Figure S4). The protease
treatment partially disintegrates ECM in the wild-type strain, and
does more so in the Abcpmi4 mutant, thus confirming the
importance of proteins as constituents of ECM.

The Three Abcpmt Mutants are Less Virulent; Abcpmt2
and Abcpmt4 have a Reduced Ability to Penetrate the

Plant Tissue

The virulence of Abgpmt mutants was assayed in two ways, by
quantifying the percentage of inoculations able to initiate infection
on various hosts, and by determining the rate of expansion of the
infection for successful inoculations (Table 1, Figure 8). The results
indicated that all three Abcpmt mutant strains exhibit a reduction in
their virulence when inoculated on intact plant tissue, as compared
to the wild type. The percentage of inoculations producing
infections was lower than the wild type for every mutant.
Especially significant was the case of Abcpmt2, which was unable
to infect intact leaves, petals, or fruits of any plant tested. Also
noteworthy was the experiment with intact grapevine leaves,
which were not infected by any of the three mutants (Table 1,
Figure 8). The number of successful inoculations was also lower, in
comparison to the wild type, for Abepmt! and Abcpmt, especially
the latter, with a percentage of inoculations giving rise to
expanding infections never higher than 35%. The percentage of
successful inoculations with Ab¢pmil and Abcpmi4 were also
calculated with gerbera and carnation petals (not shown), and
were in the same range as those with tobacco and tomato.

To analyze if these diminished capacities to produce infections
are due to a reduced ability to penetrate the intact plant tissue, the
same assay was repeated but this time wounds were made in the
leaves with a sterile needle just below the agar plugs used as
inoculum. The wounding had a stimulating effect on the infection
rate for all the mutants and also for the wild type (Table 1), but the
most impressive results were observed for Abcpmi4. Wounding
allowed this mutant to produce infections in most of the
inoculations for every plant tested including grapevine leaves.
This is in good agreement with the fact that the BcPMT4
homologue in U. maydis has been proposed to be essential for
penetration of maize leaves [24]. Recovery of the infection rate by
wounding was also observed for petals of carnation and gerbera
(not shown).

The speed of progression of the infections was also different for
the three Abcpmt mutants as compared to the wild type (Table 1).
Under all conditions tested, the average growth rate of the radius
of the infected area was significantly smaller than the correspond-
ing value in the wild-type strain. These differences were plant-
dependent and varied in the range of 44-77% for Abcpmtl, 25—
61% for Abcpmi4, and 39% for Abepmi2, with respect to the growth
rate of the wild type. This parameter was calculated for Abcpmi2
only in tobacco leaves, the only plant that this mutant could infect.
These values are not very different from the diminishment of
growth rates in axenic culture caused by the mutation of bepmt
genes (Figure 2), leading to the conclusion that once the infection
has been established, BcPMTs do not seem to play any especially
significant role which is specific to the growth in planta, different
from what they do in axenic culture. The main contribution of
BcPMTss to the infection process seems to reside, therefore, in its
ability to facilitate the attachment or penetration of the fungus on
intact plant surfaces.

This hypothesis was further explored by performing penetration
assays on onion epidermis inoculated with agar plugs coming from
cultures of the three mutants, or the wild type. Figure 9A shows
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Figure 8. Virulence of Abcpmt mutants on different plant tissues. Inoculations were done with 0.2 mm agar cubes, containing the indicated
strains, on tomato (A), tobacco (B), and grapevine (C) leaves, on carnation (D) and gerbera (E) petals, and on tomato (F) and grape (G) fruits. Pictures
were taken at the indicated day post inoculation (dpi). Inoculations were done either on intact plant material (without wound) or after wounding
with a needle (with wound). Grapes were inoculated at the wound left by the detachment of the petiole.

doi:10.1371/journal.pone.0065924.g008

pictures of samples stained with lactophenol trypan-blue, which
densely stains only those hyphae that have not penetrated the
plant tissue. Weakly stained hyphae inside the onion cells could be
observed for the wild type and for Abcpmil, but not for Abcpmt2 or
Abcpmi4. Similarly, Abepmt2 and Abcpmi4 were also unable to
stimulate autofluorescence in onion cells (Figure 9B), a phenom-
enon indicative of a successful infection [46]. Finally, examination
of the infected tissues with a Scanning Electron Microscope
(Figure 9C) revealed the presence of fungal penetration sites
displaying macerated plant tissue in the case of the wild type and
the Abcpmt] mutant, but these sites could not be found for the two

PLOS ONE | www.plosone.org

other mutants which displayed, instead, plenty of fungal hyphae
growing outside the onion cells.

