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Abstract

Sclerotial development is a vital stage in the life cycles of many fungal plant pathogens. In this study, the protein
Ss-CAD, which contains three conserved domains of cinnamyl alcohol dehydrogenase (CAD), was found to be
required for sclerotial development in Sclerotinia sclerotiorum. Ss-CAD was significantly upregulated during early
stage of sclerotial development. In Ss-CAD-silenced strains, sclerotial development was abnormal. In these silenced
strains, formation of sclerotia was delayed or sclerotia yield was reduced, whereas hyphal growth and virulence
were normal. Nox1, Nox2, and NoxR, which encode reactive oxygen species (ROS)-generating NADPH oxidases, were
downregulated in Ss-CAD-silenced strains. NoxR-silenced strains displayed similar defects during sclerotial formation
as Ss-CAD-silenced strains. Treatment of Ss-CAD-silenced strains with exogenous oxidants or NADPH restored normal
sclerotial development. Sclerogenesis in Ss-CAD-silenced strains could also be recovered through Nox1
overexpression. The results suggest that Ss-CAD is linked to the NADPH oxidase pathways to affect sclerotial
development in S. sclerotiorum.
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Background
Sclerotinia sclerotiorum (Lib.) de Bary is a globally dis-
tributed necrotrophic fungal pathogen. It infects more
than 450 plant species across 75 families and causes sig-
nificant yield losses in oilseeds such as rape, sunflower,
and soybean (Boland and Hall 1994; Hegedus and Rim-
mer 2005; Bolton et al. 2006). The sclerotia of S. sclero-
tiorum can survive in the soil for more than 8 years and
protect this fungus against low temperatures, low mois-
ture, high UV, and microbial activity (Bolton et al. 2006).
When the environmental conditions are appropriate, the
sclerotia germinate either myceliogenically to form hy-
phae or carpogenically to release copious ascospores,

which inoculate host plants and induce disease. Forming
new sclerotia enables S. sclerotiorum to survive under
adverse environmental conditions (Adams 1979; Stead-
man 1979; Roper et al. 2010). As sclerotial development
is vital in the S. sclerotiorum disease cycle, blocking this
process may effectively prevent Sclerotinia diseases in
the field.
Sclerotial development is complex and artificially di-

vided into six sequential stages—initiation, condensation,
enlargement, consolidation, pigmentation, and matur-
ation (Li and Rollins 2009). An earlier study demon-
strated that several environmental factors, such as
nutrition, light, pH, temperature, and oxidative stress,
are associated with sclerotial development (Chet and
Henis 1975). Numerous recent studies focusing on the
molecular mechanisms underlying sclerotial develop-
ment have revealed that several genes regulate the
process (Chen et al. 2004; Jurick et al. 2004; Chen and
Dickman 2005; Harel et al. 2006; Erental et al. 2007;
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Jurick and Rollins 2007; Li and Rollins 2010; Kim et al.
2011; Fan et al. 2017; Li et al. 2018; Liang et al. 2018;
Zhang et al. 2019a). We also reported that Ss-Sl2, SSITL,
Ss-Caf1, and Sop1 were associated with sclerotial devel-
opment in S. sclerotiorum (Yu et al. 2012; Zhu et al.
2013; Xiao et al. 2014; Lyu et al. 2016). S. sclerotiorum
coordinates environmental signals and triggers the
mitogen-activated protein kinase (MAPK) signaling
pathway mediated by Smk1, which is a downstream
ERK-type MAPK. In turn, this promotes the formation
of sclerotia. Increase in levels of cAMP may result in de-
fective sclerogenesis as cAMP inhibits the MAPK signal-
ing pathway. Rap-1, a small GTPase, is activated by
cAMP and binds to an unidentified MAPK kinase kinase
(MAPKKK). Hence, MAPKKK is separated from Ras,
Smk1 is inactivated, and sclerogenesis is suppressed
(Chen et al. 2004; Jurick et al. 2004; Chen and Dickman
2005). Several genes associated with oxidative stress may
regulate sclerotial differentiation in S. sclerotiorum. Si-
lencing the SsNox1 and SsNox2 NADPH oxidase genes
reduces ROS levels and inhibits sclerotial development
(Kim et al. 2011). The Sop1 microbial opsin homolog
negatively regulates S. sclerotiorum resistance to oxida-
tive stress and is essential for sclerotial development
(Lyu et al. 2016). Sstrr1 encoding a thioredoxin reduc-
tase (TrxR), a critical enzyme for maintenance of cellular
redox homeostasis, is associated with sclerogenesis.
Sstrr1-silenced strains have been shown to produce rela-
tively fewer but larger sclerotia (Zhang et al. 2019a).
However, understanding of the molecular mechanisms
underlying sclerotial development is lacking and these
mechanisms remain to be elucidated.
The presence of cinnamyl alcohol dehydrogenase

