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Abstract

The degradation products of glucosinolates (GSLs) greatly lower the nutritional value of rapeseed (Brassica napus) meal; thus,
reduction of seed GSL content (SGC) has become an important objective of rapeseed breeding. In our previous study, we
finely mapped a major QTL (qGSL-C2) for SGC to a 49-kb collinear region on B. rapa chromosome A2. Here, we experimen-
tally validated that BnaC2.MYB28, encoding an R2R3-MYB transcription factor, is the causal gene of qGSL-C2. BnaC2.MYB28 is
a nucleus-localized protein mainly expressed in vegetative tissues. Knockout of BnaC2.MYB28 in the high-SGC parent G120 re-
duced SGC to a value lower than that in the low-SGC parent ZY50, while overexpression of BnaC2.MYB28 in both parental
lines (G120 and ZY50) led to extremely high SGC, indicating that BnaC2.MYB28 acts as a positive regulator of SGC in both
parents. Molecular characterization revealed that BnaC2.MYB28 forms a homodimer and specifically interacts with BnaMYC3.
Moreover, BnaC2.MYB28 can directly activate the expression of GSL biosynthesis genes. Differential expression abundance
resulting from the polymorphic promoter sequences, in combination with the different capability in activating downstream
genes involved in aliphatic GSL biosynthesis, caused the functional divergence of BnaC2.MYB28 in SGC regulation between
the parents. Natural variation of BnaC2.MYB28 was highly associated with SGC in natural germplasm and has undergone arti-
ficial selection in modern low-GSL breeding. This study provides important insights into the core function of BnaC2.MYB28 in
regulating SGC and a promising strategy for manipulating SGC in rapeseed.

Received June 13, 2022. Accepted September 20, 2022. Advance access publication September 30, 2022
© American Society of Plant Biologists 2022. All rights reserved. For permissions, please email: journals.permissions@oup.com


https://orcid.org/0000-0002-9907-7520
https://orcid.org/0000-0001-9460-219X
https://academic.oup.com/plphys/pages/general-instructions

BnaC2.MYB28 regulates B. napus seed glucosinolate

Introduction

Glucosinolates (GSLs), which are derived from amino acids
and sugars, are known as a large group of secondary metab-
olites in the Brassicaceae family (Seo and Kim, 2017). In re-
cent decades, GSLs have attracted great research attention
due to the diverse biological properties of their hydrolysis
products (Sonderby et al,, 2010; Kittipol et al, 2019). For ex-
ample, some GSLs and their hydrolysates confer Brassica
vegetables with distinct taste and flavor (Halkier and
Gershenzon, 2006), while others have been confirmed to be
involved in plant defense reaction against pathogens and in-
sect pests (Potter et al, 2000; Ahuja et al, 2010; Bednarek,
2012). In addition, GSL hydrolysates, particularly the well-
studied sulforaphane, are considered as effective cancer-
preventive agents (Keck and Finley, 2004; Li et al, 2008).
Nevertheless, some GSLs such as progoitrin can be highly ac-
cumulated in seeds, and their degradation products can
largely reduce the nutritional values of the cake meal and
even cause diseases of the liver, thyroid, and kidney when
consumed by livestock (Walker and Booth, 2001; Grubb and
Abel, 2006; Tayo et al,, 2012). Therefore, it is of great biologi-
cal and economic importance to reveal the metabolism of
GSLs in Cruciferous crops.

In the model plant Arabidopsis (Arabidopsis thaliana), a
closely related species of Brassicaceae, the biosynthesis and
metabolism pathways of GSLs have been well elucidated.
Generally, the biosynthesis process of GSLs undergoes three
independent stages: side chain elongation of precursor amino
acids, formation of the core GSL structure, and secondary
modification of the amino acid side chains (Grubb and Abel,
2006). Most genes involved in these stages have been charac-
terized. For example, three partially redundant Methylthioalky!
Malate Synthases MAMs (MAM1, MAM2, and MAM3) were
validated to be implicated in side chain elongation
(Kroymann et al, 2001, 2003; Textor et al, 2007); Cytochrome
P450 79B2 (CYP79B2), CYP79B3, CYP79F1, CYP79F2, CYP83AT,
and CYP83B1 have been shown to participate in the forma-
tion of the core GSL structure (Mikkelsen et al, 2000; Bak
and Feyereisen, 2001; Chen et al, 2003); and the Flavin-
Monooxygenase GSL S-oxygenases FMOgcs.oxs (FMOgs.oxi,
FMOgs.ox» FMOgsoxsy FMOgsoxs and FMOgsoxs) and
Alkenyl Hydroxalkyl Producings AOPs (AOP2 and AOP3) were
demonstrated to play crucial roles in the secondary modifica-
tion of GSLs (Kliebenstein et al, 2001a, 2001b; Hansen et al,,
2007; Li et al, 2008). Additionally, six transcription factors
(TFs) belonging to the R2R3-Myeloblastosis (MYB) family, in-
cluding MYB28 (HIGH ALIPHATIC GLUCOSINOLATE 1
[HAG1]), MYB29 (HAG3), MYB76 (HAG2), MYB34 (ALTERED
TRYPTOPHAN REGULATION 1), MYB51 (HIGH INDOLIC
GLUCOSINOLATE 1 [HIG1]) and MYB122 (HIG2), are in-
volved in the regulation of GSL biosynthetic pathway (Hirai
et al, 2007; Frerigmann and Gigolashvili, 2014). Among them,
MYB28 has been recognized as the predominant regulator for
the synthesis of aliphatic GSLs (Senderby et al, 2007
Gigolashvili et al, 2008). Many critical genes involved in ali-
phatic GSL biosynthetic pathway have been confirmed to be
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positively regulated by MYB28, including side chain elonga-
tion (MAM1, MAM3, and BCAT4), core structure formation
(CYP79F1, CYP79F2, CYP83A1, SOT17, and SOT18) and the
secondary modification (AOP2) (Hirai et al, 2007; Gigolashvili
et al,, 2008).

Rapeseed (Brassica napus L.) is the second largest growing
oil crop only next to soybean around the world (Carré and
Pouzet, 2014). However, the high content of GSLs in the
seeds not only reduces the oil quality, but also causes health
problem in animals fed on the cake meal (Walker and
Booth, 2001). Toward the reduction of seed GSL content
(SGC) in rapeseed breeding some quantitative trait loci
(QTLs) controlling SGC have been comprehensively identi-
fied by linkage mapping (Uzunova et al, 1995; Feng et al,
2012, Wurschum et al, 2012; He et al, 2018) and genome-
wide association study (GWAS) (Li et al, 2014; Lu et al,
2014; Gajardo et al, 2015 Qu et al, 2015; Wei et al, 2018;
Liu et al, 20193, 2019b). Several of these QTLs can be re-
peatedly detected by linkage mapping and GWAS in differ-
ent environments (Liu et al, 20193, 2019b; Zhou et al, 2027;
Tan et al, 2022), and the candidate genes for them have
been predicted.