Another indirect test for the lack of penetration/adherence of
Abcpmt mutants on intact plant surfaces was carried out by
measuring the strength with which mycelial plugs adhere to
tobacco or grapevine leaves, at different times after inoculation. In
first place, we tested the resistance of plugs to be washed off from
the leaf surface by water, one day after inoculation and before any
symptom could be seen in the leaves. On grapevine leaves, only
the Abcpmt2 mutant could be removed by gentle agitation with
water, while on tobacco leaves all Abcpmi2 and Abepmi4 plugs were
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removed, as well as part of the Abcpmtl plugs (Figure 10A). The
plugs with the wild type remained in the leaves in all occasions.
The determination of the adherence strength, by pulling the agar
plugs with a dynamometer, confirmed the lack of adherence of the
plugs with Abcpmit2, and also showed that Abepmil and Abcpmi4
tend to bind to the leaf surface with less strength than the wild type
(Figure 10B).

We can summarize these results by saying that the three Abepmi
mutants are greatly hampered in virulence, not only because they
grow wn planta slower than the wild type, which also happens in
axenic culture, but also because they experience difficulties in
adhering to/penetrating the plant surface. It is interesting to note
that the three Ab¢pmi mutants seem to differ among them, in
regard to virulence, in a way similar to what has been observed for
any other aspect of their phenotype. That is, Abcpmt2 is the mutant
with the strongest phenotype, Abcpmil is the one most similar to
the wild-type, and Abcpmi4 presents intermediate features.

Identification of Proteins Differentially O-glycosylated by
Abcpmt Mutants

The changes in the O-glycosylation pattern introduced by the
deletion of one of the be¢pmt genes can result in an altered
electrophoresis mobility of individual proteins, which may allow
the identification of proteins serving as substrates of individual
PMTs. This possibility was first explored by SDS-PAGE analysis
of the proteins obtained from the extracellular medium, the high-
salt fraction (proteins extracted with high salt from intact
mycelium, presumably enriched in ECM proteins), and the cell
membrane (Figure 11A). Initial trials (not shown), revealed that the
amount of proteins that could be collected from the extracellular
medium or by high-salt extraction was higher in cultures grown
without shaking, probably because shaking greatly influences the
pattern of growth (Figure 5D), so static liquid cultures were used.
The results showed visible changes in the SDS-PAGE band
pattern for extracellular and high-salt protein fractions from the
three Abcpmt mutants, as compared to the wild type. These
changes were more evident in case of Abgpmi2 and Abcpmi4, which
is consistent with the more extreme phenotypes described above
for these two strains. The band pattern obtained for the high-salt
fraction did not differ to a great extent from that obtained for
extracellular proteins, so that this fraction seems like a continu-
ation of the extracellular medium where proteins are simply
trapped in the gel-like polysaccharide forming the ECM. Protein
constituents of the ECM, predicted from results in Figures 7 and
S4, may be more strongly attached to the polysaccharides and
therefore not amenable to extraction with high salt.

The high abundance of glycosylated proteins in these protein
preparations was shown by probing these protein preparations
with Concanavalin-A in a lectin-blot. The pattern obtained
(Figure 11B) shows, in first place, the vast number of secretion
proteins that display sugars recognized by Concanavalin-A. This
great number of glycosylated proteins has been predicted with
i silico tools in the case of O-glycosylation [7]. Notably, the most
intense band of about 38 kDa in the gels stained with Coomassie
blue (Figure 11A), previously identified as the aspartic protease
BcAP8 [47], did not produce an equally intense band in the lectin
blot. This may be related with the fact that this protein is predicted
to have only two N-glycosylation sites, by NetNGlyc (http://www.
cbs.dtu.dk/services/NetNGlyc), and no O-glycosylation site, by
NetOGlyc [7], and band intensities in the lectin-blot should relate
to the amount of sugars and not to the amount of protein. In
second place, despite the blurred bands typical of glycosylated
proteins, this approach also resulted in clear differences in the
band patterns for the wild type and the three mutants, indicating
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Figure 9. Penetration assays with the Abcpmt mutants on onion epidermis. Small pieces of mycelia from the three mutants and the wild
type (B05.10) were placed on onion epidermis (inner surface up) and incubated for 1-4 days on the surface of water-agar. A) Samples stained with
lactophenol trypan-blue. Arrows indicate unstained hyphae that have penetrated the epidermis. B) Fluorescence microscope observation of the same
samples stained with lactophenol trypan-blue. Yellow autofluorescence is due to the release of phenolic compounds in the infected onion epidermal
cells, and is an indirect indication of penetration. C) Observation under the scanning electron microscope. Arrows indicate the points where the

mycelium has entered or is below the surface.
doi:10.1371/journal.pone.0065924.9g009

that individual PMTs have different, maybe overlapping, sets of
substrate proteins.

