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Proteomic analysis of phytopathogenic fungus Botrytis cinerea
as a potential tool for identifying pathogenicity factors,
therapeutic targets and for basic research
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Abstract Botrytis cinerea is a phytopathogenic fungus
causing disease in a substantial number of economi-
cally important crops. In an attempt to identify puta-
tive fungal virulence factors, the two-dimensional gel
electrophoresis (2-DE) protein profile from two B.
cinerea strains differing in virulence and toxin pro-
duction were compared. Protein extracts from fungal
mycelium obtained by tissue homogenization were
analyzed. The mycelial 2-DE protein profile revealed
the existence of qualitative and quantitative differ-
ences between the analyzed strains. The lack of geno-
mic data from B. cinerea required the use of peptide
fragmentation data from MALDI-TOF/TOF and ESI
ion trap for protein identification, resulting in the
identification of 27 protein spots. A significant number
of spots were identified as malate dehydrogenase
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(MDH) and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). The different expression patterns
revealed by some of the identified proteins could be
ascribed to differences in virulence between strains.
Our results indicate that proteomic analysis are
becoming an important tool to be used as a starting
point for identifying new pathogenicity factors, thera-
peutic targets and for basic research on this plant
pathogen in the postgenomic era.
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Abbreviations

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase

MDH Malate dehydrogenase

PMF Peptide mass fingerprinting

2-DE Two-dimensional gel electrophoresis

Introduction

Botrytis cinerea Pers. Fr. is a phytopathogenic asco-
mycete that causes significant yield losses in a sub-
stantial number of crops (Coley-Smith et al. 1980;
Verhoeff et al. 1992; Davidson et al. 2004; Dik and
Wubben 2004; Droby and Lichter 2004; Elmer and
Michailides 2004). It is considered as a very complex
species in which molecular differences among different
populations have been widely reported (Buttner et al.
1994; Vallejo et al. 2002). Such differences are ex-
pressed as variability in virulence among isolates as
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well as phenotypic instability (Vallejo et al. 2003; Be-
ever and Weeds 2004).

In the last years, many research advances regard-
ing the infection process developed by this pathogen
have been made. Thus, several virulence factors, such
as enzymes involved in penetrating plant tissues, have
been shown to be produced by this fungus and re-
search efforts have been made to elucidate which of
them are essential for full virulence of the fungus
(Staples and Mayer 1995; van Kan et al. 1997; ten
Have et al. 1998). It has to be taken into account that
B. cinerea is a necrotrophic fungus that depends on
its own ability to kill plant cells before starting the
penetration of the plant tissues. A number of phy-
totoxins, the best known being botrydial and dihyd-
robotrydial (Collado et al. 2000), are synthesized and
released by this organism and have been shown to be
responsible for the typical chlorotic spots displayed
by infected leaves (Colmenares et al. 2002). Lately, a
positive correlation between phytotoxin production
and virulence in different B. cinerea isolates has been
reported, being those toxins considered to play an
important role as virulence factors (Reino et al.
2004).

In spite of these findings, neither the molecular
basis of the synthesis and production of different
virulence factors nor the mechanisms of phytopath-
ogenicity used by this fungus are yet well understood.
Improvements in key proteomics technologies such
as protein separation by two-dimensional gel elec-
trophoresis (2-DE) and peptide analysis by mass
spectrometry (MS) have allowed the efficient char-
acterization and identification of a large number of
proteins from microbial origin (Jungblut and Hecker
2004), but few reports on filamentous fungi are
available (Lim et al. 2001; Nandakumar and Marten
2002; Grinyer et al. 2004; Kim et al. 2004; Ebstrup
et al. 2005; Medina et al. 2005; Shimizu and Wariishi
2005). A recent report from Ferndndez-Acero et al.
(2006) described the first analysis of B. cinerea pro-
teome by 2-DE and MS showing, among others,
the relevance of housekeeping enzymes such as
MDH. Afterward, a comparative analysis between
two B. cinerea isolates differing in both virulence and
toxin production has been initiated. This proteomic
approach has enabled the identification of protein
spots that showed qualitative or quantitative differ-
ences between mycelial extracts from the two isolates.
Due to the absence of protein and DNA databases
containing B. cinerea sequences, protein identification
was achieved by peptide fragmentation fingerprinting
(PFF) followed by either database search or de novo
peptide sequencing and sequence alignment.
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Materials and methods
Botrytis cinerea isolates and culture conditions

Botrytis cinerea strain 1.11 was kindly provided by
Dr. I. G. Collado (Department of Organic Chemistry,
University of Cadiz, Spain), and strain 2100 (also called
B. cinerea 1.29) was obtained from the Spanish
Type Culture Collection. Conidial stock suspensions
were prepared and conserved as previously reported
(Vallejo et al. 2002). One mL of conidial suspension
(5 x 10* conidia mL™") was transferred to flasks con-
taining 250 mL of Czapeck-Dox liquid medium and
cultures were incubated on an orbital shaker at
180 rpm, 22°C, and 12 h light for 5 days. Mycelia were
harvested by filtration, washed with sterile water,
lyophilized and stored at —20°C.