Although the so-called “low-GSL breeding” has successfully
lowered SGC in some elite rapeseed accessions to moderate
to low levels, ranging from 30 to 50 umol g~' in dry seeds,
the meal industry expects to further reduce SGC to a level
<20 pmol g~ or even lower. However, the genetic and mo-
lecular mechanisms involved in SGC regulation under low-
SGC background are rarely studied. Previously, we detected
a major QTL (gGSL-C2) for SGC based on a double haploid
(DH) population derived from a F; plant of the cross be-
tween G120 (SGC: 33.0£2.4 umol g~') and ZY50 (previously
named 9172; SGC:17.7+ 1.5 umol g '), which showed one-
fold difference in SGC but can be both classified into the
low-SGC germplasm with the general standard of
<40.0umol g (Liu et al, 20193, 2019b). gGSL-C2 was fi-
nally delimited to a 49-kb collinear interval on the B. rapa
A2 chromosome, which contains five candidate genes (Liu
et al, 2019a, 2019b). In this study, we confirmed that
BnaC2.MYB28 is the underlying gene for gGSL-C2 and eluci-
dated the molecular mechanism how the allelic variation in
BnaC2.MYB28 differentially regulates SGC in rapeseed. These
findings provide important clues for understanding the mo-
lecular regulation of SGC and manipulating BnaC2.MYB28 to
cultivate low-GSL varieties in rapeseed.

Results

Sequence analysis of the candidate gene for qGSL-C2
The major QTL for SGC, gGSL-C2, was delimited to a region
between the markers of SSA2-146 and SSA2-157 (Liu et al,
20193, 2019b). To clone gGSL-C2, we constructed a pair of
near-isogenic lines (NILs), individually designated NIL (ZY50)
and NIL (G120), from a residual heterozygous line containing
a heterozygous chromosome segment encompassing the
qGSL-C2  locus flanked by SSA2-146 and SSA2-157.
NIL(ZY50) and NIL(G120) exhibited stable differences in
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SGC (Supplemental Figure S1); moreover, comparison of
GSL content in leaves also revealed significant differences in
three kinds of aliphatic GSLs (2-Hydroxy-3-butenyl, 2-
Hydroxy-4-pentenyl, and 3-Butenyl) and total GSL content
between NILs (Figure 1A). With the release of the high-
quality rapeseed genome, we re-aligned the markers SSA2-
146 and SSA2-157 to the ZS11 reference genome (http://cbi.
hzau.edu.cn/bnapus/index.php) and obtained a target QTL
region of 243kb on the C2 chromosome, which showed a
high collinearity with a 48.1-kb region on the A2 chromo-
some (Figure 1B).

Only four genes (BnaC02G0527300ZS, BnaC02G0527400ZS,
BnaC02G0527500ZS, and BnaC02G0527600ZS) were identified
in this target region of gGSL-C2 (Figure 1B). Putative functions
of the four genes were predicted by searching the corre-
sponding putatively orthologous genes in Arabidopsis annota-
tion database (https://www.arabidopsis.org/) (Figure 1C).
According to the re-sequencing data in the target QTL region
of qGSL-C2, two (BnaC02G0527300ZS and BnaC02G
0527500ZS) of the three genes with variations in the coding
sequences showed differences in predicted protein sequences
between parental lines (Supplemental Figure S2). BnaC02G05
27500ZS encodes an R2R3-MYB TF homologous to MYB28
designated as BnaC2.MYB28. In Arabidopsis, MYB28 positively
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regulates the biosynthesis of aliphatic GSLs (Gigolashvili et al,,
2007). The function of MYB28 may be associated with GSL
content variation between the parental lines; therefore, we
considered that BnaC2.MYB28 was the most promising candi-
date gene for qGSL-C2.

A sequence comparison of BnaC2.MYB28 from the parents
and reference genome revealed that the sequences of
BnaC2MYB28”"® and BnaC2MYB28™'" were identical,
whereas the sequence of BnaC2.MYB28“'*° showed great varia-
tions compared with that of BnaC2MYB28”"" (Figure 1D).
Sequence alignment revealed that both BnaC2.MYB28“"*° and
BnaC2.MYB28“'*° contain three exons, and most of the varia-
tions, including SNPs and Indels, are scattered in the third
exon (Supplemental Figure S2B). Interestingly, the sequences of
BnaA2.MYB28 from G120 and ZYS50 were identical to
BnaA2MYB28”"", and both display high similarity with
BnaC2.MYB28”"" except for a MULE-like transposon insertion
in the second intron and a CACTA-like transposon insertion in
the third exon (Figure 1D). According to the RNA-seq data of
ZY50, we found that the transcript of BnaA2.MYB28 has partial
loss compared to that of BnaC2.MYB28 (Supplemental Figure
S3). We speculated that the CACTA-like transposon inserted in
the third exon may have disrupted the coding sequence of
BnaC2.MYB28 and results in a dysfunctional protein.
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Arabidopsis
Gene annotation in Arabidopsis
homologue

BnaC02G05273002S

BnaC02G0527400Z5

BnaC02G052760028

AT5G51860 AGL72 Encodes a MADS-box transcription factor

involved in floral transition
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NAG domain-centaining protein 100
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J-epimerase mRNA
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Figure 1 Sequence analysis of the candidate gene for qGSL-C2. A, GSL content of NIL(ZY50) and NIL(G120) in mature leaves. Data represent
mean +standard deviation (sp; n = 3). Asterisks indicate significant differences (t test; *P < 0.05, **P < 0.01). B, Physical region of the qGSL-C2 lo-
cus on the C2 chromosome of the ZS11 reference genome and its collinear region on the A2 chromosome. Colored bars represent gene regions.
C, Genes predicted within the QTL region of gGSL-C2 and their putative orthologs in Arabidopsis. D, Genomic structure of BnaC2.MYB28 and
BnaA2.MYB28 from the parents and ZS11. Horizontal lines represent introns, and boxes represent exons. The vertical lines on the boxes represent
the sequence variations among genes. TSD, target site duplication; TIR, terminal inverted repeat; TE, transcription element.
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BnaC2.MYB28 is the underlying gene of qGSL-C2 and
encodes an R2R3-MYB TF

To validate that BnaC2.MYB28 is the underlying gene
of the gGSL-C2 locus, a 5-kb fragment containing the
2.4-kb upstream regulatory sequence, the 1.6-kb coding
sequence, and the 1-kb downstream 3'-UTR (untranslated
regions) region of BnaC2.MYB28%'*® was introduced into
ZY50. From the 14 resultant T, positive transformants, we
randomly selected three plants (ZG-4, ZG-8, and ZG-13)
and determined the expression level of BnaC2.MYB28 in their
leaves of T, generation. As shown in Figure 2A, the positive
plants had significantly higher BnaC2.MYB28 expression than
the negative plants and ZY50, indicating the expression of
the transformed gene. A phenotypic analysis of all three T,
families demonstrated that the transgene-positive plants had
significantly higher SGC than the transgene-negative plants
(Figure 2B; Supplemental Table S1).
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To further confirm that BnaC2.MYB28 is the gene underly-
ing the gGSL-C2 locus, the clustered regularly interspaced
short palindromic repeats/Cas9 (CRISPR/Cas9) system was
used to generate diverse mutants of G120. Two single-guide
RNAs (sgRNAs) of BnaC2.MYB28°"® were designed with the
program CRISPR-P  (http://cbi.hzau.edu.cn/cgi-bin/CRISPR).
In total, six independent T, transgenic-positive plants were
confirmed to have various mutations near the target sites
by sequencing, including substitution, insertion and deletion
of different nucleotides (Figure 2C). To evaluate their pheno-
type and obtain stable mutant lines, all the T, edited lines
were progressed to T, and T, generations. The T, edited
lines exhibited different degrees of decrease in SGC com-
pared with the recipient G120 plants (Supplemental Figure
S4). Two T, lines, GCR-52 and GCR-403, respectively, with
amino acid deletion and frameshift mutation, were further
analyzed. Their T, lines also exhibited stable and significant
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Figure 2 Functional identification of BnaC2.MYB28. A, Relative expression of BnaC2.MYB28 in the transgenic B. napus lines. Error bars represent
the sbs from three independent RNA samples. BnACTIN7 was used as a control. Asterisks indicate significant differences (t test; ***P < 0.001). B,
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decreases in SGC (Figure 2D; Supplemental Table S2).
Particularly, the SGC in GCR-403-16 (14.1+2.4pumol g'),
GCR-403-17 (165+20umol g'), and GCR-403-35
(156+2.4umol g™') were even lower than that in the low-
SGC parent ZY50 (17.7+15pumol g~'). Taken together, the
genetic complementation and genome editing experiments
indicated that BnaC2.MYB28 is the causal gene for gGSL-C2,
and the disruption of BnaC2.MYB28 could contribute to the
reduction of SGC.

