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Abstract

Sclerotinia sclerotiorum causes substantial damage and loss of yield in oilseed rape (Brassica napus). The molecular mecha-
nisms of oilseed rape defense against Sclerotinia remain elusive. In this study, we found that in the early stages of B. napus
infection a conserved mitogen-activated protein kinase (MAPK) cascade mediated by BnaA03.MKK5-BnaA06.MPK3/
BnaC03.MPK3 module phosphorylates the substrate BnWRKY33, enhancing its transcriptional activity. The activated
BnWRKY?33 binds to its own promoter and triggers a transcriptional burst of BAWRKY33, thus helping plants effectively resist
the pathogenic fungi by enhancing the expression of phytoalexin synthesis-related genes. The expression of BAWRKY33 is
fine-tuned during defense. Ongoing Sclerotinia infection induces BnaA03.WRKY28 and BnaA09.VQ12 expression.
BnaA09.VQ12 interacts physically with BnaA03.WRKY28 to form a protein complex, causing BnaA03.WRKY28 to outcompete
BnWRKY33 and bind to the BnWRKY33 promoter. BnaA03.WRKY28 induction suppresses BhAWRKY33 expression in the later
stages of infection but promotes branch formation in the leaf axils by regulating the expression of branching-related genes
such as BnBRC1. BnaA03.WRKY28 participates in the trade-off between defense and growth. These findings suggest that oil-
seed rape plants may modulate defense-response strength and develop alternative reproduction and survival strategies in the
face of lethal pathogens.

Introduction 2014). Sclerotinia sclerotiorum, a necrotrophic fungal pathogen,

In nature, plants are challenged frequently by pathogens, acti-
vating their innate immune system (Jones and Dangl, 2006).
Brassica napus (oilseed rape), derived from natural hybridiza-
tion between Brassica rapa and Brassica oleracea, is one of
the most important oil crops worldwide (Chalhoub et al,

is considered one of the most economically damaging diseases
of oilseed rape (Derbyshire and Denton-Giles, 2016).

The WRKY superfamily of transcription factors (TFs), which
contain a conserved WRKYGQK sequence and an atypical
zinc-finger structure, can bind specifically to T/CTGACC/T
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(W-box) cis-acting elements of target genes in response
to diverse abiotic and biotic stresses (Eulgem et al, 2000;
Ulker and Somssich, 2004; Rushton et al, 2010). AtWRKY33
plays a critical role in stress response. The wrky33 mutant is
sensitive to NaCl stress (Jiang and Deyholos, 2009), and
WRKY33 can bind to RAP2.2, regulating its expression during
submergence-induced hypoxia response (Tang et al, 2021).
AtWRKY33 overexpression (OE) enhances resistance to the
necrotrophic fungal pathogen Botrytis cinerea (Birkenbihl
et al, 2012; Liu et al,, 2017). WRKY33 regulates the expression
of CYP71B15 (PAD3) and CYP71A13, which encode cyto-
chrome P450 enzymes that are required for the synthesis of
the antimicrobial phytoalexin camalexin, and WRKY33 can
directly target the W-box in the PAD3 promoter (Qiu et al,
2008; Mao et al,, 2011). WRKY33 regulates its own expression
by binding to the WRKY33 promoter (Mao et al, 2011).
In oilseed rape, Bh(WRKY33 has been reported to play a
positive regulatory role in Sclerotinia resistance. BnWRKY33-
overexpressing lines are more resistant than wild-type
(WT) plants to S. sclerotiorum (Wang et al,, 2014b; Liu et al,
2018). In addition, activated AtMPK3/6 can directly
phosphorylate downstream substrates including AtWRKY33,
to induce defense-related genes in response to pathogens
(Mao et al, 2011).

WRKY superfamily TFs participate both in pathogen-
induced defense responses and in plant growth and devel-
opment (Eulgem et al, 2000; Rushton et al, 2010).
AtWRKY28 is specifically expressed in the hypodermal so-
matic cells surrounding the megaspore mother cell (MMC),
inhibiting them from attaining MMC-like fate. The cyto-
chrome P450 gene KLU promotes WRKY28 expression via
H2A.Z deposition at WRKY28, mediated by chromatin
remodeling complex SWR1 (Zhao et al, 2018). Moreover,
WRKY28 positively regulates salicylic acid (SA) biosynthesis
by promoting SA biosynthesis-related gene expression (van
Verk et al, 2011). A light-signaling protein, FAR-RED
ELONGATED HYPOCOTYL3, binds to the WRKY28 pro-
moter and inhibits WRKY28 expression, thereby negatively
regulating SA biosynthesis and leaf senescence (Tian et al,
2020). BAWRKY28 (a putative ortholog of AtWRKY28) is in-
duced by S. sclerotiorum in B. napus (Yang et al., 2009).

VQ proteins, which contain a conserved FxxxVQXLTG mo-
tif, are involved in developmental processes (Li et al, 2014;
Lei et al, 2017), biotic stress responses (Wang et al,, 2015;
Chen et al, 2018), and abiotic stress responses (Perruc et al,,
2004; Hu et al, 2013b). AtVQ12-overexpressing plants show
susceptibility to B. cinerea (Wang et al,, 2015). Most VQ pro-
teins interact with WRKY TFs as co-factors (Cheng et al,
2012; Jing and Lin, 2015). For example, VQ9 and WRKY8
form a complex that contributes to salinity tolerance (Hu
et al, 2013b). By contrast, VQ10 interacts with WRKY8 and
participates in plant defense against the fungal pathogen B.
cinerea (Chen et al,, 2018).

In nature, oilseed rape plants are frequently attacked by S.
sclerotiorum, but the immune mechanisms of oilseed rape
response to Sclerotinia remain obscure; particularly, our
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knowledge about function modes of interacting factors dur-
ing infection is limited. In this study, we found that
BnaA03.WRKY28 and BnWRKY33 play opposing roles in
Sclerotinia defense by competitively binding to the
BnWRKY33 promoter. In the late stage of infection,
BnaA03.WRKY28 dampens the immune response and pro-
motes plant growth. The BnaA03.WRKY28-BnWRKY33 mod-
ule fine-tunes the timing of the defense response against
Sclerotinia. This work improves our understanding of plant
immunity.

Results

BnaA03.WRKY28 negatively regulates S. sclerotiorum
resistance in B. napus

Many WRKY TFs respond to S. sclerotiorum and hormone
treatments in B. napus, including WRKY28, which could be
induced after the inoculation of Sclerotinia (Yang et al,
2009). In oilseed rape, we identified five copies of
BnWRKY28 on chromosomes A01, C01, A03, A08, and CO08,
namely BnaA01.WRKY28, BnaC01.WRKY28, BnaA03.WRKY28,
BnaA08.WRKY28, and BnaC08.WRKY28, all of which were
orthologous to AtWRKY28 (Supplemental Figure S1). Of
these, only BnaA03.WRKY28 was strongly and dramatically
induced when WT plants were challenged with S. sclerotio-
rum  (Figure 1A and Supplemental Table S1).
BnaA03.WRKY28 was gradually induced during infection; ex-
pression level peaked 48 h after inoculation, then decreased.
To elucidate the biological function of BnaA03.WRKY28 in
response to Sclerotinia, both OE and CRISPR/Cas9-mediated
knockout (CR) lines (Figure 1B) were generated. We investi-
gated the BnaA03.WRKY28 expression in OE lines and the
edited form in CR lines, and compared the lesion areas after
48 h inoculation in WT, OE, and homozygous out-of-frame
insertion/deletion CR lines (Supplemental Figure S2).
Compared with WT plants, WRKY28-OE plants showed
more severe symptoms and fungal invasion, whereas
WRKY28-CR plants exhibited better resistance (Figure 1, C
and D and Supplemental Figure S2). At 24 h after inocula-
tion with Sclerotinia, the transcript levels of two pathogen-
induced marker genes, BaPAD3 and BnCYP71A13, were simi-
lar in WRKY28-CR and in the WT, but were significantly
lower in WRKY28-OE lines; while at 36 h after inoculation,
BnPAD3 and BnCYP71A13 showed higher expression in
WRKY28-CR lines than in the WT (Figure 1, E and F). Taken
together, these data suggest that BnaA03.WRKY28 negatively
regulates Sclerotinia resistance in B. napus.