Oxalic acid production and pH values

Oxalic acid production was quantified by using a
commercial kit (R-Biofarm AG/Roche, Landwehrstr,
Germany) following the manufacturer’s instructions.
Variation of the pH was determined by measuring pH
values of the cultures. All assays were performed with
two independent cultures of each strain and read for
5 days.

Protein extraction, two-dimensional gel
electrophoresis, gel analysis and protein
identification

Protein extracts were obtained by potassium phosphate
buffer solubilisation and trichloroacetic acid (TCA)
precipitation protocol and 2-DE was performed as
previously described (Fernandez-Acero et al. 2006).
Protein concentration was determined in the superna-
tant using the RC-DC Protein Assay (Bio-Rad, Her-
cules, CA, USA) with ovalbumin as standard. Samples
were frozen in liquid nitrogen and stored at —-80°C for
later analysis.

Gels were Coomassie stained with CBB G-250
(Merck, Whitehouse Station, NJ, USA), and gel ima-
ges were captured with a densitometer (GS-800, Bio-
Rad), digitalized and analyzed by PDQuest™™ software
(Bio-Rad) using a guided protein spot detection
method (Asirvatham et al. 2002). Spots were named
with ordinal numbers. Analytical and biological vari-
ability studies were directed at quantifying variations
associated with the 2-DE experiments or differences in
protein expression levels between independent repli-
cates. For the analytical variance study, aliquots of a
pooled extract were used to rehydrate three replicate
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IPG strips. Three extracts from a single fungal culture
were analyzed to determine the analytical variance.
For the biological variance study, three individual
cultures from each fungal strain were also harvested
and extracted separately. For each spot the following
parameters were assessed: isoelectric point (pl),
molecular mass (Mr), mean values of protein amount,
standard deviation (SD) as a measure of dispersion,
and coefficient of variance (CV), a useful tool to
compare variability (18). Protein spots were identified
by matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF/TOF) or electrospray ion trap
mass spectrometry (ESI IT MS/MS), as previously
described (Fernandez-Acero et al. 2006).

Results

Two-dimensional gel electrophoresis protein
profile, gel analysis and analytical and biological
variability

For comparative proteome analysis, mycelial protein
extracts from B. cinerea strains 1.11 (less virulent) and
2100 (more virulent) (Reino et al. 2004; Colmenares
et al. 2002; Collado et al. 2000; Duran-Patrén et al. 2004)
were used. After 2-DE separation and Coomassie Blue
staining of the protein extracts of B. cinerea 1.11 and
2100 strains, 380-400 protein spots were resolved and
detected by digital image analysis and visual confirma-
tion (Fig. 1). Normalized protein spot volumes were
determined for each 2-DE gel, and protein spot quan-
tification was performed using a calibration curve ob-
tained with different quantities of protein standards
(Jorge et al. 2005). Normalized spot volumes were linear
to protein quantity all over the range. To quantify the
variances associated with 2-DE experiments and the
differential protein expression between culture batches
from the two strains, both analytical and biological
variability were calculated. In a previous work (Fern-
andez-Acero et al. 2006), the analytical and biological
variances were calculated for B. cinerea 2100 (16.1 and
37.5%, respectively). In order to compare between
strains, biological variance of B. cinerea 1.11 was cal-
culated and the average CV was found to be 51.6%.
This comparative analysis revealed qualitative and
quantitative differences in protein expression between
the two B. cinerea strains. Only those changes consis-
tently present in all the extract replicates and with
quantitative differences higher than the corresponding
biological variance were considered. Twenty-eight spots
were selected on the basis of their higher protein amount
and classified according to their relative expression

levels. Thus, 6 spots (65, 66, 67, 68, 69 and 70) were only
present instrain 1.11 extracts, whereas 15 spots (1,2,3, 4,
5,13,14,15,16,17,18,19, 20,21 and 22) were only found
in strain 2100 extracts. Moreover, seven spots (6, 7, 8, 9,
10, 11 and 12) were significantly overexpressed in strain
2100 (P < 0.05) (Figs. 1, 2). These differences may be
put down to changes in protein expression or to post-
translational or degradation processes.