Expression pattern and subcellular localization of
BnaC2.MYB28
To explore the expression pattern of BnaC2.MYB28, a re-
verse transcription—quantitative PCR (RT-qPCR) analysis
was conducted with the NILs. The results demonstrated
that BnaC2.MYB28 was mainly expressed in roots, cotyle-
dons, and mature leaves, with low transcription levels in
buds and siliques and almost no transcript accumulation
in stems and seeds (Figure 3A). BnaC2.MYB28%'*° and
BnaC2.MYB28*"° displayed consistent expression patterns
in various tissues, with the former generally exhibiting higher
abundance than the latter in the same tissue (Figure 3A).
Since a great difference of promoter sequences between pa-
rental lines was observed (Supplemental Figure S5), we spec-
ulated that the promoter activity of them may be different.
To quantitatively determine whether there are some
differences in the promoter activity of BnaC2.MYB28%'*°
and BnaC2.MYB28“*°, the pBnaC2.MYB28“™°-LUC and
pBnaC2.MYB28“Y*°~LUC constructs (designated as G120-P
and ZY50-P, respectively) with dual reporter genes were
transformed into Arabidopsis protoplasts, respectively
(Figure 3B). As shown in Figure 3C, the relative LUC activity
of G120-P was about two-folds that of ZY50-P, further sug-
gesting that BnaC2.MYB28%'*° had a higher promoter activ-
ity than BnaC2.MYB28“Y*°. To further analyze the expression
pattern of BnaC2.MYB28, two constructs harboring the
GUS gene, respectively, driven by BnaC2.MYB28°'*° and
BnaC2.MYB28*">° promoters were transformed into
Arabidopsis wild-type (Col) plants. The results of GUS sig-
nals (Figure 3, D and E) were generally consistent with the
RT—-gPCR results. Collectively, BnaC2.MYB28 was mainly
expressed in vegetative organs and exhibited a higher RNA
accumulation in the high-SGC parent G120.

To investigate the subcellular localization of BnaC2.MYB28,
a green fluorescent protein (GFP) was fused to the N-termi-
nus of BnaC2.MYB28“™° and BnaC2.MYB28“"*° driven by
the CaMV35S promoter, respectively. These two constructs
were then co-transformed into Arabidopsis protoplasts with a
nucleus marker (OsGHD7-CFP), respectively. The fluores-
cence signals of BnaC2.MYB28°'*° and BnaC2.MYB28*"*°
were overlapped with the signals of the nucleus marker
(Figure 3F). Additionally, to further confirm the subcellular lo-
calization results, the coding sequences of BnaC2.MYB28“'*°
and BnaC2.MYB28°"*° were fused with mVenus, and the fu-
sion constructs were respectively transformed into Nicotiana
benthamiana. The fluorescence signals of mVenus—
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BnaC2.MYB28“"*° and mVenus-BnaC2.MYB28“'*° were co-
localized with the nucleus-localized OsGHD7-Turquoise2 fu-
sion protein (Supplemental Figure S6). Taken together, both
BnaC2.MYB28“'?° and BnaC2.MYB28“"*° were normally local-
ized to the nucleus.

BnaC2.MYB28 positively regulated GSL
accumulation in seeds

Since BnaC2.MYB28°"° had similar expression pattern and
identical protein localization to BnaC2.MYB28“™°, we next
attempted to explore the reasons for the functional diver-
gence between BnaC2.MYB28“*° and BnaC2.MYB28“™°. To
this end, a construct containing the 1,525-bp upstream reg-
ulatory sequence, the 1,564-bp coding sequence, and the
767-bp downstream 3'-UTR regions of BnaC2.MYB28*'*°
was introduced into G120. As a result, eight T, transgenic-
positive plants were obtained, three of which were self-
pollinated to generate T, progeny. For these T, families,
the transgenic-positive plants exhibited significantly higher
SGC than the transgenic-negative plants (Figure 3G;
Supplemental Table $3), indicating that BnaC2.MYB28“"° is
also a functional gene affecting SGC in rapeseed.

To further unravel the function of BnaC2.MYB28, two
overexpression  constructs  of BnaC2MYB28“'™  and
BnaC2.MYB28“"° were introduced into G120 and ZY50, re-
spectively, and an RNA interference (RNAi) construct of
BnaC2.MYB28“'* was transformed into G120. Phenotypic ob-
servation of the overexpression lines showed that compared
with the transgene-negative plants, the T, transgene-positive
plants had significantly higher SGC, especially ZOE-25, which
showed an extremely high value of SGC (161.3+15.8 umol g™")
(Figure 3H; Supplemental Table S4). As for BnaC2.MYB28“'”,
the T, transgene-positive plants of G120—-OE exhibited signifi-
cantly higher SGC than the transgene-negative plants, whereas
a significant decrease in SGC in the T, transgene-positive plants
of G120-RNAI was observed relative to the transgene-negative
plants (Figure 3l; Supplemental Table S5). Taken together, these
results  suggested that both BnaC2MYB28“'°  and
BnaC2.MYB28“"*° are functional alleles with a positive effect on
SGC regulation in rapeseed.

