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ABSTRACT. Dry bean (Phaseolus vulgaris L.) is an important 
economic crop in Brazil but its yield can be significantly reduced by 
white mold, a disease caused by Sclerotinia sclerotiorum (Lib.) de 
Bary, a necrotrophic, highly destructive, and non-host-specific fungus. 
This fungus secretes numerous cell wall-degrading enzymes such as 
polygalacturonases, exo-β-1,3-glucanases, xylanases, and cellulases 
that have been detected during the early stages of infection. In this 
study, the activities of these enzymes were detected in all carbon sources 
tested (citrus pectin, cell wall extract from P. vulgaris, carboxymethyl 
cellulose, and glucose), but the highest levels were found when using 
citrus pectin and cell wall extract from P. vulgaris. Regardless of the 
carbon source, pH decreased throughout the culture time. During 
pathogenesis in dry bean stems, increased enzyme activities were also 
observed. Reverse transcriptase-polymerase chain reaction experiments 
showed that the induction of polygalacturonases (sspg1, sspg3, sspg5, 
sspg6, and sspg7), exo-β-1,3-glucanases, and endo-β-1-4-glucanase in 
S. sclerotiorum occurred during the early stages of colonization.
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INTRODUCTION

Sclerotinia sclerotiorum (Lib.) de Bary (1886) is an important fungal plant pathogen 
that significantly reduces the yield and quality of agricultural crops worldwide (Purdy, 1979; 
Boland and Hall, 1994). Moreover, this ubiquitous ascomycete has a wide host range and can 
infect and damage over 400 species of plants, including field crops, vegetables, fruits, and 
ornamentals (Purdy, 1979; Boland and Hall, 1994). In addition to its relevance as an economi-
cally important phytopathogen, S. sclerotiorum and its hosts are a convenient model to study 
the physiological and molecular bases of plant-pathogen interaction. 

Enzymatic degradation of plant cell wall polymers and tissue maceration are impor-
tant aspects of the pathogenesis of S. sclerotiorum, a widespread necrotrophic pathogen. Dur-
ing interaction with its host, S. sclerotiorum secretes oxalic acid (Noyes and Hancock, 1981; 
Marciano et al., 1983; Magro et al., 1984; Cessna et al., 2000; Billon-Grand et al., 2012) and 
multiple lytic enzymes - pectinases, β-1,3-glucanases, glucosidases, cellulases, xylanases, and 
proteases - that facilitate penetration, colonization, and maceration of plant tissues to generate 
assimilable nutrients for fungal growth (Marciano et al., 1983; Godoy et al., 1990; Cessna et 
al., 2000). A wide range of activities are attributed to these enzymes, from enzymatic cleav-
age of structural host cell wall polysaccharides, in which the integrity of the cell wall barrier 
to pathogen entry is compromised, to more complex roles within the sphere of host-pathogen 
interactions, such as the release of oligosaccharides that function as elicitors of plant defense 
responses (Cooper, 1983; Côtè and Hahn, 1994; De Lorenzo et al., 1994, 1997).

S. sclerotiorum produces multiple hydrolytic enzymes, but studies have not yet es-
tablished which of them are important pathogenicity factors or defined their specific roles 
during the infection process. We have previously shown that various carbon sources combined 
with acidification of the medium are important factors in the control of acid protease and as-
partyl protease gene expression during S. sclerotiorum pathogenesis (Bueno et al., 2012). In 
this study, we aimed to elucidate how extracellular hydrolytic enzymes are induced during S. 
sclerotiorum pathogenesis in the dry bean Phaseolus vulgaris L. and to determine whether the 
mechanisms of regulation differ between in vitro and in planta models.

