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Abstract: Sclerotinia sclerotiorum causes devastating diseases in many agriculturally important crops,
including oilseed rape and sunflower. However, the mechanisms of Sclerotinia sclerotiorum pathogen-
esis remain poorly understood. In this study, we characterized a YML079-like cupin protein (SsYCP1)
from Sclerotinia sclerotiorum. We showed that SsYCP1 is strongly expressed and secreted during
Sclerotinia sclerotiorum infection. Sclerotinia sclerotiorum infection was promoted by SsYCP1 overex-
pression and inhibited by silencing this gene with synthetic double-stranded RNA. These results
collectively indicate SsYCP1 as a putative effector protein that contributes to Sclerotinia sclerotiorum
pathogenicity. These findings extend our understanding of effector-mediated Sclerotinia sclerotiorum
pathogenesis and suggest a novel role for YML079-like cupin proteins in plant–pathogen interactions.
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1. Introduction

Brassica napus is an important economic crop, and rapeseed oil is one of the world’s
major edible oils. The byproducts of rapeseed, including rapeseed meal and rapeseed
stalks, are good resources for animal feed [1,2]. Sclerotinia disease, resulting from infection
with Sclerotinia sclerotiorum, a necrotrophic ascomycete fungal pathogen, causes significant
yield losses and quality reduction in B. napus [3,4]. In recent years, many researchers
have been trying to develop new B. napus cultivars that are resistant to S. sclerotiorum
through hybrid breeding. However, the progress is relatively slow, largely due to the lack
of complete resistant genetic materials in Brassica species [3,5–9]. A more comprehensive
and in-depth understanding of S. sclerotiorum pathogenesis might inspire a new strategy
for Sclerotinia disease control.

Effectors play crucial roles in the pathogenesis of a variety of plant pathogens, in-
cluding viruses, fungi, bacteria, and oomycetes [10]. To date, numerous effectors from
various pathogens have been characterized [11–13]. These effectors overcome the plant
immune system and promote pathogen infection by various mechanisms [10,14–16]. Re-
cent studies suggest that, in addition to secreting cell-wall-degrading enzymes and toxins,
S. sclerotiorum also employs effector proteins to facilitate its infection [17,18]. Cysteine-rich
effector SsSSVP1 can interact with QCR8 (a subunit of the mitochondrial respiratory chain
cytochrome b-c1 complex) and disturb its subcellular localization to disrupt the function
of QCR8 and induce plant cell death [19]. Integrin-like effector SsITL interacts with a
chloroplast-localized calcium sensor (CAS) to inhibit salicylic acid accumulation and sup-
press host immunity during the early stage of infection [20,21]. Cerato-platanin effector
SsCP1 interacts with plant-pathogenesis-related protein (PR1) in the apoplast to facilitate
S. sclerotiorum infection [22]. In spite of this pioneering work, the majority of putative
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effectors encoded by S. sclerotiorum, which could be more than one hundred according to
previous bioinformatic predictions [23–25], have not been experimentally studied [26,27].

Here, we identified and characterized a novel secretory protein, SsYCP1, from
S. sclerotiorum. SsYCP1 is a YML079-like cupin protein that is highly expressed and
secreted during S. sclerotiorum infection. Ectopic overexpression of SsYCP1 promotes
S. sclerotiorum infection, while silencing has the opposite effect, suggesting that SsYCP1 is a
potential effector protein that contributes to S. sclerotiorum pathogenicity. To our knowledge,
SsYCP1 is the first YML079-like pathogen cupin protein that can be secreted to function
as a potential effector. Interestingly, YML079-like cupin proteins encoded by many other
ascomycetes have no secretory signal peptide, indicating that SsYCP1 might be a newly
evolved secretory protein to facilitate S. sclerotiorum infection.