Protein identification by mass spectrometry

Twenty-eight selected spots were positively identified
by MS/MS analysis using MALDI-TOF/TOF and ESI
ion-trap MS. The proteins identified are listed in Ta-
bles 1 and 2 and numbered on the virtual 2-DE refer-
ence map (Fig. 1). Due to the absence of DNA and
protein database sequences of B. cinerea, database
searches with PMF data were unsuccessful. Thus,
identification was achieved through PFF by MALDI-
TOF/TOF or through homology searching with tenta-
tive sequences obtained de novo by ESI ion-trap MS.
Positive identifications were achieved by matching well
conserved sequence domains within similar proteins
from other organisms.

pH values and oxalic acid production

Values of the pH of both B. cinerea strains were
measured for 5 days. Results showed that pH values in
the cultures of the more virulent strain, 2100, were
lower than those in the cultures of the less virulent
strain, 1.11, showing significant differences (p > 0.05)
from day 3 onwards (Fig. 3a). At this point, pH values
stabilizes at 3.94 (= 0.01) for B. cinerea 2100 and 4.53
(£ 0.11) for B. cinerea 1.11.

Oxalic acid concentration was determined at days 0,
3 and 5. The concentration of oxalic acid in cultures of
B. cinerea 2100 was 2.7-fold higher than cultures from
B. cinerea 1.11, at day 3. The concentrations of the acid
decreased at day S5 in both cultures, and even at this
point, culture of B. cinerea 2100 kept presenting 3.4-
fold higher oxalic acid concentration than B. cinerea
1.11 (Fig. 3b).

Discussion

Two-dimensional gel electrophoresis protein
profile, analytical and biological variability

The biological variance obtained for B. cinerea 1.11

(51.6%) was higher than that previously reported for
B. cinerea 2100 (37.5%) that had also been considered
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Fig. 1 Left Coomassie stained gels from B. cinerea 1.11 (a) and
B. cinerea 2100 (b). Right 2-DE virtual gel showing the spots
used for calculating the analytical and biological variances.
Numbers are indicated in Fig. 2, Tables 1 and 2. Arrows point
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as showing a high biological variance. Indeed, most of
the 73 spots analyzed in the present work showed
significantly higher biological than analytical variability
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and were hence classified as variable spots. These high
biological variabilities showed by the two B. cinerea
strains are commonly found in proteomic studies of
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Table 1 Proteins identified from B. cinerea 1.11
Spot Protein Accession Organism Sequence Score® Identified
by
67  Malate dehydrogenase, €i/3192929  Glycine max LFGVTTLDVVR 94 MALDI-TOF/
mitochondrial (fragment) TOF
69  Putative mannitol- 2i/5834650  Staphylococcus AVHFGAGNIGR 81
1-phosphate-5-dehydrogenase aureus
Mannitol-1-phosphate 2i/22651499  Aspergillus GFVAEFLHK 64
dehydrogenase niger
70  Putative mannitol-1- gi/5834650  Staphylococcus AVHFGAGNIGR 94
phosphate-5-dehydrogenase aureus
Mannitol-1-phosphate 2i/22651499  Aspergillus niger GFVAEFLHK 72
dehydrogenase
65  Fission yeast SPBC409.12¢ QIUUB2 Schizosaccharomyces SNSLYMLVELAK 50 nESI-ION
protein pombe -FVTPAAPNDEMK TRAP
-FVTPAAPNDEM®K
M**PLSVYVVSVGEWDR
66  Large subunit of terminal P95531 Pseudomonas LEDDWVDMSR 71
dioxygenase putida LEDDWVDM®*SR
LEDDWVDM®Y*SR
QPTDPDPQSNLK
68  Putative lipoprotein Q82G17 Streptomyces FDLAAAARVQ 88
avermitilis -LEGWSSGNGR

# High and total scores presented in the BLASTP2 results report
Uncertainty in 2-3 first residues in sequences is labelled by hyphens

plants, mice, or human samples, such it has been pre-
vious and widely discussed by Fernandez-Acero et al.
(2006).

Protein identification

Seventeen spots were identified as MDH. All the
proteins over expressed in the more virulent strain
used in this work, B. cinerea 2100 (Fig.2), corre-
sponded to MDH (spots 6, 7, 8, 9, 10, 11 and 12).
Moreover, most of the spots specific for 2100 strain
have been identified as MDH species (spots 2, 3, 4, 5,
13, 14, 15, 16 and 17). Fernandez-Acero et al. (2006)
had previously described three clusters (A, B, and C)
of MDH in the strain 2100. The comparative analysis
of the present work reveals that the cluster A and two
spots from cluster B are not displayed in the proteome
of the strain B. cinerea 1.11. Moreover, cluster C is over
expressed in B. cinerea 2100. Only one spot identified
as MDH has been ascribed to B. cinerea 1.11 (spot 67).
Thus, MDH is produced exclusively, or at higher lev-
els, in B. cinerea 2100. The role of MDH as a patho-
genicity factor had been previously suggested
(Fernandez-Acero et al. 2006). This enzyme catalyzes
the reversible conversion of oxalacetate and malate.
Oxalacetate is an oxalic acid precursor (Kubicek et al.
1988; Lyon et al. 2004) which has been described as a
pathogenicity factor in B. cinerea (Lyon et al. 2004).
The secretion of oxalic acid creates an acidic environ-