MATERIAL AND METHODS
	

Organism and culture conditions 

S. sclerotiorum strain SPS was collected from a naturally infected bean plant and 
grown on Petri dishes containing potato dextrose agar (PDA) culture medium at 20°C for 5 
days. Minimal salts medium (2 g/L NH4NO3, 1 g/L KH2PO4, 0.1 g/L MgSO4.7H2O, 0.5 g/L 
yeast extract, 3 g/L DL-malic acid, 1 g/L NAOH) was prepared in conical flasks containing 
20 mL medium and inoculated with a single 3-mm mycelial plug excised from the margin of 
a 5-day-old colony growing on PDA and shaking at 20°C for 48 h. The cultures were centri-
fuged at 2000 rpm, washed twice, and used as inoculum in minimal salt medium supplemented 
with various carbon sources - namely 1% citrus pectin, 1% cell wall extract from P. vulgaris 
(CWPv), 1% carboxymethyl cellulose (CMC), or 1% glucose. The cultures were grown in 
conical flasks with constant shaking at 20°C for 12-96 h. The mycelium was harvested via 
filtration and stored at -80°C until needed for RNA extraction. Samples of the culture super-
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natants, collected daily and centrifuged at 3000 rpm for 15 min, were used to measure enzyme 
activity (polygalacturonases, β-1,3-glucanase, CMCase, and xylanases) and pH. Total protein 
content was determined using a Quant-iT Protein Assay kit (Invitrogen, Carlsbad, CA, USA).

Infection and bean tissue sampling 

Plants of the dry bean cultivar Pérola were grown in a greenhouse in 2-kg plastic pots 
filled with red-yellow latosol soil supplemented with 5 g 4-30-16 NPK fertilizer. The inocu-
lation was performed 30 days after emergence via introduction of either 1) toothpick ends 
wrapped with the pathogen mycelia into the base of the stems 1.0 cm above the soil surface or 
2) PDA plugs with mycelium into the axillary region of the stems. Non-infected plants were 
used as experimental controls. All plants were kept at 20°C and 90% relative humidity to pro-
vide adequate conditions for infection. Tissue samples were collected from both the necrotic 
part and the chlorotic area of each lesion within 2 cm of the lesion edges 6, 12, 24, 48, 72, and 
96 h post-inoculation (hpi) and immediately frozen in liquid nitrogen before RNA and protein 
extraction. Each treatment consisted of a pool of 10 plants from different pots.

For protein extraction, the samples collected from plants infected with S. sclerotiorum 
were macerated in liquid nitrogen and homogenized in 1 M NaCl and 0.1 M sodium acetate 
buffer, pH 5.2 (3 mL/g tissue). The homogenate was centrifuged at 20,000 g at 4°C for 25 
min. The supernatant obtained was considered the tissue extract and used to determine enzyme 
activity. Total protein content was determined using a Quant-iT Protein Assay kit (Invitrogen) 
according to manufacturer specifications.

Determination of enzyme activity

For all hydrolases, enzyme activity was expressed in units. One unit is equal to 1 µmol 
of the corresponding sugar released after 1 min of incubation under the standard conditions. 
Specific activity was referred to 1 mg protein (U/mg). Three samples were analyzed for each 
treatment, and enzyme and substrate controls were included in all assays.

Polygalacturonases

Polygalacturonase activity was quantified by the increase in absorbance at 575 nm 
caused by the release of reducing sugars from citrus pectin. The reaction mixture contained 25 
μL macerated tissue extract or culture supernatant and 225 μL 2 mg/mL citrus pectin (Sigma-
Aldrich, St. Louis, MO, USA) dissolved in 0.1 M sodium acetate buffer, pH 5.0. After incuba-
tion at 50°C for 30 min, the reaction was stopped by adding 750 μL 3,5-dinitrosalicylic acid 
(DNS) reagent, boiled for 5 min, and cooled on ice (Miller, 1959). 

β-1,3-glucanase

β-1,3-glucanase activity was assayed using commercial laminarin (Sigma-Aldrich) as the 
substrate. The reaction medium consisted of 0.05 mL supernatant and 0.1 mL substrate solution 
(0.25% laminarin solution in 50 mM acetate buffer, pH 5.2). After incubation at 50°C for 30 min, 
the concentration of reducing sugars was determined using the DNS method (Miller, 1959).
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CMCase

CMCase activity was determined by measuring the release of reducing sugars during 
CMC degradation (Sigma-Aldrich). The reaction medium consisted of 0.5 mL 1% (w/v) CMC 
solution in 50 mM sodium citrate buffer, pH 5.2, and 0.5 mL supernatant. After incubation at 
50°C under agitation for 30 min to ensure sugar release at a constant rate, an aliquot of 0.5 mL 
was removed and immediately transferred to tubes containing 0.5 mL DNS, which interrupted 
the enzymatic reaction and allowed the quantification of reducing sugars (Miller, 1959).