BnaA03.WRKY28 directly targets BAWRKY33

To examine negative regulation by BnaA03.WRKY28 in
Sclerotinia resistance, we performed RNA-seq and chromatin
immunoprecipitation (ChlIP)-seq analyses, using
BnaA03.WRKY28-fused FLAG-tag OE lines. The fused target
protein was stably expressed in line Z95 (Supplemental
Figure S3A). In ChIP-seq, most of the binding sites of
BnaA03.WRKY28-bound peaks were located in promoter
regions (Supplemental Figure S3B), with strong enrichment
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Figure 1 Negative effect of BnaA03.WRKY28 on S. sclerotiorum resistance in B. napus. A, Induced expression of five copies of BAWRKY28, identi-
fied 0, 12, 24, 36, 48, and 72 h after inoculation with S. sclerotiorum. The latest fully unfolded leaves of oilseed rape (Jia 9709, ca. six-week-old) were
used for infection. Data are shown as means = sp (n = 3). B, Schematic diagram to show the characterization of the BnaA03.WRKY28 sequence
and the target sites of sgRNAs using the CRISPR/Cas9 system. sgRNA1/2, sgRNA3/4, and sgRNA5/6 were included in one construct respectively. C,
The lesions of detached leaves from BnaA03.WRKY28 transgenic T3 homozygous lines and WT plants (Jia 9709, ca. six-week-old) were imaged.
Lesion areas was calculated after inoculation using a 7-mm agar block containing S. sclerotiorum hyphae grown at 22°C for 48 h. Scale bar, 2 cm.
D, Lesions on the stems of transgenic lines and transformation controls at the flowering stage were imaged, and the lesion lengths were calculated
after 3 days of inoculation with S. sclerotiorum. Scale bar, 2 cm. E and F, Relative expression levels of two camalexin biosynthesis-related genes,
BnPAD3 and BnCYP71A13, in BnaA03.WRKY28 transgenic lines and WT plants after Sclerotinia inoculation for 24 and 36 h. In (C-F), WRKY28-OE,
BnaA03.WRKY28-OE line; WRKY28-CR, homozygous out-of-frame BnaA03.WRKY28 editing lines mediated by the CRISPR/Cas9 system. Data are
shown as means = sp (n = 3). Asterisks indicate significant differences compared with the WT/Control (t test; *P < 0.05, **P < 0.01; ns, P >
0.05); and in (D), that CK-2 as the reference shows the same trend.

of the TTGACT/C motif (Supplemental Figure S3C). In RNA-
seq, 3,972 upregulated and 3,322 downregulated genes were
identified (Supplemental Table S2). Gene ontology (GO)
analysis of up- and downregulated gene clusters indicated
that the differentially expressed genes (DEGs) were signifi-
cantly enriched in response to stimulus/stress (Supplemental
Figure S3, D and E). Of the 7,294 DEGs identified by RNA-
seq, the promoters of 3,980 genes were shown to be
BnaA03.WRKY28 bound in the ChIP-seq (Supplemental

Figure S3F; genes were listed in Supplemental Table S3).
Among the overlapping genes, most were involved in stress
response (Supplemental Figure S3G), and there were about
360 TF-encoding genes (Supplemental Figure S3H and
Supplemental Table S3). Bound-peaks were found in the
promoters of the four BAWRKY33 copies among the DEGs
(Figure 2A).

WRKY TFs can bind to W-box cis-elements with the core
sequence 5'-T/CTGACC/T-3' (Eulgem et al, 2000). The
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Figure 2 BnaA03.WRKY28 binds to the BnWRKY33 promoter in vivo and in vitro. A, ChIP-seq showing specifically enrichment in the promoter
regions of four copies of BAWRKY33. B, Characterization of the BAaWRKY33 promoter sequence and the positions of W-boxes. The core sequence of
the W-box is marked. C, A diagram of the BhWRKY33 locus showing the positions of amplicons (P1-P5) used for ChIP-qPCR. W-box elements are
marked with circles. Amplicons: P1 (-370 to —166 bp), P2 (-330 to —181 bp), P3 (-328 to -233 bp), P4 (-1085 to —894 bp), and P5 (located in gene
body). D, ChIP-gPCR to verify the binding of BnaA03.WRKY28 to the W33box region of BAWRKY33. The input and precipitated DNA were analyzed
by gPCR primers. BnACTIN2 (P0), the promoter region distant from the start codon (P4), and the exon region of BnWRKY33 (P5) were used as nega-
tive controls. % input method was employed to determine the enrichment of BnaA03.WRKY28 at designated loci. Asterisks indicate significant differ-
ences compared with BnACTIN2 (t test; **P < 0.01). E and F, Y1H assays to explore the binding capacity of BnaA03.WRKY28 to the BAWRKY33
promoter. DNA fragments (W33box, —326 to —246 bp; W1/W2/W3, -326 to —313 bp, —309 to —296 bp, and —259 to —246 bp for three times tandem
duplication, respectively) from the BAWRKY33 promoter were cloned into the pAbAi vector, and the CDS of BnaA03.WRKY28 was cloned into the
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BnWRKY28-BnWRKY33 modulates resistance strength

BnWRKY33 promoter contains three W-box elements in the
-346 to —1 bp region (Figure 2B), namely W1, W2, and W3.
Additionally, a region from -326 to -246 bp containing
three W-boxes was defined as W33box. To confirm whether
BnaA03.WRKY28 binds to the BnWRKY33 promoter in vivo,
ChIP-gPCR experiments were performed. Amplicons P1, P2,
and P3, all covering the W33box, were significantly enriched
compared with amplicons P4 (distant from W33box), P5 (lo-
cated in gene body), or to the negative control BnACTIN2
(PO) (Figure 2, C and D). In Y1H assay, the bait strain pW33-
box-AbAi was transformed with the prey construct
pGADT7-BnaA03.WRKY28 and grew on SD/-Leu medium
containing 300 ng/mL AbA (Figure 2E), indicating that
BnaA03.WRKY28 can bind to the W33box in the BnWRKY33
promoter region. Moreover, truncating and mutating the
W33box revealed that W1 and W3, but not W2, were the
target sites of BnaA03.WRKY28 (Figure 2F and Supplemental
Figure S4).

To further confirm that BnaA03.WRKY28 could directly
target the cis-acting elements of BnWRKY33, electrophoretic
mobility shift assay (EMSA) was carried out. When we
added BnWRKY28 protein, a specific shifted band was pro-
duced; this shifted band was completely competitive when
the unlabeled cold probe was added (Figure 2, G and H).
We also detected the effect of BnaA03.WRKY28 on
BnWRKY33 transcription using dual-luciferase (LUC) tran-
sient transcriptional activity assays. The Firefly LUC reporter
gene was activated when Pro35S5:BnaA03.WRKY28 was co-
introduced into Arabidopsis (Arabidopsis thaliana) proto-
plasts with p346:LUC, pAWT.LUC, pAW2LUC  or
pAWITW2:LUC (Figure 2, | and J). These results indicate that
BnaA03.WRKY28 directly targets W1 and W3 in the pro-
moter region of BnWRKY33 and activates BnWRKY33
expression.

Conserved MAPK cascade phosphorylates and
activates BhWRKY33

We demonstrated that BnaA03.WRKY28 was able to bind
to BnWRKY33 promoter and promoted BnWRKY33 expres-
sion, negatively regulating Sclerotinia resistance. The expres-
sion level of BAWRKY33 in BnaA03.WRKY28 OE lines was
higher than that in the WT (Supplemental Figure S5).
Similarly, WRKY33 upregulates its expression through direct
association with the WRKY33 promoter to amplify its posi-
tive effects on pathogen resistance (Mao et al, 2011; Liu

Figure 2 (Continued)
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et al, 2018). These indicate that both BnaA03.WRKY28 and
BnWRKY33 can activate the expression of BnWRKY33, but
lead to different resistance phenotypes, which was specu-
lated to be the result of the weaker activation ability of
BnaA03.WRKY28 on BnWRKY33 than BnWRKY33. However,
BnWRKY33 does not have a stronger activation effect on
BnWRKY33 than BnaA03.WRKY28 (Figure 3A). The tran-
scription activity of BnaA03.WRKY28 was not lower than
that of BAWRKY33 (Figure 3B). In Arabidopsis, WRKY33 can
be phosphorylated by MPK3/6 in B. cinerea resistance (Mao
et al, 2011). In this study, BnWRKY33 expression in
BnaA03.WRKY28 OE lines and LUC activity was measured in
the static state (without inoculation). Therefore, we consid-
ered that BhWRKY33 may be modified after inoculation
with Sclerotinia. A cluster of five Ser residues in the N-termi-
nus of WRKY33 was conserved (Figure 3C), which are the
phosphorylation sites of AtWRKY33 mediated by AtMPK3.
By site-directed mutagenesis, all five Ser residues were
mutated to Asp (BnWRKY33°P), generating constitutively
active BnWRKY33. The relative LUC activity of the co-
transformed Pro35S:BnWRKY33PP with p346:LUC (W33PPSK/
p346) was much higher than that of W33SK/p346
or W28SK/p346 (Figure 3A). Similar results were found
when comparing W33°PGAL4BD and W33GAL4BD or
W28GAL4BD (Figure 3B), suggesting that phosphorylated
BnWRKY33 had greater activation capacity than
BnaA03.WRKY28.