(CAD, EC 1.1.1.195) was first biochemically established
in soybean (Glycine max) (Ebel and Grisebach 1973),
and the enzyme is ubiquitous in plants. In fact, numer-
ous plant species possess a family of CAD-like genes
(Kim et al. 2004; Tobias and Chow 2005; Saballos et al.
2009; Preisner et al. 2014). CADs contain a highly con-
served Rossmann fold NAD(P)H/NAD(P) + binding do-
main and are NADPH- and Zn2+-dependent (Rossmann
et al. 1974; Jornvall and Hoog 1995). In addition, CADs
use NADPH as a cofactor and catalyze the reversible
conversion of p-hydroxycinnamaldehydes to their corre-
sponding alcohols. This reaction is the final step of
monolignol biosynthesis in plants and mushrooms
(Boerjan et al. 2003; Kim et al. 2004; Li et al. 2016).
However, certain CAD homologs in bacteria and yeast
are not associated with lignin biosynthesis (Wilkin et al.
1999; Larroy et al. 2002; Valencia et al. 2004; Seo et al.
2012). Genome sequence databases indicate that many
filamentous fungi also encode CAD homologs. However,
their biochemical functions in fungi have not yet been
determined.

We previously constructed gene expression profiles during
hyphal growth and sclerotial development using digital gene
expression (DGE, Solexa/Illumina) technology based on
deep sequencing (Lyu et al. 2015). The expression profile
database (GEO accession No. GSE65301 for the DGE data)
revealed that several genes were significantly upregulated or
downregulated during sclerotial development. Thus, these
genes might play important roles in the process. A gene with
highly conserved CAD motifs (SS1G_10803; GenBank ac-
cession No. XM_001588306.1), designated Ss-CAD, was up-
regulated more than 100-times during sclerotial
development. Therefore, the present study endeavored to
determine the role of Ss-CAD in sclerotial development.

Results
Ss-CAD contains conserved CAD domains
It was predicted that Ss-CAD would encode a protein
composed of 333 amino acids. The molecular weight
and isoelectric points of Ss-CAD were near 36.15 kD
and 6.23, respectively. It had previously been established
that a typical CAD has a catalytic Zn1 binding motif
[GHE(X)2G(X)5G(X)2V], a structural Zn2 binding motif
[GD(X)9.10C(X)2C(X)2C(X)7C], and an NADPH binding
motif [G(X)GGV(L)G], and that all three are highly con-
served (McKie et al. 1993). Through motif analysis using
MEME SUITE, it was found that these three highly con-
served motifs also existed in Ss-CAD (Bailey et al. 2009;
Additional file 1: Figure S1).

Ss-CAD is highly expressed at the initiation stage of
sclerotial development and its downregulation impairs
this process
Quantitative real-time reverse-transcription PCR (qRT-
PCR) was performed to identify Ss-CAD transcript pro-
files at various stages of mycelial growth on potato dex-
trose agar (PDA). Ss-CAD expression peaked on the
third day after inoculation, at which point sclerotial de-
velopment began. At this point, Ss-CAD expression was
approximately 130-fold higher than that at the vegetative
growth stage, which occurred on the second day after in-
oculation. Thereafter, Ss-CAD expression gradually de-
clined (Fig. 1a). As sclerotiogenesis begins 3–4 d after
inoculation onto PDA (Li and Rollins 2009; Yu et al.
2012), it can be inferred that Ss-CAD participates in S.
sclerotiorum sclerotial development. To test this hypoth-
esis, Ss-CAD was silenced by RNA interference (RNAi).
A gene-silencing vector was constructed and trans-
formed into the wild-type strain EP-1PNA367. After hy-
phal tip purification, 98 independent transformants were
obtained, which were confirmed by PCR screening of
the selectable marker, the hygromycin resistance gene
hph. qRT-PCR was then performed to detect Ss-CAD ex-
pression level in the transformants. Ss-CAD expression
and CAD activity were both significantly reduced in the
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Fig. 1 Ss-CAD-silenced transformants showing reduced Ss-CAD expression levels and CAD activity. a Ss-CAD cDNA expression levels were
measured by qRT-PCR and were normalized to that of actin cDNA in extracts taken from each developmental stage. cDNA abundances from
samples grown on PDA for 2 d were assigned a value of 1.0. For all experiments, three independent replicates were performed. b qRT-PCR
analysis of Ss-CAD transcript accumulation in Ss-CAD-silenced transformants. Ss-CAD expression in the wild-type strain Ep-1PNA367 served as
control. Hyphal masses from 3-day-old colonies on PDA were collected for gene expression analysis. c CAD activity in the wild-type strain and Ss-
CAD-silenced transformants was measured by enzyme activity assays. CAD activity in the wild-type strain was assigned a value of 1.0. Three
independent replicates were performed for all experiments. Values are means ± S.E. **P < 0.01; one-way ANOVA