2. Materials and Methods
2.1. Bioinformatic Analysis

All homologs of SsYCP1 were searched using the National Center for Biotechnology
Information (NCBI) database [28]. The domains of the selected proteins were identified
by Pfam (http://pfam.xfam.org, accessed on 18 October 2021) [29]. Signal peptides (SP)
were predicted using SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP, accessed on
18 October 2021) [30], and transmembrane domains were predicted using the TMHMM
2.0 online tool (http://www.cbs.dtu.dk/services/TMHMM, accessed on 18 October 2021).
Phylogenetic trees were constructed by neighbor-joining using MEGA-X (iGEM, Boston,
MA, USA) [31], and sequence alignments were visualized using Jalview [32].

2.2. Yeast Secretion Assay

The pSUC2 vector contains a signal peptide-removed sucrose convertase gene (SUC2) [33].
The predicted SP sequences were inserted into the pSUC2-SP vector to fuse with the SUC2
gene, and the resulting vectors were transformed into the YTK12 yeast strain. Wild-type
and transgenic YTK12 yeast strains were spread on YPDA solid medium containing 10 g/L
of yeast extract, 20 g/L peptone, 10 g/L glucose, and 20 g/L of agar, or CMD-W medium
containing 6.7 g/L yeast nitrogen base, 10 g/L yeast extract, 20 g/L peptone, 10 g/L
glucose, and 20 g/L agar, or YPRRA medium containing 10 g/L yeast extract, 20 g/L
peptone, 20 g/L cottonseed sugar, and 20 g/L agar. Table S1 lists the primers used for
vector construction.

2.3. Agrobacteria-Mediated Transient Gene Expression

SsYCP1 was inserted into the p35S expression vector and then transformed into Agrobacteria
strain GV3101. Table S1 lists the cloning primer sequences. Cultures of Agrobacteria strains were
resuspended in 10 mM MES, pH 5.7, containing 10 mM MgCl2 and 200 µM acetosyringone, to
concentrations of OD600 = 0.8. After incubation in the dark at room temperature for two hours,
the Agrobacteria was injected into Nicotiana benthamiana leaves.

2.4. Preparation of S. sclerotiorum Mycelium Suspensions

Six S. sclerotiorum agar plugs (0.5 cm diameter) were inoculated to 150 mL of potato
dextrose broth in a 250 mL conical flask and incubated at 22 ◦C with shaking at 100 rpm for
24 h. The mycelial balls were collected by filtering through gauze and were washed three
times each with ddH2O and potato dextrose broth medium. The mycelial balls were then
homogenized using a T18 digital ULTRA-TURREX homogenizer (IKA, Staufen, Germany)
at 10,000 rpm for 15 min at 4 ◦C. Ten microliters of OD600 = 2.0 suspensions were used to
inoculate leaves.

2.5. dsRNA Preparation

The Vazyme T7 RNAi Transcription Kit (TR102) was used for dsRNA preparation
following the manufacture’s instruction. The target sequences were amplified from cDNA
with the primers listed in Table S3 (primers SsYCP1A1 and SsYCP1B1 for amplification
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of SsYCP1A1, and primers SsYCP1A2 and SsYCP1B2 for SsYCP1A2) as DNA templates
for in vitro transcription. Five microliters of dsRNA (900 ng/µL) were mixed with 1 mL of
mycelial suspension (OD600 = 2.0), and 10 µL was used to inoculate leaves.

2.6. Quantitative PCR (qPCR) Analysis

Total RNAs were extracted by Fungal Total RNA Isolation Kit (B518529, Sangon Biotech,
Shanghai, China). DNase treatment and first-strand cDNA synthesis were conducted using
HiScript 3 RT SuperMix for qPCR (+gDNA wiper) (R323-01, Vazyme Biotech, Nanjing,
China). qPCR was performed on StepOnePlus Real-Time PCR System (Thermo, Waltham,
MA, USA) using PowerBR Green Master Mixes (Thermo, Waltham, MA, USA). The relative
gene expression levels were calculated using the 2−∆∆CT method [34]. S. sclerotiorum Tubulin
(MH796665) and Nicotiana benthamiana L25 (L18908) were used as internal controls for
S. sclerotiorum and tobacco genes, respectively.