In order to identify individual proteins with differential
electrophoretic mobility, two-dimensional electrophoresis were
carried out to analyze the proteins secreted to the culture media by
the three Ab¢pmt mutants and the wild-type (Figure 11C). As we
had previously observed [48], the complexity of the protein
mixture in the secretome was relatively low for the four strains,
only 65 spots were observed in the gel for the wild-type strain. The
spot pattern observed in the Abcpmil gel was the most similar to
the wild type: 61 of 68 spots were also present in the wild-type
strain, 7 new spots appeared and 4 disappeared. In the case of
Abcpmi2, 48 of 79 spots were also in the wild-type gel, 31 new spots
appeared and 17 disappeared. For the Abcpmt4 sample, 63 of 101
spots were similar to wild type, 38 new spots appeared and only 2
disappeared. Intriguingly, the 2D gel for the Abcpmi4 sample
showed longer charge trains than the rest of the gels, a fact that
may be in relation with differential glycosylation with charged

PLOS ONE | www.plosone.org
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sugars displaying sulfate or phosphate groups, previously described
in related fungus such as Trichoderma [3,49]. Charge trains as a
result of multiple phosphorylations in intracellular proteins have a
similar appearance [50]. The appearance/disappearance of spots
1s probably mainly a consequence of proteins changing mobility
due to altered O-glycosylation, although other factors may also be
relevant. For example, proteins with an altered glycosylation
pattern may be incorrectly folded and may be retained in the
secretion pathway. And the opposite could also be true, O-
glycosilated proteins normally retained in the cell wall or ECM
may end in the extracellular medium if they have an altered
glycosylation pattern.

Twelve of the spots with a clear modified electrophoretic
mobility (numbered in Figure 11C) were excised from the gels to
identify the proteins in them by MALDI TOF/TOF. Spots 1, 2
and 11 were identified as BC1G_12374.1/BofuT4_P023950.1, a
187-aa hypothetical protein of unknown function similar to
proteins described as IgE-binding proteins. This protein contains
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doi:10.1371/journal.pone.0065924.g010

a region of 29 amino acids with more than 40% Ser/Thr residues,
which is predicted to be hyper-O-glycosylated [7]. Interestingly,
this protein seems to be affected both in the Abcpmi2 and in the
Abcpmt4 mutants but in a different manner, several spots in the
same charge train in the wild type gel (probably all
BC1G_12374.1/BofuT4_P023950.1) simply disappear in Abcpmit2
while in Abepmi4 they are still present but the charge train has been
enlarged. The spot number 3 was identified as BC1G_08658.1/
BofuT4_P123410.1, a 484-aa protein similar to Carboxypepti-
dase-A. This spot disappears in the Abgpmi2 secretome, and its
sequence contains a 19-aa region with a high Ser/Thr content.
Spot number 4 shows a small shift to basic pl in Abepmi2 and
Abcpmt4 samples, and was identified as BeSpll, a 137-aa cerato-
platanin family protein required for full virulence and recently
characterized by our group [51]. Surprisingly, no Ser/Thr-rich
regions can be found in this protein and no O-glycosylation sites
are predicted [7]. Spot number 5 is part of a charge train that
appears only in Ab¢pmt! and was identified as BC1G_04151.1/
BofuT4_P095270.1, a 672-aa protein similar to Glucoamylase
which contains three Ser/Thr-rich regions [7]. This spot appears
as part of a charge train around pH 5 that could be observed only
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in Abcpmtl, but has been previously identified at more acid pH
[48]. Spot number 6 is in another charge train which was only
observed in the Abgpmt2 sample and was identified as
BC1G_02021/BofuT4_P061670.1, a 628-aa protein similar to
Glucose-methanol-choline oxidoreductases which contains two
Ser/Thr-rich regions [7]. Spot number 7 is present only in the gel
for  Abcpmt2 and was identified as BC1G_03070/Bo-
fuT4_P134040.1. This protein has been previously characterized
as Aspartic protease 8 (BcAp8) [47], the most abundant secretome
protein which forms the strongest spot in the gels [48] from which
spot 7 secems to be a delayed fraction. Spot 8 was identified as
Endopolygalacturonase 1 (BC1G_11143.1/BofuT4_P089370.1), a
protein required for full virulence in B. cinerea [52]. This spot
appeared in the gel for Abepmi2 at a pH more basic than we have
previously observed in the wild type [48]. Bepgl displays four Ser/
Thr-rich regions [7]. Spot number 9 was present only in the
Abepmt2  gel and was identified as BC1G_08642/Bo-
fuT4_P123260.1, a 153-aa hypothetical protein of unknown
function. Its sequence contains a 20-aa Ser/Thr-rich region [7].
The spot number 10 was only present in the gel for Abcpmi2 and
was identified as BofuT4_P024480.1, no corresponding protein
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Figure 11. Patterns of protein secretion in the Abcpmt mutant strains. A) and B) SDS-PAGE gels of the secretory proteins produced by the
three Abcpmt mutants and the wild type (B05.10). Proteins were either collected from the culture medium (Free extracellular proteins), extracted from
intact mycelia with high-salt (High-salt fraction), or extracted from whole membranes (Membrane proteins). Proteins where either stained with
Coomassie brilliant blue (A) or detected with Concanavalin A in lectin-blots (B). The control sample (YGG) shows that no proteins were obtained from
the culture medium alone. White arrows point to bands that are new in the mutants and black arrows to bands that have disappeared, as compared
to the wild type. C) Two dimensional electrophoresis of proteins isolated from the culture supernatants. Proteins in numbered spots were identified
and are described in the text.