ment that may generate a more suitable ecological
niche for the pathogenic activities of the fungus. In-
deed, the influence of pH on the expression and
secretion of virulence factors such as cell wall
degrading enzymes has been described in B. cinerea
(Wubben et al. 2000; Manteau et al. 2003). In addition,
acidification of the environment generated by oxalic
acid would lead to the biosynthesis and secretion of
phytotoxins. Botrydial and dihydrobotrydial, two tox-
ins secreted exclusively in acidic media, are over ex-
pressed by the more virulent strain used in this study
(Duréan-Patrén et al. 2004). These toxins are not pro-
duced by the less virulent strain 1.11, which is in con-
cordance with its low MDH expression level. Thus,
MDH is likely to play a key role in the cascade of
events leading to the plant cell death and therefore to
be essential for the whole infection process.

In this sense, it is interesting that, although the pH
of both strain cultures decreased when growing
the fungus, the pH of B. cinerea 2100 cultures felt
dramatically and showed lower pH values than those of
B. cinerea 1.11 (Fig. 3a), in a percentage 3.29% on the
first day, and 15.38% on the fifth. That is, the differ-
ence of pH of both strain cultures increased along the
time. These results correlated very well with those
obtained when determining oxalic acid production in
the cultures. Actually, our results revealed that the
concentration of oxalic acid in cultures of B. cinerea
2100 was 2.7-fold higher than that in the cultures from
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Table 2 Proteins identified

from B. cinerea. Spots are Spot  Expression  Protein
numbered in Figs. 1 and 2. 1 o
(0) Protein spots specific of 5 0
B. cinerea 2100 extracts, (OJ) 3 0
protein spots specific of 4 0
B. cinerea 1.11 extracts, (A) 5 0
protein spots present in both 6 A
strains and overexpressed in 7 A
B. cinerea 2100 ] A
9 A
10 A
11 A
12 A
13 0
14 0
15 0
16 0
17 0
18 0
19 0
20 0
21 0
22 0
65 O
66 O
67 O
68 O
a ; 69 O
References: 1 Fernandez- 70 0

Acero et al. (2006), 2 Table 1

Hypothetical protein cyclophilin, cytosolic form

Nodule-enhanced malate dehydrogenase

Nodule-enhanced malate dehydrogenase

Malate dehydrogenase

Mitochondrial malate dehydrogenase precursor

Malate dehydrogenase

Malate dehydrogenase

Malate dehydrogenase transcriptional regulator metE/metH family
Malate dehydrogenase

Malate dehydrogenase

Malate dehydrogenase transcriptional regulator metE/metH family
Malate dehydrogenase

Malate dehydrogenase

Malate dehydrogenase

Malate dehydrogenase

Malate dehydrogenase

Malate dehydrogenase transcriptional regulator metE/metH family
Hypothetical protein

Glyceraldehyde-3-phosphate dehydrogenase
Glyceraldehyde-3-phosphate dehydrogenase
Glyceraldehyde-3-phosphate dehydrogenase
Glyceraldehyde-3-phosphate dehydrogenase

Fission yeast SPBC409.12¢ protein

Large subunit of terminal dioxygenase

Malate dehydrogenase, mitochondrial (fragment)

Putative lipoprotein

Mannitol-1-phosphate dehydrogenase

Mannitol-1-phosphate dehydrogenase
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-

B. cinerea 1.11, at day 3 (Fig. 3b). Although both
concentrations decreased afterwards, cultures from B.
cinerea 2100 presented 3.4-fold higher concentration of
oxalic acid than those of B. cinerea 1.11, at day 5. That
is, the more virulent strain kept showing much higher
oxalic acid production than the less virulent one. Taken
together, these data (pH values and oxalic acid con-
centration), support the above suggested hypothesis.
Recent reports show the implication of the B. cine-
rea enzyme cytochrome P450 monooxygenase in ab-
scisic acid (Siewers et al. 2004) and botrydial synthesis
(Siewers et al. 2005), representing the first botrydial
biosynthetic gene identified. Canonical P450 enzymes
use electrons from NADPH to catalyze activation of
molecular oxygen of a plethora of substrates (Werck-
Reichhart and Feyereisen 2000). NADPH is produced
in the MDH reaction and may be used, among others,
in the reaction of P450. In prokaryotes, P450 species
are soluble proteins, whereas in eukaryotes these en-
zymes are associated with endoplasmic reticulum or
mitochondrial membranes (Werck-Reichhart and Fe-
yereisen 2000), the same localization showed by
MDHs. It has been suggested that P450 enzymes
interact with multi-enzyme complexes, the nature of
these interactions being still controversial (Werck-
Reichhart and Feyereisen 2000). Despite that in
B. cinerea the relation between P450s and MDHs
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remains to be elucidated, both activities have been
reported to increase in response to phenobarbital in rat
liver (Kaliman et al. 1991). This suggested relationship
between P450 and MDH may indicate a new role as a
virulence factor of MDH in B. cinerea.