3. Results
3.1. SsYCP1 Is Strongly Expressed and Secreted during S. sclerotiorum Infection

A previous study showed that 6% of S. sclerotiorum proteins (695 of 11,130) contain SPs
and lack predicted transmembrane domains (TM) [23], which could be potential effector
proteins. Interestingly, we found that this ratio is significantly (p = 0.026, Fisher’s exact
test) higher in the cupin superfamily proteins of S. sclerotiorum, where 5 out of 24 (17%)
cupin proteins meet these criteria (with SP but without TM) (Table S2) [23] (Table S2
and Figure S1). Among these five S. sclerotiorum cupins that contain SPs but have no
TMs, SS1G_06230 caught our attention, as it belongs to the YML079-like family of the
cupin superfamily (also called cupin_5 or DUF985 family), from which no pathogen
effector has so far been reported. We renamed SS1G_06230 as SsYCP1 (YML079-like cupin
protein 1) for short.

YML079-like family cupin proteins are universally distributed among all life kingdoms
(Figure S2). S. sclerotiorum encodes three YML079-like cupin proteins. Surprisingly, among
these three YML079-like cupins, only SsYCP1 has an SP (Figure S3 and Figure 1B). Moreover,
no SPs were identified in the YML079-like proteins of many other ascomycetes, including
Botrytis cinerea, which is phylogenetically close to S. sclerotiorum and encodes only a single
YML079-like protein (Table S3), indicating that secretion property of SsYCP1 might be
newly evolved by S. sclerotiorum. Gene expression analysis showed that SsYCP1 is highly
expressed during S. sclerotiorum infection, suggesting a role of this gene in S. sclerotiorum
pathogenesis (Table S2 and Figure 1A).

To investigate whether SsYCP1 is indeed a secretory protein, we carried out the yeast
secretion assay. We cloned the SP sequence of SsYCP1 (SsYCP1SP) into the pSUC2 vector
to fuse SsYCP1SP with the native signal peptide-truncated SUC2 invertase gene. The
pSUC2-SsYCP1SP construct was transformed into the yeast strain YTK12, which cannot
survive on YPRAA medium due to the lack of endogenous invertase. The YTK12 strains
transformed with pSUC2-SsYCP1SP, as well as with pSUC2-AVR1b, which contains the SP
sequence of the Phytophthora sojae effector AVR1b (positive control), were able to grow on
YPRAA medium, suggesting that the SP of SsYCP1 (as well as the SP of AVR1b) allows
the secretion of SUC2 invertase [33]. By contrast, the YTK12 strain transformed with SUC2
fused with the N-terminal sequence of Magnaporthe oryzae Mg87 (which has no secretion
ability and served as the negative control), or the original YTK12 strain, did not survive on
YPRAA medium [35]. These results demonstrate that the SP of SsYCP1 is functional.
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Figure 1. SsYCP1 is strongly expressed and secreted during S. sclerotiorum infection. (A) Expression 
of SsYCP1 at various times after S. sclerotiorum inoculation. Leaves were inoculated with mycelial 
agar plugs and were sampled at 0, 6, 24, 36, and 48 h. Baseline expression of SsYCP1 (0 h) was set as 
1. (B) Signal peptide prediction in SsYCP1 protein by SignaIP-5.0. (C) Functional verification of the 
SsYCP1 SP using the YTK12 yeast secretion assay. YPDA (complete medium) was used to verify 
normal growth, CMD-W medium was used to demonstrate successful transformation of the pSUC2 
vector into the yeast strains, and YPRAA medium was used to demonstrate SUC2 secretion. The 
YTK12 strain was unable to grow on CMD-W and YPRAA media, the YTK12 strain transformed 
with pSUC2-Mg87 (negative control) was unable to grow on YPRAA medium, and YKT12 strains 
transformed with pSUC2-SsYCP1 or pSUC2-Avr1b (positive control) grew on all media. 

