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Abstract

Background Rapeseed (Brassica napus L.) is the third largest source of vegetable oil in the world, and Sclerotinia
sclerotiorum (Lib.) is a major soil-borne fungal plant pathogen that infects more than 400 plant species, including B.
napus. Sclerotinia stem rot caused an annual loss of 10 —20% in rapeseed yield. Exploring the molecular mechanisms
in response to S. sclerotiorum infection in B. napus is beneficial for breeding and cultivation of resistant varieties. To
gain a better understanding of the mechanisms regarding B. napus tolerance to Sclerotinia stem rot, we employed

a miRNAome sequencing approach and comprehensively investigated global miRNA expression profile among five
relatively resistant lines and five susceptible lines of oilseed at 0, 24, and 48 h post-inoculation.

Results In this study, a total of 40 known and 1105 novel miRNAs were differentially expressed after S. sclerotiorum
infection, including miR156, miR6028, miR394, miR390, miR395, miR166, miR171, miR167, miR164, and miR172.
Furthermore, 8,523 genes were predicted as targets for these differentially expressed miRNAs. These target genes
were mainly associated with disease resistance (R) genes, signal transduction, transcription factors, and hormones.
Constitutively expressing miR156b (OX156b) plants strengthened Arabidopsis resistance against S. sclerotiorum
accompanied by smaller necrotic lesions, whereas blocking miR156 expression in Arabidopsis (MIM156) led to greater
susceptibility to S. sclerotiorum disease, associated with extensive cell death of necrotic lesions.

Conclusions This study reveals the distinct difference in miRNA profiling between the relatively resistant lines and
susceptible lines of B. napus in response to S. sclerotiorum. The identified differentially expressed miRNAs related

to sclerotinia stem rot resistance are involved in regulating resistance to S. sclerotiorum in rapeseed by targeting
genes related to R genes, signal transduction, transcription factors, and hormones. miR156 positively modulates the
resistance to S. sclerotiorum infection by restricting colonization of S. sclerotiorum mycelia. This study provides a broad
view of miRNA expression changes after S. sclerotiorum infection in oilseed and is the first to elucidate the function
and mechanism underlying the miR156 response to S. sclerotiorum infection in oilseed rape.
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Backgrounds

Sclerotinia sclerotiorum (Lib.) is a major soil-borne fun-
gal plant pathogen that infects more than 400 plant
species and causes root, crown, and stem rot on vari-
ous plant hosts [1]. As necrotrophic phytopathogenic
fungus, S. sclerotiorum obtains nutrients from plants by
infecting and killing host cells and destroying host tis-
sue, causing significant yield losses and economic dam-
age to many economically important crops, including
oilseed rape [2]. Fungicides and biocontrol agents have
been used to restrain this pathogen in the past. However,
this method pollutes the environment. Thus, screening
and breeding of relatively resistant oilseed rape cultivars
is urgently needed, but information about how oilseed
rape responds to S. sclerotiorum infection is lacking, even
though much effort has been made.

As endogenous and noncoding RNAs, miRNAs play
key roles in diverse biological processes by binding to the
3’ untranslated regions of messenger RNAs [3]. miRNAs
have been reported as key components in various biolog-
ical processes, such as development [4], organ formation
[5], and many environmental stresses [6]. In addition,
several studies have suggested that miRNAs play key
roles in pathogen attacks [7, 8]. In Arabidopsis thaliana,
miR393 and miR396 are involved in the defence response
to Pseudomonas syringae pv. tomato (Pst) and cyst
nematode, respectively [7, 9]. In response to Pst infec-
tion, miR393 negatively regulates messenger RNAs for
auxin receptors, transport inhibitor response 1 (TIR1),
auxin signalling F-box protein 2 (AFB2), and AFB3 and
positively regulates the defence response through auxin
signalling [7]. Moreover, miR393 plays a key role in the
regulation of the glucosinolate pathway, which partici-
pates in plant responses to pathogens [10]. As a positive
regulator in cyst nematode infection, miR396 suppressed
the target gene encoding growth regulating factor 1/3
(GRF1/3) [9]. In Brassica rapa, miR158 and miR1885 play
key roles in the response to turnip mosaic virus infection
by suppressing the disease resistance protein gene nucle-
otide-binding site leucine-rich repeat [11]. In tobacco,
miR6019 and miR6020 contributed to the resistance of
tobacco mosaic virus by guiding the incision of N genes
[12]. In rice, small RNA profiling of resistant and suscep-
tible lines after Magnaporthe oryzae (M. oryzae) infec-
tion revealed that miR156, miR160, miR169, and miR164
were induced, miR394 and miR396 were downregulated
in the resistant lines but were not observed in the sus-
ceptible lines. In addition, overexpression of miR160a or
miR398b in susceptible rice cultivars could enhance rice
resistance to M. oryzae [13].

miR156 is one of the most abundant and highly con-
served miRNAs in plants and has been extensively inves-
tigated. miR156 has been reported to be significantly
upregulated after infection with fungal phytopathogens
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such as Botrytis cinereal (B. cinereal), Dothiorella gregaria
(D. gregaria), and S. sclerotiorum in Arabidopsis, tomato,
populus, and oilseed rape [14—18]. Furthermore, a nega-
tive effect of miR156-regulated Squamosa promoter
binding protein-like (SPL9) on plant resistance for Heli-
coverpa armigera and Plutella xylostella was observed
in Arabidopsis [19]. However, many studies have also
proven that miR156 negatively regulates other fungal and
bacterial diseases and insect resistance. Downregulation
of miR156 and overexpression of OsSPL7 and AtSPL9
enhanced disease resistance against bacterial blight and
Pst DC3000 in rice and Arabidopsis, respectively [20, 21].
Silencing of miR156 increased the expression of defence-
related genes and enhanced rice blast and brown plan-
thopper resistance in rice [22, 23]. These results show
that the specific functions of miR156/SPL networks are
not highly conserved when exposed to biotic stresses in
different species. The study on the regulation of S. sclero-
tiorum resistance by miRNA and miR156 in oilseed rape
only remained at the transcriptome level, so the role of
miR156 in response to S. sclerotiorum remains unclear.

