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Aliphatic glucosinolates are a large group of plant-specialized metabolites in
Brassica vegetables, and some of their degradation products are key nutrients
with significant beneficial effects on human health. Increasing the nutritional
quality is one of the central research questions and breeding goals for Brassica
vegetables. Major progress has been made in understanding transcriptional
regulation of aliphatic glucosinolates biosynthesis in the model plant, while
little is known about it in Brassica vegetables. In this study, we used cabbage to
study the transcriptional regulation of BolBCAT4 genes, the first set of
biosynthetic genes in methionine-derived aliphatic glucosinolate metabolism,
and identified and functionally validated four upstream positive regulators of
BolBCAT4 genes, BolMYB3R, BolbHLH153, BolIMED4 and BolERF74, with
consistent phenotypic effects of inducing short-chain aliphatic glucosinolates,
including glucoraphanin. Our work confirmed the biological functions of
BolBCAT4 genes, identified dozens of candidate upstream regulators, and
provided valuable regulatory mechanisms and breeding targets for enhancing
the nutritional quality of cabbage.

KEYWORDS
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1 Introduction

Plants produce huge numbers of small molecular metabolites, generally known as plant
secondary metabolites, and their structural and functional diversities play key roles in
supporting human society, serving as indispensable nutrients, key components in functional
foods, and potential natural medicines, with primary metabolites as their precursors in most
cases (Burow et al., 2010; Erb and Kliebenstein, 2020; Wink, 1988). The accumulation of plant
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secondary metabolites is under complex genetic regulation, and highly
responsive to the growth conditions and surrounding environments
(Kliebenstein, 2023). Key transcriptional factors were identified and
showed to turn on and off the whole plant secondary metabolism
pathways, including cucurbitacin C in cucurbits (Shang et al., 2014),
cyanogenic diglucoside amygdalin in almond (Sanchez-Perez et al,
2019), and essential oils in citrus (Wang et al., 2024). As many of these
plant secondary metabolites are highly valuable nutrients or raw
materials for producing medicine and they are present in specific
tissues at relatively low concentrations, there is high potential for
translational applications of plant secondary metabolism to make
transcriptional regulation a key research area.

Glucosinolates are a large group of plant secondary compounds
containing sulfur and nitrogen. They exist almost exclusively in
cruciferous plants and can be categorized as aliphatic, indolic, and
benzenic glucosinolates by their biosynthetic precursors (Halkier and
Gershenzon, 2006; Sonderby et al., 2010). Aliphatic glucosinolates are
the most diverse and biologically rich, mainly due to six elongation
steps for methionine-derived biosynthetic products. Many of the key
understandings and breakthroughs in studying transcriptional
regulation of plant secondary metabolism resulted from research in
the area of aliphatic glucosinolates, likely due to the fact that
Arabidopsis is the model plant and it contains highly diverse
aliphatic glucosinolates (Klicbenstein et al,, 2001). In 2007, MYB28,
MYB29, and MYB76 were identified as the key regulators of aliphatic
glucosinolates, and importantly, no aliphatic glucosinolates were
detected in the myb28/myb29 double mutant (Gigolashvili et al,
2007; Hirai et al,, 2007; Senderby et al., 2007). In 2013, in the study
of the JA signaling pathway, MYC2, MYC3, and MYC4 were identified
as key regulators of both aliphatic and indolic glucosinolates pathways,
and no glucosinolates were detected in myc2/3/4 triple mutant
(Schweizer et al, 2013). Starting in 2014, we have systematically
screened and functionally validated the transcriptional regulators of
the aliphatic glucosinolates pathway in model plants by identifying
more than 60 novel regulators and revealing how these regulators
interact to regulate the biosynthesis of glucosinolates, connect to plant
primary metabolism, and coordinate plant defenses and plant
development in Arabidopsis (Chen et al,, 2024; Li et al., 2014a, 2020,
2018; Tang et al, 2021). Although major advances have been made in
model plants, little is known about the transcriptional regulation of
aliphatic glucosinolates in Brassica vegetables.

Brassica vegetables play key roles in providing nutrients in the
human diet, and glucosinolates are one of their core nutritional
components, providing the unique flavor of cruciferous vegetables,
especially the spicy taste (Fahey et al, 2001). Among all the
glucosinolates, sulforaphane (SFN) derived from 4-methylsulfinylbutyl
glucosinolate (4MSO, also known as glucoraphanin) is the most
prominent functional nutrient in Brassica vegetables with significance
in the suppression of cancers (Liou et al., 2020), including lung cancer,
breast cancer, pancreatic cancer, colon cancer, leukemia, and prostate
cancer (Aumeeruddy and Mahomoodally, 2019; Elkashty and Tran,
2021; Tahtisham-Ul-Haq et al,, 2022; Wu et al., 2020; Yin et al., 2019).
Increasing the accumulation of 4MSO is one of the key breeding goals in
Brassica vegetables and manipulating the transcriptional regulators
proved to be a key tool for modulating the accumulation of aliphatic
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glucosinolates (Neequaye et al, 2021). An understanding of the
transcriptional regulatory mechanisms of Brassica vegetables is the
foundation to achieve this goal.

The BRANCHED-CHAIN AMINOTRANSFERASE (BCAT) genes
belong to a small gene family, and they function in the branched-chain
amino acid metabolic steps; importantly, BCAT4 was identified as the
first biosynthetic gene in the Met-derived aliphatic glucosinolate
pathway in Arabidopsis, and it converts Met to 2-oxo acid, connects
the primary metabolism with the secondary metabolism, and plays key
roles in the biosynthesis of aliphatic glucosinolates (Schuster et al,
2006). In addition, BCAT4 was experimentally found to be strongly
suppressed in both the myb28/myb29 double mutant and the myc2/
myc3/myc4 triple mutant at the transcriptional level, indicating the
importance of transcriptional regulation of BCAT4 in modulating the
production of aliphatic glucosinolates (Li et al., 2014a). By using an
enhanced yeast one-hybrid assay (Gaudinier et al, 2011), 98
transcriptional factors were identified to bind the promoter of BCAT4
in Arabidopsis (Li et al, 2014a; Tang et al, 2021) (Supplementary
Table 1), and they belonged to dozens of TF families with diverse
biological functions, including MYB, NAC, and C2H2 (Figure 1A),
indicating these candidate upstream regulators of BCAT4 coordinate the
transcriptional regulation of aliphatic glucosinolates biosynthesis and
many diverse biological functions in plants. In this study, we screened,
identified, and functionally validated the upstream transcriptional
regulators of BoIBCAT4 in cabbage, an important Brassica vegetable
worldwide. Our study was the first effort thus far to identify the
upstream regulators of the biosynthetic genes of the glucosinolate
pathway in cabbage, and provided important insights and target
genes for breeding new cabbage varieties with higher nutritional value.