BnaC2.MYB28 formed homodimers and specifically
interacted with BhaMYC3

As a TF, BnaC2.MYB28 is likely to perform its function in
the form of a protein complex. To explore whether there
are differences in the interaction between BnaC2.MYB28
and other proteins in parent lines, we first tested the tran-
scriptional self-activation of BnaC2.MYB28 in yeast. The
results showed that both the full-length BnaC2.MYB28*"*°
and BnaC2.MYB28%'*° exhibited self-activation in yeast
(Supplemental Figure S7, A—C). To determine the specific
transcriptional activation domain of BnaC2.MYB28, a series
of fragments containing partial cDNAs of BnaC2.MYB28
were cloned into the pGBKT7 vector to construct fusion
proteins for further testing the transcriptional self-activation,
that is, BD-MYB28-G1/Z1, BD-MYB28-G2/Z2, BD-MYB28-
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Figure 3 Expression pattern, subcellular localization, and regulation analysis of SGC of BnaC2.MYB28. A, RT—qPCR analysis of BnaC2.MYB28 in
NIL(ZY50) and NIL(G120). BnACTIN7 was used as a control. Error bars represent the sos from three independent RNA samples. B, Diagrams of the
test constructs used in (C). C, Relative luciferase activity of promoters of BnaC2.MYB28%"?° and BnaC2.MYB28“"*° in Arabidopsis protoplasts. Each
dot on the column represents an independent replicate. The activities of LUC were normalized as the ratio of LUC/REN activity. Data are shown
as mean*sp (n =9). Error bars represent the sps. GUS analysis of BnaC2.MYB28“'° (D) and BnaC2.MYB28%"° (E) in transgenic wild-type
Arabidopsis. Bars = 2 mm. F, Subcellular localization of BnaC2.MYB28 protein in Arabidopsis leaf protoplasts. The nuclear protein OsGHD7-fused
CFP was used as a nuclear marker. Bars = 10 um. G, SGC in G120, transgene-negative and transgene-positive T, lines (GZ-2, GZ-5, and GZ-6).
Each dot on the column represents an individual plant. H, SGC in ZY50 and BnaC2.MYB28%Y*° overexpression lines (ZOE-22 and ZOE-25) in the
T, generation. Each dot on the column represents an individual plant. (1) SGC of the WT, transgene-negative and transgene-positive T, plants of
the BnaC2.MYB28°"?°-RNAi and BnaC2.MYB28°"%°-OE transformants. Each dot on the column represents an individual plant. In (G), (H), and (1),
data are shown as mean+sb (n > 6); error bars represent the sps; two-tailed Student’s t tests were used to generate the P-values. ***P < 0.001.
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G3/Z3, BD-MYB28-G4/Z4, and BD-MYB28-G5/Z5 (G and Z
represent G120 and ZY50, respectively; Supplemental Figure
S7A). The results showed that all the truncated proteins had
transcriptional self-activation activity except for BD-MYB28-
G2, BD-MYB28-G3, and BD-MYB28-Z3 (Supplemental Figure
S7, B and C). According to the results of a yeast-two-hybrid
assay, both BnaC2.MYB28%'*® and BnaC2.MYB28“"*° could
form homodimers (Supplemental Figure S7D), which was fur-
ther confirmed by the split-luciferase complementation (SLC)
experiments in N. benthamiana leaves (Supplemental Figure
S7E).

Since the interaction between MYB28 and MYCs plays a
key role in the regulation of GSL biosynthesis in Arabidopsis,
we wondered whether there is a difference in the interaction
between BnaC2.MYB28 and BnaMYCs from the parental lines
in rapeseed. The results of the yeast two-hybrid point-to-point
assays showed that both  BnaC2MYB28“'*°  and
BnaC2.MYB28”"*° could interact with BnaMYC3, but not with
BnaMYC2, BnaMYC4, and BnaMYC5 (Figure 4, A and B). SLC
assays further confirmed the above results (Figure 4, C and D).

BnaC2.MYB28 positively regulated GSL biosynthetic

genes

To investigate the mechanism through which BnaC2.MYB28
regulates GSL accumulation, we analyzed the transcriptome
profiles of mature leaves from G120, G120-OE
(355:BnaC2.MYB28<'%°), ZY50, and ZY50-OF
(355:BnaC2.MYB28“"*°) plants. As a result, 4,605 and 9,718 dif-
ferentially expressed genes (DEGs) were identified in G120-OE
and ZYS0-OE relative to G120 and ZY50, respectively
(Supplemental Figure S8, A and C). In the gene ontology (GO)
category “biological process,” most of the DEGs were enriched
in the term  “glucosinolate  biosynthetic  process”
(Supplemental Figure S8, B and D), suggesting that an increase
in the expression of BnaC2MYB28 may induce a number of
GSL biosynthetic genes. Most aliphatic GSL biosynthesis genes
exhibited higher expression levels in overexpression plants
than in the parents (Figure 5). Four of these genes were ran-
domly selected for RT-qPCR, and their expression levels in
overexpression lines were significantly higher than those in pa-
rental lines (Supplemental Figure S9). Notably, MAM1 and
MAMS3, which have been confirmed to be positively regulated
by MYB28 in Arabidopsis (Gigolashvili et al, 2007), showed no
increase in expression in the overexpression plants (Figure 5).
Interestingly, the expression of several genes involved in indole
GSL biosynthesis was also substantially higher in ZY50-OE
than in ZY50, suggesting that BnaC2.MYB28“"*° may also reg-
ulate the expression of indole GSL biosynthesis genes. Taken
together, BnaC2.MYB28 is a positive regulator of most GSL bio-
synthetic genes in rapeseed, and BnaC2MYB28“"*° seems to
have a certain regulatory effect on indole GSL synthesis genes.

BnaC2.MYB28 directly activated the expression of
GSL biosynthetic genes

To explore the targets of BnaC2.MYB28, we performed
ChIP-seq assays using BnaC2.MYB28“'?°-3 X Flag transgenic
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rapeseed leaves. As a result, 3,975 genes were detected to be
targeted by BnaC2.MYB28“'*° (Figure 6A). A total of 4,605
DEGs were identified via RNA-seq between the overexpres-
sion lines of BnaC2.MYB28°'° and the parent G120
(Supplemental Figure S8A). We then performed an inte-
grated analysis between the ChIP-seq and RNA-seq results
and identified 497 overlapping genes (Figure 6A). GO enrich-
ment analysis suggested that most of the overlapping genes
were significantly enriched in the term of “glucosinolate bio-
synthetic process,” including AOPs, BAT5, BCAT4, CYP83A1,
FMOcs.oxs, IPMDH1, IPMI2, SOTs, SUR1, and UTG74B1
(Figure 6B; Supplemental Table S6).

Considering that BnaC2.MYB28 is a transcription activator
(Supplemental Figure S7, B and C), a transient dual-luciferase
assay in Arabidopsis protoplasts was carried out to further de-
termine the effect of BnaC2.MYB28 on the overlapping genes
involved in the GSL biosynthetic pathway. BnaC2.MYB28%'*°
and BnaC2.MYB28“"*° were, respectively, inserted into the
pGreenll 62-SK vector as effectors, and the empty pGreenll
62-SK vector was included as a control (Figure 6C). The pro-
moters of several GSL biosynthetic genes (BCAT4, BATS,
IPMDH1, IPMI2, CYP83A1, SOT17, and MAMT) were fused
with the LUC reporter, respectively. CaMV 35S-driving Renilla
(REN) reporter in the same vector was used as the internal
control to normalize the expression of each reporter
(Figure 6C). The results showed that compared with the
empty control, overexpression of BnaC2.MYB28 could signifi-
cantly increase the value of the LUC/REN ratio when com-
bined with the promoters of BCAT4, BATS5, IPMDH1, IPMI2,
CYP83A1, or SOT17 (Figure 6D), indicating that the overlap-
ping genes involved in GSL biosynthesis were activated by
BnaC2.MYB28. Moreover, the LUC/REN ratios of several GSL
biosynthesis genes (IPMDH1, IPMI2, CYP83A1, and SOT17) co-
expressed with the effector of BnaC2.MYB28%'° were signifi-
cantly higher than those of genes that co-expressed with the
effector of BnaC2.MYB28“"*° (Figure 6D). It is worth noting
that overexpression of BnaC2.MYB28 had no effect on the lu-
ciferase activity driven by the promoter of MAM1
(Figure 6D). Consistently, MAM1 was not identified in the
overlapping genes of ChIP-seq and RNA-seq. However, it has
been confirmed that MAM1 can be activated by MYB28 in
Arabidopsis (Gigolashvili et al,, 2007). Collectively, these results
suggested that BnaC2.MYB28 could directly activate the ex-
pression of GSL biosynthesis genes, and there is a difference
in the activation ability between BnaC2.MYB28“"*° and
BnaC2.MYB28“'?° on some of these genes.