The study of WRKY33 phosphorylation by MPK3/6 in
Arabidopsis inspired us to conjecture that Sclerotinia infec-
tion induces BnNWRKY33 to be phosphorylated and acti-
vated by MAPK cascade in oilseed rape. Y2H assays revealed
that BnWRKY33 interacted with BnaA06.MPK3 and
BnaC03.MPK3 (Figure 3D). These interactions were further
confirmed via co-immunoprecipitation (Co-IP) assays
(Figure 3E). Therefore, in vitro phosphorylation assays were
performed to determine whether BnWRKY33 could be
phosphorylated by the MAPK cascade. We previously dem-
onstrated  that  the  BnaA03.MKK5-BnaA06.MPK3/
BnaC03.MPK3 module plays a conserved and positive role in
S. sclerotiorum resistance of B. napus (Zhang et al,, 2022), in
which BnaA03.MKK5°® (an active BnaA03.MKK5 mutant)
was used. The autoradiogram revealed that the recombinant
GST-BnaA06.MPK3 and GST-BnaC03.MPK3 strongly phos-
phorylated BnWRKY33 and the truncated BnWRKY33 (N-
terminal containing the conserved Ser residues) with

pGADT7 vector (pGADT7-WRKY28). SD/-Leu, selective dropout medium without leucine. AbA3® medium containing 300 ng/mL AbA; AbA®,
medium without AbA. p53 was used as a positive control. Oblique triangles above the images indicate a 10°, 107", and 107 yeast-cell concentra-
tion gradient. G and H, EMSA to test the interaction between BnaA03.WRKY28 and the BAWRKY33 promoter in vitro. Probes labeled with Cy5
were used. The mutated probe replaced the core W-box sequence (W1, W2, and W3) with GAGAGA. |, Schematic of effector and reporter con-
structs using the pGreenll vector set. The CDSs of the TFs were introduced into the pGreenll 62-SK (SK) vector as effectors. Truncated promoter
regions of BhWRKY33 were inserted in front of the Firefly LUC as reporters. Renilla LUC was used as an internal control. J, Dual-LUC assays were
conducted to detect relative LUC activity (the ratio of Firefly to Renilla LUC activity) when co-transformed with effector and reporter. Co-trans-
formed empty pGreenll 62-SK plasmids and reporter constructs were used as negative controls. Data are shown as means = sb (n = 3). Asterisks
indicate significant differences compared with the negative controls (t test; ns, P > 0.05, *P < 0.05, **P < 0.01).
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constitutively active BnaA03.MKK5P® (Figure 3F). However,
when the five Ser residues were mutated into Ala (generat-
ing WRKY33**-N), BN WRKY33 was not phosphorylated by
BnMPK3 (Figure 3F). In the dual-LUC transient transcrip-
tional activity assays, we found that without activation by
the constitutively —active BnaA03.MKK5"®,  neither
BnaA06.MPK3 nor BnaC03.MPK3 enhanced BnWRKY33 ac-
tivity. However, relative LUC activity was significantly higher
when the MAPK cascade was activated (Figure 3G and
Supplemental Figure S6). Overall, these results demonstrate
that the conserved MAPK cascade module mediated by
BnaA03.MKK5-BnaA06.MPK3/BnaC03.MPK3 phosphorylates
BnWRKY33 and activates the transcriptional activity of
BnWRKY33. In addition, EMSA indicates that the phosphor-
ylated BhWRKY33 is able to bind to W33box, W1, W2, and
W3 (Figure 3H).

As a co-factor, BnaA09.VQ12 interacts with
BnaA03.WRKY28, forming a protein complex that
negatively regulates Sclerotinia resistance

VQ proteins are a class of plant-specific proteins with the
conserved FxxxVQXLTG amino acid sequence motif. VQ
proteins have been reported to regulate gene expression by
interacting with WRKY TFs (Cheng et al, 2012). AtVQ12
plays a negative role in resistance to B. cinerea (Wang et al,
2015). There were two homoeologous copies of BnVQ12
(BnaA09.vQ12 and BnaC08.VQ12) in B. napus. BnaA09.vVQ12
was markedly induced by S. sclerotiorum; and its induction
trend was similar to that of BnaA03.WRKY28 (Figure 4A).
We first tested the interaction between BnaA03.WRKY28
and BnaA09.VQ12 using Y2H assays. In yeast, full-length
BnaA03.WRKY28 was able to activate reporter genes, thus
truncated domains of BnaA03.WRKY28 were used
(Supplemental Figure S7). BnaA03.WRKY28, with a deleted
domain (WRKY28 A1-86), interacted with BnaA09.VQ12 but
not BnA01.VQ22 (Figure 4B), indicating the specificity of the
BnaA03.WRKY28-BnaA09.VQ12 interaction. Furthermore,
BnaA09.VQ12 interacted with BnaA03.WRKY28 via the 164—
227 amino acid domain of BnaA03.WRKY28, which is the
DNA-binding domain containing the WRKY motif and C,H,
zinc finger (Figure 4C). The bimolecular fluorescence com-
plementation (BiFC) assays showed the proximity of
BnaA03.WRKY28 and BnaA09.VQ12 in the nucleus
(Figure 4D). Subcellular localization analysis showed that
BnaA03.WRKY28 was localized in the nucleus, whereas
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BnaA09.VQ12 was present in the cytoplasm and nucleus
(Supplemental Figure S8). Glutathione S-transferase (GST)
pull-down assays were conducted to confirm the interac-
tions in  vitro. GST-BnaA03.WRKY28 and GST-
BnaA03.WRKY28 164-227, but not the GST control, pulled
down His-BnaA09.VQ12 (Figure 4E). Co-IP assays further
showed that BnaA09.VQ12-FIAG interacted with
BnaA03.WRKY28-GFP and even with BnaA03.WRKY28 164—
227 (Figure 4F). Thus, the co-factor BnaA09.VQ12 forms a
complex with BnaA03.WRKY28 in the nucleus by binding to
the DNA-binding domain of BnaA03.WRKY28.

To characterize the biological function of BnaA09.vVQ12 in
response to Sclerotinia infection, three independent
BnaA09.vVQ12 OE lines and three independent loss-of-
function homozygous mutants with two VQ12 copies were
obtained (Supplemental Figure S9, A and B). At 48 h post-
inoculation, the necroses in the WT plants were more severe
than those in the VQ12 knockout lines, but less severe than
those in the BnaA09.VQ12 OE lines (Figure 4, G and H and
Supplemental Figure S9C). After S. sclerotiorum inoculation,
BnPAD3 and BnCYP71A13 transcription was significantly
lower in BnaA09.VQ12 OE lines, but greater in VQ12 knock-
out lines, relative to levels in the WT. In WT plants, expres-
sion of camalexin synthesis-related genes was significantly
upregulated 24 h after incubation, but was significantly
lower at 36 h. By contrast, in the BnaA09.VQ12 OE lines,
their expression was not induced noticeably at 24 h, and
remained low at 36 h. Relative to the levels in the WT,
camalexin synthesis-related gene expression in VQ12 knock-
out lines was similar at 24 h, but was significantly higher at
36 h (Supplemental Figure S9, D and E). These results sug-

gest that BnaA09.VQ12, similar to its partner
BnaA03.WRKY28, contributes negatively to Sclerotinia
resistance.