3.2. SsYCP1 Overexpression Promotes S. sclerotiorum Infection 
We investigated the effects of SsYCP1 overexpression on S. sclerotiorum pathogenic-

ity. We inserted SsYCP1 without its SP into the p35S vector, where the expression of 
SsYCP1 is controlled by the constitutive CaMV 35S promoter. The resulting p35S-SsYCP1 
construct was transformed into Agrobacteria and ectopically expressed in tobacco leaves 
by agroinfiltration. We then inoculated S. sclerotiorum onto the tobacco leaves 48 h after 
agroinfiltration. Increased expression of SsYCP1 in these leaves in comparison with leaves 
agroinfiltrated with the empty vector was confirmed by qPCR (Figure 2B). Furthermore, 

Figure 1. SsYCP1 is strongly expressed and secreted during S. sclerotiorum infection. (A) Expression
of SsYCP1 at various times after S. sclerotiorum inoculation. Leaves were inoculated with mycelial
agar plugs and were sampled at 0, 6, 24, 36, and 48 h. Baseline expression of SsYCP1 (0 h) was set
as 1. (B) Signal peptide prediction in SsYCP1 protein by SignaIP-5.0. (C) Functional verification of
the SsYCP1 SP using the YTK12 yeast secretion assay. YPDA (complete medium) was used to verify
normal growth, CMD-W medium was used to demonstrate successful transformation of the pSUC2
vector into the yeast strains, and YPRAA medium was used to demonstrate SUC2 secretion. The
YTK12 strain was unable to grow on CMD-W and YPRAA media, the YTK12 strain transformed
with pSUC2-Mg87 (negative control) was unable to grow on YPRAA medium, and YKT12 strains
transformed with pSUC2-SsYCP1 or pSUC2-Avr1b (positive control) grew on all media.

3.2. SsYCP1 Overexpression Promotes S. sclerotiorum Infection

We investigated the effects of SsYCP1 overexpression on S. sclerotiorum pathogenicity.
We inserted SsYCP1 without its SP into the p35S vector, where the expression of SsYCP1
is controlled by the constitutive CaMV 35S promoter. The resulting p35S-SsYCP1 con-
struct was transformed into Agrobacteria and ectopically expressed in tobacco leaves
by agroinfiltration. We then inoculated S. sclerotiorum onto the tobacco leaves 48 h after
agroinfiltration. Increased expression of SsYCP1 in these leaves in comparison with leaves
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agroinfiltrated with the empty vector was confirmed by qPCR (Figure 2B). Furthermore, as
shown in Figure 2C, S. sclerotiorum caused significantly larger lesions on the tobacco leaves
overexpressing SsYCP1 than on control leaves, suggesting that ectopic overexpression of
SsYCP1 can promote S. sclerotiorum infection. Consistent with this observation, we found
that the expressions of plant-defense-related genes, such as PR1, PR5, and HSR203, were
inhibited by SsYCP1 overexpression (Figure 2D).
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Figure 2. S. sclerotiorum infection is promoted by SsYCP1 overexpression. (A) Tobacco leaves expressing SsYCP1 were more
susceptible to S. sclerotiorum. Leaves were infiltrated with Agrobacteria containing the p35S empty vector (EV) or p35S-
SsYCP1 (SsYCP1) as indicated, and S. sclerotiorum was inoculated 48 h after agroinfiltration. Leaves were photographed
after 48 h; representative images are shown. Black circles indicate the leaf area infiltrated with Agrobacteria, and red
circles indicate S. sclerotiorum-induced infections. (B) The expression of SsYCP1 was significantly higher in tobacco leaves
agroinfiltrated with p35S-SsYCP1 (SsYCP1) than in the control leaves (EV). Leaves were injected with S. sclerotiorum 48 h
after agroinfiltration and analyzed by qPCR after 24 h. Data are means ± SD; n = 3; Different lowercase letters means
p < 0.05 (one-way ANOVA followed by Duncan’s test). (C) Quantification of S. sclerotiorum-induced lesions shown in (A),
measured by ImageJ. Data are means ± SD; n = 34; Different lowercase letters means p < 0.05 (one-way ANOVA followed
by Duncan’s test). (D) The expression of plant defense-related genes was suppressed by SsYCP1. Leaves were inoculated
with S. sclerotiorum 48 h after agroinfiltration with p35S-SsYCP1 (SsYCP1) or p35S empty vector (EV), and gene expression
was analyzed by qPCR 24 h after S. sclerotiorum inoculation. Data are means ± SD; n = 3; Different lowercase letters means
p < 0.05 (one-way ANOVA followed by Duncan’s test).