Fig. 2 Ss-CAD-silenced transformants showing abnormal sclerotial development. a Phenotypes of the wild-type strain and Ss-CAD gene-silenced
transformants were cultured on PDA and carrots. Photographs were taken 10 and 30 days post-inoculation (dpi). b Relative sizes of sclerotia
formed by Ss-CAD-silenced transformants and the wild-type strain on carrot rods. c Relative weights of sclerotia formed by Ss-CAD-silenced
transformants and the wild-type strain on carrot rods. Sclerotia were produced on autoclaved carrot rods incubated in 250-mL flasks at 20 °C for
30 d. For each strain, 100 randomly selected sclerotia were photographed and weighed. Three independent replicates were performed for all
experiments. Values are means ± S.E. **P < 0.01; one-way ANOVA
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SiCAD-10 and SiCAD-51 transformants (Fig. 1b, c).
Hence, these transformants were selected for further
study. The transformant SiCAD-6, in which Ss-CAD ex-
pression and CAD activity were both slightly decreased,
was also analyzed.
Neither fungal vegetative growth rate on PDA nor

virulence on detached rapeseed leaf differed markedly
between the SiCAD-10 and SiCAD-51 transformants
and the wild-type strain (Additional file 2: Figure S2).
However, the initiation of sclerotial development was de-
layed by 3–4 d in these transformants compared to that
in the wild-type strain. Sclerotia were only observed in
the wild-type strain after 10 d of incubation on PDA or
carrot, at which point no sclerotia were visible in either
SiCAD-10 or SiCAD-51 (Fig. 2a). All strains eventually
produce mature sclerotia. On the contrary, the weights
of 100 sclerotia of SiCAD-10 and SiCAD-51 were nearly
50% less than that of the wild-type strain (Fig. 2b, c).
These results suggest that SS-CAD is involved in sclero-
tial development and that SS-CAD silencing delays scler-
ogenesis and reduces sclerotia formation.

Superoxide production is impaired in Ss-CAD-silenced
strains
A previous study demonstrated that NADPH oxidases
regulate sclerotial development in S. sclerotiorum (Kim

et al. 2011). Ss-Nox2 silencing impeded sclerotial devel-
opment but did not reduce pathogenicity relative to that
in the wild-type strain, and produced a phenotype re-
sembling that of Ss-CAD-silenced strains. Since the
superoxide level in Ss-Nox2-silenced strains was reduced
at the initiation stage of sclerotial development, we won-
dered whether a similar phenomenon would occur in Ss-
CAD-silenced strains. Superoxide was then detected by
Nitro blue tetrazolium (NBT) staining at the early stage
of sclerotial development in both the wild-type and Ss-
CAD-silenced strains. Dark blue formazan precipitates
were observed in the wild-type strain, whereas super-
oxide accumulation was significantly reduced in SiCAD-
10 and SiCAD-51 (Fig. 3a).

Exogenous oxidants and NADPH treatment restore
sclerotial development in Ss-CAD-silenced transformants
The Ss-CAD-silenced strain was incubated for 15 d on
PDA modified with 6 mM H2O2 to confirm that Ss-CAD
influences sclerotial development via the reactive oxygen
species (ROS) pathway. This treatment augmented scle-
rotial development in the wild-type and SiCAD-51
strains. In fact, sclerotia production in SiCAD-51 was
partially recovered. Moreover, 0.2 M NADPH completely
restored sclerotia biogenesis in SiCAD-51 (Fig. 3b, c).
Therefore, superoxide production was impaired in Ss-

