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SUMMARY

Sclerotinia stem rot caused by Sclerotinia sclerotiorum
is a devastating disease in Brassica spp. Here we proposed
a method to indicate the susceptibility of Brassica spp. or
Brassica genus against S. sclerotiorum by detecting expression of a gene from the host with qRT-PCR technique. After filtering a set of transcriptome data from B. oleracea leaf
infected by S. sclerotiorum, twelve genes that exhibited successive increase or decrease expression after inoculation
were chosen to screen the dynamic expression changes in
S. sclerotiorum-inoculated B. napus leaf. Among the genes
tested, Bol024541 showed a continuous increase from the
outer region to the inoculation site from 12 to 36 hours
after infection (hai). No significant difference was found in
qRT-PCR for the expression of Bol024541 in the samples
added with various amount of cDNA of S. sclerotiorum,
and significant linear correlation (r = 0.921, P < 0.01) was
detected for the expression of Bol024541 at 12 hai with
the lesion size at 72 hai among six Brassica accessions. Our
data suggest that Bol024541 may be considered as an indicator to predict susceptibility to S. sclerotiorum in Brassica
spp. via qRT-PCR.
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INTRODUCTION

Sclerotinia stem rot caused by Sclerotinia sclerotiorum
(Lib.) de Bary, is a non-host-specific and necrotizing pathogen to infect more than 400 different hosts (Boland and
Hall, 1994; Purdy, 1979). This disease causes considerable
damages in Brassica spp. or Brassica genus, particularly in
rapeseed (B. napus) production (Koch et al., 2007; Pope et
al., 1989). Although the precise pathogenic mechanism of
S. sclerotiorum is unknown, the resulting disease symptoms have been tranditionally attributed to killing of host
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tissue via secretion of toxic metabolites and degradative
enzymes (e.g. endo, exo-pectinase, cellulase, hemicellulase, protease) by the pathogen (Bolton et al., 2006; Kim
et al., 2008; Lumsden, 1979). Many biological alterations
were found to be associated with the resistance of rapeseed
to S. sclerotiorum, including oxidative burst, cell wall enforcement or modification, secondary metabolism, calcium
binding, antioxidation, glutathiones (GSHs) metabolism,
glucosinolates metabolism, biosynthesis of lignins, transcription factors (TFs), carbohydrate metabolism and energy metabolism (Yang et al., 2007; Wu et al., 2016; Mei et
al., 2016).
A simple and accurate method to identify Sclerotinia resistance is of great importance for the resistance breeding
of Brassica spp. or Brassica genus. Various methods have
been proposed to identify Sclerotinia resistance in Brassica plants, such as oxalic acid assay, petiole inoculation,
cotyledon inoculation, toothpick inoculation, detached
leaf inoculation and stem inoculation (Bradley et al., 2006;
Garg et al., 2008; Mei et al., 2011, 2012; Zhao et al., 2004).
However, the processes of these methods are time- and
labor- consuming.
Molecular techniques have achieved the fast identification of pathogen content in plants or environment. For
example, Freeman et al. (2002) developed a S. sclerotiorumspecific internal transcribed spacer (ITS) marker to detect
ascospores from inoculated rapeseed petals. Rogers et al.
(2009) and Yin et al. (2009) built real-time polymerase
chain reaction (RT-PCR) methods by using S. sclerotiorum-specific primers to quantify ascospores in rapeseed.
These methods are useful to indicate the potential disease severity in plant but not the resistance level. In the
present study, we report a plant gene based quantitative
RT-PCR (qRT-PCR) method to predict susceptibility to S.
sclerotiorum in some Brassica spp. This method may imply
relative levels of plant resistance and provide a new train
of thought for investigating susceptibility of plants against
pathogens.
MATERIALS AND METHODS

Plant materials and S. sclerotiorum inoculation. Three
B. oleracea breeding lines (Brassica oleracea L. var. oleracea,
coded as ‘5M1009’, ‘5M1121’ and ‘5M1217’), two partial
resistant rapeseed cultivars (Brassica napus L. var. napus
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up- or down- expressed after inoculation in both resistant
and susceptible plants.