BnaA03.WRKY28-BnaA09.VQ12-complex formation
causes BnaA03.WRKY28 to have stronger
BnWRKY33-promoter-binding capacity than
BnWRKY33

We monitored lesion development on oilseed rape leaves
infected with S. sclerotiorum within 84 h, and plotted the in-
creased rate of lesions every 3 h (Figure 5A). The increased
rate of lesions was at the lowest level within 15-24 h after
inoculation, the period of greatest BnWRKY33 induction
(Figure 5B). However, from 36 h after inoculation, lesion

Phosphorylation detection of BhAWRKY33 by activated BnaA06.MPK3 (MPK3-A6) and BnaC03.MPK3 (MPK3-C3) in vitro. MPK3-A6 and MPK3-C3
were activated with constitutively active BnaA03.MKK5°® (MKK5PP). WRKY33-N, the N-terminus of BAWRKY33 containing the five conserved
Ser residues; WRKY33**-N, five conserved Ser residues in the BAWRKY33 N-terminus all mutated to Ala. Phosphorylation reactions were incu-
bated in protein kinase buffer containing [y->’P] ATP. Phosphorylation signals were detected via autoradiography (top panels). Protein inputs
were assessed using Coomassie Brilliant Blue (CBB) staining (bottom panels). G, Dual-LUC transient transcriptional activity assays showing the ef-
fect of MAPK cascade on BnWRKY33-BnWRKY33 module. BAWRKY33 (W33), BnaA06.MPK3 (MPK3-A6), BnaC03.MPK3 (MPK3-C3), and
BnaA03.MKK5°® (MKK5PP) were introduced into pGreenll 62-SK (SK) as effectors. The BnWRKY33 promoter (p346, —326 to —246 bp) was
inserted into pGreenll-0800 as reporter. H, In vitro EMSA to explore the binding of phosphorylated BAWRKY33 (WRKY33") to the BhWRKY33
promoter. W33box, W1, W2, and W3 were used as probes. In (A), (B), and (G), data are shown as means & sb (n = 3). Asterisks indicate significant

differences (t test; ns, P > 0.05, *P < 0.05).
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Figure 4 BnaA03.WRKY?28 interacts with BnaA09.VQ12 and negatively contributes to Sclerotinia resistance. A, Induced expression profiles of two
copies of BnVQ12 were identified at 0, 12, 24, 36, 48, and 72 h after inoculation with S. sclerotiorum. The latest fully unfolded leaves of oilseed rape
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trol; BD-Lam/AD-RecT, negative control. Oblique triangles above the images indicate a 10°, 107", and 1072 yeast-cell concentration gradient. D,
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area increased rapidly, peaking at 42—48 h, the period when
BnaA03.WRKY28 and BnaA09.VQ12 were substantially
induced (Figures 1A and 4A). The expression of BAWRKY33
decreased sharply 36 h after inoculation (Figure 5B).
In addition, we detected the expression levels of WRKY?2S,
WRKY33, and VQ12 at 0, 1, 2, 3, 4, and 5 days after inocula-
tion of S. sclerotiorum in oilseed rape stems, and found that
these genes were all induced during infection time
(Supplemental Figure S10). The induction trends were al-
most consistent with those in infected leaves, indicating
that the function mode of these genes in leaf and stem may
be similar.

BnWRKY33 expression was significantly lower in
BnaA03.WRKY28 or BnaA09.VQ12 OE lines than in the WT,
especially at 24 h after inoculation, when the expression of
BnWRKY33 reached its peak in the WT. However, 24 h after
inoculation, BAWRKY33 expression in BnaA03.WRKY28 or
BnaA09.VQ12 knockout lines was similar to that in the WT.
By contrast, at 48 h, BAWRKY33 expression was significantly
higher in BnaA03.WRKY28 or BnaA09.VQ12 knockout plants
than in the WT (Figure 5C). These results indicate that the
BnaA03.WRKY28-BnaA09.VQ12 complex may inhibit the
expression of BnWRKY33. Since both BnaA03.WRKY28 and
BnWRKY33 were able to bind to the BnWRKY33 promoter,
and BnaA03.WRKY28 had lower transcriptional activity than
activated BnWRKY33, we considered that BnaA03.WRKY28
may inhibit BnWRKY33 binding to the BnWRKY33
promoter.

To evaluate this, we first examined the effects of the inter-
action between BnaA09.VQ12 and BnaA03.WRKY28 on the
binding of BnaA03.WRKY28 to the BnWRKY33 promoter
(Figure 5D). In the absence of BnaA09.vVQ12,
BnaA03.WRKY28 bound to the BnWRKY33 promoter and
formed a specific shifted band, whereas BnaA09.VQ12 alone
failed to target the BnWRKY33 promoter. Adding
BnaA09.VQ12 to the mixture of BnaA03.WRKY28 and a
DNA probe produced a specific super-shifted band, whose
intensity was enhanced when more BnaA09.VQ12 was
added. These results suggest that BnaA09.VQ12 enhances
the binding capacity of BnaA03.WRKY28 to BnWRKY33 by
forming a complex with BnaA03.WRKY28. In vitro EMSA
was subsequently conducted to evaluate the competitive
binding abilities of BnaA03.WRKY28 and BnWRKY33 to the
BnWRKY33 promoter (Figure 5E). BnaA03.WRKY28,
BnaA03.WRKY28-BnaA09.VQ12 complex and BnWRKY33"P
could target the BAWRKY33 promoter, respectively, and pro-
duced corresponding shifted bands. However, when equal
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addition of BnaA03.WRKY28 and BnWRKY33°® protein was
incubated together with the DNA probe, BnaA03.WRKY28-
BnaA09.VQ12 complex outcompeted phosphorylated
BnWRKY33 for binding to the BhWRKY33 promoter; when
a 5:1 ratio of BN WRKY33°:BnaA03.WRKY28 was used, the
shifted band produced by phosphorylated BnWRKY33 bind-
ing was observed. In addition, dual-LUC transient transcrip-
tional activity assays revealed that the relative LUC activity
displayed marked trends when W28SK, W33°°SK, and
VQ12SK were used as effector combinations. Similar relative
LUC activity was observed when using W28SK or W33PPsK
as independent effectors, and using VQ12SK and W?28SK,
VQ125K and W33PPsK as simultaneous effectors (Figure 5F),
indicating that BnaA09.VQ12 did not change the transcrip-
tional activity of BnaA03.WRKY28 and BnWRKY33. Using
W28SK and W33PPSK simultaneously, the relative LUC ac-
tivity was between that achieved when they were used as
independent effectors (Figure 5F). However, when VQ12SK
was reintroduced into the mixture of W28SK and W33°°SK,
the relative LUC activity tended to be similar to that of
W28SK as an independent effector (Figure 5G). Based on
these data, we believe that BnaA03.WRKY28 and
BnWRKY33 compete to bind to the BnWRKY33 promoter
when present simultaneously, but that the presence of
BnaA09.VQ12 causes BnaA03.WRKY28 to have stronger
BnWRKY33-promoter-binding capacity than BnWRKY33.

BnaA03.WRKY28 promotes axillary bud activity and
shoot branching
Notably, BnaA03.WRKY28 OE lines produced more branches
than the WT, especially many higher-order branches and
many new axillary buds in late-stage oilseed rape growth
(Figure 6A). In BnaA03.WRKY28 OE lines, two or more
branches were produced in one leaf axil (Figure 6, B and C).
We quantified the number of branches and buds developing
in the leaf axils of WRKY28-OE lines and WT plants in the
field for two years (2019 and 2020). In the WT plants, at
most one branch formed in each leaf axil, and secondary
branching was the highest order branching. By contrast, in
the BnaA03.WRKY28 OE lines, many more branches were
formed; two or more branches formed in each leaf axil and
quaternary branches were very common (Figure 6, D and E;
detailed data can be found in Supplemental Figure S11), sug-
gesting that BnaA03.WRKY28 promotes the initiation of axil-
lary bud activity and shoot branching (Figure 6F).
B-galactosidase ~ (GUS)  staining  revealed  that
BnaA03.WRKY28 was expressed in the latest true leaves and