2 Results

2.1 Functional validation of Bol[BCAT4
genes in cabbage

To study the transcriptional regulation of BCAT4 in Brassica
vegetables, we used cabbage as the experimental material in this
study. Due to genomic polyploidization (Liu et al, 2014), two
BCAT4 homolog genes were retrieved from the cabbage genome
and renamed BolBCAT4-1 (BolC05g044530.2]) and BolBCAT4-2
(BolC03g046400.2]). The expression patterns of BoIBCAT4-1 and
BoIBCAT4-2 showed high expression in the silique and stem, with
low expression in roots and buds (Figures 1B, C).

To experimentally validate the biological functions of BoIBCAT4-1
and BoIBCAT4-2, we overexpressed BoIBCAT4-1 and BolBCAT4-2 in
‘Col-0” of Arabidopsis. In all three representative overexpression lines
for both BoIBCAT4-1 and BolIBCAT4-2 (Figures 2A, B), the contents of
3-methylsulfinylpropyl glucosinolate (3MSO), 4MSO, and the SCratio
(the percentage of short-chain glucosinolates) were all significantly
increased (Figures 2C-F) (Supplementary Table 2). As short-chain
glucosinolates are the dominant forms of aliphatic glucosinolates in
‘Col-0’, our data showed both BolBCAT4-1 and BolBCAT4-2 are
biologically functional in converting Met into aliphatic glucosinolates.
Interestingly, overexpression of the BolBCAT4-2 significantly increased
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FIGURE 1

The expression and transcriptional regulation of BCAT4 genes. (A)
Distribution of the families of transcription factors binding to the
promoter of AtBCAT4. (B) Expression level of BoI[BCAT4-1 gene in
representative tissues of cabbage. (C) Expression level of the
BolBCAT4-2 gene in representative tissues of cabbage.

the content of 5-methylsulfinylpentyl glucosinolate (5MSO)
(Figure 2E), while overexpression of the BolBCAT4-1 did not,
indicating BolBCAT4-1 and BolBCAT4-2 also have diverse
biological functions.
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The expression levels of the genes of the aliphatic glucosinolate
pathway in the overexpression of Bol[BCAT4 genes showed that
multiple biosynthetic genes in aliphatic glucosinolates pathways were
also induced due to the overexpression of BoIBCAT4-1(OE line -1) and
BoIBCAT4-2 (OE line -2), especially the genes in the beginning steps of
chain elongation and core structure formation (Figure 3A, B), which
was likely due to the feedback regulatory mechanisms responding to
the high accumulation of intermediate metabolites downstream of Met
in the aliphatic glucosinolate pathway.

2.2 The screening of the upstream
regulators of BolIBCAT4 genes

As both BoIBCAT4-1 and BolBCAT4-2 were biologically functional
and, furthermore, they also showed diverse roles in controlling
glucosinolate profiling in transgenic plants, we conducted cis-element
analysis for 2 kb regions upstream of the BoJBCAT4-1 and BoIBCAT4-2
genes. Large numbers of cis-elements were predicted and identified as
potential binding sites for transcriptional regulators (Supplementary
Table 3 and Supplementary Figure 1), supporting the importance of the
transcriptional regulation of these two genes.

We then used the cabbage cDNA library of our lab (Supplementary
Table 4) (Bai et al., 2024) to conduct a yeast one-hybrid assay to screen
the upstream regulators for the promoters of both BoIBCAT4-1 and
BoIBCAT4-2. For BolBCAT4-1, the 2 kb region upstream of the start
codon was cloned, confirmed with little self-activation, and used for the
following yeast one-hybrid screening (Figure 4A). For BolBCAT4-2,
strong self-activations were found for both the 2 kb promoter region
upstream of the start codon, and also for multiple truncation forms of
the promoter region. The 426 bp region upstream of the start codon of
the promoter of BoIBCAT4-2 was finally used for the yeast one-hybrid
(Figure 4B, Supplementary Table 4). The contrasting self-activation
results supported our above findings of the different transcriptional
regulations of BoIBCAT4-1 and BoIBCAT4-2.

Using yeast one-hybrid screening, we identified 57 candidate
regulators of Bol[BCAT4-1 and 18 regulators of BolBCAT4-2
(Figure 4C, Supplementary Table 5 and Supplementary Figure 2),
with one of the candidate regulators, BolC07g028620.2], binding the
promoters of both BoIBCAT4-1 and BoIBCAT4-2. The identification of
these candidate upstream regulators of BoIBCAT4 genes provided
valuable resources and research clues for the following functional
validation study.

2.3 BolMYB3R binds the promoters of
BolBCAT4-1 and BolBCAT4-2

Among all the above candidate upstream regulators, we first
focused on a MYB-like transcript factor as it belongs to a novel
member of the MYB TF family, among which many of the key
regulators were previously identified in transcriptionally regulating
aliphatic glucosinolate biosynthesis. We named it BolMYB3R
(BolC04¢046570.2]) in the following sections. We double-
confirmed that BoIMYB3R could bind the promoters of both

frontiersin.org


https://doi.org/10.3389/fpls.2025.1548003
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yan et al.
.A ==
8000 —
6000 —
- 4000
o -
£3 o, i
i<
sg 10
28 ]
z 6
& 4
2
o_.
Wt et
C 3MSO
{(nmolicm?)
3.0
WT -
OE1- 2 | *x 25
BolBCATZ-1 | OE2- I -
BolBCAT4-2 I:osz_ ' ™ 15
' 1.0
Experiment 1 Experiment 2
5MSO T
E 08
WT =
E1- L | 07
BolBCAT4-1 | OE2~- -
BolBCATZ-2 | OE2- ' - 0.5
' 04
Experiment 1 Experiment 2
FIGURE 2

10.3389/fpls.2025.1548003

B x%
aooes | —me—
= 9000 -
g 6000
. i
TR W
<
X8 10
28 1
B 6
© 4
24
o_.
‘“‘ o@'\ oﬁa oe's
D
4MSO
(nmolicm?)
WT-
01 - g
oka- I -
aowcarm[oez- e 6
OE3- *
' 0 4
Experiment 1 Experiment 2
Scratio
F
0.90
WT-
OE1] | N 0.85
BolBCATA-1 | OE2- . -
OE3- x| oo
BolBCAT4-2 |:°EZ' R -
OE3- *

t 1 Exp

Functional validation of BolBCAT4-1 and BolBCAT4-2 as the first set of biosynthetic genes of aliphatic glucosinolates pathway. (A) Expression levels
of BolBCAT4-1 in three representative transgenic OE lines of Arabidopsis. (B) Expression levels of BolBCAT4-2 in three representative transgenic OE
lines of Arabidopsis. (C) The content of 3MSO in the BolBCAT4-1 and BolBCAT4-2 OE lines. (D) The content of 4MSO in the BolBCAT4-1 and
BolBCAT4-2 OE lines. (E) The content of 5MSO in the BolBCAT4-1 and BolBCAT4-2 OE lines. (F) The ratio of short-chain glucosinolates in the
BolBCAT4-1 and BolBCAT4-2 OE lines. The data from two independent experiments were analyzed by ANOVA. *: p<0.05; **: p<0.01; ***: p<0.001.