One of the major breakthroughs of proteomic
technologies is their capacity to find new targets for
diagnostics and vaccine candidates, among others
(Jungblut and Hecker 2004). Previous research by
Fernandez-Acero et al. (2006) showed the existence of
a transcriptional regulator metE/metH family protein
comigrating with MDH (spots 8, 11 and 17). This
protein family, involved in methionine biosynthesis
pathways (Jafri et al. 1995), is considered as potential
therapeutic target for fungicide design (Leroux et al.
2002). In this study, these comigrating proteins are
down expressed (spots 8 and 11) or absent in the less
pathogenic strain 1.11 (spot 17). The variability of
these fungicide targets may be involved in the molec-
ular basis of the different fungicide resistance pheno-
types described for B. cinerea (Leroux et al. 2002).

Several GAPDH protein species were identified
when mapping the proteome of B. cinerea 2100 strain
(spots 19, 20, 21 and 22) (Fernandez-Acero et al. 2006).
Apart from its well-known role in the glycolytic
cycle, GAPDH has been reported to influence many
other cellular processes and act as a virulence factor in
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Fig. 3 a Evolution of values
of pH obtained from day 0 to
day 5 in B. cinerea 2100 and
B. cinerea 1.11 cultures.

b Oxalic acid concentration in
B. cinerea 2100 and B. cinerea 7,0 4
1.11 cultures. Some errors
bars are too small to be visible
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different organisms (Hernandez et al. 2004; Alderete
et al. 2001; Deveze-Alvarez et al. 2001; Pancholi and
Chhatwal 2003). The four spots identified as GAPDH
in this study were only present in the more virulent
B. cinerea strain 2100, supporting the hypothesis that
the oxidative metabolism in this strain may be more
active than that of the strain 1.11 and suggesting a
putative role as virulence factor in B. cinerea.

A cytosolic cyclophilin, present in the more patho-
genic strain 2100, was absent in the proteome of the
less pathogenic strain 1.11. These proteins have been
shown to be involved in many different cellular pro-
cesses, including a role as a virulence determinant in
fungal pathogens of human and plant cells (Wang et al.

Time (Days)

2001; Viaud et al. 2002). The role of cyclophilin as
virulence factor in B. cinerea has been previously
shown and has been proposed to be involved in the
later stages of infection, such as penetration or plant
colonisation (Wang et al. 2001; Viaud et al. 2003). For
an analysis of the presence of cyclophilin in the pro-
teome of the strain 2100, two facts have been consid-
ered: (1) strain 2100 is more virulent, expresses a
specific cyclophilin and produces high levels of toxins
botrydial and dihydrobotridial; (2) these toxins are
encoded by calcineurin-dependent genes (Siewers et al.
2005) which have been suggested to play a role in the
first steps of plant infection (Viaud et al. 2003). Taken
together, these facts imply that two different cellular
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components with distinct roles in two different stages
of the infection process are expressed in the more
pathogenic strain (cyclophilin and calcineurin-depen-
dent gene expression), whereas none of them are de-
tected in the less pathogenic one, which does not
produce toxins, and the above described specific cy-
clophilin form is not displayed in its proteome. Thus,
proteomic analysis of the two strains selected for this
study, which differ in virulence as well as in toxin
production, is very useful for relating different cellular
components involved in the infection process.