doi:10.1371/journal.pone.0065924.9011

was found in the sequenced genome of B. cinerea B05.10. This 121- 12 was observed only in the Abgpmi4 sample and was identified as
aa protein has no known function and no similarities other than to BC1G_10789.1/BofuT4_P064400.1, a 320-aa protein similar to
its homologue in the closely related fungus Sclerotinia sclerotiorum. alpha-L-arabinofuranosidases belonging family 62 of Glycosyl
Despite having no predicted signal peptide, it has been previously Hydrolases. This protein contains four Ser/Thr-rich regions [7].
found in the culture medium as an 11-kDa protein, named ekd4, Overall, ten different proteins have been identified with an
that copurified with cutinase CutA [53], as well as in a previous altered electrophoretic mobility in the Ab¢pmt mutants. Almost all
proteomic study [48]. Its presence in the culture medium was of them (9 out of 10) display in their sequence regions with a high
explained as a leak from the cell interior [53], and this would agree Ser/Thr content (40% or more), usually considered as a key
with the fact that Abgpmi2 is the mutant with the weakest cell wall. feature of regions to be subjected to O-glycosylation in the

However, the fact that ¢kdd contains two Ser/Thr-rich regions secretory pathway [5,6].
would agree with extracellular location. Finally, the spot number
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Discussion

In this work we have found that, similarly to other filamentous
fungi, the B. cinerea genome contains three pmt¢ genes, coding for
representatives of each of the three PMT subfamilies. The three
PMT proteins display the usual motifs and structure (transmem-
brane domains) typical of this kind of proteins, and show a near-
constitutive expression. pmt genes in other systems are also
expressed in all conditions examined with no significant variation.
Such are the cases, for example, of the pmt genes from C. neoformans
[21], which shown essentially no variation in the conditions
assayed, and A. midulans [33,40], also showing constitutive
expression for the gene in subfamily 2 and with a small decrease
relative to culture age for genes in subfamilies 1 and 4. In the case
of S. cerevisiae, regulation of pmt genes along the cell cycle has been
reported, with maximal expression at the late G1 phase, and
indeed binding sites for the SBT transcription factor involved in
activation of transcription at the late G1 phase were encountered
in the promoters of most pm¢ genes [10]. Despite these variations,
S. cerevisiae pmt genes are also considered to have a high constitutive
expression [10].

Knockout of the pmt genes in B. cinerea resulted in an array of
defects on fungal growth, morphology, and virulence. These
changes are most prominent for the Abcpmi2 mutant, which grows
very poorly, producing very compact colonies with thick hyphae
displaying small swollen cells and more frequent ramifications.
This phenotype reverts partially with the addition of osmotic
stabilizers, pointing to a weakened cell wall as the main cause.
Furthermore, Abcpmi2 was also completely unable to produce
ECM and to adhere to, or penetrate, intact plant surfaces. Its
growth i planta could only be observed in wounded tobacco
leaves, from all the plant material tested. All these findings indicate
that BcPMT?2 contributes in a great extent to the O-glycosylation
of proteins which are important to maintain the structure of the
cell wall and extracellular matrix, and, either solely as a
consequence of this or because of the O-glycosylation of
virulence-specific proteins, BcPMT2 is also essential for virulence.
Deletion of the homologous gene in other filamentous fungi results
always in similar strong phenotypes, even in lack of viability.
Mutants for the bepmt2 homologues in A. awamori [16] and A.
nidulans [40] are both viable but show similar growth defects and
morphology as Abcpmt2, but the deletion of the corresponding
gene in Aspergillus fumigatus [34], Candida albicans [37], and U. maydis
[24] is lethal. Conflicting results have been reported for S. pombe
[22,23]. PMT2 seems to be, therefore, the PMT enzyme playing
the most important role in fungal basic biology, and evidences
point to a crucial role in the O-glycosylation of proteins important
in maintaining the structure of the fungal cell wall and
extracellular matrix.