BoIBCAT4-1 and BoIBCAT4-2 using the point-to-point of the yeast
one-hybrid assay (Figures 5A, B), and also using the LUC assay
(Figure 5C), supporting BoIMYB3R as an upstream regulator of
cabbage BoIBCAT4 genes.

2.4 The functional validation of
BolMYB3R's roles in modulating
glucosinolate biosynthesis

To functionally validate the regulatory mechanisms of BOIMYB3R,
we first studied its subcellular localization and showed that BoIMYB3R
was predominantly localized in the nucleus (Figure 6), supporting its
role as a transcriptional regulator.

We then overexpressed the BoIMYB3R in ‘Col-0" of Arabidopsis
(Supplementary Figure 3), and systematically studied the
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glucosinolate contents in the two independent overexpression
lines. In both of these overexpression lines, the contents of short-
chain glucosinolates, 3MSO and 4MSO, were significantly induced
(Figures 7A-C). As the major phenotypes of the overexpression
lines of BoIBCAT4-1 and BolBCAT4-2 were the induction of short-
chain glucosinolates (Figures 2C, D), our data clearly showed that
BoIMYB3R acted as an upstream positive regulator of BolIBCAT4
genes. Interestingly, overexpression of BoIMYB3R also induced the
accumulation of 4-methoxy-indol-3-ylmethyl glucosinolate
(4MOI3M)(Figure 7D), an important indolic glucosinolate,
indicating BoIMYB3R also acted as an upstream regulator of the
indolic glucosinolate pathway. Most of the expression of
biosynthetic genes in the aliphatic glucosinolates pathway in the
overexpression lines was moderately induced, which was in accord
with the moderate increase in short-chain glucosinolates in the
overexpression lines (OE line -1) of BoIMYB3R (Figure 7E).
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Relative gene expression levels of the aliphatic glucosinolate pathway in the BolBCAT4s OE lines. (A) Gene expression levels of the aliphatic
glucosinolate pathway in the Bol[BCAT4-1 OE lines by gPCR. (B) Gene expression levels of the aliphatic glucosinolate pathway in the BolBCAT4-2 OE

lines by gPCR.

2.5 The functional validation of
BolbHLH153, BoIMED4, and BolERF74 as
upstream regulators of BolBCAT4 genes

As dozens of candidate upstream regulators of BoIBCAT4 genes
were identified in our study (Figure 4C, Supplementary Table 5), we
further selected and functionally validated three more candidate

transcriptional regulators. BolbHLH153(BolC08¢002020.2]) and

Frontiers in Plant Science

05

BolERF74(BolC03g085360.2]) were selected because transcriptional
factions in the bHLH and ERF families were among the top validated
transcriptional regulators of the glucosinolate pathway in our previous
study in model plants (Chen et al., 2024; Li et al., 2014a). BoIMED4
(Bol010083) was selected because few MED regulators have been
studied in the transcriptional regulation of aliphatic glucosinolates.
We generated three independent overexpression lines for each of
the three candidate upstream regulators, BolbHLH153, BoIMED4, and
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The screening of regulators of BolBCAT4-1 and BolBCAT4-2. (A) The cloning and auto-activation test of the 2 kb region of the BolBCAT4-1
promoter. (B) The cloning of multiple truncation forms, and auto activation test of the BolBCAT4-2 promoter regions. (C) The candidate upstream

regulators of BolBCAT4-1 and BolBCAT4-2 by Cytoscape.

BolERF74, in Col-0 of Arabidopsis (Figures 8A-C and Supplementary
Figure 3). Importantly and consistently, overexpression of
BolbHLH153, BoIMED4, and BolERF74 increased the short-chain
glucosinolates, including 3MSO and 4MSO, in all the tested lines
(Figures 8D, E). The expression analysis of the overexpression lines of
BolbHLH153, BoIMED4, and BolERF74 showed different patterns in
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these overexpression lines: 1) BolbHLHI53 effectively induced the
expression of most of the genes in the side chain elongation step and
early steps in the core structural formation (Figure 8F) (OE line -3); 2)
BoIMED4 induced the accumulation of short chain glucosinolates
mainly through inducing the expression of the key regulator MYB28,
indicating hierarchical transcriptional regulatory mechanisms
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(Figure 8G) (OE line -1); 3) BolERF74 strongly induced the expression
of early steps of core structural formation, especially CYP79F2
(Figure 8H) (OE line -3). In summary, together with the BoIMYB3R,
we screened, identified, and functionally validated four important
positive upstream regulators of BolBCAT4 genes.

3 Discussion

3.1 The importance of concerted
regulation in the production of aliphatic
glucosinolates

In this study, we functionally validated BoIBCAT4-1 and
BoIBCAT4-2 and identified and validated four upstream regulators
of the BoIBCAT4 genes. One of the key research questions of our
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study was whether upstream regulators of BolBCAT4 genes could
significantly induce the accumulation of aliphatic glucosinolates. Our
data showed both promising data and the complexity of inducing a
lengthy secondary metabolism pathway, such as the aliphatic
glucosinolates pathway, with multiple biosynthetic steps. 1) On the
one hand, overexpression of BolBCAT4-1 and BoIBCAT4-2, and the
overexpression of four upstream regulators, BoIMYB3R,
BolbHLH153, BolMED4, and BolERF74, significantly and
consistently increased the dominant forms of aliphatic
glucosinolates in ‘Col-0’, 3MSO and 4MSO. These findings
supported our research hypothesis and validated our major
findings. 2) On the other hand, the effects in these overexpression
lines were relatively small in both the overexpression line of the
BolBCAT4 genes and the four positive regulators. These could result
from the effects of small to moderate induced expression of the genes,
and more importantly, it is likely that only coordinated high
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expression of the genes in the whole pathways would effectively make
the final products of lengthy pathways be effectively over-
accumulated. It is also likely that only very few key regulators,
including MYB28, MYB29, and MYC2, could strongly induce the
accumulation of aliphatic glucosinolates, and the rest of the upstream
regulators likely mainly work to connect the glucosinolate pathway
with other biological processes.