Identification of pathogen-responsive miRNAs and
their targets will help elucidate the complex miRNA-
mediated regulatory networks behind the plant response
to S. sclerotiorum infection. However, little is known
about the regulation of S. sclerotiorum resistance by
small RNAs. Here, five relatively resistant lines (R-lines)
and five relatively susceptible lines (S-lines) were used
as materials, and samples at three time points (0 h, 24 h,
and 48 h) were tested to investigate miRNAs involved in
S. sclerotiorum infection in oilseed rape and explore the
resistance mechanism. The results of transgenic func-
tional verification showed that miR156 positively regu-
lates rapeseed resistance to S. sclerotiorum. This study
added more useful information on the molecular mecha-
nisms in response to S. sclerotiorum infection in oilseed
rape.

Results

Deep sequencing analysis of sSRNAs in oilseed rape

The resistance assessment (RA) of 5 resistant (R) and 5
susceptible (S) B. napus winter-type accessions inocu-
lated with S. sclerotiorum showed that the RA of the
resistant accessions was obviously higher than suscep-
tible accessions (Fig. 1A). In total, 12,340,495 (R-0 h),
11,926,637 (R-24 h), 11,623,972 (R-48 h), 11,672,636
(S-0 h), 11,547,239 (S-24 h), and 11,528,861 (S-48 h)
raw reads were obtained in six oilseed rape samples
(Table S3). After filtration, 11,639,549 (R-0 h), 11,539,673
(R-24 h), 11,031,935 (R-48 h), 11,317,740 (S-0 h),
10,607,203 (S-24 h), and 10,909,522 (S-48 h) clean reads
corresponding to 3,957,503 (34.0%), 3,716,475 (32.2%),
3,708,260 (33.6%), 2,541,507 (22.5%), 3,403,808 (32.1%),
and 3,212,007 (29.4%) unique clean reads were obtained
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Fig. 1 The resistance assessment (RA) of 5 resistant (R) and 5 susceptible (S) B. napus winter-type accessions inoculated with S. sclerotiorum (A) and length
distribution of small RNAs obtained from the six libraries of oilseed rape in this study (B). Values are the means+ SDs from ten replicates. The significant

differences from S are indicated (Student’s t test: **. P<0.01)
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Fig. 2 Venn diagrams of known miRNAs (A) and novel miRNAs (B) in six libraries

for the R-0 h, R-24 h, R-48 h, S-0 h, S-24 h, and S-48 h
libraries, respectively (Table S3). For identification of the
sequence categories, all clean reads were queried against
the Brassica napus L. genome, Rfam and miRBase v.22,
and 11 annotated categories were classified (Table S1).
The length distribution of the total SRNA reads showed
that 19-26 nt in length accounted for the majority of
reads in each library (Fig. 1). Among them, 21 and 24 nt
reads were the top two most abundant. Interestingly, 24
nt was the most abundant in the R accessions, while 21 nt
was the most abundant in the S accessions (Fig. 1B).

Identification of known and novel miRNAs in B. napus
To identify known miRNAs from six libraries, we
mapped all unique reads to the known plant miRNAs in

the miRBase v. 22.0 database. In total, 72 known miR-
NAs belonging to 29 miRNA families were identified in
six libraries (Table S4). Among these 29 families, miR156
and miR171 had the most members, containing seven
members, followed by miR166 and miR395, which both
contained six members; 15 miRNA families contained
only one miRNA member (Table S4). Among them,
59 (81.9%) miRNAs were detected in all six libraries
(Fig. 2A). For the total reads of each miRNA, 38 (52.8%)
had more than 100 reads, 11 (15.3%) had more than 1000
reads, and only 8 (11.1%) had more than 10,000 reads.
Among them, miR159 had the highest expression level
in each library, followed by miR403 in R accessions and
miR396a in S accessions. Interestingly, miR6028 was only
expressed in S accessions (Table S4).
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After identification of the known miRNAs, the “unan-
notated” sequences were used to predict novel miRNAs
in B. napus. In total, 1,402 novel miRNAs from six librar-
ies were identified (Table S5). Among them, only 54
(3.9%) miRNAs were detected in all six libraries (Fig. 2B).
For the total reads of each miRNA, 46 (3.3%) had more
than 100 reads, and only 16 (1.1%) had more than 1000
reads; novel_mir_1, novel_mir_34, novel_mir_35, and
novel_mir_62 had more than 10,000 reads (Table S5). In
addition, the majority of reads were 20-23 nt in length,
23 nt and 21 nt were peaks in all six libraries (Fig. S1),
which was different from that in known miRNAs
detected in this study. Interestingly, the base of the first
position of the 5" end in all six libraries was mainly the
uracil nucleotide (Fig. S2).