Xylanases

Xylanase activity was based on the production of reducing sugars from polymeric 
4-O-methyl-glucuronoxylan (Sigma-Aldrich). The reaction medium consisted of 1% xylan in 
0.1 M sodium acetate buffer, pH 5.0, plus the appropriate amount of enzyme to a final volume 
of 125 µL. After incubation at 35°C for 10 min, the reaction was interrupted by adding 187.5 
µL DNS solution used to assay reducing sugars (Miller, 1959) and incubated again for 5 min 
in a boiling water bath.

Semi-quantitative reverse transcription-polymerase chain reaction (PCR) 

RNA was extracted from plant tissue and fungal material using the standard Trizol 
protocol (Invitrogen). To remove any genomic DNA contamination, we treated the RNA with 
RNAse-free-DNAse I (Invitrogen) followed by enzyme inactivation (2.5 mM ethylenediami-
netetraacetic acid, 65°C, 10 min) and ethanol precipitation.

The transcriptional analyses of fungal genes were carried out using semi-quantitative reverse 
transcription-PCR and specific oligonucleotide primers (Table 1). 28S ribosomal DNA gene-specific 
primers were designed according to the 28S ribosomal DNA gene of S. sclerotiorum and used to 
amplify a 617-bp cDNA product that acted as a control in reverse transcription-PCR experiments.

Gene	 Hypothetical function	 ID	 Primer sequence (5ꞌ-3ꞌ)	 Product size (bp)

sspg1	 Endopolygalacturonase	 L1202	 F: TCTTGCAGCAGTCGAGAAG	 495
			   R: GTGTTGTGTCCGAGGGAGT
sspg3	 Endopolygalacturonase	 Ay312510	 F: ACCCACCACTTTGGCTACTG	 448
			   R: TGAGACGGTAAGACCCTTG
sspg5	 Endopolygalacturonase	 CD646235	 F: TGTCCAAGTTTTCAGTATT	 452
			   R: CTACCAGCATTTCCATTAT
sspg6	 Endopolygalacturonase	 CD645962	 F: AAGCTTATTGGAATGGGTAT	 462
			   R: CTGGAGTTGACGATTTGACTA
sspg7	 Endopolygalacturonase	 CD645693	 F: TCCGGTTACGAGGATGTTA	 380
			   R: GCTCCTGGACACGTCATT
β-1,3	 Exo-β-1,3-glucanase	 SS1G_060371	 F: ACCCCGATACTGCTGTTGTC	 404
			   R: TGCCTCCATGAAATATGCAA
β-1,4	 Endo-β-1-4-glucanase	 SS1G_00458	 F: CAAGGCAGCTTAACCGCTAC	 452
			   R: GATCCATCGGAGTCGAGGTA
Oxalo	 Oxaloacetate acetylhydrolase	 DV643703	 F: CCCAATCGTCGAGGACAAGC	 334
			   R: TGCCTGCTCCGGTCATGTAA
rDNA	 28S	 -	 F: TCCGGTTACGAGGATGTTA	 617
			   R: GCTCCTGGACACGTCATT

Table 1. Primers and RT-PCR conditions used for transcriptional analysis of Sclerotinia sclerotiorum genes.

ID = identification; F = forward primer; R = reverse primer.
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First-strand cDNA was synthesized using 1 µg DNAse-treated total RNA and Su-
perscript II Reverse Transcriptase (Invitrogen) following supplier recommendations. For the 
amplification, 5 µL first-strand cDNA was used in a final reaction volume of 25 µL containing 
1X Taq DNA polymerase buffer, 1.5 mM MgCl2, 0.2 mM deoxyribonucleotide triphosphate, 
0.2 µM specific primers, and 5 U Taq DNA polymerase (Invitrogen). PCR was initially per-
formed at 94°C for 4 min, and then 27 cycles as follows: 94°C for 1 min, 55°C for 1 min, and 
72°C for 1 min. PCR products were resolved with electrophoresis on a 1.2% (w/v) agarose gel 
(Sambrook et al., 1989). Two replicates of the reverse transcription-PCR experiments were 
performed for all genes analyzed.

Statistical analysis

Analysis of variance and the Tukey test were applied to detect significant differences 
(P < 0.05) in enzyme activity among the supernatants from different growth media and among 
different infection times.

RESULTS AND DISCUSSION

Characterization of enzyme activity of S. sclerotiorum using various carbon sources

To know whether polygalacturonase, cellulases, and xylanases are continuously 
produced by S. sclerotiorum in inducing cultures (citrus pectin, CWPv, CMC, or glucose), 
the culture supernatant collected between 12 and 96 h was analyzed. This period corre-
sponds to 2 phases of growth: an initial phase with carbon source consumption (12-24 h 
after transference) and a later phase when carbon sources have been exhausted (96 h after 
transference).