Fig. 1. Sampling details used for identifying expression patterns of genes in the inner, middle and outer regions on infected leaf.

cv. ‘Zhongshuang 9’ and Brassica napus L. var. napus cv.
‘Zhongyou 821’) and one B. rapa breeding line (Brassica
campestris L. var. campestris, coded as ‘6Y733’) were used
in this study. The lesion size caused by S. sclerotiorum was
evaluated with a detached leaf inoculation technique by
placing a 6-mm-diameter mycelia agar plug of S. sclerotiorum isolate ‘1980’ on leaf (Mei et al., 2011).
Screen of candidate genes from RNA-seq data. Before the present study, RNA sequencing was performed in
the leaf of B. oleracea before and after inoculation with S.
sclerotiorum for 6 and 12 h on an Illumina Hiseq 2000TM
platform. The raw reads were filtered by removing adaptor
sequences, duplicated sequences, reads containing more
than 5% “N” (i.e., ambiguous bases in reads), and reads in
which more than 50% of the bases showed a Q-value (i.e.,
Bonferroni-adjusted P value) ≤ 5. Clean reads were aligned
to B. oleracea v. 1.0 genome sequence (http://brassicadb.
org/brad/index.php) and the uniquely mapped reads were
used for gene expression analysis. The abundances of all
unigenes were estimated using RPKM (reads per kilobyte
per million mapped reads) (Mortazavi et al., 2008). Differentially expressed genes (DEGs) were identified according
to Audic and Claverie (1997) and Dang et al. (2013). The
threshold determining the significance of DEGs among
multiple tests was set at a false discovery rate (FDR) ≤ 0.001
and|log2(folds change)| ≥ 1. A total of 7230 DEGs were
found after inoculation, and 544 and 790 of these exhibited successive up- and down- regulation in both resistant
and susceptible B. oleracea during inoculation, respectively
(Mei et al., 2016). In the present study, 12 candidate genes
were selected from these DEGs which were continuously

RNA extraction and qRT-PCR. Total RNA was extracted by using RNA prep pure Plant Kit (DP432 TIANGEN) and reverse transcribed using iScript™ cDNA
Synthesis Kit (1708891EDU BIO-RAD) according to the
manufacturers’ recommendations. Primers were designed
with the software Primer5. Expression of genes was monitored by qRT-PCR on CFX Manager3.0 (Bio-Rad, USA)
according to Manoli et al. (2012). The standard curve was
constructed using tenfold serial dilutions of PCR product,
which was amplified using the specific primers of reference
genes and the target gene, respectively. The corresponding real-time PCR efficiencies were calculated according
to the equation E = 10[−1/slope], and the slope was calculated
by the standard curve (Rasmussen, 2001). The expression
of genes was analyzed with the 2−ΔΔCT method (Livak and
Schmittgen, 2001) since the qRT-PCR efficiencies of interested genes were intermediate between 1.9 and 2.1. The B.
napus Actin7 (BnaC09g46850D) was used as the reference
gene (the forward primer sequence is 5’-CTGGAATTGCTGACCGTATGAG-3’, the reverse primer sequence is
5’-ATCTGTTGGAAAGTGCTGAGGG-3’).
Identification of indicators. A set of transcriptome data
yielded from 1-cm round lesion of B. oleracea leaf at 0, 6,
12 hours after inoculation (hai) by S. sclerotiorum (Mei et
al., 2016) was filtered to search for the genes with successive increase or decrease expression alteration during inoculation. In the present study, the dynamic expressions of
these genes were monitored by qRT-PCR in the inner (the
inoculation site), middle and outer regions (with interval
of 1 cm) of S. sclerotiorum-inoculated leaf of ‘Zhongshuang
9’ at 12, 24 and 36 hai (Fig. 1). Genes exhibiting successive
alterations among three leaf regions or three time points
were regarded as candidate indicators.
To test whether the expression of candidate indicators
was interfered by components from the pathogen, the leaf
cDNA was artificially added with S. sclerotiorum cDNA to
simulate the interference from external pathogen (mycelia
attached on plant surface, such as aerial hyphae and mycelia from inoculum). The cDNA (210 μl for each, 800 ng/μl)
extracted from the inner region of ‘Zhongshuang 9’ at 0,
12 and 24 hai were trisected and added with 0, 1500 and
3000 ng cDNA of S. sclerotiorum, respectively. The gene
expression of candidate indicators and a house-keeping
gene of S. sclerotiorum, β-tubulin (SS1G_04652, the forward primer sequence is 5’-GTGAGGCTGAGGGCTGTGA-3’, and the reverse primer sequence is 5’- CCTTTGGCGATGGGACG-3’), was assayed in these samples, with
three replications. The gene which was expressed without
significant difference among samples that contained varied amount of S. sclerotiorum cDNA at each time point
was considered as the indicator. The forward and reverse
primer sequences to analyze the expression of Bol024541
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Fig. 2. Expression patterns of genes in the inner, middle and outer regions on infected leaf of ‘Zhongshuang 9’. (a) Expression
patterns of 12 genes at 12 hai; Genes marked in red and green represent those selected from up- and down- regulated gene sets
of RNA-seq data, respectively. Genes highlighted by solid lines are candidate genes for the next step. (b) Relative expression patterns (comparing to un-inoculated leaf) of two candidate genes at 12, 24 and 36 hai; (c) The cycle number of crossing point of
Bol024541 at 12, 24 and 36 hai; (d) Correlations of expression of Bol024541 among 12, 24 and 36 hai.