BiFC to confirm the interaction between BnaA03.WRKY28 and BnaA09.VQ12 in Arabidopsis protoplasts. BnaA01.VQ22 and cYFP served as nega-
tive controls. Scale bars, 10 um. E, In vitro pull-down assays to test the direct interactions between BnaA09.VQ12 and BnaA03.WRKY?28, especially
and the DNA-binding domain of BnaA03.WRKY28 (comprising 164-227 amino acids). GST, GST-WRKY28, or GST-WRKY28 164-227 was immobi-
lized on GST beads and incubated with His-BnaA09.VQ12 protein. F, In vivo Co-IP assays with BnaA03.WRKY28-GFP and BnaA09.VQ12-FLAG co-
expressed in N. benthamiana leaves. Proteins were extracted (Input) and immunoprecipitated (IP) with GFP beads. G and H, Phenotype of
BnVQ12 transgenic homozygous lines and the WT (Jia 9709) after 48 h inoculation with S. sclerotiorum; lesion areas were analyzed statistically.
Scale bar, 2 cm. Data are shown as means + sp (n = 3). Asterisks indicate significant differences compared with the WT (t test; *P < 0.05,

**p < 0.01).
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Figure 5 The BnaA09.VQ12-BnaA03.WRKY28 protein complex inhibits BAWRKY33 transcription by competitively binding to the BAWRKY33 pro-
moter. A, Increase in lesion radius on oilseed rape leaves infected by Sclerotinia over 84 h. Lesions were measured every 3 h. B, Induced expression
of BAWRKY33 in the WT, 0, 12, 24, 36, 48, and 72 h after inoculation with S. sclerotiorum. C, Relative expression levels of BAWRKY33 in
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ces compared with the WT at the corresponding time points (t test; *P < 0.05). D, EMSA showing the effect of the BnaA09.VQ12 on the binding
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axils at the seedling stage, and in leaf axils at the flowering
stage (Figure 6G). Moreover, among the DEGs identified via
RNA-seq, expression of genes involved in meristem growth
and auxin polar transport was significantly higher in the
BnaA03.WRKY28 OE lines than in the WT, whereas that of
genes involved in auxin influx, cellular response to auxin
stimulus, and auxin biosynthetic process was significantly
lower (Supplemental Figure S12 and Supplemental Table
S4). Among the overlapping genes of RNA-seq and ChlIP-
seq, Teosinte branched1/Cycloidea/Proliferating cell factor
(TCP) TFs, including TCP18 (BRC1), were identified
(Supplemental Table S3). TCP TFs have profound effects on
meristem and lateral organ growth; BRCT plays a central role
in shoot branching, with BRC2 having a slightly weaker role
(Aguilar-Martinez et al, 2007; Nicolas and Cubas, 2016).
Axillary meristem initiation and axillary bud activation re-
quire minimization of auxin content in the leaf axil, which
largely depends on PIN1-mediated auxin efflux (Wang et al,
20714a). AXR1 is required for auxin to inhibit axillary bud
growth (Stirnberg et al, 1999). RT-qPCR revealed that
BnBRC1, BnBRC2, and BnAXR1 were downregulated in
BnaA03.WRKY28 OE lines, whereas BnPINT was upregulated,
relative to the WT (Figure 6H). Two W-box elements were
found approximately 1,000 bp upstream of the BnaC03.BRC1
start codon. A BnaC03.BRC1-promoter sequence containing
two W-box elements was synthesized as a probe. EMSA
revealed that BnaA03.WRKY28 bound to the DNA probe to
produce a specific shifted band, which was diluted when an
unlabeled probe was added (Figure 6l). These results support
the involvement of BnaA03.WRKY28 in growth and develop-
ment, and particularly in axillary bud outgrowth and branch
formation.

Discussion

Although defense against pathogens is essential to ensure
plant survival, it is costly: the immune response leads to the
inhibition of plant growth and development (Gémez-Gomez
et al, 1999; Tian et al, 2003). In particular, constitutive de-
fense reactions involving OE of resistance-related signaling
molecules can lead to lesion-mimic phenotypes, reduced
height, and early senescence (Delteil et al,, 2010). A trade-off
between plant growth and disease resistance has become a
generally accepted concept (Karasov et al., 2017). Differential
allocation of limited resources to life activities may be re-
sponsible for trade-offs between growth and defense (Heil
and Baldwin, 2002; Matyssek et al., 2005).

Phytoalexins, important components of plant defense, are
low molecular-mass antimicrobial compounds synthesized
de novo and accumulated after a plant is infected by a

Figure 5 (Continued)
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pathogen (VanEtten et al, 1994 Ahuja et al, 2012).
Camalexin, the major phytoalexin in Arabidopsis and some
Brassicaceae species, participates in defense against S. sclero-
tiorum and B. cinerea (Mao et al, 2011; Stotz et al, 2017;
Ahuja et al, 2012). Camalexin is synthesized from trypto-
phan, which is also precursor to indole-3-acetic acid (IAA)
(Cohen et al., 2003; Glawischnig et al,, 2004), potentially con-
tributing to the antagonism between growth and defense.
Two P450 enzymes, CYP71A13 and PAD3, are involved in
camalexin biosynthesis. In the absence of stress, camalexin
biosynthesis-related genes, including AtCYP71A13 and
AtPAD3, are expressed at very low levels. Under pathogen
infection, however, WRKY33 targets and induces these genes
strongly, activating camalexin biosynthesis (Nafisi et al,
2007; Qiu et al, 2008; Zhou et al, 2020). Relative to WT
plants, BnCYP71A13 and BnPAD3 expression was higher in
BnMPK3/BnaA03.MKK5  OE  and  BnaA03.WRKY28/
BnaA09.VQ12 knockout plants; this was associated with bet-
ter disease resistance.

We previously characterized the positive regulatory role of
BnWRKY33 in Sclerotinia resistance (Liu et al., 2018). In the
present study, we found that two BnWRKY TFs
(BnaA03.WRKY28 and BnWRKY33) dynamically regulate
plant immunity against Sclerotinia by competitive binding
to BnWRKY33 promoter. Based on these results, we propose
a model that accounts for the actions of BAWRKY33 and
BnaA03.WRKY28 in response to S. sclerotiorum in oilseed
rape (Figure 7). When threatened by Sclerotinia, the plant
innate immune system mediated by MAPK cascade is en-
gaged. BnaA06.MPK3 and BnaC03.MPK3 are activated fol-
lowing phosphorylation by BnaA03.MKKS5; the activated
BnMPK3 phosphorylates BhWRKY33 and enhances its trans-
activation activity. BhWRKY33 binds to its own promoter to
maintain high BnWRKY33 expression. BhRWRKY33 regulates
the high expression of disease resistance-related genes such
as BnPAD3 and BnCYP71A13, which promote phytoalexin
biosynthesis and defend against the fungal pathogen inva-
sion. Defense is dominant during this early stage. With on-
going infection, the plant is at a potential risk of resistance
breakdown, and continued resistance becomes highly costly.
At this point, BnaA03.WRKY28 and BnaA09.VQ12 are
strongly  induced. BnaA09.vQ12 interacts  with
BnaA03.WRKY28, helping it to compete with BhAWRKY33 in
binding to the BnWRKY33 promoter. Because the transcrip-
tional activity of BnaA03.WRKY28 is weaker than that of
BnWRKY33, the expression of BAWRKY33 is lower than that
mediated by BnWRKY33 during the early infection stage.
This in turn slows BnWRKY33-regulated resistance-related
gene expression, thereby reducing disease resistance. During