3.3. Silencing of SsYCP1 Inhibits S. sclerotiorum Infection

To confirm the positive role of SsYCP1 in S. sclerotiorum pathogenesis, we performed
the RNAi experiments using synthesized double-strand RNA (dsRNA) that target to
SsYCP1. We designed two dsRNA, SsYCP1A1 and SsYCP1A2 (Figure 3A). siFi21 software
analysis showed that SsYCP1A1 and SsYCP1A2 can specifically target SsYCP1 without any
predictable off-target sites (Figure S4).
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Figure 3. Silencing SsYCP1 reduces S. sclerotiorum pathogenicity. (A) Schematic diagram of SsYCP1
dsRNA-targeting regions. p: promoter, sp: signal peptide, A1 (101–478 bp), A2 (259–418 bp) represent
two dsRNA, t: terminator, 5′: 5′UTR, 3′: 3′UTR. (B) S. sclerotiorum caused smaller lesions when
SsYCP1 was silenced by dsRNA. dsRNA (SsYCP1A1 and SsYCP1A2) were transcribed in vitro
and mixed with S. sclerotiorum mycelium suspensions for inoculation. S. sclerotiorum mycelium
suspensions mixed with equal volumes of RNase-free ddH2O (mock) or with equal concentrations
of dsRNA-targeting GFP (GFP) were used as negative controls. Leaves were photographed after
48 h and representative images are shown. (C) Expression of SsYCP1 was knocked down by dsRNA.
The expression of SsYCP1 in leaves of Figure (B) was examined by qPCR. Data are means ± SD;
n = 3; Different lowercase letters means p < 0.05 (one-way ANOVA followed by Duncan’s test).
(D,E) Quantification S. sclerotiorum-induced lesions on leaves of (B). Lesion sizes were measured by
ImageJ. Data are means ± SD; n = 20; Different lowercase letters means p < 0.05 (one-way ANOVA
followed by Duncan’s test).

SsYCP1A1, SsYCP1A2, and GFP-dsRNA (dsRNA targeting GFP) were synthesized
by in vitro transcription and were then inoculated onto tobacco leaves together with
S. sclerotiorum. S. sclerotiorum premixed with dsRNA targeting GFP or an equal volume
of water served as controls. SSYCP1 expression was monitored by qPCR, which showed
significantly reduced expression of SSYCP1 in SsYCP1A1- or SsYCP1A2-inocuated leaves
in comparison with the controls (Figure 3C), confirming the effective silencing of SsYCP1.
Furthermore, the S. sclerotiorum-caused lesion sizes on leaves co-inoculated with SsYCP1A1
or SsYCP1A2 were reduced compared to the leaves co-inoculated with GFP-dsRNA or
water (Figure 3B–E), indicating that SsYCP1 silencing represses S. sclerotiorum infection.
Consistent with Figure 2, these results verify that SsYCP1 promotes S. sclerotiorum infection.