Six spots detected exclusively in the less virulent
B. cinerea 1.11 strain (65, 66, 67, 68, 69 and 70) were
positively identified using NCBInr database (Table 1).
These proteins are involved in various metabolic
pathways. Spot 67 was identified as MDH. Spots 69 and
70 were identified as mannitol-1-phosphate dehydro-
genase, the first enzyme in the mannitol biosynthesis
pathway. Mannitol is the predominant carbohydrate in
conidiospores of the filamentous fungus Aspergillus
niger (Witteveen and Visser 1995), where it is utilized
as a reserve carbon source and as an antioxidant, pre-
venting cell damage under stress conditions (Ruijter
et al. 2003). Spot 66 was identified as the large subunit
of terminal dioxygenase, which plays a key role in the
detoxification of toxic aromatic amines in Pseudomo-
nas putida (Fukumori and Saint 1997). Hence, this
dioxygenase subunit could be involved in the detoxifi-
cation of toxic compounds in B. cinerea. Spots 65 and
68 were identified as two putative proteins from large
scale genomic DNA experiments as SPBC409.12c
protein from Schizosaccharomyes pombe and putative
lipoprotein from Streptomyces avermitilis, respectively.
Unknown functions were inferred from electronic
annotation  (http://www.expasy.org/uniprot/)  and
ascribed to DNA binding protein for spots 65 and
electron transport for spot 68. Those protein spots,
were re-evaluated by using the established Syngenta/
Broad Institute B. cinerea sequence database (http://
www.broad.mit.edu/annotation/genome/botrytis_cinerea/
Home.html) to match the found peptides against pre-
dicted proteins in this database. The obtained results
were similar to those above described: (1) the same
proteins were identified for the spots 67, 69 and 70
using both databases; (2) no relevant protein was as-
cribed to spot 65 and 66 using the Syngenta database;
(3) spot 68 was identified as Glucose oxidase with
oxidoreductase activity from A. niger using Syngenta
database. This FAD binding protein seems to have a
role as electron transport as above mentioned.

Botrytis cinerea is a very complex pathogen that
utilizes many distinct strategies for killing the host and
overcoming host defences through the whole infection
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process. Results indicate that the differential proteo-
mic analysis of strains differing in virulence contributes
to identifying proteins likely involved in the mecha-
nisms of pathogenicity of this fungus, therapeutic tar-
gets and for basic research, and thus constitutes an
excellent tool to be used as a first and straight step for
determining new fungal virulence factors.

Acknowledgments This research has been financed by the
Spanish DGICYT (Project AGL2003-06480-C02-02). We thank
Professor Isidro G. Collado (Department of Organic Chemistry,
University of Cddiz, Spain) and the partners of AOSPLANT
project for supplying the B. cinerea 1.11 strain.

References

Alderete JF, Millsap KW, Lehker MW, Benchimol M (2001)
Enzymes on microbial pathogens and Trichomonas vaginal-
is: molecular mimicry and functional diversity. Cell Micro-
biol 3:359-370

Asirvatham VS, Watson BS, Sumner LW (2002) Analytical and
biological variances associated with proteomic studies of
Medicago truncatula by two-dimensional polyacrylamide gel
electrophoresis. Proteomics 2:960-968

Beever RE, Weeds PL (2004) Botrytis taxonomy and genetic
variation. In: Elad Y, Williamson B, Tudzynski P, Delen N
(eds) Botrytis: biology, pathology and control. Kluwer,
Dordrecht

Buttner P, Koch F, Voigt K, Quidde T, Risch S, Blaich R,
Bruckner B, Tudzynski P (1994) Variations in ploidy among
isolates of Botrytis cinerea: implications for genetic and
molecular analyses. Curr Genet May 25:445-450

Coley-Smith JR, Verhoheff K, Jarvis WR (1980) The biology of
botrytis, London

Colmenares AJ, Aleu J, Duran-Patron R, Collado IG, Hernan-
dez-Galan R (2002) The putative role of botrydial and
related metabolites in the infection mechanism of Botrytis
cinerea. J Chem Ecol May 28:997-1005

Collado IG, Aleu J, Hernandez-Galan R, Duran-Patron R
(2000) Botrytis species: an intriguing source of metabolites
with a wide range of biological activities. Structure chem-
istry and bioactivity of metabolites isolated from Botrytis
species. Curr Org Chem 4:1261-1286

Davidson JA, Pande S, Bretag TW, Lidbeck KD, Krishna-
Kishore G (2004) Biology and management of Botrytis spp.
in legume crops. In: Elad Y, Williamson B, Tudzynski P,
Delen N (eds) Botrytis: biology, pathology and control.
Kluwer, Dordrecht

Deveze-Alvarez M, Garcia-Soto J, Martinez-Cadena G (2001)
Glyceraldehyde-3-phosphate dehydrogenase is negatively
regulated by ADP-ribosylation in the fungus Phycomyces
blakesleeanus. Microbiology 147:2579-2584

Dik AJ, Wubben JP (2004) Epidemiology of Botrytis cinerea
diseases in greenhouses. In: Elad Y, Williamson B, Tudzyn-
ski P, Delen N (eds) Botrytis: biology, pathology and
control. Kluwer, Dordrecht