Fig. 3 Ss-CAD-silenced transformants showing reduced superoxide accumulation. Exogenous H2O2 and NADPH treatments restored sclerotial
development in Ss-CAD-silenced transformants. a NBT staining was used to detect superoxide accumulation at 3–4 dpi on PDA. Staining intensity
was monitored under a light microscope, and blue staining represented superoxide accumulation. Ss-CAD-silenced transformants accumulated
less blue formazan than the wild-type strain EP-1PNA367. b Treatment with exogenous H2O2 and NADPH recovered sclerotial development in Ss-
CAD-silenced transformants. The effects of adding 6mM H2O2 and 0.2 mM NADPH individually to PDA on S. sclerotiorum sclerotial development
were evaluated. Photographs were taken at 10 dpi. c Weights of sclerotia formed under various culture conditions. Sclerotia produced on each
plate were collected, air-dried, and weighed at 15 dpi. Three independent replicates were performed for each experiment. Values are means ±
S.E. **P < 0.01; one-way ANOVA
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CAD-silenced strains. Further, Ss-CAD might be linked
to the NADPH oxidase pathway and regulate sclerotial
development in S. sclerotiorum.

Ss-CAD silencing downregulates ROS-generating genes
To clarify the relationship between Ss-CAD silencing
and ROS reduction, the expression levels of the Ss-Nox1,
Ss-Nox2, and Ss-NoxR ROS-generating NADPH oxidase
genes were detected via qRT-PCR. The expression levels
of these genes peaked at the start of sclerotial develop-
ment and gradually declined thereafter. This trend re-
sembled that of Ss-CAD expression levels (Fig. 4a).
Significant reductions in the expression levels of these
genes were also observed in SiCAD-10 and SiCAD-51
compared to those in the wild-type strain (Fig. 4b).
Thus, Ss-CAD participates in interactions with the
NADPH oxidase pathway in S. sclerotiorum.

Ss-NoxR silencing impairs formation of sclerotia
Previous studies have shown that NoxR plays a key role
in fungal ROS production (Takemoto et al. 2006; Scott
and Eaton 2008; Tanaka et al. 2008; Hernandez-Onate
et al. 2012). The present study found that the expression
pattern of Ss-NoxR was similar to that of Ss-CAD and
peaked at the start of sclerotial development, which im-
plied that Ss-NoxR might also play an important role in
sclerotial development in S. sclerotiorum. Therefore, the
SiNoxR-8 and SiNoxR-20 Ss-NoxR-silenced transfor-
mants were created. qRT-PCR showed that, compared
to the wild-type strain, the number of Ss-NoxR tran-
scripts was significantly reduced in SiNoxR-8 and
SiNoxR-20 (Fig. 5a). These strains displayed defective
sclerotial development and produced highly branched
hyphae, resembling the phenotype of the Ss-Nox2 mu-
tant (Fig. 5b, c) (Kim et al. 2011). Therefore, ROS gener-
ation positively regulates sclerotial development in S.
sclerotiorum.

Fig. 4 Expression levels of Ss-Nox1 (GenBank accession No. XP_001592740), Ss-Nox2 (GenBank accession No. XP_001587930), and Ss-NoxR
(GenBank accession No. XP_001598015) in the wild-type strain EP-1PNA367 and Ss-CAD-silenced transformants. a qRT-PCR analysis of Ss-Nox1, Ss-
Nox2, and Ss-NoxR transcript levels at different sclerotial development stages in the wild-type strain. b qRT-PCR analysis of Ss-Nox1, Ss-Nox2, and
Ss-NoxR transcript levels in Ss-CAD-silenced transformants. Ss-Nox1, Ss-Nox2, and Ss-NoxR cDNA expression levels were measured using qRT-PCR
and were normalized to actin cDNA. Three independent replicates were performed for each experiment. Values are means ± S.E. **P < 0.01;
one-way ANOVA
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Nox1 overexpression restores sclerotial development in
Ss-CAD-silenced strains
The Ss-Nox1 overexpression vector was constructed
using the G418 resistance gene, and the vector was
then transformed into the Ss-CAD-silenced strain
SiCAD-51 to discern the relationship between Ss-
CAD and NADPH oxidases, as well as their roles in

sclerotial development. This resulted in the SiCAD-
OE68 and SiCAD-OE77 overexpression strains. qRT-
PCR analysis confirmed that SsNox1 transcription was
entirely recovered in SiCAD-OE68 and SiCAD-OE77
(Fig. 6a). Moreover, sclerotia initiation and the num-
bers of sclerotia formed were restored to the levels of
the wild-type strain (Fig. 6b). Hence, Ss-CAD directly