The influence of carbon sources on fungus growth and enzyme activity was also 
examined. Although comparable fungus growth was observed between treatments (data 
not shown), citrus pectin was by large the preferred carbon substrate for enzyme produc-
tion (Figure 1). Substitution of citrus pectin, CWPv, or CMC with glucose resulted in poor 
fungus growth and 7-, 5-, and 4-fold reductions in enzyme activity compared with citrus 
pectin, CWPv, and CMC, respectively.

Time-course measurements of hydrolytic enzyme production revealed that the maxi-
mum activity levels were reached 48-72 h after transference to the media supplemented with 
citrus pectin, CWPv, or CMC (see Figure 1). The highest polygalacturonase-specific activities 
were observed with 700 U/mg citrus pectin and 500 U/mg CWPv. No significant levels of 
polygalacturonase-specific activity were found in the presence of 100 U/mg glucose (Figure 
1A). In general, polygalacturonases are induced by citrus pectin, polygalacturonic acid, and 
metabolic end-products structurally related to the substrate; conversely, they are repressed by 
the presence of carbon catabolites such as glucose (Li et al., 2004).

Production of endoglucanases (CMCase and β-1,3-glucanase) was similar to that ob-
served for total cellulase production. On an average, cultures supplied with CWPv and CMC 
reached maximum activity 24 h after transference, whereas those supplied with citrus pectin 
reached maximum activity 72 h after transference (Figure 1B and C). Xylanase-specific activ-
ity was higher in the early stages (12-24 h after transference) in cultures supplied with CWPv 
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and CMC (Figure 1D). In cultures supplied with citrus pectin, a positive effect was observed 
72 h after transference. Fungus growth 12-96 h after transference to potential inducers of cel-
lulolytic activity, such as CWPv, resulted in enzyme activity corresponding to 30-50% of that 
obtained for CMC. The present results showed low but significant activity when the fungus 
was grown on glucose as the main carbon source.

Figure 1. Enzymatic activity of culture supernatant collected after induction of Sclerotinia sclerotiorum in minimal 
salt medium supplemented with different carbon sources: 1% citrus pectin, 1% cell wall extract from Phaseolus 
vulgaris (CWPv), 1% carboxymethyl cellulose (CMC), or 1% glucose. The tests were performed with substrate 
for (A) polygalacturonase, (B) CMCase, (C) β-1,3-glucanase, and (D) xylanase as demonstrated in Material and 
Methods. The tests were performed in triplicate and results are reported as units of activity per miligram of protein 
(U/mg). Three samples were analyzed for each treatment and values are means ± SD. Different letters on bars 
indicate statistical significance at 5% probability (P < 0.05).

In these controlled culture media, a pH decrease was confirmed, as previously re-
ported for Sclerotinia (Cessna et al., 2000; Rollins and Dickman, 2001; Billon-Grand et al., 
2012; Bueno et al., 2012). The initial pH of the inoculated media was adjusted to 5.0, and a 
rapid decline in pH was observed 72-96 h after transfer in all treatments (4.0-2.8; Figure 2). 
The culture supplemented with citrus pectin presented the highest acidification (2.8; Figure 2). 
The acidification of the culture medium likely occurred owing to the secretion of oxalic acid, 
an important factor in S. sclerotiorum pathogenesis (Noyes and Hancock, 1981; Marciano et 
al., 1983; Magro et al., 1984; Godoy et al., 1990; Cessna et al., 2000; Rollins and Dickman, 
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2001; Billon-Grand et al., 2012; Bueno et al., 2012). Oxalic acid produced by S. sclerotiorum 
has been suggested to control the spatial pattern of cell wall-degrading enzyme production 
during pathogenesis (Marciano et al., 1983; Godoy et al., 1990).

Figure 2. pH profiles throughout Sclerotinia sclerotiorum growth using 1% citrus pectin, 1% cell wall extract from 
Phaseolus vulgaris (CWPv), 1% carboxymethyl cellulose (CMC), or 1% glucose as carbon sources. At different 
intervals, cultures were filtered and used to determine pH as described in Material and Methods.