The deletion of bepmt4 results in a phenotype that seems to be a
weaker version of the Abgpmt2 phenotype but with added extra
features. In almost every aspect assayed, such as growth rate,
appearance under the microscope, production of conidia, and
formation of ECM, Ab¢pmi4 seems to be half-way between the wild
type and Abcpmt2. Moreover, some of these features were reverted
by the addition of osmotic stabilizers, in the same way as Abcpmi2,
also pointing to a damaged cell wall in this mutant. This kind of
phenotype, related with a weaker cell-wall, was also found in pmi4
mutants of A. mdulans [25,33], A. fumigatus [34], C. negformans 2844
[54], and to a minor extent in U. maydis [24], whose only symptom
of a weakened cell-wall is an increased sensitivity to SDS. This
indicates that protein substrates of BcPMT4 include cell wall
proteins, although their quantity or relevance in cell wall structure
is not as high as in the case of BcPMT?2.
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BcPMT4, on the other hand, seems to play a specific role in
virulence. Abepmi4 is highly impaired in penetration (Figures 8 and
9, Table 1), similarly to what has been observed for the pmi4
mutant of U. maydis [24]. Although the same impairment was
observed in Abcpmit2, the effect seems to be much more specific in
Abcpmi4. As compared with Abepmi2, Abcpmi4 displays a general
fitness phenotype in axenic culture (growth rates, sporulation, etc.)
more similar to the wild type. However, its penetration ability,
especially in grapevine leaves, is virtually nonexistent. These
findings point to a role of PMT4 in the O-glycosylation of proteins
with specific roles in penetrating the plant surface, and in this
respect it is interesting that in U. maydis the pmt4 mutant produces
a reduced number of appressoria, and those produced are not
capable to carry on to penetrate the cuticle [24].

BcPMT1 appears to be the PMT protein contributing the less to
the fitness of B. cinerea. Although the Ab¢pmt] mutant also showed a
reduction in the growth rate not very different from that obtained
for Abcpmi4, the appearance of Abcpmt! mycelia and colonies
under the microscope (Figure 6) is very similar to the wild type.
Regarding virulence, PMT1 also seems to contribute to a lesser
extent, and a significant decrease was only seen for the penetration
of grapevine leaves, but not tomato or tobacco leaves and onion
epidermis.

One important aspect of Ab¢pmt mutants is its decreased ability
to generate ECM, and the probably related lower capacity to
retain water (Figure 7). Although ECM was most affected by the
deletion of bepmt2, the mutation of the other two genes also has the
consequence of producing a somehow weaker matrix, which is
more easily removed when the culture is shaken. O-glycosylated
proteins are therefore expected as crucial components of ECM,
and these would be substrates mainly of BcPMT?2 but also of
BcPMT4. The existence of these structural proteins in ECM is also
predicted by the fact that ECM in the wild-type strain becomes
disorganized to some extent when whole cultures are treated with
proteinase K (Figure S4). The deletion of the pmi4 gene in the
human pathogen Cryptococcus neoformans also results in about 50%
reduction in the size of the polysaccharide capsule [21], a virulence
factor for this organism, although the contribution of PMT?2 could
not be assessed because the corresponding mutant was not viable.
It is tempting to make ECM, or the lack of it, responsible for the
decreased adherence to plant surfaces observed for the three
mutants (Figure 10), since the degree of adherence seems to be
related to the amount of ECM. However, given the pleiotropic
nature of the bcpmt mutations, the generation of mutants
specifically affected in ECM would be necessary to test this
hypothesis.

As has been discussed before [33], the phenotypes observed for
the three pmt mutants in B. c¢mnerea and in other fungi
[24,25,33,34,40] do no easily agree with the dimerization of
PMT proteins described in . cerevisiae [15]. If the heterodimeriza-
tion of S. cerevisiaee PMT1 and PMT2 subfamily members, and the
homodimerization of PMT4, were also true for their fungal
homologues, and if this dimerization were necessary for the PMT
proteins to have protein mannosylation activity, then one would
expect similar phenotypes for pmtl and pmt2 mutants. Since this is
clearly not the case, one of the two above conditions is not true for
these organisms. The usually stronger phenotype, often lethal, of
the pmt2 mutants would be compatible with the existence of
PMT1/PMT2 and PMT2/PMT4 heterodimers, but this possibil-
ity has never been explored experimentally in fungi, to our
knowledge.

We have identified several secretome proteins with altered
electrophoretic mobility in the pm¢ mutants, which constitute
potential new PMTs substrates. Almost all of them were predicted
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previously to be O-glycosylated [7]. For 2 of these proteins, as well
as for several more unidentified spots in 2D gels, the electropho-
retic mobility was altered in more than one of the pm¢ mutants.
This may be a consequence of PMT heterodimerization as has
been discussed above, the O-glycosylation of proteins which are
substrates of a given hetero-dimer would be affected in the two
corresponding mutants, but may also be possible if individual
proteins can serve as substrates to more than one PMT or PMT
homo/hetero-dimer. The expression in B. cinerea pmt mutants of
short Ser/Thr-rich regions predicted to be hyper-O-glycosilated
[7], bound to reporter proteins, may help elucidate this matter in
the future.

One important implication of this work, given the great impact
that the pm¢ mutations have on virulence and viability, and given
the fact that plants do not have PMTs, is the possibility of using
these enzymes as targets in the design of novel control strategies
against B. cinerea. The fact that the deletion of only one pmt gene,
out of three, can render the fungus non-virulent suggests that PM'T
inhibitors may be useful in the fight against this plant pathogen,
even if inhibition is not complete.