3.2 BoIMED4 and BolERF74 might regulate
the glucosinolate pathway by both direct
and indirect modes

MED4 has been found to be a mediator protein that encodes a
subunit of the plant intermediary complex that interacts with RNA
polymerase II to regulate gene expression (Li et al., 2014b; Ma et al.,
2023); while ERF74, a member of the AP2/ERF family, is involved
in plant responses to hypoxia, oxidation, and osmosis stresses by
regulating the expression of specific genes (Kunkowskaa et al., 2023;
Munemasa et al.,, 2013; Xie et al., 2019). In this study,
overexpression of BoIMED4 and BolERF74 increased the content
of short-chain aliphatic glucosinolates, indicating BoIMED4 may
participate in the transcription process through the intermediary
complex, affecting the action of RNA polymerase and thus affecting
the expression of genes in the aliphatic glucosinolate pathway.
ERF74 may regulate the aliphatic glucosinolate pathway by
regulating the production and balance of reactive oxygen species
when stomatal closure and programmed cell death are induced by
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Merged

isothiocyanate (ITC), which is closely related to the binding of

glutathione and reactive oxygen species in wounded plant tissues

(Andersen et al., 2013; Andersson et al., 2015) (Figure 9).

3.3 Positive regulator vs negative regulator

One of the key characteristics of upstream regulators of plant
secondary metabolite pathways is whether they are positive regulators
or negative regulators, which is particularly important for
translational application studies of plant secondary metabolites
with high nutritional value or therapeutic value, including aliphatic
glucosinolates. Before 2014, almost all the published transcriptional
regulators in glucosinolate pathways were positive regulators, while
starting from 2014, we identified and found large numbers of negative
regulators, or TFs with negative regulatory effects in specific
conditions over the past decades (Chen et al., 2024; Li et al., 2014a;
Tang et al,, 2021). Importantly, in the largest functional validation
study of transcriptional regulators in the plant secondary metabolism
pathway thus far, we identified an almost balanced distribution of
regulators with positive and negative effects for the major aliphatic
glucosinolates, short-chain glucosinolates, in model plants (Chen
et al, 2024). Interestingly, all four selected transcriptional
regulators of BoIBCAT4 genes in our current study were positive
regulators, and their effects were also highly consistent in inducing
short-chain glucosinolate accumulation. Considering that BCAT4 is
the first gene in the aliphatic glucosinolate pathway, we hypothesized
that Brassica plants maintain the home keeping and low level of
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Overexpression of BoIMYB3R increases short-chain aliphatic glucosinolates. (A) Relative expression levels of the BoIMYB3R OE lines. (B) The content
of 3MSO in the BolMYB3R OE lines. (C) The content of 4MSO in the BolMYB3R OE lines. (D) The content of 4MOI3M in the BolIMYB3R OE lines. (E)
Expression levels of the aliphatic glucosinolate metabolism pathway genes in the BoIMYB3R transgenic Arabidopsis line. *: p<0.05; **: p<0.01;

***: p<0.001.

aliphatic glucosinolates, and it was under an internal signal and
external stimulus that upstream regulators positively regulate the
biosynthesis of aliphatic glucosinolates. It is worth testing the above
hypothesis by validating more candidate regulators of BCAT4 in
cabbage and other Brassica vegetables, as well as upstream regulators

Frontiers in Plant Science

of CYP79F1/2, the genes in the first steps in core structural formation.
The validated regulators of BCAT4 are likely to be good target genes
for translational application as they might consistently induce
aliphatic glucosinolates in diverse growth conditions if the above
hypothesis holds true.
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Overexpression of BolbHLH153, BoIMED4, and BolERF74 increases short-chain aliphatic glucosinolates. (A—C) Expression levels of BolbHLH153,
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3.4 Breeding targets for enhancing
nutritional quality in cabbage

Brassica vegetables play key roles in providing nutrients in
human society, especially for the large population with low income
in developing countries, and glucosinolates are key components in
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ce

shaping the nutritional value of Brassica vegetables, with 4MSO as
one of the best-known functional nutrients. Numerous reports have
shown that 4MSO has significant anti-cancer effects (Liou et al.,
2020), together with beneficial effects for human health including
maintaining intestinal health, and anti-inflammatory and
antioxidant properties (Barnabei et al., 2021; Dana and Alejandro,
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2022; Seeburger et al., 2023). In our current study, we found that the
overexpression of BolIBCAT4 and the four upstream regulators
consistently induced the accumulation of 4MSO. Interestingly, the
inducing of 4MSO mainly resulted from the increasing ratio of
short-chain aliphatic glucosinolates. As four carbon is the dominant
form of Met-derived aliphatic glucosinolates in ‘Col-0’, while three
carbon is the dominant form in cabbage, it is important to validate
whether the phenotypic effects of both BoIBCAT4 genes and the
four upstream regulators in our study are also the same in cabbage.
If so, both BolBCAT4 and the four selected transcriptional factors in
our study are likely to be valuable breeding targets for increasing the
accumulation of 4MSO and enhancing the nutritional quality of
cabbage (Figure 9).

4 Conclusions

BolBCAT4-1 and BolBCAT4-2, the first set of biosynthetic genes of
methionine-derived aliphatic glucosinolates in cabbage, were both
experimentally confirmed as functional genes. Large numbers of
candidate upstream regulators of BolBCAT4-1 and BolBCAT4-2
genes in cabbage were screened, and identified; furthermore, four of
them were selected and functionally validated as positive regulators,
with highly consistent effects of inducing the content of short-chain
aliphatic glucosinolates in transgenic plants, including glucoraphanin.
Both BoIBCAT4 genes and the four upstream regulators are promising
target breeding genes for enhancing nutritional quality in cabbage.
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Additionally, future efforts in the systemic screening and validating of
upstream regulators of biosynthetic genes in the glucosinolate pathway
in Brassica vegetables will pave the way for achieving the goal of
breeding novel cultivars with higher nutritional quality.