Activity of enzymes secreted by S. sclerotiorum during P. vulgaris infection

Enzyme production in planta may greatly differ from in vitro expression because 
some inducing factors that are present in plant tissues are absent in synthetic media (Annis and 
Goodwin, 1997). To investigate whether the increase in polygalacturonase, CMCase, β-1,3-
glucanase, and xylanase activity was an event that also occurred during in vivo infection, we 
analyzed this activity during early and late infection of P. vulgaris plants with S. sclerotiorum. 
We used the toothpick method of inoculation or a plug of S. sclerotiorum PDA culture (Figure 
3). Plants were inspected for symptoms, and tissues showing comparable levels of damage 
were collected from several plants each day.

For comparison, levels of these lytic activities in tissue from infected plants or in 
equivalent tissues of non-inoculated plants were measured. In all the periods studied (6, 12, 
24, 48, 72, and 96 hpi), polygalacturonase, CMCase, β-1,3-glucanase, and xylanase showed 
increased activity compared to control plants (non-infected). By contrast, low levels of these 
enzyme activities were detected in plant tissue from non-inoculated plants (Figure 4).

The lytic activities in plant tissue infected with S. sclerotiorum were differentially in-
duced using the toothpick method of inoculation (infect plant-wounding) or using a plug of S. 
sclerotiorum PDA culture (infect plant; see Figure 4). Polygalacturonase and CMCase activity 
showed an increase up to 48 hpi only in plant tissue infected via the toothpick method (Figure 4A 
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and 4B). Also, β-1,3-glucanase and xylanase activity in infected areas of the plants inoculated via 
the toothpick method appeared as early as 6 hpi with a moderate increase throughout, reaching a 
maximum after 48 hpi; thereafter, it decreased without returning to basal levels (Figure 4C and 
D). However, tissue from plants infected using a plug of S. sclerotiorum PDA culture invariably 
showed a level of lytic activity in the early stage of infection (6-12 hpi) that was much higher 
than that in plants infected using the toothpick method or that in healthy plants (see Figure 4).

Figure 3. Comparison of method of Sclerotinia sclerotiorum inoculation in Phaseolus vulgaris L. Plant disease 
symptoms observed at 96 h post-inoculation on stems inoculated using (A) a plug of S. sclerotiorum potato dextrose 
agar culture and (B) toothpick method, as described in Material and Methods.

For comparison, lytic activity in healthy tissue from infected plants was also mea-
sured. Our results (data not shown) demonstrated that during infection, lytic activities are 
expressed only in the plant area damaged by the fungus and not in adjacent healthy tissue, thus 
supporting the role of these hydrolases in the localized destruction of tissue. Although restric-
tion of these lytic enzymes to infected areas and the induction of these enzymes by plant tis-
sues strongly support their fungal origin, further experiments are necessary to eliminate plants 
definitively as the source of some of these activities.

In the primary cell wall, the cellulose and hemicellulose networks are embedded in a 
gel matrix of pectic substances (Carpita and Gibeaut, 1993). Therefore, minimal contribution 
from pectin-degrading enzymes during pathogenesis in plants might be suspected because 
pectic polysaccharides constitute only a small proportion of the total polysaccharide content 
of P. vulgaris cell walls. However, the present data show that although enzyme kinetics main-
tained the same profile, polygalacturonases presented specific activity higher than that of the 
other enzymes analyzed. These results suggest that polygalacturonases may act first in such 
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a way that the enzymatic depolymerization of pectin weakens the cell wall and exposes other 
polymers, such as cellulose and hemicellulose, increasing the accessibility of cell wall com-
ponents for degradation by other enzymes, cell lysis, and plant tissue maceration (Annis and 
Goodwin, 1997; Lagaert et al., 2009). Conversely, pectic compounds may represent a source 
of energy for the pathogen that is more readily available than cellulosic or hemicellulosic 
polymers (Lagaert et al., 2009). 

Figure 4. Activity of (A) polygalacturonases, (B) CMCase, (C) β-1,3-glucanase, and (D) xylanase. The protein 
extracts used in the enzyme assays were obtained from macerated stems of Phaseolus vulgaris L. plants infected 
with Sclerotinia sclerotiorum and non-infected plants (control) in 0.5 M acetate buffer pH 5.0, as described in 
Material and Methods. The tests were performed in triplicate and the results are reported as units of activity per 
miligram of protein (U/mg). hpi = hours post-infection. Three samples were analyzed for each treatment and values 
are means ± SD. Different letters on bars indicate statistical significance at 5% probability (P < 0.05).