Fig. 5 Ss-NoxR-silenced transformants lost the ability to form sclerotia. a qRT-PCR analysis of Ss-NoxR transcript accumulation in Ss-NoxR-silenced
transformants. Ss-NoxR expression in the wild-type strain Ep-1PNA367 served as control. Hyphal masses from 3-day-old colonies on PDA were
collected for gene expression analysis. The cDNA abundance obtained from the wild-type strain was assigned a value of 1.0. Three independent
replicates were performed. Values are means ± S.E. **P < 0.01; one-way ANOVA. b Phenotypes of the wild-type strain EP-1PNA367 and Ss-NoxR-
silenced transformants incubated on PDA for 10 d. c In vitro hyphal development of the wild-type strain and Ss-NoxR-silenced transformants. All
strains were cultured on PDA for 1 d. Hyphal tips were observed under a dissecting microscope. Bars = 500 μm

Fig. 6 Ss-Nox1 overexpression restored sclerotial development in Ss-CAD-silenced transformants. a qRT-PCR analysis of Ss-nox1 transcript
accumulation. The cDNA abundance obtained from the wild-type strain was assigned a value of 1.0. Three independent replicates were
performed. Values are means ± S.E. **P < 0.01; one-way ANOVA. b Sclerotial development in the SiCAD-OE68 and SiCAD-OE77 Ss-Nox1-
overexpressing strains on PDA. Sclerotial development was defective in SiCAD-51 and was restored in Ss-Nox1-overexpressing strains.
Photographs were taken at 6 dpi and at 10 dpi
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or indirectly regulates sclerotial development in S.
sclerotiorum via the ROS pathway.

Discussion
Sclerotial development is a vital stage of the S. sclero-
tiorum life cycle. This study examined how the Ss-CAD
gene regulates sclerotial development in S. sclerotiorum.
At the initiation stage of sclerotial development, Ss-CAD
was significantly upregulated. In contrast, the expression
levels of other S. sclerotiorum CAD homologs were very
low at this stage. Ss-CAD silencing delayed and reduced
sclerotial development, and there was no evidence that
Ss-CAD participates in S. sclerotiorum pathogenicity as
its silencing had no apparent effect on fungal virulence.
CADs were first identified in plants, and their homo-

logs were subsequently detected in bacteria and yeast
(Ebel and Grisebach 1973; Larroy et al. 2002; Seo et al.
2012). In plants, CADs catalyze the biosynthesis of three
different monolignols, thus determining lignin content
and composition (Sibout et al. 2005). The phenylpropa-
noid biosynthetic pathway governs lignification and gen-
erates numerous phenolic derivatives such as flavonols,
anthocyanins, sinapate esters, lignins, and lignans. These
substances protect plants against biotic and abiotic
stresses such as pathogenesis, herbivory, wounding, high
light/UV, low temperatures, air pollution, and ozone
(Christie 1994; Dixon and Paiva 1995; Shirley 1996;
Solecka 1997; Sharma et al. 2019). Various stressors alter
the redox state (amount of oxidant or antioxidant)
which, in turn, serves as a hub to regulate the biosyn-
thesis of antioxidants, phenylpropanoids (Grace and Lo-
gan 2000; Foyer and Noctor 2012; Brunetti et al. 2015;
Foyer and Noctor 2015; Li et al. 2019a). In bamboo, oxi-
dative stress (exogenous H2O2) activates NADPH oxi-
dase, which induces endogenous H2O2 accumulation.
And then, high level of endogenous H2O2 accelerates
bamboo shoot lignification by activating the phenylpro-
panoid pathway (Li et al. 2019a). Certain CAD homologs
have various enzymatic activities that are unrelated to
lignin biosynthesis. However, they are still involved in
plant responses to abiotic and biotic stresses (William-
son et al. 1995; Somssich et al. 1996; Li et al. 2019b). In
Saccharomyces cerevisiae, CADs may participate in fusel
alcohol synthesis, ligninolysis, and NADP(H) homeosta-
sis (Larroy et al. 2002). The above examples show that
CAD functions are not highly conserved among different
organisms, but that all CADs appear to be engaged in
regulating or responding to changes of the redox status.
Cinnamyl alcohol dehydrogenase (CAD) homologs are