5 Materials and methods

5.1 Plant materials and the conditions for
cultivation

Arabidopsis (wild type, Columbia-0), cabbage (Brassica oleracea
var. capitata L) line 02-12 (Liu et al., 2014), and tobacco (Nicotiana
benthamiana) were used in this study. The cabbage and tobacco were
seeded into a mixture of matrix, vermiculite, and perlite with a ratio of
1:1:1, and cultivated in a growth chamber at 25 °C, with a light intensity
of 125 umolm™s™" and light cycle of 16 h of light/8 h of darkness.
Arabidopsis seeds were incubated in darkness at 4°C for 48 h to ensure
synchronous germination. The seeds were cultured in an incubator at a

1

temperature of 22 °C, with a light intensity of 125 pmol-m >s™" and

light cycle of 16 h of light/8 h of darkness.
5.2 Gene cloning and sequence analysis

Sequence information about BoIBCAT4-1 and BolBCAT4-2
promoters from cabbage line ‘02-12" were searched for in the Brassica
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database (http://brassicadb.cn). Promoters of BoIBCAT4-1 and
BolBCAT4-2, BoIMYB3R, BolbHLH153, BoIMED4, and BolERF74
were cloned by PCR amplification from cabbage line ‘02-12’, and
subjected to Sanger sequencing, which was performed by Tsingke
Biotechnology (Beijing) Co., Ltd. To anticipate cis-acting elements
within the BoIBCAT4-1 and BolBCAT4-2 promoter sequences, the
PlantCARE online tool (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) was employed and these were
visualized by TBtools (Chen et al., 2020).

5.3 Subcellular localization of BoIMYB3R
proteins

The coding sequences of BoIMYB3R, devoid of stop codons,
were isolated and incorporated into the GFP fusion vector, pGreen-
35S-BoIMYB3R-GFP. BoIMYB3R-GFP expression was transiently
observed in N. benthamiana to confirm the subcellular localization
of BoIMYB3R.

5.4 Yeast one-hybrid assay

The promoter sequence of BoIBCAT4-1 and BolBCAT4-2 in
cabbage line ‘02-12’ spanned 2,000 bp and 426 bp. Subsequently,
pADAI yeast bait vectors were constructed for each of these
segments. The yeast one-hybrid (Y1H) library screening assay
utilized the Matchmaker® Gold Yeast One-Hybrid Library
Screening System from TaKaRa, Japan. To confirm the
interaction between BolMYB3R and BolBCAT4-1/BolBCAT4-2,
the coding sequence (CDS) of the BoIMYB3R genes was inserted
into the pGADT7 vector. Additionally, the first fragment of the
BoIBCAT4-1 and BolBCAT4-2 promoter was inserted into the
PADbAi vector. In accordance with the Matchmaker® Gold Yeast
One-Hybrid Library Screening System instructions from TaKaRa,
Japan, the recombinant plasmids were used to transform Y1H Gold
yeast cells. Subsequently, screening of the transformed yeast cells
was conducted on SD/-Leu medium supplemented with 400 ng/mL
and 200 ng/mL aureobasidin A, respectively. The yeast one-hybrid
data were visualized using Cytoscape (Shannon et al.,, 2003).

5.5 Dual-luciferase reporter assay

The dual-luciferase assay was utilized to validate the binding of
BoIMYB3R to the BoIBCAT4s promoter. To create the reporter
construct, a fragment of the BoJBCAT4 promoter was inserted into
the pGreenlIl 0800-LUC vector, and the CDS of BoIMYB3R was
inserted into the pGreenll 62-SK vector to form the effector
constructs and subsequently transformed them into
Agrobacterium train GV3101, and a mixture of Agrobacterium
tumefaciens carrying the reporter or effector constructs was
infiltrated into Nicotiana benthamiana leaves. The Nicotiana
benthamiana plants that were infiltrated were subjected to 12 h of
dark treatment, followed by 2 days of 16 h light/8 h darkness. The
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activity of the promoter was quantified by calculating the ratio of
firefly luciferase (LUC) enzyme activity to the internal reference
Renilla luciferase (REN) using a multifunctional microplate reader
(Tecan, Minnedorf, Switzerland). The LUC/REN value in the
absence of BoIMYB3R was established as 1. Luciferase activities
were measured using the PlantViewl00 In Vivo Plant Imaging
System (BLT, Guangzhou, China).

5.6 Genetic transformation of BoIMYB3R

The encoding sequence of BoIMYB3R was inserted between the
Xba I and Kpn I sites of the pVBG-2307 vector (Ahmed et al., 2012),
and pVBG2307-BoIMYB3R was constructed and expressed in
Arabidopsis via the Agrobacterium tumefaciens line GV3101. The
transgenic seeds were screened on Murashige and Skoog (MS)
medium with kanamycin and identified by PCR. Then, 3-week-
old unbolted seedlings of wild type (WT) and T3 generations of
homozygous lines (OE-1, OE-2) were used for the experiments. The
standard floral dip method was used for the transformation
of Arabidopsis.

5.7 Glucosinolate extraction and analysis

The collection procedure of plant leaf samples used for GLS was
similar to that described previously (Kliebenstein et al., 2001) but
appropriately modified to fit the HPLC platform used in this study.
Briefly, 2-3 fully mature leaves were removed from each 3-week-old
plant, placed in 1,000 uL of 90% (v/v) methanol, and stored at —80 °
C before extraction. Samples were broken using a 2.3 mm metal ball
bearing in a paint shaker at room temperature and incubated for 1 h
at room temperature. The tissues were centrifuged at 2,500 g for 15
min, and the supernatant was subjected to anion exchange
chromatography in 2 mL tubes. After methanol and water
washing, the columns were incubated with 210 pL sulfatase
solution overnight. The desulfo-GLS were eluted and analyzed by
HPLC according to a previously described method (Chen
et al., 2024).

5.8 RNA extraction and qPCR analysis

Total RNA from leaves of cabbage and rosette leaves of
Arabidopsis were extracted using the RNA prep Pure Plant kit
(Tiangen, Beijing, China), and 1 pg of RNA was used for reverse
transcription using a HiScript III 1st Strand cDNA Synthesis Kit
(+gDNA wiper) (Vazyme, Nanjing, China). Quantitative real-time
PCR (qRT-PCR) analysis was performed by QuantStudio ®3 (Life
Technologies, Carlsbad, CA, USA) using Hieff ® qPCR SYBR Green
Master Mix (Low Rox Plus) (YEASEN, Shanghai, China) with three
biological replicates and technical replicates. AtACT2(AT3G18780)
was used as controls. The other primers are given in Supplementary
Table 7. The relative gene expression was calculated using the
2724CT method (Livak and Schmittgen, 2001).
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5.9 Statistical analysis

Statistical analysis was performed using R Core Team, a
language and environment for statistical computing (R
Foundation for Statistical Computing, Vienna, Austria; URL,
https://www.R-project.org). The statistical significance of qPCR
data was analyzed using Student’s t-test within R software. All
GLS data were analyzed via ANOVA using a general linear model
(Brady et al,, 2015). The following model was used to test for
differences in GLS accumulation in the mutants within each specific
gene to the respective wild-type plants grown concurrently:

Yoo =+ G+E+ &,

Y, represents the GLS accumulation in each plant, genotype G
represents the overexpression lines, environment E represents each
growth chamber, | represents the mean value, and €, represents
the error. All data are presented as the means + SE (standard error).
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transgenic Arabidopsis.