BnaA09.VQ12-BnaA03.WRKY28 complex. E, In vitro binding assays to compare the binding capacity of BnaA09.VQ12-BnaA03.WRKY28 complex
and phosphorylated Bn WRKY33 to the BAWRKY33 promoter. Equal addition of BnaA03.WRKY28 protein in Lanes 2, 3, 5, and 6; equal addition of
BnWRKY33 protein in Lanes 4 and 5; equal addition of BnWRKY33°® and BnaA03.WRKY28 was mixed in Lane 5 51 ratio of
BnWRKY33°°:BnaA03.WRKY28 was mixed in Lane 6. Protein inputs were assessed using CBB staining (bottom panels). F and G, In vivo dual-LUC
transient transcriptional activity assays to explore competitive binding of BnaA09.VQ12, BnaA03.WRKY28, and BnWRKY33 to the BnWRKY33 pro-
moter. In (F) and (G), data are shown as means + sp (n = 3); asterisks indicate significant differences (t test; ns, P > 0.05, *P < 0.05, **P < 0.01).
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Figure 6 BnaA03.WRKY28 promotes axillary branch formation. A, Phenotype of branching (indicated by arrows) in BnaA03.WRKY28 OE lines
(left) and WT (right). Scale bar, 10 cm. B and C, Close-up view of the representative leaf axil in the square in (A); scale bars, 2 cm. D and E,
Statistical description of lateral branches or buds in every order branching (D) and branching positions that produce two or more branches in
one axil (E) in BnaA03.WRKY28 OE lines and late-growth WT plants (n = 3) for two years (2019 and 2020). F, Schematic of branches in
WRKY28-OE lines and WT plants. Arrows, branches; ellipses, cauline leaves. G, GUS staining showing the expression of BnaA03.WRKY28. Left,
two-week-old plants; scale bar, 2 cm. Middle, six-week-old plants; scale bar, 2 cm. Right, close-up view of the leaf axils in the square in the middle
image; scale bar, 1 cm. H, RT-gPCR to examine transcription levels of branching-related genes in BnaA03.WRKY28 OE lines and in the WT. Data
are shown as means £ sp (n = 3). Asterisks indicate significant differences (t test; *P < 0.05, **P < 0.01). I, EMSA to detect BnaA03.WRKY28 bind-
ing to the BnaC03.BRCT promoter. The sequence containing two W-box motifs in the BnaC03.BRC1 promoter was used as a DNA probe.
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the later stages of infection, this reduction in defense re-
sponse is accompanied by recommencement of active
growth: BnaA03.WRKY28, which is expressed in leaf axils,
stimulates axillary meristem initiation and the development
of axillary buds that grow into complete branches. This inhi-
bition of disease resistance contributes to the trade-off be-
tween defense and growth.

We focused on the negative regulation mechanism of
BnaA03.WRKY28 in plant immunity and demonstrated its
function in promoting branch formation. BnaA03.WRKY28
OE lines showed more active axillary buds and produced
more leaf-axil branches than the WT. AtWRKY71, which is
in the same clade as AtWRKY28, promotes axillary meristem
initiation by positively regulating key meristem formation-
related TFs (including AtRAX1, AtRAX2, and AtRAX3) in
branches (Guo et al, 2015). Guo et al. (2015) reported that
AtWRKY28 OE also causes excessive branching particularly,
five closely related WRKY members (WRKYS, WRKY28,
WRKY48, WRKY57, and WRKY71) are functionally redun-
dant in shoot branching, and the phenotype of branch for-
mation defect can be only identified in the quintuple
mutants. Our RNA-seq and ChIP-seq analyses revealed the
involvement of lateral-branch formation-related genes, such
as TCP TFs (including BnBRC1) and auxin polar transporters
(including BnPIN1); changes in their expression caused ex-
cessive branching of the BnaA03.WRKY28 OE lines.

VQ proteins are thought to regulate gene expression by
interacting with WRKY TFs involved in plant growth, devel-
opment, and stress responses (Cheng et al, 2012; Jing and
Lin, 2015). In Arabidopsis, WRKY superfamily TFs are classi-
fied into three groups (group |, group II, and group )
(Eulgem et al., 2000), and group Il is further divided into lla,
b, llc, lid, and lle (Rushton et al,, 2010). VQ proteins inter-
act physically with group | or group llc WRKY proteins via
their WRKY domains (Cheng et al,, 2012; Jing and Lin, 2015).
AtWRKY33 (group 1) interacts with VQ23 (SIB1) or VQ16
(SIB2) in resistance to B. cinerea (Lai et al, 2011). The inter-
action between VQ and WRKY can affect the DNA-binding
activity of WRKY TFs (Jing and Lin, 2015). Here, we identi-
fied another group llc member, BnaA03.WRKY28, which
interacted with BnaA09.VQ12 via its DNA-binding domain.
Formation of the BnaA09.VQ12-BnaA03.WRKY28 complex
enhances the DNA-binding activity of BnaA03.WRKY28.
Further, although AtQ22 is speculated to interact with
AtWRKY28 (Hu et al,, 2013a), we found that, in oilseed rape
Sclerotinia response, BnaA09.VQ12 but not BnA01.VQ22 was
the co-factor of BnaA03.WRKY28.

MAPK cascade phosphorylation mediated by MEKK-
MKK-MAPK is an essential event in plant defense. In the
study of MAPK cascades, MPK3/6 is well elucidated and is
conservatively involved in response to biotic and abiotic
stresses. The MKK4/5-MPK3/6 module contributes to plant
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immunity (Ichimura et al, 2002, Meng and Zhang, 2013;
Zhang et al, 2022). Kinase phosphorylates TF and alters its
transactivation activity or DNA-binding activity (Mao et al,
2011; Zhou et al., 2020). In this study, we verified that phos-
phorylation of BAWRKY33 by the BnMKK5-BnMPK3 mod-
ule is conserved in Sclerotinia resistance in oilseed rape, and
is necessary to enhance the transactivation activity of
BnWRKY33. When plants were incubated with Sclerotinia,
no  phosphorylation  signal ~was  detected on
BnaA03.WRKY28 OE protein, but the phosphorylation signal
was detected on BnWRKY33 protein (Supplemental Figure
S$13), suggesting that BnWRKY33 is phosphorylated in re-
sponse to S. sclerotiorum, but BnaA03.WRKY28 is probably
not phosphorylated after infection, indicating that the differ-
ence in the transcriptional activity of these two WRKY TFs
leads to differences in resistance response severity to S.
sclerotiorum.

Plants have evolved intricate and precise gene regulatory
networks to modulate their growth and cope with the
changing environment. In the early stage of defense,
BnWRKY?33 is activated by MAPK cascade, and the activated
BnWRKY?33 directly binds to its own promoter, contributing
to the transcriptional burst of BnWRKY33. The promoters of
both AtWRKY33 and BnWRKY33 contain a cluster of W-
boxes, and WRKY33 can bind directly to its own promoter
(Mao et al, 2017; Liu et al, 2018). In this study, we identified
that BnaA03.WRKY28 was also able to bind to the
BnWRKY33 promoter. Specifically, BAWRKY33 binds to W1,
W2, and W3 of the BnWRKY33 promoter, whereas
BnaA03.WRKY28 targets W1 and W3. Additionally,
BnWRKY33 and BnaA03.WRKY28 exhibited different induced
trends after infection. BnWRKY33 expression was signifi-
cantly induced earlier, peaked at 24 h, and then declined,
whereas that of BnaA03.WRKY28 was induced later and
peaked at 48 h. The later-stage decline in BnWRKY33 expres-
sion and simultaneous increase in BnaA03.WRKY28 expres-
sion were due by the fact that BnaA03.WRKY28, which has
lower transcriptional activity, replaced BnWRKY33 in bind-
ing to the BnWRKY33 promoter. It is suggested that
BnaA03.WRKY28 has a higher affinity for BhWRKY33 pro-
moter than BnWRKY33 with the help of BnaA09.VQ12. This
counts much for fine-tuning of the late-stage defense mech-
anism. Further, BnaA03.WRKY28, which was induced during
late-stage infection, promoted branch formation by regulat-
ing the expression of branching-related genes. BnaC03.BRC1
is the likely target gene of BnaA03.WRKY28. In response to
lethal pathogens, BnaA03.WRKY28 acted as a brake factor of
defense and an activated factor of growth, contributing to
the strategies of survival and reproduction.

Materials and methods

Plant materials, growth conditions, and plasmid
construction

Transgenic lines were established from spring oilseed rape
(B. napus) varieties Jia9709 or Westar. OE and CRISPR/Cas9
(CR) lines were generated, including BnaA03.WRKY28-OE/
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Jia9709, BnaA03.WRKY28-OE/Westar, BnaA03.WRKY28-CR/
Jia9709, BnaA09.VQ12-0E/Jia9709, and BnVQ12-CR/)ia9709.
Plants were grown at an experimental station in Wuhan un-
der natural conditions for stem inoculation and seed propa-
gation. For oilseed rape leaf inoculation and growth of A.
thaliana and Nicotiana benthamiana, seedlings were grown
in a greenhouse at 22°C under a long-day condition (16-h
day/8-h night). The target fragments were cloned based on
B. napus reference genome Darmor-bzh V5 and BnTIR
(http://yanglab.hzau.edu.cn/BnTIR) database, and were am-
plified from Jia9709/Westar c¢cDNA. OE constructs were
driven by CaMV35S (modified from pCAMBIA2300 vector);
358:Kpn1-BnaA03.WRKY28-FLAG-Xbal was transformed into
Jia9709, 35S:Sal1-BnaA03.WRKY28-BamH1 was transformed
into Jia9709 and Westar, and 35S:Sal1-BnaA09.VQ12-BamH1
was transformed into Jia9709. CRISPR/Cas9-mediated gene-
editing constructs were designed using the binary vector
pKSE401 (Xing et al, 2014). The sgRNA was designed using
CRISPR-P  (http://cbi.hzau.edu.cn/cgi-bin/CRISPR). The con-
structed plasmids were confirmed by restriction digestion
analysis and sequencing. The transgenic plants of empty-
loading (empty OE vector backbone) transformation were
used as negative test lines. Construct primers are listed in
Supplemental Table S5.