Droby S, Lichter A (2004) Post-harvest Botrytis infection:
Etiology, development and management. In: Elad Y, Wil-
liamson B, Tudzynski P, Delen N (eds) Botrytis: biology,
pathology and control. Kluwer, Dordrecht

Duran-Patron R, Cantoral JM, Hernandez-Galan R, Hanson JR,
Collado IG (2004) The biodegradation of the phytotoxic



Arch Microbiol (2007) 187:207-215

215

metabolite botrydial by its parent organism, Botrytis cinerea.
J Chem Res 441443

Ebstrup T, Saalbach G, Egsgaard H (2005) A proteomics study
of in vitro cyst germination and appressoria formation in
Phytophthora infestans. Proteomics 5:2839-2848

Elmer PAG, Michailides TJ (2004) Epidemiology of Botrytis
cinerea in orchad and vine crops. In: Elad Y, Williamson B,
Tudzynski P, Delen N (eds) Botrytis: biology, pathology and
control. Kluwer, Dordrecht

Fernandez-Acero FJ, Jorge I, Calvo E, Vallejo I, Carbu M,
Camafeita LE, Lopez JA, Cantoral JM, Jorrin J (2006) Two-
dimensional electrophoresis protein profile of the phyto-
pathogenic fungus Botrytis cinerea. Proteomics 6:S88-S96

Fukumori F, Saint C (1997) Nucleotide sequences and regula-
tional analysis of genes involved in conversion of aniline to
catechol in Pseudomonas putida UCC22(pTDN1). J Bacte-
riol 179:399-408

Grinyer J, McKay M, Nevalainen H, Herbert BR (2004) Fungal
proteomics: initial mapping of biological control strain
Trichoderma harzianum. Curr Genet 45:163-169

Hernandez R, Nombela C, Diez-Orejas R, Gil C (2004) Two-
dimensional reference map of Candida albicans hyphal
forms. Proteomics 4:374-382

Jafri S, Urbanowski ML, Stauffer GV (1995) A mutation in the
rpoA gene encoding the subunit of RNA polymerase that
affects metE-metR transcription in Escherichia coli. J
Bacteriol 177:524-529

Jorge I, Navarro RM, Lenz C, Ariza D, Porras C, Jorrin J (2005)
The holm oak leaf proteome: analytical and biological
variability in the protein expression level assessed by 2-DE
and protein identification tandem mass spectrometry de
novo sequencing and sequence similarity searching. Prote-
omics 5:222-234

Jungblut PR, Hecker M (2004) Proteomics of microbial patho-
gens. Proteomics 4:2829-2830

Kaliman PA, Petrenko VV, Manandkhar SP, Bomko TV (1991)
Activity of cytoplasmic NADP-dependent dehydrogenase in
rat liver during induction of cytochrome P-450 by pheno-
barbital. Ukr Biokhim Zh Mar-Apr 63:52-58

Kim ST, Yu S, Kim SG, Kim HJ, Kang SY, Hwang DH, Jang YS,
Kang KY (2004) Proteome analysis of rice blast fungus
Magnaporthe grisea proteome during appressorium forma-
tion. Proteomics 4:3579-3587

Kubicek CP, Schreferl-Kunar G, Wohrer W, Rohr M (1988)
Evidence for a Cytplasmatic Pathway of Oxalate Biosynthesis
in Aspergillus niger. Appl Environ Microbiol 54:633-637

Leroux P, Fritz R, Debieu D, Albertini C, Lanen C, Bach J,
Gredt M, Chapeland F (2002) Mechanism of resistance to
fungicides in field strains of Botrytis cinerea. Pest Manag Sci
58:876-888

Lim D, Hains P, Walsh B, Bergquist P, Nevalainen H (2001)
Proteins associated with the the cell envelope of Trichoder-
ma reesei: a proteomic approach. Proteomics 1:899-910

Lyon GD, Goodman BA, Williamson B (2004) Botrytis cinerea
perturbs redox processes as an attack strategy in plants. In:
Elad Y, Williamson B, Tudzynski P, Delen N (eds) Botrytis:
biology, pathology and control. Kluwer, Dordrecht

Manteau S, Abouna S, Lambert B, Legendre L (2003) Differ-
ential regulation by ambient pH of putative virulence factor
secretion by the phytopathogenic fungus Botrytis cinerea.
FEMS Microbiol Ecol 43:359-366

Medina ML, Haynes PA, Breci L, Francisco WA (2005) Analysis
of secreted proteins from Aspergillus flavus. Proteomics
5:3153-3161

Nandakumar MP, Marten MR (2002) Comparison of lysis
methods and preparation protocols for one- and two-

dimensional electrophoresis of Aspergillus oryzae intracel-
lular proteins. Electrophoresis 23:2216-2222