SUPPLEMENTARY TABLE 1
The candidate upstream regulators of AtBCAT4.

SUPPLEMENTARY TABLE 2
Glucosinolate abbreviations, descriptions, and chemical structures.

SUPPLEMENTARY TABLE 3

Analysis of cis-acting elements of the promoters of BolBCAT4-1 and
BolBCAT4-2.

frontiersin.org


https://www.R-project.org
https://www.frontiersin.org/articles/10.3389/fpls.2025.1548003/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1548003/full#supplementary-material
https://doi.org/10.3389/fpls.2025.1548003
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yan et al.

SUPPLEMENTARY TABLE 4
RNA sampling information for yeast library construction in cabbage.

SUPPLEMENTARY TABLE 5
Summary of screening of lowest AbA inhibitory concentrations of BolBCAT4
homologous gene bait yeast strains.

References

Ahmed, S. S., Gong, Z.-H., Ji, ].-J., Yin, Y.-X,, Xiao, H.-J., Khan, M. A,, et al. (2012).
Construction of the intermediate vector pVBG2307 by incorporating vital elements of
expression vectors pBI121 and pBI221. Genet. Mol. Res. 11, 3091-3104. doi: 10.4238/
2012.August.31.7

Andersen, T. G., Nour-Eldin, H. H., Fuller, V. L., Olsen, C. E., Burow, M., and
Halkier, B. A. (2013). Integration of biosynthesis and long-distance transport establish
organ-specific glucosinolate profiles in vegetative arabidopsis. Plant Cell 25, 3133-3145.
doi: 10.1105/tpc.113.110890

Andersson, M. X., Nilsson, A. K., Johansson, O. N., Boztas, G., Adolfsson, L. E.,
Pinosa, F., et al. (2015). Involvement of the electrophilic isothiocyanate sulforaphane in
arabidopsis local defense responses. Plant Physiol. 167, 251-261. doi: 10.1104/
pp-114.251892

Aumeeruddy, M. Z., and Mahomoodally, M. F. (2019). Combating breast cancer
using combination therapy with 3 phytochemicals: Piperine, sulforaphane, and
thymoquinone. Cancer 125, 1600-1611. doi: 10.1002/cncr.32022

Bai, X., Zhang, R., Zeng, Q., Yang, W., Fang, F., Sun, Q,, et al. (2024). The RNA-
binding protein boRHON1 positively regulates the accumulation of aliphatic
glucosinolates in cabbage. Int. J. Mol. Sci. 25, 5314. doi: 10.3390/ijms25105314

Barnabei, L., Laplantine, E., Mbongo, W, Rieux-Laucat, F., and Weil, R. (2021). NF-
KB: at the borders of autoimmunity and inflammation. Front. Immunol. 12.
doi: 10.3389/fimmu.2021.716469

Brady, S. M., Burow, M., Busch, W., Carlborg, O., Denby, K. J., Glazebrook, J., et al.
(2015). Reassess thetTest: Interact with All Your Data via ANOVA. Plant Cell 27,2088~
2094. doi: 10.1105/tpc.15.00238

Burow, M., Halkier, B. A., and Kliebenstein, D. J. (2010). Regulatory networks of
glucosinolates shape Arabidopsis thaliana fitness. Curr. Opin. Plant Biol. 13, 348-353.
doi: 10.1016/j.pbi.2010.02.002

Chen, C.J., Chen, H., Zhang, Y., Thomas, H. R,, Frank, M. H., He, Y. H,, et al. (2020).
TBtools: an integrative toolkit developed for interactive analyses of big biological data.
Mol. Plant 13, 1194-1202. doi: 10.1016/j.molp.2020.06.009

Chen, L., Zeng, Q., Zhang, ], Li, C,, Bai, X,, Sun, F,, et al. (2024). Large-scale
identification of novel transcriptional regulators of the aliphatic glucosinolate pathway
in Arabidopsis. J. Exp. Bot. 75, 300-315. doi: 10.1093/jxb/erad376

Dana, A.-H., and Alejandro, S.-P. (2022). Role of sulforaphane in endoplasmic
reticulum homeostasis through regulation of the antioxidant response. Life Sci. 299,
120554. doi: 10.1016/j.1£5.2022.120554

Elkashty, O. A, and Tran, S. D. (2021). Sulforaphane as a promising natural molecule for
cancer prevention and treatment. Curr. Med. Sci. 41, 250-269. doi: 10.1007/s11596-021-2341-2

Erb, M., and Kliebenstein, D. J. (2020). Plant secondary metabolites as defenses,
regulators, and primary metabolites: the blurred functional trichotomy. Plant Physiol.
184, 39-52. doi: 10.1104/pp.20.00433

Fahey, J. W., Zalcmann, A. T., and Talalay, P. (2001). The chemical diversity and
distribution of glucosinolates and isothiocyanates among plants. Phytochem. Rev. 56, 5-
51. doi: 10.1016/s0031-9422(00)00316-2

Gaudinier, A., Zhang, L., Reece-Hoyes, J. S., Taylor-Teeples, M., Pu, L., Liu, Z., et al.
(2011). Enhanced Y1H assays for arabidopsis. Nat. Methods 8, 1053-1055.
doi: 10.1038/nmeth.1750

Gigolashvili, T., Yatusevich, R., Berger, B., Miiller, C., and Fliigge, U. I. (2007). The
R2R3-MYB transcription factor HAG1/MYB28 is a regulator of methionine-derived
glucosinolate biosynthesis in Arabidopsis thaliana. Plant J. 51, 247-261. doi: 10.1111/
j.1365-313X.2007.03133.x

Halkier, B. A., and Gershenzon, J. (2006). Biology and biochemistry of glucosinolates.
Annu. Rev. Plant Biol. 57, 303-333. doi: 10.1146/annurev.arplant.57.032905.105228

Hirai, M. Y., Sugiyama, K., Sawada, Y., Tohge, T., Obayashi, T., Suzuki, A., et al.
(2007). Omics-based identification of Arabidopsis Myb transcription factors regulating
aliphatic glucosinolate biosynthesis. Proc. Natl. Acad. Sci. 104, 6478-6483. doi: 10.1111/
j.1365-313X.2007.03133.x

Tahtisham-Ul-Hag,, Khan, S., Awan, K. A,, and Igbal, M. J. (2022). Sulforaphane as a
potential remedy against cancer: Comprehensive mechanistic review. J. Food Biochem.
46, €13886. doi: 10.1111/jfbc.13886

Kliebenstein, D. J. (2023). Is specialized metabolite regulation specialized? J. Exp. Bot.
74, 4942-4948. doi: 10.1093/jxb/erad209

Frontiers in Plant Science

14

10.3389/fpls.2025.1548003

SUPPLEMENTARY TABLE 6
List of proteins interacting with Bol[BCAT4 homologous genes in the yeast
one-hybrid screen.