Differentially expressed miRNAs in B. napus after S.
sclerotiorum infection

For screening of miRNA responses to S. sclerotiorum
infection, 28 known (belonging to 11 families) and 894
novel miRNAs were detected as differentially expressed
miRNAs (DEMs) in response to S. sclerotiorum infec-
tion (Table S6). Among the 28 known DEMs, miR166f
was downregulated at 48 h after S. sclerotiorum infec-
tion in both R and S accessions, while the rest of them
were upregulated at 24 h or (and) 48 h after S. sclerotio-
rum infection in R or (and) S genotypes. miR156b/c and
miR164b/c/d were identified as DEMs at 24 and 48 h after
S. sclerotiorum infection in both genotypes. miR156g was
a DEM in R-48 h vs. R-0 h, S-24 h vs. S-0 h, and S-48 h
vs. S-0 h comparisons; miR156a/d/e/f and miR390a/b/c
were DEMs in the R-24 h vs. R-0 h, R-48 h vs. R-0 h, and
S-48 h vs. S-0 h comparisons; and miR168a was a DEM
in R-48 h vs. R-0 h and S-48 h vs. S-0 h. A set of miRNAs
were specifically identified as DEMs in only one compari-
son, including miR395a/b/c, miR6031, miR171a/b/c/d/e,
miR164a, miR172a, miR393, and miR860 (Fig. 3 A-B).
Among the 894 novel DEMs, 25 were detected in all
comparisons of R-24 h vs. R-0 h, R-48 h vs. R-0 h, S-24 h
vs. S-0 h, and S-48 h vs. S-0 h; 91, 178, 86 and 188 DEMs
were detected in comparisons of R-24 h vs. R-0 h, R-48 h
vs. R-0 h, S-24 h vs. S-0 h, and S-48 h vs. S-0 h, respec-
tively (Fig. 3B).

In a comparison of the responsiveness of S. sclero-
tiorum infection between the two genotypes, 27 known
DEMs (belonging to 10 families) and 880 novel DEMs
were identified (Table S7). Among the 27 known DEMs,
miR6028 was downregulated in R accessions com-
pared with S accessions at three time points. miR395d,
miR395e, and miR395f were also downregulated in
comparisons of R-0 h vs. S-0 h and R-24 h vs. S-24 h;
miR167a, miR167b, and miR167c were upregulated in
comparisons of R-24 h vs. S-24 h and R-48 h vs. S-48 h;
8, 10, and 2 DEMs were detected in comparisons of R-0 h
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vs. S-0 h, R-24 h vs. S-24 h, and R-48 h vs. S-48 h, respec-
tively (Figs. 3C and 4B-C). Among the novel DEMs, 43
were commonly detected in all three comparisons, while
168, 183, and 351 DEMs were detected in comparisons of
R-0 h vs. S-0 h, R-24 h vs. S-24 h, and R-48 h vs. S-48 h,
respectively (Fig. 3D).

Target prediction and functional analysis of DEMs

miRNAs mainly work through specific cleavage of the tar-
get mRNA and negatively regulate target gene expression
at the post-transcriptional level. Therefore, to explore the
functions of DEMs, we predicted target genes of these
DEMs using bioinformatics analysis. In this study, 8,523
target genes, including 206 for 13 known miRNAs and
8393 targets for 569 novel miRNAs, were predicted. To
further explore the functions of the B. napus miRNAs
in response to S. sclerotiorum infection, we used Gene
Ontology (GO) analysis to assess the potential functions
of all annotated targets based on three main categories:
biological process, cellular component, and molecular
function. We found 16, 15, and 20 functional groups in
cellular components (CC), molecular functions (MF),
and biological processes (BP), respectively (Fig. S3). Cel-
lular processes (GO: 0009987), cell (GO: 0005623), and
binding (GO: 0005488) were the dominant functions in
each of the three main categories (Fig. S3).

For further analysis of the interaction of small RNAs
with target genes in response to S. sclerotiorum infection,
all target genes were classified and annotated (Table S8).
The target genes of small RNAs encoding disease resis-
tance proteins (R proteins), MAPK kinases, transcription
factors, and hormone-related proteins were displayed
using Cytoscape software (Fig. 5). The results showed
that there were 181 genes encoding R protein targeted
by 114 DEMs (9 known and 105 novel). The expression
of miR156b/c/g was significantly upregulated at both 24
and 48 h in the R and S materials, and its target gene was
BnaA10g09930D, homologous to AT5G55830 in A. thali-
ana. The gene encoded the receptor kinase of L-TYPE
LECTIN RECEPTOR KINASE S.7, which plays critical
roles in disease resistance.

In addition, 22 MAPK cascade pathway genes were
targeted by 14 novel DEMs, which were downregu-
lated except novel_mir 443 (Fig. 5 and Table S8). The
target genes of novel _mir 443, BnaA03g38420D and
BnaC03g45260D, encoding mitogen-activated protein
kinase 3 (MAPKKK3), activate MPK3/6 downstream of
multiple pattern recognition receptors and confer resis-
tance to both bacterial and fungal pathogens.

Furthermore, 556 genes belonging to hormone-related
genes were targeted by 205 DEMs, and these genes were
mostly involved in auxin and abscisic acid metabolism
and signal transduction pathways (Fig. S4 and Table
S8). Target genes of 13 known DEMs belonging to four
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Fig. 3 Venn diagrams of known DEMs (A) and novel DEMs (B) in R and S accessions after S. sclerotiorum infection, Venn diagrams of known DEMs (C) and
novel DEMs (D) between R and S accessions after S. sclerotiorum infection at the same time point