Pancholi V, Chhatwal GS (2003) Housekeeping enzymes as
virulence factors for pathogens. Int J Med Microbiol
293:391-401

Reino JL, Hernandez-Galan R, Duran-Patron R, Collado 1IG
(2004) Virulence-toxin production relationship in isolates of
the plant pathogenic fungus Botrytis cinerea. J Phytopathol
152:563-566

Ruijter GJG, Bax M, Patel H, Flitter SJ, van de Vondervoort
PJI, de Vries RP, vanKuyk PA, Visser J (2003) Mannitol is
required for stress tolerance in Aspergillus niger conidiosp-
ores. Eukaryotic Cell 2:690-698

Shimizu M, Wariishi H (2005) Development of a sample
preparation method for fungal proteomics. FEMS Microbiol
Lett 247:17-22

Siewers V, Smedsgaard J, Tudzynski P (2004) The P450 mono-
oxygenase BcABAL1 is essential for abscisic acid biosynthesis
in Botrytis cinerea. Appl Environ Microbiol 70:3868-3876

Siewers V, Viaud M, Jimenez-Teja D, Collado IG, Schulze
Gronover C, Pradier J-M, Tudzynski B, Tudzynski P (2005)
Functional analysis of the cytochrome P450 monooxygenase
gene bebotl of Botrytis cinerea indicates that Botrydial is a
strain-specific virulence factor. Mol Plant Microbe Interac
18:602-612

Staples RC, Mayer AM (1995) Putative virulence factors of
Botrytis cinerea acting as a wound pathogen. FEMS Micro-
biol Lett 134:1-7

ten Have A, Mulder W, Visser J, van Kan J (1998) The
endopolygalacturonase gene Bcpgl is required for full
virulence of Botrytis cinerea. Mol Plant Microbe Interact
11:1009-1016

Vallejo I, Carbu M, Muiioz F, Rebordinos L, Cantoral JM (2002)
Inheritance of chromosome-length polymorphisms in the
phytopathogenic ascomycete Botryotinia fuckeliana (anam.
Botrytis cinerea). Mycol Res 106:1075-1085

Vallejo I, Carbi M, Rebordinos L, Cantoral JM (2003) Virulence
of Botrytis cinerea strains on two grapevine varieties in
south-western Spain. Biologia 58:1067-1074

van Kan JAL, van’t Klooster JW, Wagemakers CAM, Dees
DCT, Vlugt-Bergmans vd (1997) Cutinase A of Botrytis
cinerea is expressed, but not essential, during penetration of
Gerbera and tomato. Mol Plant Microbe Interac 10:30-38

Verhoeff K, Malathrakis NE, Williamson B (1992) Recent advances
in Botrytis research. PUDOC Scientific, Wageningen

Viaud M, Brunet-Simon A, Brygoo Y, Pradier J-M, Levis C
(2003) Cyclophilin A and calcineurin functions investigated
by gene inactivation, cyclosporin A inhibition and cDNA
arrays approaches in the phytopathogenic fungus Botrytis
cinerea. Mol Microbiol 50:1451-1465

Viaud MC, Balhadere PV, Talbot NJ (2002) A Magnaporthe
grisea cyclophilin acts as a virulence determinant during
plant infection. Plant Cell 14:917-930

Wang P, Cardenas ME, Cox GM, Perfect JR, Heitman J (2001)
Two cyclophilin A homologs with shared and distinct
functions important for growth and virulence of Cryptococ-
cus neoformans. EMBO Reports 2:511-518

Werck-Reichhart D, Feyereisen R (2000) Cytochromes P450: a
success story. Genome Biology 1:reviews3003.3001-re-
views3003.3009

Witteveen CFB, Visser J (1995) Polyol pools in Aspergillus niger.
FEMS Microbiol Lett 134:57-62

Wubben JP, ten Have A, van Kan JAL, Visser J (2000)
Regulation of endopolygalacturonase gene expression in
Botrytis cinerea by galacturonic acid, ambient pH and
carbon catabolite repression. Curr Genet 37:152-157

@ Springer



	Proteomic analysis of phytopathogenic fungus Botrytis cinerea �as a potential tool for identifying pathogenicity factors, therapeutic targets and for basic research
	Abstract
	Introduction
	Materials and methods
	Botrytis cinerea isolates and culture conditions
	Oxalic acid production and pH values
	Protein extraction, two-dimensional gel electrophoresis, gel analysis and protein identification

	Results
	Two-dimensional gel electrophoresis protein profile, gel analysis and analytical and biological variability
	Protein identification by mass spectrometry
	pH values and oxalic acid production

	Discussion
	Two-dimensional gel electrophoresis protein profile, analytical and biological variability
	Protein identification

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