BnaC2.MYB28 differentially regulates several key
genes involved in aliphatic GSL biosynthesis
between NILs

To further explore the regulation of different alleles of
BnaC2.MYB28 on SGC in the same genetic background, we
performed RNA-seq analysis on mature leaves of NIL(G120)
and NIL(ZY50) lines. In the leaves of NIL(G120)-1 (60 days
after sowing), 1,038 genes were upregulated, and 1,399 genes
were downregulated (Figure 7A). Compared with the leaves
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Figure 4 Yeast-two-hybrid and SLC analyses of BnaC2.MYB28 interaction with BnaMYC3. Interaction of BnaC2.MYB28°'° (A) and
BnaC2.MYB28%"*° (B) with BnaMYC3 in yeast-two-hybrid assays. Interaction of BnaC2.MYB28%'?° (C) and BnaC2.MYB28***° (D) with BnaMYC3 in
SLC assays. BD-53/AD-RecT was the positive control, and BD-Lam/AD-RecT was the negative control. AD, pGADT7/activation domain; BD,
pGBKT7/binding domain; Ade, adenine; His, histidine; Lam, human lamin C; Leu, leucine; RecT, recombination of the SV40 large T antigen; SD, syn-

thetic defined medium; Trp, tryptophan. In (C) and (D), bars = 1cm.

of NIL(ZY50)-2 (90 days after sowing), 712 genes were upre-
gulated, and 581 genes were downregulated in NIL(G120)-2
(Figure 7B). Notably, both of the upregulated genes in
NIL(G120)-1 and NIL(G120)-2 contained five GSL biosynthe-
sis genes, that is, BnaA4.CYP83A1, BnaC4.CYP83AT,
BnaC6.S0T18, BnaA2.IPMDH1, and BnaC4.IPMI2 (Figure 7,
A-C). Among these genes, BnaA2.IPMDH1 and BnaC4.IPMI2
participate in the side chain elongation of amino acids, while
BnaA4.CYP83A1, BnaC4.CYP83A1, and BnaC6.S0T18 partici-
pate in the development of the core structure. All of them

are involved in aliphatic GSL biosynthesis. These results are
consistent with the fact that the difference in total GSL con-
tent in mature leaves between NIL(ZY50) and NIL(G120) is
mainly due to the difference in aliphatic GSL content
(Figure 1B). Since all of the above DEGs involved in GSL bio-
synthesis were regulated by BnaC2.MYB28, we considered
that the difference of SGC between NIL(ZY50) and
NIL(G120) was caused by the differential regulation of sev-
eral aliphatic GSL biosynthesis genes by the corresponding
alleles of BnaC2.MYB28.
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respectively. 13M, indolyl-3-methyl.

Selection and haplotype analyses of BnaC2.MYB28 in
natural population

A sequence analysis of BnaC2.MYB28 was performed based
on a natural population of 505 rapeseed accessions, includ-
ing semi-winter (SW) and spring ecotypes. The population
structure was analyzed using ADMIXTURE (Alexander et al,
2009) with ancestry kinship (K) set from 2 to 7. Based on
the phenotypic distribution of accessions within subpopula-
tion, linkage disequilibrium (LD) decay, and F, between sub-
populations, K value was set to 3 according to a previous
study (Tang et al, 2021). With the K value set to 3, and the
SW ecotypes could be divided into two subpopulations
(SW1 and SW2). Interestingly, SW1 primarily consisted of

the accessions with a low erucic acid and GSL content, while
SW2 majorly included the ones with a high erucic acid and
GSL content (Tang et al, 2021). Genetic diversity (m) was
calculated in each subpopulation. The results showed that
the genetic diversity (2.69 x 107%) around the region of
BnaC2.MYB28 was higher in the subpopulation with high
SGC than that (0.87 x 107%) with low SGC (Figure 8A), indi-
cating the presence of an artificial selection of the region
harboring BnaC2.MYB28 in low SGC accessions.

Based on the natural population, we used a reference ge-
nome of “ZS11” to perform regional GWAS for SGC.
Notably, numerous SNPs in the region of BnaC2.MYB28
were observed to be significantly (P < 7.96 x 107)
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associated with SGC using the mixed linear model (MLM)

variations of BnaC2.MYB28 are significantly associated with
SGC in natural population, and BnaC2.MYB28 has under-

gone artificial selection in the history of rapeseed breeding.

(Figure 8B). Since there were a number of variations in the
promoter and genomic region of BnaC2.MYB28, we per-
formed a haplotype analysis of BnaC2.MYB28 in 505 rape-
seed accessions. As a result, these accessions could be
mainly divided into two haplotypes designated as Hap1 and
Hap2 (Figure 8C). The genotypes of BnaC2.MYB28 from the
parental lines ZY50 and G120 were highly similar to Hap1
and Hap2, respectively. The average SGC of Hap1
(383+68umol g™') was significantly lower (P = 7.35E-47)
than that of Hap2 (962+162pumol g ') (Figure 8D).
Interestingly, the number of accessions carrying Hap1 (375)
was far larger than that of accessions carrying Hap2 (43),
which is consistent with the history of reducing SGC in the
development of modern rapeseed cultivars (Tan et al,
2022). Taken together, these results indicated that natural

Surprisingly, compared with the relatively minor difference
(around 12 umol g™") between the parental lines, the differ-
ence in average SGC (around 58 umol g ') between the
Hap1 and Hap2 of BnaC2.MYB28 was much greater
(Figure 8D). Since BnaC2.MYB28 (62.97 Mb) is physically

close to BnaC02.GTR2 (63.43 Mb), the target gene underlying

qGSL.C02.1 (Tan et al, 2022), we speculated that

BnaC2.MYB28 may have undergone selective sweep together

with BnaC02.GTR2 in the breeding process of low-SGC rape-

seed. LD analysis showed that a strong LD was existed be-

tween BnaC2.MYB28 and BnaC2.GTR2 on chromosome C02
(Supplemental Figure S10A). Haplotype analysis of
BnaC2.GTR2 in the 505 rapeseed accessions mentioned
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above showed that the accessions could be mainly divided
into two haplotypes designated as Types 1 and 2
(Supplemental Figure S10B). The SGC of Type 1
(954+218 umol g™') was significantly higher (P = 1.88E-74)
than that of Type 2 (39.4+11.7umol g™") (Supplemental
Figure S10C). Notably, most of the accessions (367/375) car-
rying Hap1 (Low SGC haplotype) overlapped with those car-
rying Type 2, and nearly all the accessions (41/43) carrying
Hap2 (High SGC haplotype) included by those carrying Type
1 (Supplemental Figure S10D). These results indicated that
the great phenotypic difference between Hap1 and Hap2
may be attributed to not only the genetic effect of
BnaC2.MYB28, but also the contribution of BnaC2.GTR2.