miRNA families were involved in hormone metabolism
and signal transduction pathways. The target genes of
miR156b/c/g encoding 12-oxophytodienoate reduc-
tase 1 (OPR1) and OPR3 are necessary for jasmonate
biosynthesis. CUP-SHAPED COTYLEDONI1 (CUCI)
and CUC3 targeted by miR164b/c/d were involved in
the auxin pathway, ETHYLENE-INSENSITIVE3-like 3
(EIL3) regulated by miR166f was involved in the ethylene
metabolism pathway, and the miR395a target gene, allene
oxide cyclase 2, was involved in the jasmonate biosyn-
thesis pathway. Nine-cis-epoxycarotenoid dioxygenase
3 (NCED3) and NCEDY, the key members of abscisic
acid synthesis and metabolism, were encoded by tar-
get genes of novel_mir_120 and novel_mir_736, respec-
tively, and novel_mir_120 was downregulated at both
24 and 48 h in R lines. Novel_mir_736 was only upreg-
ulated in the R-48 h sample. Other key hormone genes,

such as SUPPRESSOR OF AUXIN RESISTANCE 3, auxin
response factor 16 (ARF16), gibberellin 2-oxidase 3, jas-
monate-zim-domain protein 10, ethylene responsive ele-
ment binding factor 3, and serine/threonine protein kinase
1, were also detected (Fig. S4 and Table S8).

Five hundred and sixty-nine genes targeted by 173
DEMs were belonged transcription factor (TF) genes, of
which MYB, NAC, bHLH, WRKY, GRF, SBP, and HD-ZIP
were the major TF families (Fig. S5 and Table S8). Among
them, SBP and NAC TF genes were mainly regulated by
miR156 and miR164, respectively. GRF TF genes were
regulated by miR390, while MYB and WRKY were mainly
regulated by novel miRNAs (Fig. S5 and Table S8).
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miR156 positively regulates resistance to S. sclerotiorum in
Arabidopsis

The miRNAome sequencing data showed that multiple
members of the miR156 family respond to S. sclerotiorum
infection. Among them, miR156b was significantly upreg-
ulated after S. sclerotiorum inoculation in both groups at
24 and 48 h after inoculation. Accordingly, we hypoth-
esized that miR156 is involved in oilseed rape resistance
to S. sclerotiorum. To test this hypothesis, we conducted
the following experiments. The conservation analysis of
the miR156 precursor sequence and mature sequence in
several species shows that miR156 is highly conserved
(Fig. S6 A-C). The overexpression of miR156b and tar-
get mimic of miR156 in Arabidopsis was performed to
determine whether miR156b is required for basal resis-
tance against S. sclerotiorum infection. Homozygous

overexpression lines of OX156b (#3, #4 and #2) and the
MIM156 miR156 target mimic lines MIM156 (#4, #1
and #2) were selected from the positive transgenic Ara-
bidopsis plants to evaluate their resistance to S. sclero-
tiorum. qRT-PCR analysis indicated that miR156b was
overexpressed in different OX156b lines, and the expres-
sion of each member of miR156 in different MIM156
lines dropped to varying degrees (Fig. 6A and B). We
also detected the expression levels of the miR156 target
genes AtSPL3, AtSPLS, AtSPL6, AtSPL10, AtSPL11, and
AtSPLI13 in the OX156b and MIM156 lines (Fig. 6C and
Fig. S7). Compared with those of the WT, their expres-
sion levels were markedly inhibited in OX156b plants; in
contrast, they were significantly increased in MIM156
plants. Subsequently, leaf inoculation of Arabidopsis
seedlings was used to assess resistance to S. sclerotiorum
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at four weeks of age. The results of three independent S.
sclerotiorum inoculation experiments showed that dis-
ease symptoms were observed at 24 h after inoculation in
all plants (Fig. 6D). The phenotype analysis demonstrated
that OX156b plants showed much smaller chlorotic/
necrotic lesions relative to the WT plants, while MIM156
plants showed a significantly enhanced severity and
produced more severe disease symptoms with greater
necrotic lesion area than in the WT and OX156b plants
after inoculation (Fig. 6D-E).

Furthermore, a trypan blue staining assay was per-
formed to examine host cell death in WT, OX156b,
and MIM156. Among the three, MIM156 had the most
extensive and rapid cell death of necrotic lesions follow-
ing inoculation with S. sclerotiorum (Fig. 7A). Mycelial
growth was aggregated in the necrotic zone in OX156b
leaves with a smaller staining area than in WT and
MIM156 leaves (Fig. 7A). The staining results were con-
sistent with the phenotype analysis of S. sclerotiorum
inoculation. The hyphal growth of S. sclerotiorum in the
infected leaf tissues was also examined by scanning elec-
tron microscopy (SEM). The SEM results showed that a
large number of mycelia of wild type 1980 strain gath-
ered together on the surface of MIM156 leaves to form
an infection cushion and infected the leaves (Fig. 7B).
Necrotic cells were produced in all places touched by the
mycelia, which had more serious symptoms than those

of the WT (Fig. 7B). In contrast, the mycelia crawled on
the leaf surface of OX156b to form infection cushion, but
no obvious necrotic cells were produced, and there were
fewer symptoms than those of the WT (Fig. 7B). These
results suggest that miR156b is a critical regulatory fac-
tor in S. sclerotiorum resistance and that the overexpres-
sion of miR156b in Arabidopsis increased resistance to
S. sclerotiorum infection. Conversely, downregulation of
miR156b enhanced susceptibility to S. sclerotiorum.