ubiquitous in filamentous fungi but their functions re-
main unclear. Certain recent genomic and metabonomic
studies have indicated that the phenylpropanoid pathway
may occur in filamentous fungi (Seshime et al. 2005;
Zhang et al. 2019b). To the best of our knowledge,

however, the presence of the lignin biosynthetic pathway
has not yet been demonstrated in filamentous fungi.
Hence, CAD homologs are likely to have functions other
than lignification in filamentous fungi.
Several studies have identified the molecules and sig-

nal transduction pathways involved in the initiation and
development of sclerotia in S. sclerotiorum. The accumu-
lation of ROS and lipid peroxidation increases during
sclerotial development (Georgiou et al. 2006; Papaposto-
lou and Georgiou 2010), but ROS scavengers have been
shown to inhibit sclerotial development in S. sclero-
tiorum, S. minor, S. rolfsii, and Rhizoctonia solani (Geor-
giou et al. 2006; Patsoukis and Georgiou 2007, 2008).
The present study found that superoxide production was
impaired in Ss-CAD-silenced strains, whereas exogenous
oxidants restored sclerotial development. NADPH oxi-
dases are associated with ROS accumulation and regu-
late sclerotial development in S. sclerotiorum (Kim et al.
2011). NoxR is also a key ROS production factor in
many fungi (Takemoto et al. 2006; Scott and Eaton
2008; Tanaka et al. 2008; Hernandez-Onate et al. 2012).
The current study found that Nox1, Nox2, and NoxR
were downregulated in Ss-CAD-silenced strains, and
demonstrated that Ss-NoxR silencing impaired sclerotial
formation whereas Ss-Nox1 overexpression in Ss-CAD-
silenced strains recovered sclerotial development. These
results indicate that Ss-CAD regulates sclerotial develop-
ment in S. sclerotiorum via the ROS pathway.
NADPH oxidases play crucial roles in many biological

processes, as they use NADPH as a substrate to generate
ROS (Ying 2008; Shi et al. 2015). Earlier reports have
shown that NADPH homeostasis is essential for cell sur-
vival and development (Tan et al. 2009; Jeon et al. 2012;
Wang et al. 2014). This study found that NADPH could
restore sclerotial development in Ss-CAD-silenced
strains, rather than NADP+ or NADH. Therefore,
NADPH homeostasis was modulated in the Ss-CAD-si-
lenced strains.

Conclusions
This study reports that the Ss-CAD protein containing
three conserved domains of CAD family is required for
sclerotial development in S. sclerotiorum, and that
NADPH-dependent ROS regulates this process. These
findings help to elucidate the functions of CAD in fungi
and can be used to develop new strategies of controlling
Sclerotinia diseases in plants.

Methods
Fungal strains and culture conditions
The wild-type strain Ep-1PNA367 used in this study was
a virulent strain of S. sclerotiorum (Xie et al. 2006). It
was stored as mycelial plugs on potato dextrose agar
(PDA; Difco Laboratories, Detroit, MI, USA) at 4 °C

Zhou et al. Phytopathology Research            (2020) 2:13 Page 7 of 11



until later use. The strains were routinely sub-cultured
on PDA at 20 °C to maintain vigor and purity. Transfor-
mants were cultured on PDA amended with 100 mg/mL
hygromycin B (Calbiochem, San Diego, CA, USA). To
facilitate hyphae collection from cultures grown on a
solid medium, a sterile cellophane membrane was placed
on the agar before inoculation. Sclerotia were produced
by incubation at 20 °C for 30 d on autoclaved carrot rods
in 250-mL flasks.

Nucleic acid extraction and RT-PCR analysis
The wild-type strain and transformant mycelial agar
disks were inoculated onto PDA overlaid with cello-
phane and incubated at 20 °C. Hyphae were collected at
various time points and were ground to a fine powder in
liquid nitrogen. The DNA of the hyphae was extracted
following the cetyltrimethylammonium bromide method
(Sambrook and Russell 2001). Total RNA was isolated
with TRIzol reagent (Huashun Bioengineering Co.,
Shanghai, China) and was treated with DNaseΙ (TaKaRa,
Dalian, China), according to the manufacturer’s instruc-
tions. First-strand cDNA was synthesized using Rever-
tAid™ first-strand cDNA synthesis kits (MBI; Fermentas,
Waltham, MA, USA) and this was used as a template for
PCR or qRT-PCR.
Relative gene expression quantification in S. sclero-

tiorum was performed by quantitative real-time PCR
with SYBR-Green in a CFX96TM real-time PCR detec-
tion system (Bio-Rad Laboratories, Hercules, CA, USA).
The corresponding primer pairs were used to determine
the expression levels of Ss-CAD, Ss-Nox1, Ss-Nox2, Ss-
NoxR, Ss-SOD, and Ss-CAT (Additional file 3: Table S1).
Total cDNA abundance was normalized using actin as a
control and was amplified by the actin F/actin R primer
pair (Additional file 3: Table S1).