SUPPLEMENTARY TABLE 7
Primers used in this study.

Kliebenstein, D. J., Kroymann, J., Brown, P., Figuth, A., Pedersen, D., Gershenzon, J.,
et al. (2001). Genetic control of natural variation in Arabidopsis glucosinolate
accumulation. Plant Physiol. 126, 811-825. doi: 10.1104/pp.126.2.811

Kunkowskaa, A. B., Fontanaa, F., Bettia, F., Soeurb, R., Beckersb, G. J. M., Meyerc, C.,
et al. (2023). Target of rapamycin signaling couples energy to oxygen sensing to
modulate hypoxic gene expression in Arabidopsis. Proc. Natl. Acad. Sci. 120,
€2212474120-e2212474131. doi: 10.1073/pnas

Li, B., Gaudinier, A., Tang, M., Taylor-Teeples, M., Nham, N. T., Ghaffari, C,, et al.
(2014a). Promoter-based integration in plant defense regulation. Plant Physiol. 166,
1803-1820. doi: 10.1104/pp.114.248716

Li, B., Tang, M., Caseys, C., Nelson, A., Zhou, M., Zhou, X,, et al. (2020). Epistatic
transcription factor networks differentially modulate arabidopsis growth and defense.
Genetics 214, 529-541. doi: 10.1534/genetics.119.302996

Li, B., Tang, M., Nelson, A., Caligagan, H., Zhou, X., Clark-Wiest, C,, et al. (2018).
Network-guided discovery of extensive epistasis between transcription factors involved
in aliphatic glucosinolate biosynthesis. Plant Cell 30, 178-195. doi: 10.1105/
tpc.17.00805

Li, W. Q,, Yoshida, A., Takahashi, M., Maekawa, M., Kojima, M., Sakakibara, H.,
et al. (2014b). SADI, an RNA polymerase I subunit A34.5 of rice, interacts with
Mediator and controls various aspects of plant development. Plant J. 81, 282-291.
doi: 10.1111/tpj.12725

Lioy, C. S, Sirk, S. J., Diaz, C. A. C,, Klein, A. P., Fischer, C. R,, Higginbottom, S. K.,
et al. (2020). A metabolic pathway for activation of dietary glucosinolates by a human
gut symbiont. Cell 180, 717-728.e719. doi: 10.1016/j.cell.2020.01.023

Liu, S, Liu, Y., Yang, X,, Tong, C., Edwards, D., Parkin, I. A, et al. (2014). The
Brassica oleracea genome reveals the asymmetrical evolution of polyploid genomes.
Nat. Commun. 5, 3930. doi: 10.1038/ncomms4930

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2-AACT method. Methods 25, 402-408.
doi: 10.1006/meth.2001.1262

Ma, M. M,, Li, M,, Zhou, R. F,, Yu, J. B,, Wu, Y., Zhang, X. ], et al. (2023). CPR5
positively regulates pattern-triggered immunity via a mediator protein. J. Integr. Plant
Biol. 65, 1613-1619. doi: 10.1111/jipb.13472

Munemasa, S., Muroyama, D., Nagahashi, H., Nakamura, Y., Mori, I. C., and Murata,
Y. (2013). Regulation of reactive oxygen species-mediated abscisic acid signaling in
guard cells and drought tolerance by glutathione. Front. Plant Sci. 4. doi: 10.3389/
fpls.2013.00472

Neequaye, M., Stavnstrup, S., Harwood, W., Lawrenson, T., Hundleby, P., Irwin, J.,
et al. (2021). CRISPR-cas9-mediated gene editing of MYB28 genes impair
glucoraphanin accumulation of brassica oleracea in the field. CRISPR J. 4, 416-426.
doi: 10.1089/crispr.2021.0007

Sanchez-Perez, R., Pavan, S., Mazzeo, R,, Moldovan, C., Aiese Cigliano, R., Del
Cueto, J., et al. (2019). Mutation of a bHLH transcription factor allowed almond
domestication. Science 364, 1095-1098. doi: 10.1126/science.aav8197

Schuster, J., Knill, T., Reichelt, M., Gershenzon, J., and Binder, S. (2006). Branched-
chain aminotransferase4 is part of the chain elongation pathway in the biosynthesis of
methionine-derived glucosinolates in Arabidopsis. Plant Cell 18, 2664-2679.
doi: 10.1105/tpc.105.039339

Schweizer, F., Fernandez-Calvo, P., Zander, M., Diez-Diaz, M., Fonseca, S., Glauser,
G., etal. (2013). Arabidopsis basic helix-loop-helix transcription factors MYC2, MYC3,
and MYC4 regulate glucosinolate biosynthesis, insect performance, and feeding
behavior. Plant Cell 25, 3117-3132. doi: 10.1105/tpc.113.115139

Seeburger, P., Forsman, H., Bevilacqua, G., Marques, T. M., Morales, L. O., Prado, S.
B. R, et al. (2023). From farm to fork ... and beyond! UV enhances Aryl hydrocarbon
receptor-mediated activity of cruciferous vegetables in human intestinal cells upon
colonic fermentation. Food Chem. 426, 136588-136597. doi: 10.1016/
j.foodchem.2023.136588

Shang, Y., Ma, Y., Zhou, Y., Zhang, H., Duan, L., Chen, H., et al. (2014). Plant science.
Biosynthesis, regulation, and domestication of bitterness in cucumber. Science 346,
1084-1088. doi: 10.1126/science.1259215