gRT-PCR validation of miRNAs and corresponding target
genes

To confirm the expression patterns of the miRNAs in
response to S. sclerotiorum infection, we performed
quantitative real-time polymerase chain reaction (qRT-
PCR) for three known miRNAs (miR403, miR156f, and
miR166f) and three novel miRNAs (novel_mir_161,
novel_mir_263, and novel_mir 376) (Fig. 8A). As
expected, the qRT-PCR results showed a high degree
of similarity with the expression profiles obtained
by RNA-seq. For the known miRNAs, transcripts of
miR156f and novel_mir 161 were upregulated and
transcripts of miR166f and miR403 were downregu-
lated, remaining at an extremely low expression level,
at the three time points in both the R and S librar-
ies. We also performed qRT-PCR on the target genes
(BnaA02g14580D, BnaA02g16550D, BnaA03g18330D,
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leaves from 4-week-old Arabidopsis plants. Values are the means+SDs from three replicates. (D-E) Disease symptoms (D) and lesion area (E) measure-
ments in WT, OX156b, and MIM156 T, transgenic lines 24 h after S. sclerotiorum infection. Bars=2.0 cm. Data are the means + SDs from three independent
experiments. The significant differences from WT are indicated (Student's t test: **. P<0.01)

BnaA09g47220D, BnaA01g00370D, BnaA09g17850D,
and BnaC0I1g09170D) of six S. sclerotiorum stress-
responsive miRNAs (Fig. 8B). The expression of the
seven target genes showed an inverse relationship with
the expression of their corresponding miRNAs, which
was expected and further confirmed the accuracy of the
sequencing results.

The expression levels of AtSPL6, AtSPL10, and AtSPL13
were detected at O h, 6 h, and 24 h in WT plants after
inoculation with S. sclerotiorum. The expression of all
these genes was significantly downregulated after inocu-
lation compared with before inoculation, and AtSPL13
was the most downregulated (Fig. 8C). These results
indicate that SPLs may participate in the negative regula-
tion of resistance to S. sclerotiorum in Arabidopsis. We
analyzed 56 predictive target genes of 34 miRNAs using
transcriptome data of resistant B. napus obtained in our
laboratory before and after inoculation with S. sclerotio-
rum (0 and 48 h) [17]. The data shows that multiple tar-
get genes of DEMs, including miR156, miR164, miR395,
miR390, and many novel miRNAs, are differentially
expressed after inoculation with S. sclerotiorum (Fig. S8).
The most significant ones are SPL2, SPL9, SPL10, SPL11,

SPL13, OPR3, AOC2, LOX2, NAC080, and DOXI, indi-
cating that these genes may be targeted and regulated by
miRNAs to participate in resistance to S. sclerotiorum in
rapeseed.

Discussion

Differential expression of miRNA induced by S. sclerotiorum
infection in rapeseed

A set of DEMs was identified by using high throughput
sequencing with genome wide identification and func-
tional prediction, which respond to S. sclerotiorum infec-
tion in B. napus, including miR156, miR166, miR6028,
miR824, miR169, miR394, miR390, miR395, and miR396
[16, 17, 24, 25]. In our study, a total of 40 known and 1105
novel miRNAs were detected as DEMs in response to S.
sclerotiorum infection, including miR156a/b/c/d/e/f/g,
miR6028, miR394a/b, miR390a/b/c, miR395a/b/c and
miR166f (Fig. 4). Except for miR166f, other DEMs were
upregulated to resist S. sclerotiorum infection on the
stem in comparisons of R-24 h vs. R-0 h, R-48 h vs. R-0 h,
S-24 h vs. S-0 h, and S-48 h vs. S-0 h, and miR156 was
the most prominent (Fig. 4 and Table S$6). miR156 has
been previously reported to be significantly upregulated
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OX156b

LN

Fig. 7 The growth of S. sclerotiorum was examined by trypan blue staining and SEM. (A) Trypan blue staining of infected leaves of WT (Col-0), MIM156,
and OX156b plants at 24 h after inoculation with S. sclerotiorum. Bars=3 mm. (B) Representative SEM graphs of S. sclerotiorum growth in the leaves of WT
(Col-0), MIM156, and OX156b plants at 24 h after inoculation with S. sclerotiorum. Bars =100 um

after infection with fungal phytopathogens such as D.
gregaria and B. cinereal [14, 15]. Multiple miR156 mem-
bers screened as upregulated DEMs in response to Scler-
otinia stem rot (SSR) in oilseed rape [16, 17]. In addition,
miR171a/b/c/d/e, miR167a/b/c/d, miR164a/b/c/d, and
172a/c were identified as DEMs in this study (Fig. 4).
Previous research shows that overexpression of miR171b
increased rice blast resistance accompanied by enhanced
defence responses, whereas blocking miR171b expression
in rice led to greater susceptibility to blast disease, asso-
ciated with compromised defence responses [26]. The
Zma-miR167-ZmARF3/30 module restricts maize chlo-
rotic mottle virus (MCMYV) infection by regulating poly-
amine oxidase 1 expression, while MCMV encodes the
p31 protein to counteract this defence response [27]. The
differential expression of these miRNAs positively modu-
lates the degree of resistance to S. sclerotiorum in oilseed,
and these crucial miRNAs regulate host plant defence
mechanisms by directly targeting defence-related genes.

R genes involved in response to S. sclerotiorum infection

R genes, namely, receptors with nucleotide-binding
domains and leucine-rich repeats (NLRs), can detect
effectors to help pathogens infect hosts [28]. In rice,
the CNL protein RGA5 directly binds to the M. oryzae
effectors Avr-Pia and Avr1-Co39 [29]. More research is
still necessary to elucidate the functions of NLRs, such

as stem rot resistance genes, in response to pathogen
attack. In this study, 181 genes were predicted as target
genes for 114 (9 known and 105 novel) miRNAs. One tar-
get gene, BnaA10g09930D for miR156b/c/g, two targets,
BrnaAnng09060D and BnaC06g36320D for miR164b/c/d,
and four copies of the receptor-like protein 46 gene for
miR390a/b/c were detected.