Discussion

As an important trait affecting the seed quality, SGC has
been widely studied in recent years. Although a number of
QTLs for SGC have been reported in rapeseed (Wurschum
et al, 2012; Zou et al, 2016; Liu et al, 2019a, 2019b; Zhou
et al, 2021), few QTLs have been cloned and functionally
verified. Here, we experimentally confirmed BnaC2.MYB28 as
the target gene underlying qGSL-C2, a major QTL controlling
SGC. BnaC2.MYB28 is homologous to MYB28, which enco-
des an R2R3-MYB TF acting as a positive regulator of ali-
phatic GSL biosynthesis in Arabidopsis (Gigolashvili et al,
2007). The BnaC2.MYB28 overexpression plants showed a
significant increase in SGC (Figure 3, H and I), whereas an

obvious decrease in SGC was observed in its null mutants
(Figure 2D), suggesting that BnaC2.MYB28 can positively reg-
ulate SGC in rapeseed with a similar function to AtMYB28.
In fact, MYB28 homologs in other Brassicaceae species like
Brassica rapa (BrMYB28), Brassica oleracea (BoaMYB28), and
Brassica juncea (BjuMYB28) have also been demonstrated to
have similar functions to AtMYB28 (Augustine et al, 2013;
Seo et al, 2016; Yin et al, 2017 Yang et al, 2021), indicating
that MYB28 genes may play a conserved role in regulating
SGC.

In Arabidopsis, MYB28 specifically regulates the expression
of aliphatic GSL biosynthetic genes by interacting with
MYCs (MYC2, MYC3, and MYC4) (Gigolashvili et al, 2007;
Schweizer et al, 2013). However, in this study, in addition to
a number of aliphatic GSL biosynthetic genes, we also ob-
served increases in the expression of several indole GSL bio-
synthetic genes in BnaC2.MYB28 overexpression plants
(Figure 5), suggesting that BnaC2.MYB28 may also regulate
the biosynthesis of indole GSL. Moreover, protein interaction
analysis indicated that BnaC2.MYB28 specifically interacts
with BnaMYC3 but not with BnaMYC2, BnaMYC4, and
BnaMYC5 (Figure 4). Additionally, the transient dual-
luciferase assays suggested that BnaC2.MYB28 could not ac-
tivate the expression of MAM1. Taken together, it can be
speculated that BnaC2.MYB28 may have some functional di-
vergence from its putative ortholog AtMYB28 in Arabidopsis
to some extent.
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In the present study, sequence comparison indicated ex-
tensive variations in both promoter and CDS regions be-
tween BnaC2.MYB28%'*° and BnaC2.MYB28*"°. Expression
pattern and promoter activity analysis showed that the pro-
moter activity of BnaC2.MYB28°'*° was stronger than that
of BnaC2.MYB28“**° (Figure 3). Transcriptional activation
experiments revealed that BnaC2.MYB28%'®° has a stronger
activation activity on GSL biosynthesis genes including
CYP83A1, IPMDH1, and IPMI2 than BnaC2.MYB28”"*°
(Figure 6D). Thus, we propose a possible model for the dif-
ference in SGC between NIL(ZY50) and NIL(G120). Both
BnaC2.MYB28“"*° and BnaC2.MYB28“'*° can normally form
homodimers and interact with BnaMYC3 to regulate the ex-
pression of aliphatic GSL biosynthesis genes (Figure 7D).
However, the expression level of BnaC2.MYB28 in NIL(G120)
is higher than that in NIL(ZY50), and the transcriptional ac-
tivation ability of BnaC2.MYB28 in NIL(G120) is stronger
than that in NIL(ZY50), thus the expression level of aliphatic
GSL biosynthesis genes (IPMDH1, IPMI2, CYP83A1, and

SOT18) positively regulated by BnaC2.MYB28 in NIL(G120) is
higher than those in NIL(ZY50) (Figure 7D). The higher ex-
pression of these aliphatic GSL biosynthesis genes in
NIL(G120) contributed more accumulation of GSL in leaves,
resulting in higher SGC in the seeds of NIL(G120). According
to the model, the sequence variation in both promoter and
CDS regions contributes to the functional divergence be-
tween BnaC2.MYB28%'*° and BnaC2.MYB28“™°. Since the
DEGs involved in GSL biosynthesis between NIL(ZY50) and
NIL(G120) were predominantly regulated by BnaC2.MYB2S,
we speculated that both of the differences in expression
level and activation ability between the BnaC2.MYB28 alleles
are responsible for the difference in SGC between NIL(ZY50)
and NIL(G120). However, which is the main factor contrib-
utes to the difference in SGC between NIL(ZY50) and
NIL(G120) needs to be further verified.

As SGC is an important parameter to evaluate seed qual-
ity, reduction of SGC has been an important breeding goal
in rapeseed. Generally, it is much more difficult to reduce
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SGC from a medium level to a low level (<30pumol g™')
than from a high level (>100umol g7') to a medium level
(30-100 umol g™'). In this study, we successfully reduced
the SGC of the parent G120 from a medium level
(33.0+2.4pumol g7') to a low level (14.1+2.4pumol g™') by
disrupting BnaC2.MYB28, suggesting that artificial mutation
of BnaC2.MYB28 may be a promising approach for further
reduction of SGC in the future. Besides, since extremely high
SGC (>150umol g7') can be induced by overexpression of
BnaC2.MYB28, novel rapeseed accessions with low GSL in
seeds but high GSL in vegetable tissues can be generated by
artificial design of optimal genotype combinations of
BnaC2.MYB28 and Bna.GTR2s.

Materials and methods

Plant materials, growth conditions, and phenotypic
measurement

Two SW rapeseed (B. napus) inbred lines G120 and 9172
(hereafter designated as ZY50) together with their NILs were
used in the present study as described previously (Liu et al,
20193, 2019b). All rapeseed plants were grown in the experi-
mental base of Huazhong Agricultural University, Wuhan,
China in autumn. The planting density was 20cm between
plants and 25cm between rows. The field management fol-
lowed standard agricultural practice. For the measurement
of SGC in each plant, open-pollinated mature seeds from
the whole plant were harvested for near-infrared reflectance
spectroscopy. The SGC of all the parental lines, NILs and
transgenic lines was estimated as the average of three meas-
urements. Arabidopsis (A. thaliana) plants, N. benthamiana
plants, and a part of rapeseed plants were grown in a plant
growth chamber at 22°C-24°C and 70% humidity under a
16-h/8-h light/dark photoperiod. The same natural popula-
tion that was once used for analysis with BnaC02.GTR2 was
explored for the haplotype effect of BnaC2.MYB28 in this
study (Tang et al, 2021; Tan et al, 2022), with the SGC phe-
notype collected previously (Tan et al, 2022).

Vector construction and genetic transformation

To validate the function of BnaC2.MYB28, a 5,032-bp frag-
ment containing the 2,406-bp sequence upstream of the
translation start site, the 1,608-bp coding sequence, and the
1,018-bp downstream 3'-UTR region was amplified from
G120. Then, the fragment confirmed by sequencing was
cloned into the EcoRl/BamHI site of the binary vector
pCAMBIA1301 to construct PC-BnaC2.MYB28“'*°. To
knockout BnaC2.MYB28, a CRISPR/Cas9 vector was con-
structed. Two sgRNAs were designed using the CRISPR-P
database (http://cbihzauedu.cn/cgi-bin/CRISPR). Then, the
CRISPR/Cas9 binary vector pKSE4071 containing the two
sgRNAs was constructed according to previous descriptions
(Xing et al,, 2014).