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al.
(2003). Cytoscape: A software environment for integrated models of biomolecular
interaction networks. Genome Res. 13, 2498-2504. doi: 10.1101/gr.1239303

frontiersin.org


https://doi.org/10.4238/2012.August.31.7
https://doi.org/10.4238/2012.August.31.7
https://doi.org/10.1105/tpc.113.110890
https://doi.org/10.1104/pp.114.251892
https://doi.org/10.1104/pp.114.251892
https://doi.org/10.1002/cncr.32022
https://doi.org/10.3390/ijms25105314
https://doi.org/10.3389/fimmu.2021.716469
https://doi.org/10.1105/tpc.15.00238
https://doi.org/10.1016/j.pbi.2010.02.002
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1093/jxb/erad376
https://doi.org/10.1016/j.lfs.2022.120554
https://doi.org/10.1007/s11596-021-2341-2
https://doi.org/10.1104/pp.20.00433
https://doi.org/10.1016/s0031-9422(00)00316-2
https://doi.org/10.1038/nmeth.1750
https://doi.org/10.1111/j.1365-313X.2007.03133.x
https://doi.org/10.1111/j.1365-313X.2007.03133.x
https://doi.org/10.1146/annurev.arplant.57.032905.105228
https://doi.org/10.1111/j.1365-313X.2007.03133.x
https://doi.org/10.1111/j.1365-313X.2007.03133.x
https://doi.org/10.1111/jfbc.13886
https://doi.org/10.1093/jxb/erad209
https://doi.org/10.1104/pp.126.2.811
https://doi.org/10.1073/pnas
https://doi.org/10.1104/pp.114.248716
https://doi.org/10.1534/genetics.119.302996
https://doi.org/10.1105/tpc.17.00805
https://doi.org/10.1105/tpc.17.00805
https://doi.org/10.1111/tpj.12725
https://doi.org/10.1016/j.cell.2020.01.023
https://doi.org/10.1038/ncomms4930
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1111/jipb.13472
https://doi.org/10.3389/fpls.2013.00472
https://doi.org/10.3389/fpls.2013.00472
https://doi.org/10.1089/crispr.2021.0007
https://doi.org/10.1126/science.aav8197
https://doi.org/10.1105/tpc.105.039339
https://doi.org/10.1105/tpc.113.115139
https://doi.org/10.1016/j.foodchem.2023.136588
https://doi.org/10.1016/j.foodchem.2023.136588
https://doi.org/10.1126/science.1259215
https://doi.org/10.1101/gr.1239303
https://doi.org/10.3389/fpls.2025.1548003
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yan et al.

Sonderby, I. E., Geu-Flores, F., and Halkier, B. A. (2010). Biosynthesis of
glucosinolates-gene discovery and beyond. Trends Plant Sci. 15, 283-290.
doi: 10.1016/j.tplants.2010.02.005

Senderby, I. E., Hansen, B. G., Bjarnholt, N., Ticconi, C., Halkier, B. A., and
Kliebenstein, D. J. (2007). A systems biology approach identifies a R2R3 MYB gene
subfamily with distinct and overlapping functions in regulation of aliphatic
glucosinolates. PloS One 2, €1322. doi: 10.1371/journal.pone.0001322

Tang, M., Li, B., Zhou, X,, Bolt, T., Li, ]. ]., Cruz, N, et al. (2021). A genome-scale TF-
DNA interaction network of transcriptional regulation of Arabidopsis primary and
specialized metabolism. Mol. Syst. Biol. 17, €10625. doi: 10.15252/msb.202110625

Wang, H.,, Ren, J., Zhou, S., Duan, Y., Zhu, C., Chen, C,, et al. (2024). Molecular
regulation of oil gland development and biosynthesis of essential oils in Citrus spp.
Science 383, 659-666. doi: 10.1126/science.adl2953

Frontiers in Plant Science

15

10.3389/fpls.2025.1548003

Wink, M. (1988). Plant breeding: importance of plant secondary metabolites for
protection against pathogens and herbivores. Theor. Appl. Genet. 75, 225-233.
doi: 10.1007/BF00303957

Wu, G, Yan, Y., Zhou, Y., Duan, Y., Zeng, S., Wang, X,, et al. (2020). Sulforaphane:
expected to become a novel antitumor compound. Oncol. Res. Featuring Preclinical
Clin. Cancer Ther. 28, 439-446. doi: 10.3727/096504020x15828892654385

Xie, Z. L., Nolan, T. M., Jiang, H., and Yin, Y. H. (2019). AP2/ERF transcription
factor regulatory networks in hormone and abiotic stress responses in arabidopsis.
Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00228

Yin, L., Xiao, X., Georgikou, C., Luo, Y., Liu, L., Gladkich, J., et al. (2019).
Sulforaphane Induces miR135b-5p and Its Target Gene, RASAL2, thereby Inhibiting
the Progression of Pancreatic Cancer. Mol. Ther. - Oncolytics 14, 74-81. doi: 10.1016/
j.omt0.2019.03.011

frontiersin.org


https://doi.org/10.1016/j.tplants.2010.02.005
https://doi.org/10.1371/journal.pone.0001322
https://doi.org/10.15252/msb.202110625
https://doi.org/10.1126/science.adl2953
https://doi.org/10.1007/BF00303957
https://doi.org/10.3727/096504020x15828892654385
https://doi.org/10.3389/fpls.2019.00228
https://doi.org/10.1016/j.omto.2019.03.011
https://doi.org/10.1016/j.omto.2019.03.011
https://doi.org/10.3389/fpls.2025.1548003
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Transcriptional activation of BolBCAT4 genes enhanced aliphatic glucosinolate accumulation in cabbage
	1 Introduction
	2 Results
	2.1 Functional validation of BolBCAT4 genes in cabbage
	2.2 The screening of the upstream regulators of BolBCAT4 genes
	2.3 BolMYB3R binds the promoters of BolBCAT4-1 and BolBCAT4-2
	2.4 The functional validation of BolMYB3R’s roles in modulating glucosinolate biosynthesis
	2.5 The functional validation of BolbHLH153, BolMED4, and BolERF74 as upstream regulators of BolBCAT4 genes

	3 Discussion
	3.1 The importance of concerted regulation in the production of aliphatic glucosinolates
	3.2 BolMED4 and BolERF74 might regulate the glucosinolate pathway by both direct and indirect modes
	3.3 Positive regulator vs negative regulator
	3.4 Breeding targets for enhancing nutritional quality in cabbage

	4 Conclusions
	5 Materials and methods
	5.1 Plant materials and the conditions for cultivation
	5.2 Gene cloning and sequence analysis
	5.3 Subcellular localization of BolMYB3R proteins
	5.4 Yeast one-hybrid assay
	5.5 Dual-luciferase reporter assay
	5.6 Genetic transformation of BolMYB3R
	5.7 Glucosinolate extraction and analysis
	5.8 RNA extraction and qPCR analysis
	5.9 Statistical analysis

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