Target genes involved in signal transduction in response to
S. sclerotiorum infection

Mitogen-activated protein kinase cascades have been
reported to be involved in the response to (a)biotic
stresses [30, 31]. MPKS8 connects protein phosphory-
lation, Ca®*, and ROS in the signalling pathway [32].
In our study, four target genes of three novel miRNAs
encoding two MPKS8s, one MPK9 and one MPK17 fam-
ily gene were detected. MKK®, interacting with MAP-
KKKS5, which is a potential substrate of the receptor-like
cytoplasmic  kinase BRASSINOSTEROID-SIGNAL-
INGKINASE1 plays key roles in the MAPK cascade
response to the immune pathway [33]. Two novel miR-
NAs, novel_mir_110 and novel_mir_698, targeting two
copies of MKK6 genes were also detected in this study.
MAPKKKS is involved in the regulation of the defence
response to fungi [33]. Eleven target genes of seven novel
miRNAs encoding two MAPKKK3s, three MAPKKKS5s,
one MAPKKK13, one MAPKKK14, three MAPKKK15s
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Fig. 8 Relative expression levels of miRNAs and their corresponding targets. (A-B) The expression profiles of DEMs and their corresponding targets in the
six libraries at 0 hpi, 24 hpi, and 48 hpi after S. sclerotiorum infection. Values are the mean + SD of three biological replicates. The significant differences from
R-0 h and S-0 h are indicated, respectively (Student’s t test: **. P<0.01). (C) Relative expression levels of AtSPL10, AtSPL6, and AtSPL13 in leaves of 4-week-
old WT plants inoculated with S. sclerotiorum at 0 hpi, 6 hpi, and 24 hpi. Values are the mean + SD of three biological replicates. The significant differences

from WT are indicated (Student’s t test: **. P<0.01)

and one MAPKKK16 were detected. Calcium-depen-
dent protein kinase family genes play crucial roles in the
immune response pathway [34]. Two novel miRNAs,
novel_mir_177 and novel_mir_121, target five genes
encoding two copies of calcium-dependent protein
kinase 10 (CPK10) and three CPK28s.

Target genes involved in hormone regulation in response
to S. sclerotiorum infection

Hormones play critical roles in adapting to adverse
environmental conditions, such as abiotic stresses (salt,
drought, and extreme temperatures) and biotic stresses
(bacteria, fungi, and viruses) [35]. In this study, 556 tar-
get genes of 205 (13 known and 192 novel) miRNAs
were involved in the biosynthesis or signal transduction
of hormones. Among them, 48 target genes of 32 miR-
NAs encode proteins are involved in jasmonic acid (JA)
biosynthesis, including 12-oxophytodienoate reductase
1 (targeted by miR156b/c/g and novel_mir_131), allene

oxide cyclase 2 (targeted by miR395b/c/g, novel_mir_130
and novel_mir_935), fatty acid desaturase 3 (targeted by
novel_mir_132), and lipoxygenase 2 family proteins (tar-
geted by novel_mir_227 and novel_mir_614). Three genes
encoding jasmonate-zim-domain protein 5, which nega-
tively regulates JA transcriptional activity, were targeted
by novel_mir_128 and novel_mir_477. miR164b/c/d tar-
geted NAC domain containing protein 80 (NACS80) and
NAC100 are involved in brassinosteroid signalling.

Target genes encoding TFs playing an essential role in the
response to S. sclerotiorum infection

TFs play regulatory roles in response to pathogen attack
in several aspects [36, 37]. TF families, such as NAC and
WRKY, are especially involved in plant defence processes
[38, 39]. In barley, HYNAC6 was upregulated after Blu-
meria graminis infection [40]. WRKY TFs not only par-
ticipate in abiotic stresses but are also involved in the
response to pathogen attack [41]. In this study, 569 genes
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encoding 43 TF families were predicted as target genes
for 173 (13 known and 160 novel) miRNAs. Among
them, 46 target genes for miR164b/c/d and 20 novel miR-
NAs belonged to NAC TFs. Thirty-two target genes for
11 novel miRNAs encode WRKY TFs.

miR156 regulated S. sclerotiorum resistance

In this study, OX156b enhanced the resistance of S.
sclerotiorum in transgenic Arabidopsis, resulting in mild
disease symptoms in subsequent inoculation experi-
ments (Fig. 6). In Arabidopsis, miR156-targeted SPL/
SBP box transcription factors SPLs positively and directly
regulate the MADS box genes APETALAI and FRUIT-
FULL and the central regulator of flowering LEAFY3 and
FLOWERING LOCUS T to control the timing of flower
formation and fruit development [42, 43]. Much larger
chlorotic/necrotic lesions were observed in MIM156
plants than in WT plants and showed stronger necrosed
tissues around the infection cushion (Fig. 6). In addi-
tion, the downregulation of AtSPL10, AtSPL6, and
AtSPL13 expression following S. sclerotiorum treatment
was detected in WT (Fig. 7). SPL2, SPL9, SPL10, SPL11,
and SPL13 were significantly downregulated in resis-
tant B. napus after inoculation with S. sclerotiorum (Fig.
S7). These results suggested that SPLs might act as tar-
get genes involved in miR156-modulated SSR defence
against the necrotrophic fungus S. sclerotiorum. Previ-
ous studies have also demonstrated that the miR156/
SPL module positively regulates plant biotic and abiotic
stress responses [19, 44]. miR156 is a positive regulatory
factor that resists B. cinerea, and the miR156 target gene
SPLY negatively affects the response of Arabidopsis to
this necrotrophic pathogen [18]. Previous research has
also suggested that miR156 negatively regulates resis-
tance to biotic stress. miR156 negatively regulates the
resistance of the hemibiotrophic necrotrophic pathogen
Xoo, and the miR156 target gene OsSPL7 enhances dis-
ease resistance to bacterial blight [20]. The repression of
miR156 and overexpression of SPL9 enhanced resistance
to Pst DC3000 infection in Arabidopsis [21]. Moreover,
miR156fhl-3p and miR156h negatively regulate the dis-
ease resistance of rice blast in rice, but miR156fhl-3p
was differentially responsive to M. oryzae in susceptible
and resistant accessions [23]. The reason for this differ-
ence may be that miR156 plays different roles in differ-
ent species under different abiotic stresses and biotic
stresses with distinct underlying molecular mechanisms.
The miR156/SPLs module can not only strengthen plant
resistance but also weaken plant resistance to various
abiotic and biotic stresses, which may involve extremely
complex regulatory networks.
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Conclusions