Materials and Methods

Organisms and Culture Conditions

B. cinerea strain B05.10 [55] was used as wild-type and control
strain. Fungal strains were kept as conidia or mycelium (in agar
plugs, for non-conidiating strains) in 15% glycerol at —80°C for
long time storage, or in silica gel at 4°C for routine use [56].
Tomato-agar plates (25% tomato fruit extract, 2% agar, pH 5.5)
were inoculated with silica stocks or agar plugs to obtain conidia
[57]. Conidia were routinely quantified at 600 nm with a
spectrophotometer. The relation between Absgyy and number of
conidia per mL was calculated for our spectrophotometer with the
aid of a hemocytometer. Sclerotia viability was assayed by washing
them 3 times for 10 min with water, 3 min with 1% NaClO, again
3x10 min with water, and finally inoculating them onto YGG
plates. Routine culture or growth tests were carried out in MEA
(1% Malt Extract from Pronadisa, Spain), SH (600 mM Sucrose,
5 mM HEPES pH 6.5, 1 mM NH H,PO,), YGG (0.5% Yeast
Extract from Pronadisa, 100 mM Glucose, 0.3% Gamborg’s B5
from Duchefa Biochemie), PDA (3.9% Potato dextrose agar from
Duchefa Biochemie), GB5 (0.3% Gamborg’s B3, 10 mM Glucose),
and MB (0.3% Gamborg’s B5, 10 mM Glucosa, 10 mM
KHyPOy, 10 mM MES pH 5.5). All media were supplemented
with 1.5% agar when necessary.

Bioinformatic and Statistical Analysis

Sequence alignments and phylogenetic analyses were made with
CLUSTALW? [58], using the default settings. Transmembrane
regions were predicted with TMHMM 2.0 [27], PredictProtein
[28,29], and Phobius [30]. Transmembrane regions for whole
PMT families (Figure S1) were represented by calculating the
average start and end positions of each region, as predicted by
Phobius, in the alignment (Figure S2). Conserved sequence motifs
were searched for with InterPro Scan (http://www.ebi.ac.uk/
Tools/pfa/iprscan). Average hydropathy profiles for whole PMT
families (Figure S1) were calculated by manually determining the
average Kyte-Doolittle index for all the residues in a given
alignment position, in first place, and then deriving from them the
average index over windows of 15 alignment positions. Statistical
analysis was carried out with SPSS 17 (IBM). Statistical
significance tests used were either the T-test, in those cases with
a normal distribution (analyzed with the Kolmogorov-Smirnov
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test), or the Mann-Whitney test, if sample distribution was not
normal.

Quantitative Real Time PCR

Mycelia for RNA extraction were prepared as explained
elsewhere [47]. Total RNA from B. cinerea and B. cinerea-infected
tomato plants was isolated with the RNeasy plant mini kit
(Qiagen). Contaminant genomic DNA was eliminated by treat-
ment with RNase-free DNasel. Amplification was carried out in
an iCycler 1Q) Real-Time PCR system (Bio-Rad), with the Bio-Rad
iQ SYBR Green supermix and the primers listed in Table S2. The
amplification of a single fragment was verified for every PCR
reaction by running the final product on a 12% polyacrylamide gel
electrophoresis. The relative mRNA amounts were calculated by
the AACt method from the mean of three independent
determinations of the threshold cycle [59,60]. Deviation from
the mean was calculated from the standard deviation (SD) in the
AACt value, using the expression 244¢t = 5D,

bcpmt Gene Replacements

Recombinant DNA methods were performed as described by
Sambrook and Russell [61]. Primers (Table S2) were from
Invitrogen (Paisley, Scotland). Genomic DNA from B. cinerea was
extracted using a method previously developed in our laboratory
[62]. The gene replacement strategy is outlined in Figure S3. The
replacement cassettes were constructed by DJ-PCR following a
method previously described [63,64], with some modifications.
The hygromycin resistance cassette (GenBank accession
AJ439603) was amplified in all cases with Phusion DNA
polymerase (Finnzymes, Keilaranta, Finland), and the two flanking
regions homologous to the target gene (approximately 500 bp)
were amplified with Taq DNA polymerase (GenScript, Picataway,
NJ, USA) from B. cinerea B05.10 genomic DNA. Equimolar
amounts of the three fragments were fused by PCR, and the final
constructs were amplified with the corresponding nested primers
(Figure S3), using 2 pl of each fusion PCR as template. The
resultant gene replacement cassettes were purified from agarose
gels with Zymoclean Gel DNA Recovery Kit (Zymo Research
Corporation, Irvine, U.S.A.) and checked by digestion with
restriction enzymes. B. cinerea transformations were carried out
as described elsewhere [65,66] and transformants were then
purified by single-conidia isolation on hygromycin-containing
plates to ensure homokaryosis. Homokaryotic transformants were
analyzed by Southern-blot and by PCR (Figure S3) to ensure the
correct disruption of the b¢pmt gene and the absence of additional
copies of the transforming DNA. Southern blots were carried out
with digoxigenin labeled probes using the DIG DNA Labeling and
Detection kit (Roche, Basel, Switzerland).