are 5’-GGAAAGTGGTTGCGGTAAG-3’ and 5’-TGTTGTGAAAGGCACGAGTC-3’, respectively.
The expression of the indicator was monitored by
qRT-PCR in the inner region at 12 hai among six Brassica genotypes with two replications, and the lesion sizes
on leaves of the six genotypes were evaluated at 72 hai in
three replications. Pearson’s simple correlation coefficient
was calculated between the expression level of the indicator and the lesion size on leaf.
Data analysis. Analysis of variance (ANOVA) was conducted using the general linear model procedure with
SAS, version 8.0 (SAS Institute, 1992).
RESULTS

Candidate indicator genes. According to the previous
study (Mei et al., 2016), six genes were randomly chosen
from the up- and the down- regulated DEG set for the
screening of indicators in this study. Dynamic expression

characteristics of the 12 genes were investigated in the inner, middle and outer regions around the inoculation site
on leaf of ‘Zhongshuang 9’ at 12 hai (Fig. 2a). Among these
genes, two (Bol005064 and Bol024541) exhibited gradient
decrease from the inner part to the outer region, indicating
that their expression may be related with the extension
of lesion. After further investigation of the two genes at
24 and 36 hai, one gene (Bol024541) presented consistent
expression patterns among the three leaf regions as that
revealed at 12 hai (Fig. 2b).
The cycle number of crossing point of Bol024541 from
12 to 36 hai is shown in Fig. 2c. Furthermore, increase with
significant difference was found for Bol024541 from 12 to
36 hai (Fig. 2d), being accordant with the transcriptome
data. This suggests that the expression of Bol024541 is
positively associated with the extension of S. sclerotiorum
in leaf.
Reliability of qRT-PCR in detecting the expression of
the candidate gene. In order to see whether the qRT-PCR
detection of the candidate gene Bol024541 was influenced
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Fig. 3. Expression profiles of S. sclerotiorum β-tubulin gene
and Bol024541 in leaf samples of ‘Zhongshuang 9’ mixed with
different amount of S. sclerotiorum cDNA at 12, 24 and 36
hai. ‘T-0’, ‘T-1/2’ and ‘T-1’ imply the samples mixed with 0,
1500 and 3000 ng cDNA of S. sclerotiorum, respectively. Letters on the top of bars indicate results from multi-comparison
at P = 0.05 level.

by additional fungal cDNA, we added fungal cDNA artificially to the leaf cDNA to simulate the leaf samples that
contain various amount of external fungal components.
The expression of fungal β-tubulin gene was significantly
increased along the increase of pathogen cDNA, while
Bol024541 exhibited no significant expression difference
among the three treatments at each time point (Fig. 3).
Furthermore, relative expression value of Bol024541 to
mocks (un-inoculated leaf samples added with fungal
cDNA) at 12, 24 and 36 hai was 0.9, 235.4 and 593.4 on
average, respectively, with significant difference among the
three time points (P < 0.0001) (Fig. 3). These results suggest
that the qRT-PCR is reliable for detection of the expression of the indicator gene Bol024541.
Efficiency of the indicator gene. To test the efficiency
of Bol024541 in indicating the susceptibility to S. sclerotiorum of Brassica plants, we associated the expression
value of Bol024541 at 12 hai with the lesion size at 72 hai
in six Brassica genotypes (Fig. 4). Significant difference
(P < 0.0001) was found for the lesion size among the six
genotypes, with the largest lesion in the B. rapa line 6Y733
(13.1 cm2) and the smallest lesion in a B. oleracea line
5M1009 (7.4 cm2) (Fig. 4a). Correspondingly, the highest
and lowest expression of Bol024541 was found in 6Y733
(0.167) and 5M1009 (0.029), respectively (Fig. 4a). A linear function was detected between the lesion size and the
expression value of Bol024541 (y = 39.941x + 7.0605), with
a high correlation coefficient (r = 0.921, P < 0.01) (Fig. 4b).
This reveals a linear association of Bol024541 with the lesion size of these Brassica plants, and implies a high efficiency of this gene in indicating the susceptibility to S.
sclerotiorum.