Heavy losses in oilseed rape are caused by Sclerotinia
stem rot every year. Thus, exploring the molecular mech-
anisms of resistance to the S. sclerotiorum pathogen is a
prerequisite for breeding resistant rapeseed varieties. In
current study, DEMs in B. napus stems after S. sclerotio-
rum inoculation were identified. There was a dramatic
difference between the two types (R and S) of oilseed
rape in miRNA transcriptome response to S. sclerotio-
rum infection. The target genes of these DEMs may be
involved in regulating resistance to S. sclerotiorum in
rapeseed by encoding R proteins, signal transduction
proteins, hormones, and transcription factors. Overex-
pressing miR156b markedly strengthened Arabidopsis
resistance against S. sclerotiorum. Therefore, miR156
positively regulates rapeseed resistance to S. sclerotio-
rum. This study provides theoretical bases for the genetic
improvement of rapeseed resistance to S. sclerotiorum.

Materials and methods

Plant materials and growth conditions

Five resistant (R, namely, WH-57, 2011-7103, Huayoul4,
Chuxianbaihua, and Youyan2) and five susceptible (S,
namely, Yangjian8, P685, Guangdel38, SWU69, and
07037) B. napus winter-type accessions were identi-
fied in our previous study and were used in miRNA-seq
experiments [45]. The seeds of the rapeseed cultivars
mentioned above were grown in the experimental farm
with conventional management. Arabidopsis wild-type
plants (ecotype Columbia, Col-0) and transgenic lines
were sown in flower pots (1 seedling/pot) and grown in a
growth chamber set at 22 ‘C with 80+5% relative humid-
ity and a 16 h light (150 mmol m™ s™)/8 h dark photope-
riod. S. sclerotiorum wild type 1980 strain was provided
by Dr. Jiagin Mei from Southwest University and was
subcultured on potato dextrose agar medium prior to
inoculation (20% potato, 2% dextrose, and 1.5% agar) at
22 °C in darkness.

Plasmid construction and genetic transformation of
Arabidopsis

The artificial target mimic of miR156 was acquired by
annealing with primers MIM156F and MIM156R with
gene splicing by overlap extension PCR (Table S2). The
target mimic of miR156 fragments were inserted into
INDUCED BY PHOSPHATE STARVATIONI to replace
the miR399 target site [46]. Then, the DNA fragments
were cloned into the vector PEaryGatel01, resulting in
the overexpression construct MIM156. To obtain trans-
genic plants overexpressing miR156b, we amplified the
precursor sequence of miR156b from the rapeseed cul-
tivar “ZS11° genomic DNA from the rapeseed cultivar
“ZS11’ ¢cDNA with primer combinations (Table S2). Sub-
sequently, the amplified and purified fragments were
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cloned into expression vector pEarleyGatelOl, result-
ing in the overexpression construct OX156b. Then, the
recombinant plasmids were inserted into the Arabidop-
sis genome via the pollen tube pathway method medi-
ated by Agrobacterium strain GV3101 [47]. After positive
transformants were screened and self-crossed, the seeds
of Arabidopsis T, transgenic homozygous and WT lines
were sown and used in follow-up experiments.

Pathogen inoculation, disease assay, phenotype analysis,
and tissue harvest

The R and S B. napus plants were selected for inoculation
and each randomly selected sample had three biological
replicates, where each replicate consisted of 30 plants for
three time points (0, 24, and 48 hpi). Stems of these B.
napus accessions were inoculated according to the pro-
cedure described previously [45]. Infectious stem tissues
harvested from each treatment at each time point (five
individual plants with 30 inoculation sites) were pooled
as one sample for miRNA-seq and qRT-PCR. The tis-
sues harvested above were frozen immediately in liquid
nitrogen and stored at -80 °C for RNA extraction. The
Arabidopsis seedlings of WT and two transgenic lines
(MIM156 and OX156b) were subjected to leaf inocula-
tion tests to assess the resistance to S. sclerotiorum at four
weeks of age according to the reported method [48], and
each sample had three independent experimental repli-
cations, where each replicate consisted of 20 plants and
no less than three leaves of each plant were inoculated.
The data were analyzed by two-tailed Student’s ¢ test with
significant differences (P<0.05). The infected leaves were
harvested at 24 h following inoculation for trypan blue
staining and scanning electron microscopy (SEM). Fresh
rosette leaves from WT and two transgenic lines at four
weeks of age were sampled for qRT-PCR with three bio-
logical replicates.