Pathogen inoculation and disease resistance assay
Sclerotinia sclerotiorum strain A367 was cultured on potato
dextrose agar (PDA) medium (20% [w/v] potato, 2% [w/v]
dextrose, and 1.5% [w/v] agar) for inoculation. The leaf inoc-
ulation assay was performed as previous described (Liu
et al, 2018; Wang et al,, 2018), using the latest fully unfolded
leaves of ca. 6-week-old plants. At 48 h post-inoculation,
images of the inoculated leaves were taken, and lesion area
was measured using Image) software. For stem inoculation,
the assay was performed as previously described (Wei et al.,
2016). At the flowering period, the mycelial side of the fun-
gus agar block was attached to the stem ca. 30 cm above
the soil, using plastic wrap. The stems were sprayed with
water mist. At 72 h after inoculation, images of inoculated
stems were taken, and lesion length was measured using
Image] software.

RNA extraction and RT-qPCR

Total RNA was extracted from 100 mg oilseed rape leaves
(collected from infected plants, uninfected plants, or OE
lines) using the RNAprep plant kit (TIANGEN, DP441,
China). The RNA-seq samples were from BnaA03.WRKY28
OE lines and WT plants for three biological replicates. Twio
micrograms of total RNA was used for cDNA synthesis using
the RevertAid First Strand cDNA kit (Fermentas, #K1622,
USA). RT-gPCR analysis was performed with the CFX96
Real-Time system (Bio-Rad, USA) using the SYBR Green
Realtime PCR Master Mix (TOYOBO, QPK-201, Japan).
BnACTIN2 was used as a control to normalize expression
levels according to the 27827 method (Livak and
Schmittgen, 2001). The RT-qPCR primers are given in
Supplemental Table S5.
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Yeast one-hybrid assay

Yeast one-hybrid (Y1H) assays were performed as the man-
ual of Matchmaker Gold Y1H System (Clontech). The ampli-
fied coding sequence (CDS) of BnaA03.WRKY28 was cloned
into the pGADT7 vector. WT and mutated BnAWRKY33 pro-
moter fragments (-326 to —246 bp), and three W-box ele-
ments of BAWRKY33 promoter (-326 to —313, -309 to —
296, and —259 to -246 bp for three times tandem duplica-
tion, respectively) were cloned into the pAbAi vector, and
then were transformed into the Y1HGold yeast strain. The
prey plasmid was introduced into the bait strains. Clones
were cultured on selective dropout medium SD/-Leu with
or without 300 ng/mL Aureobasidin A (AbA). Construct pri-
mers are listed in Supplemental Table S5.

Yeast two-hybrid assay

The full-length CDS of BnWRKY33, BnaA09.vVQ12, and
BnaA01.VQ22 was cloned into the pGADT7 vector. The
CDS of BnaA03.WRKY28, truncated BnaA03.WRKY28,
BnaA06.MPK3, and BnaC03.MPK3 was cloned into the
pGBKT7 vector. The recombinant pGADT7 and pGBKT7
constructs were co-transformed into AH109 yeast strain.
The yeast two-hybrid (Y2H) assays were performed following
the manufacturer’s protocol using the Matchmaker GAL4
Two-Hybrid System (Clontech). Clones were grown on selec-
tive dropout medium (lacking either Trp and Leu or Trp,
Leu, His, and Ade). Construct primers are listed in
Supplemental Table S5.

Electrophoretic mobility shift assay

Two complementary oligonucleotide strands isolated from
the BnWRKY33 promoter were labeled with Cy5 and
annealed to generate probes. The recombinant His-WRKY28,
His-VQ12, and His-WRKY33 proteins were expressed in
Escherichia coli BL21 or Rosetta (DE3) with 02 mM isopro-
pyl-beta-o-thiogalactopyranoside (IPTG) at 16°C for 16 h.
The cells were lysed using a high-pressure cell disrupter
(INBIO, China), and the supernatant was added onto a col-
umn equipped with Ni** affinity resin (BBI, C600033,
China) after centrifugation at 12,000 g at 4°C for 30 min.
The DNA-protein binding activities were incubated in the
reaction system containing EMSA/Gel-shift Binding Buffer
(Beyotime, GS005) and 25 nM Cy5-labeled probe at 23°C
for 30 min. For the competition, unlabeled probes were
added to the reactions. The reaction mixture was loaded on
a 6% native polyacrylamide gel and electrophoresed in 0.5 x
TBE (45 mM Tris-base, 45 mM boric acid, 0.5 mM EDTA,
pH 83) at 4°C for 1 h at 80 V in the dark. Fluorescence-
labeled DNA on the gel was directly detected using Fujifilm
FLA-9000 (FujiFilm, Japan). Probe and primer sequences are
given in Supplemental Table S5.

ChIP assay

ChIP was performed as previously described (Zhang et al,
2021). Briefly, oilseed rape leaves were crosslinked in 1% (v/
v) formaldehyde for 15 min and quenched with 02 M gly-
cine. Samples were lysed at 4°C and the chromatin was
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fragmented by sonication using a Bioruptor (Diagenode,
Belgium). The chromatin solution was incubated with 10 pL
anti-FLAG (antibody of the tag of a short peptide composed
of DYKDDDDK amino acids) (Sigma) for 6 h at 4°C. The
immunoprecipitated chromatin was washed with low-salt
buffer, high-salt buffer, wash buffer, and TE buffer. ChIP
DNA was used for ChIP-seq and ChIP-qPCR. The ChlIP-seq
samples were from BnaA03.WRKY28 OE lines for two bio-
logical replicates, and ChIP-qPCR was analyzed according to
percentage input method (Haring et al, 2007). The raw data
of ChIP-seq and RNA-seq have been deposited in GenBank
(accession number, PRINA855127) The ChIP-qPCR primers
are listed in Supplemental Table S5.

Dual-LUC transient transcriptional activity assay
Genes were cloned into pGreenll 62-SK and pGAL4BD vec-
tors as effectors (Hellens et al, 2005 Zong et al, 2016).
BnWRKY33 promoter sequences (p346, —346 to -1 bp;
pAW1, =313 to -1 bp; pAW1W?2, =313 to -1 bp; p249, and
—-249 to -1 bp) were inserted into the pGreenll 0800-LUC
vector to construct reporters. The CaMV35S-driven Renilla
LUC was used as an internal control. The effector, reporter,
and internal control were co-transformed into Arabidopsis
protoplasts as Yoo et al. (2007). LUC activity was measured
according to the manufacturer’s instructions (Promega,
E1910, USA). Construct primers are listed in Supplemental
Table S5.

In vitro pull-down assay

His-tagged BnaA09.VQ12, GST-tagged BnaA03.WRKY28, and
BnaA03.WRKY28 164-227 (164-227 amino acid domain)
proteins were used. GST or GST-tagged protein samples
were incubated with GST beads (BBI, C600031, China) at
4°C for 1 h, washed five times, then incubated with His-
tagged protein at 4°C for 2 h. The beads were then washed
five times. The isolated precipitate was boiled with loading
buffer at 100°C for 6 min, and detected by western blotting
using anti-His (Abclonal, AE003, China, 1:10,000) or anti-GST
(Abclonal, AE001, China, 1:10,000) antibodies. The ECL
western-specific luminescence detection kit (BIO-RAD,
#1705060, USA) was used to collect the signal, and the
images were scanned using the Image Quant luminescence
LAS 4000. Construct primers are listed in Supplemental
Table S5.