To investigate the effects of different expression levels of
BnaC2.MYB28“™° on SGC, an overexpression and an RNAi
vector were constructed. To construct the RNAI vector, a
217-bp fragment amplified from the third exon of
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BnaC2.MYB28°™*° was cloned into the Ascl/Swal site and
BamHI/Smal site of the pFGC5941 vector with sense and an-
tisense orientations, respectively. To construct the overex-
pression vector, a double 35S promoter was cloned into the
Hindl/Pstl site and a terminator connected with 3 X Flag
fragment was cloned into the EcoRl site of the binary vector
pCAMBIA2300. Subsequently, a 1,605-bp full-length genomic
DNA fragment without the stop codon of BnaC2.MYB28%'*°
was cloned into the Kpnl/BamHI site of the modified
pCAMBIA2300 vector to construct OE-BnaC2.M YB28©'%°,

To determine whether BnaC2.MYB28“"° is a functionally
defective allele, a 3,856-bp fragment containing the 1,525-bp
sequence upstream of the translation start site, the 1,564-bp
coding sequence and the 767-bp downstream 3'-UTR region
amplified from ZY50 was cloned into the EcoRl/BamHI
site of the binary vector pCAMBIA1301. Additionally, a
1,561-bp genomic sequence without the stop codon of
BnaC2.MYB28“"° was cloned into the Kpnl/BamHI site of
the modified pCAMBIA2300 vector to construct an overex-
pression construct OE-BnaC2.MYB28“Y*°. All the recombi-
nant plasmids used for genetic transformation were
transformed into Agrobacterium tumefaciens strain GV3101.
The PC-BnaC2.MYB28°™°, CRISPR/Cas9, RNAj, and OE-
BnaC2.MYB28“"° vectors were transformed into G120,
whereas the PC-BnaC2.MYB28%'*® and OE-BnaC2.MYB28*">°
vectors were introduced into ZY50 via Agrobacterium-medi-
ated genetic transformation (Cardoza and Stewart, 2003).

Expression analysis

Total RNA was extracted from various plant tissues using
the Eastep Super RNA extraction kit (LS1040, Promega,
Madison, WI, USA; https://www.promega.com/). First-strand
cDNA was synthesized using the GoScript Reverse
Transcription Mix (A2790; Promega). RT-qPCR reactions
were performed on a CFX96 Touch Real-Time PCR de-
tection system (Bio-Rad, Hercules, CA, USA; http://www.
bio-rad.com/) with the following program: 95°C for 30s, 40
cycles of 95°C for 55, and 60°C for 25s. Each sample was rep-
resented by three biological and three technical repeats.
BnACTIN7 was used to normalize the expression levels of
the target genes, which were calculated with the pAAC
method. All the primer sequences for RT-qPCR are listed in
Supplemental Table S7.

Histochemical GUS staining

Two BnaC2.MYB28 promoter sequences from G120 and
ZY50, which respectively contained the 1,881-bp and 1,525-
bp sequence upstream of the translation start site, were am-
plified to generate the pBnaC2.MYB28-GUS constructs.
Then, the two promoter sequences of BnaC2.MYB28°"*° and
BnaC2.MYB28“"*° were cloned into the Pstl/BamHI sites of
the binary vector pCAMBIA2300-GUS derived from a modi-
fied pCAMBIA2300 according to the method described pre-
viously (Xu et al, 2017). Subsequently, the two constructs
were transformed into wild-type Arabidopsis (Col-0) by flo-
ral dipping (Clough and Bent, 1998). Fifteen and Eighteen
independent T, transgenic lines of pBnaC2.MYB28-GUS,
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respectively, from G120 and ZY50 were used for GUS stain-
ing according to previous descriptions (Li et al, 2015).

Subcellular localization

The full-length CDS of BnaC2mYB28°™°  and
BnaC2.MYB28“™° without termination codon (TGA) was
amplified with the primer pair of G120-pM999F/R and
ZY50-pM999F/R  (Supplemental Table S7). The amplified
CDS fragments were cloned into the Smal/BamHI sites of
the pM999-GFP vector. The rice (Oryza sativa) nuclear pro-
tein GHD7 fused with CFP was used as a nuclear marker
(Xue et al, 2008). The BnaC2.MYB28°"**?Y*°_GFP fusion
construct and nuclear marker (GHD7-CFP) were co-
transformed into Arabidopsis protoplasts by polyethylene
glycol/calcium-mediated transformation (Yoo et al, 2007).
Fluorescence signals in the transformed protoplasts were
detected with a confocal laser scanning microscope and vi-
sualized using a Leica Microsystem LAS AF. Excitation wave-
lengths and emission filters were 405nm/bandpass 420-
485nm for CFP, 488 nm/bandpass 495-542 nm for GFP, and
594 nm/bandpass 600-650nm for red fluorescent protein
(RFP). Additionally, the CDS fragments of BnaC2.MYB28 am-
plified from G120 and ZY50 were cloned into the pDOE-20
vector to be fused with the sequence encoding mVenus
protein. The coding sequence of rice nuclear protein GHD7
was also cloned into the pDOE-20 vector to be fused with
the sequence encoding mTurquoise2. The fusion construct
with dual fluorescent reporter genes was infiltrated into N.
benthamiana leaves as previously described (Yao et al,
2015). Fluorescence signals in the N. benthamiana leaves
were detected under a confocal laser scanning system (SP2;
Leica Microsystem, Wetzlar, Germany). Argon laser line exci-
tation wavelength and emission bandpass filter wavelengths
for mTurquoise2 and mVenus were 458nm and 480-
520 nm, and 488 nm and 500-550 nm, respectively.

Protoplast transformation and transient expression
assays

To quantitatively detect the activity of the promoter, the
promoter sequences of BnaC2.MYB28 amplified from G120
and ZY50 were cloned into the Kpnl/BamHI sites of the
pGreenll0800—-LUC vector to create the pBnaC2.M YB28©™20-
LUC and pBnaC2.MYB28“"*°-LUC constructs, which were
then transformed into Arabidopsis protoplasts for transient
expression assays. In these vectors, an REN-LUC gene under
the control of the CaMV35S promoter was used as an inter-
nal control (Hellens et al., 2005).

To detect the impact of BnaC2.MYB28 on the expression
of the GSL biosynthetic genes, the promoters (-2,000 bp) of
several GSL biosynthetic genes amplified from G120 were
cloned into pGreenll0800-LUC vector to construct the
reporters. The coding sequences of BnaC2.MYB28°'*° and
BnaC2.MYB28“"*° were, respectively, linked to the pGreen II
62-SK vector to construct the effectors. Then, each of the
reporters was co-transformed into Arabidopsis protoplasts
along with an effector, respectively. The activities of firefly
LUC and REN LUC were assayed using the dual luciferase
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assay reagents (Catalog No. E1910; Promega, USA). Each ex-
periment was performed in three independent transfections
and in triplicate. The activity was expressed as the ratio of
LUC to REN activity.