Total RNA extraction, sRNA library construction and deep
sequencing

Total RNA of all six samples was extracted according to
our previous studies [17]. The quantity of the total RNA
was detected using a Bioanalyzer 2100 and evaluated by
electrophoresis on a 1% agarose gel. Six sRNA libraries
(S-0 h, S-24 h, S-48 h, R-0 h, R-24 h, and R-48 h) were
constructed and deep sequenced using an Illumina
HiSeqTM2000 at the Beijing Genomics Institute (BGI;
Shenzhen, China).

Identification of known and novel miRNAs in B. napus

Clean reads were obtained after removing the adapter
dimers, junk, low complexity reads of all raw data. Then,
the clean reads of each sample were used to search Gen-
Bank and the Rfam database (https://www.sanger.ac.uk/
science/tools) to annotate rRNAs, tRNAs, snRNAs, and
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snoRNAs. Reads belonging to repeat sequences, exons
and introns in the B. napus genome (http://www.geno-
scope.cns.fr/brassicanapus/) [49] and reads matching
miRNAs in the miRBase v.22.0 database (http://www.
mirbase.org/) [50] were also annotated. Known miRNAs
in B. napus were identified with up to one mismatch
against the B. napus species in the miRBase v.22.0 data-
base. The remaining sequences were then analysed to
predict novel miRNAs according to our previous studies
[17].

Differential expression analysis of miRNAs after S.
sclerotiorum infection

For screening of miRNA responses to S. sclerotiorum
infection, their expression, including those of known and
novel miRNAs in each sample, was normalized using
the following formula: normalized expression=actual
miRNA count/total count of clean reads x 1,000,0. The
expression value was regarded as 0.01 for further analysis
if the read count of a miRNA was 0. The miRNAs were
regarded as DEMs if they met the following criteria:
[log,(ECs)| =1 and g-value<0.05.

Target gene prediction of DEMs and functional analysis
For further analysis of the functions of DEMs, the website
psRNATarget 2011 (http://plantgrn.noble.org/psRNA-
Target/) [51] was used to predict target genes of miRNAs
according to default parameters. Furthermore, Blast2GO
5.0 software (https://www.blast2go.com/) was used to
analyse the functional annotation of all target genes. Tar-
get genes involved in different processes were annotated
and graphical visualization of the miRNA-gene networks
was performed using Cytoscape 3.0 (http://www.cyto-
scape.org/).

Trypan blue staining and scanning electron microscopy
Cell death in the leaves of transgenic plants and WT
plants at 24 h post-inoculation was detected using trypan
blue staining according to the procedures described pre-
viously [52]. In brief, inoculated leaves were soaked with
trypan blue staining solution containing 2.5 mg ml-1
trypan blue and then incubated for 8 h at 25 °C. Subse-
quently, leaves were transferred to the corresponding
destaining solution and incubated at 65 °C for 30 min.
The leaves were then incubated in fresh destaining solu-
tion at room temperature until completely destained and
preserved in 10% glycerol. Images were obtained using
the CMOS colour camera OLYMPUS LC30 and zoom
stereo microscopes SZ61 (Olympus, Tokyo, Japan) under
bright-field conditions. The hyphal growth of S. sclero-
tiorum in the infected leaf tissues of transgenic plants
and WT plants at 24 h post-inoculation was examined
by SEM. Images were obtained using a SU3500 scanning
electron microscope (Hitachi, Tokyo, Japan).
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Validation of the miRNA expression profiles and their
targets

qRT-PCR was used to confirm the accuracy of miRNA
expression levels and corresponding targets. According
to our previous study [17], cDNA for miRNA and target
genes was synthesized using the miRcute miRNA First-
Strand cDNA Synthesis Kit (Tiangen, Beijing, China) and
iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.,
Berkeley, California), respectively. qRT-PCR for miRNA
and target genes was conducted on a CFX96 Real-time
System (Bio-Rad, USA) using a miRcute miRNA qPCR
Detection Kit (SYBR Green; Tiangen, Beijing, China) and
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad
Laboratories, Inc., Berkeley, California), respectively,
according to the manufacturer’s instructions. BnaActin7,
AtActin2, and U6 snRNA were used as internal refer-
ences for miRNAs and corresponding target gene expres-
sion levels. The 2 22T method was used to calculate the
relative expression levels of miRNAs and corresponding
targets [53]. The primers used in this study are listed in
Table S2, and all samples were subjected to three techni-
cal replicates with three biological replicates.

Abbreviations

AFB2 Auxin signalling F-box protein 2

B. cinereal Botrytis cinereal

B.napus Brassica napus L.

CPK10 Calcium-dependent protein kinase 10
cuc CUP-SHAPED COTYLEDON1

DEMs Differentially expressed miRNAs

D. gregaria Dothiorella gregaria

GO Gene Ontology

GRF1/3 Growth regulating factor 1/3

MAPKKK3 Mitogen-activated protein kinase 3

M. oryzae Magnaporthe oryzae

MCMV Maize chlorotic mottle virus

NCED3 Nine-cis-epoxycarotenoid dioxygenase 3
NLRs Leucine-rich repeats

OPR1 12-oxophytodienoate reductase 1

Pst Pseudomonas syringae pv. Tomato

gRT-PCR Quantitative real-time polymerase chain reaction
R proteins Resistance proteins

S.sclerotiorum  Sclerotinia sclerotiorum (Lib.)

SSR Sclerotinia stem rot

SEM Scanning electron microscopy

SPL9 Squamosa promoter binding protein-like

TIR1 transport inhibitor response 1
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miRNAs were shown to be involved in regulatory network mechanisms
of miRNA-target module response to S. sclerotiorum infection in B. napus.
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