Microscopy

Staining with India ink was carried out by incubating mycelia
with the dye for 5 min, and samples were then directly examined
with the microscope. Staining with CW was carried out also for
5 min with CW stain solution (0.05% CW, 7.5% KOH), samples
were then washed twice with 15% KOH and finally observed
under an Olympus BX-50 fluorescence microscope equipped with
a U-MWIB filter. For scanning electron microscopy (SEM),
mycelia were grown from agar plugs over MF-Millipore filters
(0.22 um) layered on MB plates. Two days after inoculation filters
were collected, fixed with 25% glutaraldehyde vapors on a
vacuum hood for 24 hours, thoroughly dried with silica-gel under
vacuum for 5 days, coated with gold, and observed in a JEOL
JSM-6300 scanning electron microscope.
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Pathogenicity Tests

Since the Ab¢pmt mutants produce little or no conidia, the
indicated plant material (detached leaves, petals, or fruits) was
inoculated with mycelia in agar plugs (0.2-cm YGG-agar cubes)
and 20 pl of sterile water were added over each plug to facilitate
adherence. The infected plant material was incubated at 22°C
under conditions of high humidity on water-soaked filter paper in
closed containers, and lesions at different time-points were
photographed. At least 30 replicates were performed in every
case. Infections were evaluated visually and, only for tomato,
tobacco and grapevine leaves, quantitative results are presented as
the rate of progression of lesion size (radius in mm day '),
calculated for each individual infection from three measures taken
at different days. For this purpose, the shape of the lesions was
approximated to an ellipse for which the two radii were measured,
and lesion sizes were calculated as the geometrical mean of these
two radii, that is, as the radius of a hypothetical circle with the
same area as the ellipse.

The strength with which the agar plugs (5-mm agar cubes)
adhere to plant surfaces was measured by slowly pulling the agar
plug with a dynamometer (Ventus, 0.1 N) attached to a camera
stand, with the aid of a needle curved to resemble a hook attached
to the plug. The pulling force displayed by the dynamometer at
the time the plug detached from the leaf was recorded for a
minimum of 10 replicates.

Onion Epidermis Penetration Assays

Small pieces of onion epidermis were cut and placed on slides
with the inner face up. A small piece of mycelium grown for 4 days
in liquid medium was placed on it and one drop of YGG-broth
was added. Samples were incubated in a humid chamber until
mycelia was clearly growing (1 day for the wild type and 2—4 days
for the mutants) and then stained with 0.05% trypan-blue in
lactophenol for 5 min. After removing the excess dye by washing
with water, the epidermis was examined under visible or UV (U-
MWIB filter) light with the fluorescence microscope. SEM images
were obtained as explained above, but in this case the fungus was
grown from agar plugs over onion epidermis and the plugs were
removed before drying the samples.

Preparation of Protein Samples

In order to obtain the various protein fractions, agar plugs
containing young mycelium were inoculated in plates with 20 ml
of YGG-broth, approximately 5-20 plugs per plate depending on
strain, and grown for 4 days without shaking. Culture media were
then separated from mycelia by filtration through several layers of
filter paper. Extracellular proteins were precipitated from the
filtrate with methanol-chloroform according to Wessel and Flugge
[67] and stored dry at —20°C until use, in several identical
aliquots. The amount of proteins obtained was estimated by
loading one of the aliquots to a SDS-PAGE gel along with known
quantities of bovine serum albumin, as described before [48].
Typically, from one plate with 20 ml of culture medium 10-20 pg
of proteins were obtained for Abepmi2 and 70-100 pg for the rest
of the strains. In order to obtain proteins weakly bound to the
extracellular matrix or the cell wall (referred to high-salt fraction),
the mycelia retained in the filters were washed twice for 15 min
with cold water under slow agitation and then extracted with high
salt, by incubating with 300 mM NaCl (approximately the same
volume as the mycelium) for 20 minutes under slow agitation.
After centrifugation at 1000 g for 6 minutes, the proteins in the
supernatant were precipitated with methanol-chloroform and
quantified as explained above. In order to prepare proteins from
cell membranes, the same mycelium samples were washed with
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cold water again and then a portion of approximately 0.2 g was
homogenized in a FastPrep-24 MP beadbeater with 400 pl of cold
Lysis Buffer (75 mM Tris-HCl pH7, 1.5 mM EDTA, 1 M
Sucrose, and Complete Protease Inhibitor from Roche) and
0.5 mm glass beads at 60 m s~ ' for 1 min. The tube was then
punctured at the bottom with a needle and briefly centrifuged
inside an empty microcentrifuge tube. The resulting filtrate was
first centrifuged for 15 min at 3000 g in the cold (4°C), and the
supernatant was re-centrifuged for 1 h at 145 000 g, also at 4°C.
The pellet containing the membrane fraction was resuspended in
SDS-PAGE sample buffer and quantified as explained above. All
protein preparations were analyzed by SDS-PAGE on Any-KD
Mini-PROTEAN TGX precast gels (Bio-Rad), and the gels were
stained with colloidal Coomassie brilliant blue [68].