Construction of RNAi and overexpression vectors
The Ss-CAD RNAi vectors were constructed according
to the methods of Yu et al. (2012). A 528-bp DNA frag-
ment of Ss-CAD was amplified by PCR using a specific
primer pair. The BamHI and ClaI restriction sites were
introduced at the 5′ terminus of the sense primer, and
the PstI and HindIII restriction sites were introduced at
the 5′ terminus of the antisense primer (Additional file
3: Table S1). The PCR product was co-digested either
with BamHI plus PstI or with ClaI plus HindIII to gen-
erate DNA fragments with two different types of sticky
ends. The fragment pairs were ligated to pCIT and pro-
duced a new vector containing a reverse repeat structure
separated by a 420-bp intron. This vector was digested
with XhoI plus SacI to obtain a repeat fragment and was
ligated with the pCAMBIA3300 vector to form the pSi-
CAD Ss-CAD-silencing vector. The pSiNoxR Ss-NoxR-si-
lencing vector was also obtained using the

aforementioned procedure. Then, pSiCAD and pSiNoxR
were separately transformed into Agrobacterium tumefa-
ciens EHA105. To construct the Ss-Nox1 overexpression
vector, full-length Ss-Nox1 cDNA was amplified using
specific primers (Additional file 3: Table S1). The PCR
product was ligated with nucleotide A which, in turn,
was ligated into the XcmI-digested pCXH vector.

S. sclerotiorum transformation
S. sclerotiorum was subjected to Agrobacterium-medi-
ated transformation (Yu et al. 2012), with minor modifi-
cations. Fresh A. tumefaciens EHA105 cells containing
pSiCAD, pSiNoxR, or pOENox1 were co-cultivated with
fresh S. sclerotiorum mycelial plugs on a co-induction
agar medium overlaid with cellophane. After co-
cultivation at 20 °C for 2 d, the plates were covered with
selective medium (PDA amended with 100 μg/mL hygro-
mycin B and 200 μg/mL cefotaxime sodium) and were
incubated at 20 °C for 4 d. Colonies regenerated via the
selective medium were transferred to PDA containing
100 μg/mL hygromycin B. Transformants were sub-
cultured at least 3 times by transferring the hyphal tips
to fresh PDA containing 100 μg/mL hygromycin B.

Exogenous H2O2 and NADPH treatment
To determine whether H2O2 and NADPH could recover
sclerotial development in the mutants, the Ep-1PNA367
and SiCAD-51 S. sclerotiorum strains were inoculated
onto PDA amended with 6 mM H2O2 or 0.2 mM
NADPH. The controls comprised the aforementioned
strains cultured on untreated PDA. Colony morphology,
sclerotial development, and sclerotia weight were evalu-
ated for each treatment.

Reactive oxygen species detection assays
Nitro blue tetrazolium (NBT) staining was used to de-
tect superoxide in the various S. sclerotiorum strains as
described by Kim et al. (2011). Fungal tissues cultured
for 3–4 d on PDA overlaid with sterile cellophane mem-
brane were incubated in 0.5 mg/mL NBT in 10mM po-
tassium phosphate buffer (pH 7.5) for 2 h. After staining,
the fungal tissues were observed by light microscopy.

Enzyme activity assays
Total proteins were extracted as described by Zhang
et al. (2006), with slight modifications. Mycelial agar
discs of the wild-type and transformant strains were in-
oculated onto cellophane-overlaid PDA and were incu-
bated at 20 °C. Fungal hyphae were collected at 48 hours
post-inoculation (hpi), ground to a fine powder in liquid
nitrogen, and extracted using 1000 μL extraction buffer
(100 mM Tris-HCl (pH 7.5), 2% polyethylene glycol
6000, 5 mM dithiothreitol, and 2% polyvinylpolypyrroli-
done) for 2.5 h at 4 °C. The suspension was centrifuged