In the present study, we built a qRT-PCR method to
predict the lesion size in Brassica plants according to the
expression level of an indicator gene (Bol024541) derived
from B. oleracea. Bol024541 is an orthologous of Arabidopsis glutamate dehydrogenase 2 (GDH2) (AT5G07440)
which is associated with Ca2 + binding (Turano et al., 1997).
GDH2 was verified to be highly sensitive to Ca 2+, and
could be enhanced in vitro by Ca 2 + ions (Turano et al.,
1997; Moyano et al., 1992). It has been proved that transient elevation of cytosolic Ca2 + always occurs after pathogen perception to activate downstream defense signaling
cascade (Bindschedler et al., 2001), including the inducement of Ca2 + binding and signaling proteins, and the subsequent activation of reactive oxygen species (ROS) and
programmed cell death (PCD) (Bindschedler et al., 2001;
Clarke et al., 2000; Harding et al., 1997; Takahashi et al.,
2011). However, these responses constantly help the propagation of necrotrophic pathogens such as S. sclerotiorum
(Mei et al., 2016; Govrin and Levine, 2000). Thus, it seems
reasonable that the expression of Bol024541 related positively with the lesion size caused by S. sclerotiorum, since
the elevation of cytosolic Ca 2 + may activate Ca 2 + binding
genes, promote ROS and PCD in host and finally facilitate
the extension of S. sclerotiorum in plant tissue. In addition, it is revealed that Sclerotinia resistance in Brassica is a
quantitative trait controlled by multigenes (Yin et al., 2010;
Zhao and Meng, 2003; Zhao et al., 2006; Mei et al., 2013;
Wei et al., 2014; Wu et al., 2013). Therefore, the expression
of Bol024541 which may predict the lesion size on plant
is more likely an indicator for susceptibility of plant to S.
sclerotiorum.
Our method has two advantages. Firstly, this method is
time-saving. A linear correlation was detected between the
expression of the indicator (Bol024541) at 12 hai and lesion
size at 72 hai in Brassica plants. Comparing to methods
which measure lesion size at several days after inoculation,
our method provides a possibility to predict lesion size of
plants at a very early time.
Secondly, our method reveals the actual susceptibility
of plant rather than a potential disease severity. Before
our study, PCR or RT-PCR techniques have been built to
identify S. sclerotiorum content in rapeseed plants (Freeman et al., 2002; Rogers et al., 2009; Yin et al., 2009), but
these methods all investigated the genomic component of
S. sclerotiorum, thus reflecting the existence or amount of
the pathogen in plant. During infection, indeed, plant always contains both invasion hyphae inside of host tissues
and the external mycelia attached on plant surface (such as
mycelia from inoculum and aerial hyphae). Measurement
of the pathogen amount from this type of plant may cause
overestimation of the severity level since the external part
may not correlate with the disease severity. For example,
the artificially added fungal cDNA in the leaf samples
which simulated the interference from external hyphae in
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Fig. 4. Association of gene expression of Bol024541 with lesion size in Brassica plants. (a) Expression of Bol024541 at 12 hai and
the lesion size at 72 hai of six Brassica accessions. (b) The linear correlation between expression of Bol024541 at 12 hai and the lesion size at 72 hai among six Brassica accessions.

the present study significantly increased the expression of
the S. sclerotiorum β-tubulin gene. But for the plant indicator Bol024541 whose expression is positively correlated
with lesion size, the qRT-PCR revealed consistent expression level at each time point among leaf samples containing different amount of external fungal cDNA. Therefore,
the expression of Bol024541 may indicate a more actual
susceptibility of plant.
In the present study, we report a plant gene based qRTPCR method to predict the susceptibility of Brassica plants
to S. sclerotiorum. Since limited plant genotypes were tested in this study, the application of the indicator Bol024541
needs to be further confirmed in a wider range of genotypes and in practical situations. Nevertheless, our study
could provide a new train of thought for investigating the
susceptibility of plants against pathogens.
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