4. Discussion

S. sclerotiorum, a typical necrotrophic fungus with broad host range, is one of the
most devastative plant pathogens, causing huge economic loss worldwide [36]. A lack of
knowledge of S. sclerotiorum pathogenicity hinders efforts to develop effective methods to
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control it [17,37]. Although S. sclerotiorum encodes many putative effector proteins, only
a few of them have been studied [23–27]. Here, we characterized a novel new protein,
SsYCP1, in S. sclerotiorum. SsYCP1 was found to be strongly expressed and secreted during
infection and was positively correlated with S. sclerotiorum pathogenicity, suggesting
that SsYCP1 is a putative effector protein that contributes to S. sclerotiorum pathogenesis
(Figures 1C, 2 and 3).

SsYCP1 is a YML079-like cupin protein (Table S1 and Figure S2). Our study presents
the first example of YML079-like pathogen cupin proteins that can be secreted to function
as a putative effector and promote pathogen infection (Figures 1C, 2 and 3). It is noteworthy
that, unlike S. sclerotiorum, many other ascomycete fungi, including Botrytis cinerea and
Aspergillus oryzae, encode only one YML079-like cupin protein that lacks a secretory signal
peptide (Table S3), indicating that the secretion property of SsYCP1 might be newly evolved
by S. sclerotiorum. It would be interesting to experimentally investigate whether YML079-
like proteins encoded by other pathogens are secretory.

Cupins are a superfamily of topologically conserved but functionally diversified
proteins that exist in all kingdoms of life [38]. The reported functions of cupins include
isomerases, epimerase, dioxygenase, and nonenzymatic storage proteins [39–43]. The
cupin superfamily is classified into 69 families in the Pfam database, and the YML079-
like family is one of them [29]. The crystal structure of the YML079w protein from
Saccharomyces cerevisiae revealed that YML079-like family cupin proteins may adopt a
conserved jelly-roll fold [44]. However, the biological functions of the YML079-like cupins
remain largely unknown [45]. Previous studies have shown that a YML079-like protein
(BbDUF985) from Branchiostoma belcheri may function as a phospho-glucose isomerase
in the metabolism of nucleotides [46,47]. In this study, we showed that the YML079-like
protein SsYCP1 from S. sclerotiorum functions as a putative effector to promote the pathogen
infection, which represents the first example of such a protein in the YML079-like family.
Interestingly, some fungal proteins from other cupin families have also been reported to
contain secretory peptides and potentially function as effectors [48,49], indicating a possi-
ble important role of cupin superfamily proteins in the pathogenesis of fungal pathogens.
Future studies are needed to further reveal how SsYCP1 promotes S. sclerotiorum infection,
which might not only shed light on the biological functions of YML079-like cupin proteins
but also uncover novel mechanisms underlying plant–pathogen interactions.

5. Conclusions

In this study, we characterized a novel YML079-like cupin superfamily protein
SsYCP1 from S. sclerotiorum. SsYCP1 has a functional secretory SP and is highly expressed
during S. sclerotiorum infection. Ectopic overexpression of SsYCP1 in plants promoted
S. sclerotiorum infection, whereas SsYCP1 silencing by synthetic double-stranded RNA sup-
pressed S. sclerotiorum infection, demonstrating a positive role of SsYCP1 in S. sclerotiorum
pathogenesis. SsYCP1 is the first YML079-like cupin protein that can act as a putative
effector to promote pathogen infection. Moreover, many YML079-like cupin proteins
encoded by many other ascomycete fungi appear to have no secretion property, suggesting
that SsYCP1 is a secretory protein newly evolved by S. sclerotiorum to promote its infection.
Our work provides new insights into effector-mediated pathogenesis of S. sclerotiorum and
highlights the potentially important role of YML079-like cupin proteins in the interactions
between plants and pathogens.
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alignment of the three YML079-like family cupin proteins in S. sclerotiorum, Figure S4: Off-target site
prediction for the two SsYCP1 dsRNA (SsYCP1A1 and SsYCP1A2), Table S1: List of primers used
in this study, Table S2: All cupin domain-containing proteins in S. sclerotiorum, Table S3: Secretory
signal peptide analysis of the 188 YML079-like cupin proteins in ascomycetes.
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