Lytic enzyme gene expression during in vitro and in planta growth of S. sclerotiorum

The expression of polygalacturonase (sspg1, sspg3, sspg5, sspg6, and sspg7), β-1,3-
glucanase, and β-1,4-glucanase genes was analyzed during S. sclerotiorum cultivation in mini-
mal salt medium supplemented with citrus pectin, CWPv, CMC, or glucose. In the cultures 
supplemented with citrus pectin and CMC, sspg1 and sspg7 were expressed during the whole 
period, whereas sspg3, sspg5, and sspg6 were highly expressed in the early stages of cultiva-
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tion, decreasing to low levels at 72 h. The culture supplemented with CWPv presented varia-
tions in the pattern of expression. Expression of sspg1 and sspg3 was detected throughout the 
development of the fungus, whereas the other genes were not detected in any of the periods 
analyzed. The genes encoding β-1,3-glucanase and β-1,4-glucanase presented variations in the 
pattern of expression with different carbon sources or at different cultivation times (Figure 5).

Figure 5. Temporal pattern of transcript accumulation of polygalacturonase (sspg1, sspg3, sspg5, sspg6, and sspg7) 
glucanase (β-1-3 and β-1-4), and oxaloacetate acetylhydrolase genes (oxalo) in Sclerotinia sclerotiorum mycelium 
grown in minimal salt medium supplemented with different carbon sources [1% citrus pectin, 1% cell wall extract 
from Phaseolus vulgaris (CWPv), 1% carboxymethyl cellulose (CMC), or 1% glucose] and a susceptible cultivar of 
P. vulgaris L. after inoculation with S. sclerotiorum. Ethidium bromide-stained reverse transcription-PCR products: 
total RNA was extracted and used in reverse transcription-PCR experiments, as described in Material and Methods. 
A fragment of rDNA was used to evaluate the presence of the fungus in affected tissues. hpi = hours post-infection.

During infection of the P. vulgaris stem, the pattern of sspg expression was different 
from that observed in vitro: sspg1 and sspg3 were weakly expressed, sspg5 and sspg7 were 
highly expressed, and sspg6 displayed regulation during the later phases of infection (see Fig-
ure 5). We have previously reported similar observations (Oliveira et al., 2010). Furthermore, 
the S. sclerotiorum strain 1980 genome encodes 5 endo-polygalacturonases, 4 of which are 
expressed in culture or during infection (Li et al., 2004).

Early or constitutive expression of polygalacturonase activity can help establish in-
fection and provide the pathogen with an inherent capability to release components such as 
galacturonic acid from plant cell walls. In turn, these substances trigger the cascade of induc-
ible enzymes required for further destruction of host tissue and pathogen proliferation (Cotton 
et al., 2003). In addition, the short (10 to 12 residues) oligogalacturonides released by endo-
polygalacturonase and pectin lyase activity are potent elicitors of plant defense responses 
(Cooper, 1983; Côtè and Hahn, 1994; De Lorenzo et al., 1994, 1997).

Modulation of pH during infection, involving the secretion of oxalic acid, is an im-
portant mechanism in S. sclerotiorum for regulating the sequential expression of pathogenicity 
factors such as lytic enzymes (Rollins and Dickman, 2001; Cotton et al., 2003). In S. sclero-
tiorum, oxalic acid is produced from oxaloacetate in a reaction catalyzed by oxaloacetate 
acetylhydrolase. The expression of the oxaloacetate acetylhydrolase gene (oxalo) was ana-
lyzed in the present study to verify the probable relationship between this gene, medium pH, 
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and hydrolytic enzyme secretion. Gene expression was detected in all treatments throughout 
the period analyzed (see Figure 5), which was consistent with the observed decrease in pH 
(see Figure 2).

After direct penetration of host tissues, S. sclerotiorum also expressed oxalo (see Fig-
ure 4). High levels of oxaloacetate acetylhydrolase transcripts have also been detected during 
S. sclerotiorum vegetative growth, infection cushion development, and leaf and stem infection 
of Brassica napus (Sexton et al., 2006). The present results are also consistent with studies 
that have shown that oxalo becomes active as the infection of stems progresses and host tis-
sue is invaded (Sexton et al., 2006). These findings suggested that S. sclerotiorum produces 
large amounts of oxalic acid during vegetative growth and infection to regulate developmental 
processes (Billon-Grand et al., 2012). In conclusion, the present data may help determine the 
feasibility of disabling critical enzymes as a potential disease control measure.
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