Lectin Blots

Equal amounts of protein were loaded to Any-KD Mini-
PROTEAN TGX precast gels (Bio-Rad) and then transferred to
Immobilon PVDF membranes (Millipore). The membranes were
then processed as explained elsewhere [69] using 1 pg ™'
biotinylated concanavalin-A (Sigma C2272) to detect glycosylated
proteins and 0.5 pug ml~ ' Streptavidin-Peroxidase (Sigma $5512)
to detect the biotinylated concanavalin. Final detection of the
peroxidase was carried out with 400 pl of Immobilon Western
Chemiluminescent HRP substrate (Millipore) using the Gel Doc
XR+ System (Bio-Rad).

2-D Electrophoresis and Protein Identification

All reagents and equipment for 2-D electrophoresis were from
Bio-Rad and were used according to the manufacturer’s instruc-
tions. Dry protein samples were dissolved in the appropriate
volume of ReadyPrep sequential extraction Reagent 2 to achieve
10 pug of total protein in 125 pl. This amount of protein was
subjected to 2D electrophoresis as explained before [48] except
that the pH range of the IPG strips was 3—10 and Any-KD Mini-
PROTEAN TGX precast gels (Bio-Rad) were used for the second
dimension. Protein spots were excised manually from stained gels
and sent to the CNB Proteomics Facility (Centro Nacional de
Biotecnologia, Madrid, Spain) to be processed by MALDI TOY/
TOF analysis as described earlier [70]. Protein identification was
done with MASCOT software v.2.2.04 (Matrix Science, London,
UK), searching the non-redundant NCBI protein database
NCBInr_20120720 (19248190 sequences; 6604124933 residues)
with the following search parameters: enzyme, trypsin; allowed
missed cleavages, 1; carbamidomethyl cystein as fixed modifica-
tion by the treatment with iodoacetamide; variable modifications,
oxidation of methionine; mass tolerance was set to £50 ppm for
precursors and to *0.3 Da for MS/MS fragment ions. The
confidence interval for protein identification was set to =95%
(p<<0.05) and only peptides with an individual ion score above the
identity threshold were considered correctly identified.

Supporting Information

Figure S1 Putative topology of B. cinerea PMTs. The
hydrophobicity of each BcPMT (thick line), calculated with the
Kyte-Doolittle scale and a window of 15 residues, is plotted
alongside the average hydrophobicity of the corresponding PMT
subfamily (thin line) derived from the alignment (Figure S2). Black
lines below plot indicate the transmembrane regions predicted for
the alignment, and those corresponding to the 7 transmembrane
domains of S. cerevisiae PMTs are marked with roman numerals
(question marks indicate that it is not clear which one of the two
regions marked as VII is the last transmembrane domain in
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S. cerevisiae [14]). PMT domains (grey boxes) and MIR subdomains
(white boxes) detected by InterProScan are also marked.

(TIF)

Figure $2 Alignment of fungal PMTs. Proteins were aligned
by PRALINE, making use of the transmembrane regions
predicted by PHOBIUS (on green background). The regions
homologous to the 7 experimentally-determined transmembrane
domains of S. cerevisiae Pmtlp are marked with roman numerals.
Question marks indicate that it is not clear which region is the last
transmembrane domain of Pmtlp. The catalytically-important
ER-luminal loop 1 (red boxes), loop 5 (blue boxes), and DE-motif
(vellow boxes) are also shown in the alignments. First two letters in
protein names indicate the fungus it comes from (Sc: Saccharomyces
cerevisiae; Ca: Candida albicans; Sp: Schizosaccharomyces pombe; Um:
Ustilago maydis; Cn: Cryptococcus negformans; Be: Botrytis cinerea; An:
Aspergillus nidulans; Af: Aspergillus fumigatus). Accession numbers can
be found in Table S1.

(PDF)

Figure S3 Generation of the three bcpmt knockout
mutants. A) Strategy used to generate the three Abgpmis knock-
out mutants. The DNA constructs used in the transformation,
shown below each bepmt gene, contain the hygromycin resistance
cassette (Hyg-R) flanked by two regions of the target gene. The
position of all primers used to generate the constructs and to check
the transformants are indicated (arrows). B) PCR and Southern-
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