BiFC assay

The BiFC vectors were based on those used in Waadt et al.
(2008). BnaA03.WRKY28 and BnaA03.WRKY28 164-227
were amplified and cloned into the pSPYCE vector, and the
full-length CDS of BnaA09.VQ12 and BnaA01.vVQ22 was
inserted into the pSPYNE vector. The constructs were trans-
formed into Arabidopsis protoplasts in different combina-
tions. After 16 h of incubation in the dark, the fluorescence
signals were visualized using a laser scanning confocal micro-
scope (TCS SP2; Leica). For excitation of fluorescent proteins,
the following lines of an argon ion laser were used: 405 nm
for cyan fluorescent protein (CFP) and 488 nm for yellow
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fluorescent protein (YFP). Emission at 420-485 nm for CFP
and 500-542 nm for YFP. Construct primers are listed in
Supplemental Table S5.

Co-IP assay

BnaA06.MPK3,  BnaC03.MPK3, BnaA03.WRKY28, and
BnaA03.WRKY28 164-227 fused with GFP tag were cloned
into pH7LIC6.0, and BnWRKY33 and BnaA09.VQ12 fused
with FLAG tag were cloned into pH7LIC4.1. The fused pro-
teins were expressed in four-week-old N. benthamiana
leaves. After incubation for 3 days, the total protein was
extracted from 5 g of infiltrated leaves with 5 mL extraction
buffer (50 mM Tris—HCI pH 7.5, 150 mM NaCl, 1% [v/v]
Triton X-100, 5 mM EDTA, 10% [v/v] glycerol, and 1x pro-
tease inhibitor [Roche]) and incubated with 25 pL GFP-
Trap-MA (Chromotek, gtma-20, Germany) at 4°C for 1 h.
Next, the beads were washed five times with wash buffer
(50 mM Tris—HCl pH 7.5, 150 mM NaCl, 0.1% [v/v] Triton
X-100, 5 mM EDTA, and 10% [v/v] glycerol) and eluted with
50 pL SDS loading buffer. Immunoblot assays were con-
ducted using anti-FLAG (Abclonal, AE005, China, 1:10,000)
and anti-GFP (Abclonal, AE012, China, 1:10,000) antibodies.
Construct primers are listed in Supplemental Table S5.

In vitro phosphorylation assay

Phosphorylation assays were performed as per Mao et al.
(2011). MBP-tagged BnWRKY33 was purified with amylose
resin (Sangon, C500096, China). Briefly, 0.5 g GST-tagged
BnaA06.MPK3/BnaC03.MPK3 was activated by 0.1 pg His-
tagged BnaA03.MKK5® in the reaction buffer (50 mM
Tris—HCI pH 7.5, 50 uM ATP, 10 mM MgCl,, and 1T mM
dithiothreitol) at 25°C for 1 h. The superscript °° indicates
that the Ser residues were all mutated to Asp. Activated
BnaA06.MPK3/BnaC03.MPK3 was used to phosphorylate
BnWRKY33 and BnWRKY33-N (5:1 substrate/enzyme ratio)
in the reaction buffer (50 mM Tris—HCl pH 7.5, 10 pM ATP,
10 mM MgCl,, 1 uCi [y->*P] ATP, and 1 mM dithiothreitol)
at 25°C for 1 h. The reactions were stopped with SDS load-
ing buffer. Phosphorylation signals for BnWRKY33 and
BnWRKY33-N were visualized via autoradiography after be-
ing resolved in a 10% SDS-PAGE gel. The BnaA03.WRKY28
protein samples were collected from BnaA03.WRKY28 OE
line Z95 when infected with Sclerotinia for 24 and 48 h. The
BnWKRY33-FLAG protein was transiently expressed in N.
benthamiana leaves; total protein samples were collected
when infected with Sclerotinia for 24 and 48 h. Total pro-
teins were immunoprecipitated with FLAG beads (MBL,
M185-10, Japan). Phosphorylation signal was detected using
phosphoserine antibody (Abclonal, AP0893, China, 1:2,000).

Subcellular localization

To  determine  the  subcellular localization  of
BnaA03.WRKY28 and BnaA09.vVQ12, full-length CDS without
stop codon was cloned into pM999 vector to construct a re-
combinant of fused green fluorescent protein driven by
CaMV35S. The OsGHD7? fusion CFP or red fluorescent pro-
tein (RFP) located in the nucleus was used as the control.
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The fusion constructs were transformed into Arabidopsis
protoplasts. The fluorescence signals were visualized using a
laser scanning confocal microscope (TCS SP2; Leica) after 16
h of incubation in the dark. For excitation of fluorescent
proteins, the following lines of an argon ion laser were used:
405 nm for CFP, 488 nm for GFP, and 594 nm for RFP.
Emission at 420-485 nm for CFP, 495-542 nm for GFP, and
600-650 nm for RFP.

Histochemical GUS staining

The samples of ProBnaA03.WRKY28:GUS (the B-glucuroni-
dase gene driven by native BnaA03.WRKY28 promoter)
transgenic plants were immersed in 90% (v/v) acetone on
ice for 20-30 min, then washed twice with 50 mM phos-
phate buffer (mixing 39 mL 0.2 M NaH,PO,-2H,O and 61
mL 02 M Na,HPO,4 12H,0 in 500 mL solution, pH 7.2).
Thereafter, the samples were stained in 1 mg/mL X-Gluc so-
lution overnight at 37°C, and 70% (v/v) ethanol was used to
remove the chlorophyll. Images were captured using a Leica
stereoscope. The sequence ca. 1,000 bp upstream of the
start codon of BnaA03.WRKY28 is used as the promoter.

Statistical analysis

Statistical analyses for the significance differences among the
mean values between independent samples were conducted
in Microsoft Office Excel using Student’s t test (P, 0.05).
Samples included in the analysis were arranged based on at
least three biological replicates.

Accession numbers

The accession numbers from https://www.genoscope.cns.fr/
brassicanapus/ are as follows: BnaA03.WRKY28 (BnaA03g43
640D), BnAWRKY33 (BnaA05g34850D), BnaA09.VQ12 (BnaA
09g42280D), BnaA06.MPK3 (BnaA06g18440D), BnaC03.MPK3
(BnaC03g55440D), BnaA03.MKK5 (BnaA03g36120D), and
BnaC03.BRCT (BnaCnng23770D).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental
BnWRKY28.

Supplemental Figure S2. Expression level and Sclerotinia
resistance detection of BnaA03.WRKY28 transgenic lines.

Supplemental Figure S3. ChIP-seq and RNA-seq analysis
of BnaA03.WRKY28 OE lines.

Supplemental Figure S4. BnaA03.WRKY28 binds to W1/
W3 of BnWRKY33 promoter in yeast.

Supplemental Figure S5. BAWRKY33 expression level in
BnaA03.WRKY28 OE lines.

Supplemental Figure S6. Dual-LUC transient transcrip-
tional activity assays showing the effect of MAPK cascade
on BnWRKY33 transcription.

Supplemental Figure S7. Self-activation test of full-length
BnaA03.WRKY28 in yeast.

Figure S1. Sequences analysis of


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac439#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac439#supplementary-data
https://www.genoscope.cns.fr/brassicanapus/
https://www.genoscope.cns.fr/brassicanapus/
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac439#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac439#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac439#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac439#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac439#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac439#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac439#supplementary-data

BnWRKY28-BnWRKY33 modulates resistance strength

Supplemental Figure S8. Subcellular localization of
BnaA03.WRKY28 and BnaA09.VQ12 in  Arabidopsis
protoplasts.

Supplemental Figure S9. Analysis of BnaA09.VQ12 trans-
genic lines.

Supplemental Figure $10. Induced expression profiles in
oilseed rape stem.

Supplemental Figure S11. Statistical analysis branches in
WRKY28-OE lines and WT plants.

Supplemental Figure S12. Analysis of branching-related
genes in RNA-seq data.

Supplemental Figure S13. Phosphorylation detection of
BnWRKY33 and BnaA03.WRKY28 when incubation with
Sclerotinia for 0, 24, and 48 h.

Supplemental Table S1. Significance analysis of induced
expression levels of WRKY28, VQ12, and WRKY33 in B.
napus.

Supplemental Table S2.
regulated genes in B. napus.

Supplemental Table S3. List of overlapping genes bound
and regulated by BnaA03.WRKY28.

Supplemental Table S4. Genes used for heatmapping.

Supplemental Table S5. All primers used in this study.
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