RNA-seq analysis

Total RNA was extracted from the mature leaves of parental
lines, NILs and BnaC2.MYB28 overexpression individuals for
transcriptome analysis. Three biological replicates were car-
ried out for each sample. Library construction and sequenc-
ing of the RNA-seq were performed using an lllumina
Hiseq2000 (San Diego, CA, USA) by Nanjing Personal Gene
Technology Co, Ltd. The low-quality reads were removed
according to Shi et al. (2019), and the clean raw reads were
aligned to the B. napus reference genome (http://cbihzau.
edu.cn/bnapus/index.php) (Sun et al, 2017). The bioinfor-
matics analysis of RNA-seq data was performed according to
previous descriptions (Li et al, 2019).

Yeast-two-hybrid assays

The cDNA of G120 and ZY50 was used as the template to
amplify BnaC2.MYB28, BnaMYC2, BnaMY(C3, BnaMY(C4, and
BnaMYC5. The full-length CDS of BnaC2.MYB28%'*° and
BnaC2.MYB28”"° was cloned into the pGBKT7 vector as
bait plasmids, and the pGADT7 vector was used as prey
plasmids. The CDS of BnaMYCs from G120 and ZY50
was individually fused to the pGADT7 vector. To test the
self-activation of the truncated protein, a series of incom-
plete fragments amplified from BnaC2.MYB28“™° and
BnaC2.MYB28”"° were, respectively, cloned into the
pGBKT7 vector. The bait plasmids and prey plasmids were
co-transformed into AH109 yeast cells. In all the experi-
ments, pGBKT7-53 and pGADT7-T served as the positive
controls, while pGBKT7-lam and pGADT7-T were used as
the negative controls.

SLC

The coding sequence fragments of BnaC2.MYB28 and
BnaC2.MYB28°*° were amplified and cloned into the
JW771-nLUC and JW772-cLUC vector. The coding regions of
BnaMY(C2, BnaMY(C3, BnaMYC4, and BnaMYC5 derived from
G120 and ZY50 were amplified and cloned into JW771-nLUC
vector. All the constructs were transformed into A. tumefa-
ciens strain GV3101. The mixed bacterial suspensions were
injected into N. benthamiana leaves with a needleless sy-
ringe according to a previous study (Chen et al., 2008). The
LUC signal was detected under the CCD imaging apparatus
(Lumazone Pylon2048B).

G120

ChlIP-Seq library construction and data analysis

To explore the target genes regulated by BnaC2.MYB2S,
ChIP assays were performed as previously described (Zhao
et al, 2020). Young leaves of overexpression plants were
cross-linked with 1% (v/v) formaldehyde and quenched us-
ing 0.2-M glycine. For each experiment, ~1g of leaf sample
was ground into fine power in liquid nitrogen and resus-
pended in 1.5x volume of Buffer S (50-mM HEPES-KOH,
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150-mM NaCl, 1-mM EDTA, 1% (v/v) Triton X-100, 0.1%
(w/v) sodium deoxycholate, 1% (w/v) sodium dodecyl sul-
phate (SDS), and protease inhibitor cocktail). Next, 6 X vol-
ume of Buffer S without SDS was added for each sample,
and the chromatin was fragmented by sonication in a bio-
ruptor (Diagenode). The chromatin sample was then centri-
fuged at max speed for 10 min at 4°C, and the supernatant
was used for immunoprecipitation (IP). ChIP was performed
using FLAG antibody (Sigma, catalog no. F3165). After wash-
ing the bead-IP complexes and purifying the ChIP DNA, the
library was prepared according to the manufacturer’s guide-
lines. Finally, the DNA fragments were sequenced by
lllumina HiSeq X Ten system (paired-end 150-bp reads,
Annoroad Gene Technology).

The ChIP-Seq sequences were mapped to the rapeseed
“Darmor-bzh” genome using the BWA-MEM algorithm (Li
and Durbin, 2009). The ChIP-Seq data (accession number
PRINA831305) were visualized using an integrative genomics
viewer (IGV). The aligned reads were used for peak identifi-
cation, and the binding peaks of BnaC2.MYB28 were
obtained by model-based analysis of ChIP-Seq with default
parameters (Zhang et al, 2008). The peak summits in the
promoter region (2-kb upstream of transcription start site)
of the target genes were subjected to a cutoff of peak fold-
enrichment >2 and -log10(P) = 2 (Li et al, 2017). The
binding sites of BnaC2.MYB28 were identified using HOMER
version 4.11 (http://homer.ucsd.edu/homer/).

Analysis of GSL in leaves

The GSL content of mature leaves of NILs were analyzed;
three biological replications were included. At approximately
90days after sowing, the third leaf from the top was har-
vested from each plant as a biological replication. The sam-
ples were placed into a 50-mL tube that contained 20 mL
90% (v/v) methanol, then heated in a water bath and centri-
fuged and the supernatant was transferred to a 12-mL col-
umn containing 1-mL DEAE Sephadex A-25. After the liquid
was drained, 100pL 2mg mL™" sulphatase solution was
added to desulphurize the GSL. The 2-propenyl GSL
(Sinigrin; Sigma-Aldrich, St. Louis, MO, USA) was used as an
internal standard. GSLs were analyzed via HPLC in accor-
dance with previously described methods (Kliebenstein
et al,, 2001a, 2001b).

GWAS for GSL content in seeds

The genome sequences of rapeseed “ZS11” were down-
loaded from BnPIR (http://cbihzau.edu.cn/bnapus/index.
php). The reads from resequencing (Tang et al, 2021) were
aligned to the reference genome using the BWA software
(Li, 2013) with the command “mem -M -k 32 -t 4”
According to previous descriptions (Tang et al, 2021), a se-
ries of strict filtrations were conducted, and all high-quality
SNPs (MAF > 0.05) in the 505 accessions were used for
GWAS with a significant threshold set to 7.96 x 107”. The
GEMMA software package (Zhou and Stephens, 2012) was
used for correlation analysis of BLUP trait data of SGC using
a mixed linear model. When performing haplotype analysis,
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we only analyzed the accessions with identical haplotypes as
the parental accessions (G120 and ZY50), while other acces-
sions with different haplotypes were not further analyzed.

Statistical analysis

All statistical analyses were performed using Student’s t test
(P, 0.05) of Microsoft Office Excel for ANOVA or other anal-
yses mentioned in the text. For the number of experimental
repetitions and specific samples, please refer to figure and
table captions.

Accession numbers

Sequence data from this article can be found from https://
www.genoscope.cns.fr/brassicanapus/ or the GenBank/
EMBL data libraries under accession numbers: BnaC2.
MYB28 (BnaC02G0527500ZS), BnaA2.MYB28 (BnaA02G039
4700ZS), BnaC4.IPMI2 (BnaC04G0039400ZS), BnaA4.CYP8
3A1 (BnaA04G0074700ZS), BnaC4.CYP83A1 (BnaC04G03
59300ZS), BnaC6.S0T18 (BnaC06G0404300ZS), BnaA2.IPM
DH1 (BnaA02G0052200ZS), and GHD7 (EU286800).
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The following materials are available in the online version of
this article.
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tent between NIL(ZY50) and NIL(G120).

Supplemental Figure S2. Comparison of coding sequen-
ces and amino acid sequences of candidate genes between
parental lines.

Supplemental Figure S3. IGV displays the transcripts of
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