Zhou et al. Phytopathology Research            (2020) 2:13 Page 8 of 11



at 8000 rpm at 4 °C for 10 min and the supernatant was
decanted. Then, 100 μg total protein was used in CAD
activity assays. The protein concentrations were deter-
mined by Bradford assays. Assays of the crude enzyme
were conducted using coniferyl alcohol as the substrate.
Hydroxycinnamaldehyde formation was spectrophoto-
metrically determined at 400 nm using a coniferaldehyde
molar extinction coefficient of 2.10 × 104M− 1 cm− 1 (Sib-
out et al. 2003). Assays were conducted at 30 °C for 10
min in 500 μL of 100 mM Tris-HCl (pH 8.8), 100 μM
NADP, and 250 μM coniferyl alcohol. Enzyme reactions
were initiated by enzyme addition and were stopped by
incubation at 85 °C for 10 min. The control consisted of
an assay lacking NADP.

Bioinformatics analysis
The full-length Ss-CAD protein and homolog sequences
were retrieved from the NCBI GenBank database (http://
www.ncbi.nlm.nih.gov/genomes) for use in the analyses.
The sequence motifs were discovered and analyzed using
MEME SUITE.

Observation of sclerotial development
To observe sclerotial development, all strains were incu-
bated on PDA at 20 °C for 15 d, and photographs were
taken at 6 and 10 dpi. The superoxide accumulation
levels in the Ss-CAD-silenced transformants and the
wild-type strain were detected by NBT staining after 3–4
dpi onto PDA. Fluorescence intensity was monitored
under a light microscope. To determine the effects of
exogenous H2O2 and NADPH on sclerotial develop-
ment, all strains were incubated on PDA amended either
with 6 mM H2O2 or with 0.2 mM NADPH, and photo-
graphs were acquired at 10 dpi. All sclerotia were col-
lected, air-dried, and weighed at 15 dpi. The ability of
Ss-CAD-silenced strains to produce sclerotia on carrots
was also determined. SiCAD-6, SiCAD-10, and SiCAD-5
and the corresponding wild-type strain were incubated
on 100 g autoclaved carrot rods in 250-mL flasks at
20 °C for 30 d and photographs were taken at 10 dpi and
30 dpi. The sclerotia were washed and dried at 28 °C.
For each strain, 100 randomly selected sclerotia were
photographed and weighed. Three independent repli-
cates were performed for all experiments.

Morphological observations and pathogenicity assays
To observe colonial morphology, all strains were incu-
bated on PDA at 20 °C under a 12 h light/12 h dark
photoperiod. After 1 d incubation, hyphal development
was observed and photographed under a dissecting
microscope. The colony diameters of the wild-type and
Ss-CAD-silenced strains were measured at 12 hpi and 36
hpi. The vegetative growth rate of each strain was calcu-
lated as follows: growth rate (cm/d) = (36 hpi diameter -

12 hpi diameter). Three independent replicates were
performed per experiment.
The virulence of the Ss-CAD-silenced transformants

was tested using detached healthy rapeseed leaves. My-
celial plugs 6 mm in diameter were excised from the
margins of active fungal colonies on PDA, placed
inverted on detached leaves, and incubated in a plastic
chamber at 95% RH and 20 °C. To evaluate disease se-
verity, lesions were measured at 48 hpi. The wild-type
strain served as the control. Five leaves were inoculated
per strain and three independent replicates were
performed.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s42483-020-00056-9.

Additional file 1: Figure S1. Three conserved motifs were derived from
Ss-CAD and its homologs in Arabidopsis thaliana and Saccharomyces cere-
visiae by the MEME tool. Height of each letter represents relative fre-
quency of each base at various positions in the consensus sequence. a
Zn1 binding motif [GHE(X)2G(X)5G(X)2V]. b Structural Zn2 binding motif
[GD(X)9.10C(X)2C(X)2C(X)7C]. c NADPH binding motif [G(X)GGV(L)G].

Additional file 2: Figure S2. Influence of Ss-CAD silencing on Sclerotia
sclerotiorum growth rate and pathogenicity. a Comparison of growth
rates of Ss-CAD-silenced transformants and the wild-type strain. b Ss-CAD-
silenced transformants showing unchanged virulence on detached rape-
seed (Brassica napus) leaf. Photographs were taken at 48 hpi. c Compari-
son of diameters of lesions induced by Ss-CAD-silenced transformants
against those induced by the wild-type strain. Three independent repli-
cates were performed per experiment. Values are means ± S.E. *P < 0.05;
one-way ANOVA.

Additional file 3: Table S1. Primers used in the present study.
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