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Abstract

Glucosinolates (GSLs) are defensive secondary metabolites produced by Brassicaceae species in response to abiotic and biotic stresses. The
biosynthesis of GSL compounds and the expression of GSL-related genes are highly modulated by endogenous signals (i.e. circadian
clocks) and environmental cues, such as temperature, light, and pathogens. However, the detailed mechanism by which light
signaling influences GSL metabolism remains poorly understood. In this study, we found that a light-signaling factor, ELONGATED
HYPOCOTYL 5 (HY5), was involved in the regulation of GSL content under light conditions in Arabidopsis (Arabidopsis thaliana). In
hy5-215 mutants, the transcript levels of GSL pathway genes were substantially upregulated compared with those in wild-type (WT)
plants. The content of GSL compounds was also substantially increased in hy5-215 mutants, whereas 35S::HY5-GFP/hy5-215 transgenic
lines exhibited comparable levels of GSL-related transcripts and GSL content to those in WT plants. HY5 physically interacts with
HISTONE DEACETYLASEY and binds to the proximal promoter region of MYB29 and IMD1 to suppress aliphatic GSL biosynthetic
processes. These results demonstrate that HYS suppresses GSL accumulation during the daytime, thus properly modulating GSL

content daily in Arabidopsis plants.

Introduction

Plants produce diverse natural defense compounds to cope with
abiotic (e.g. drought and heat stress) and biotic (e.g. insects and
pathogens) challenges. Among these compounds, glucosinolates
(GSLs) are some of the most studied plant metabolites because
of their agricultural importance as defense molecules and their
human health-promoting benefits (i.e. anticarcinogenic and anti-
microbial effects) (Hecht 2000; Fahey et al. 2012; Fuentes et al.
2015). GSLs are nitrogen- and sulfur-containing anionic secondary
metabolites that can be classified into 3 subgroups according to
their amino acid precursors: aliphatic (i.e. ethionine-, alanine-,
leucine-, isoleucine-, valine-, or glutamate-derived), indolic (i.e.
tryptophan-derived), and benzyl (i.e. phenylalanine- or tyrosine-
derived) (Augustine and Bisht 2015).

Genes responsible for individual enzymatic steps in the GSL bi-
osynthetic pathways have been identified in studies using
Arabidopsis (Arabidopsis thaliana) model plants (Fig. 1). The biosyn-
thetic pathways of GSLs comprise 3 major phases: (i) chain elonga-
tion, (ii) core structure formation, and (iii) side-chain modification
(Sonderby et al. 2010). In the case of aliphatic GSL biosynthesis,
the “chain elongation” phase starts with the deamination of a pre-
cursor amino acid (i.e. methionine), which is catalyzed to a 2-keto
acid by the activity of BRANCHED-CHAIN AMINO ACID
TRANSFERASE 4 (BCAT4) (Schuster et al. 2006). Next, the 2-keto
acid is transported to the chloroplast organelle for subsequent
steps via the activity of BILE ACID TRANSPORTER 5 (BATS)

(Farquharson 2009; Mitreiter and Gigolashvili 2021). Within the
chloroplast, 2-keto acid undergoes a series of processes, including
condensation, isomerization, and oxidative decarboxylation.
These sequential catalytic reactions are conducted by methyl-
thioalkyl malate synthases (MAMs), isopropylmalate isomerases
(IPMIs), and isopropylmalate dehydrogenases (Petersen et al.
2019).

After the transamination reaction by BCAT3 in the chloroplast,
the processed 2-keto acid is transferred to the “core structure forma-
tion” phase (Halkier and Gershenzon 2006). This phase of aliphatic
GSL synthesis begins with 2 cytochrome P450 monooxygenase fam-
ily proteins, CYTOCHROME P450 FAMILY 79F1 (CYP79F1) and
CYP79F2, which convert 2-oxo acid into aldoximes that are further
converted to nitrile oxide compounds by the oxidizing activity of
CYP83A1. The product is then conjugated with glutathione by
GLUTATHIONE S-TRANSFERASE F11 (GSTF11) and GLUTATHIONE
S-TRANSFERASE TAU 20 (GSTU20) to form S-alkylthiohydroximate
and further cleaved by GAMMA-GLUTAMYL PEPTIDASE 1
(GGP1). Next, SUPERROOT 1 (SUR1) encoding a C-S lyase enzyme
converts S-alkylthiohydroximate to thiohydroximate (Halkier
and Gershenzon 2006). Next, the thiohydroximate undergoes glyco-
sylation by UDP-GLUCOSYLTRANSFERASE 74 B1 (UGT74B1) and
sulfation by DESULFO-GLUCOSINOLATE SULFOTRANSFERASE 18
(SOT17) and SOT18 to produce methyl thioalkyl GSL compounds.
In the last “side-chain modification” phase, methyl thioalkyl GSLs
are catalyzed by a series of enzymatic activities such as oxidation,
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Figure 1. The schematic diagram showing aliphatic and indolic GSL biosynthesis pathways in Arabidopsis plants. Production of aliphatic and indolic
GSL compounds generally requires 3 and 2 biosynthetic phases, respectively. The green box indicates the first phase, “side-chain elongation” for
aliphatic GSL biosynthetic pathway. Aldoxime generated from the “side-chain elongation” phase undergoes the second phase, “core structure
formation” to generate DS-GSLs. DS-GSLs enter third phase, “secondary modification” which is indicated with the pink box. DS-GSLs are diversely
modified for the production of a variety of aliphatic GSL compounds such as 40HB, 4MSOB, and SMSOP. In the case of indolic GSL biosynthesis, Trp
enters the “core structure formation” phase to generate DS-GSLs. Next, DS-GSLs undergoes “secondary modification” phase to generate diverse indolic
GSL compounds such as IMOI3M and 4MOI3M. The blue box indicates “the secondary modification” phase of indolic GSL biosynthetic pathway. In both
pink and blue boxes, compounds shown with bold dark letters indicate the detected GSL compounds in our HPLC system. In our study using early
seedling plants of Arabidopsis, 40HB, 4MSOB, SMSOP, and 4MTB were detected as major aliphatic GSL compounds. In the case of indolic GSL
compounds, I3M, 40HI3M, 4MOI3M, and 1MOI3M were detected as major indolic GSL compounds. A handful of MYB TFs such as MYB28, MYB29, and
MYB76 were shown to control expression of biosynthetic pathway genes related to aliphatic GSL production. Meanwhile, other MYB factors such as
MYB34, MYB51, and MYB122 were reported to control expression of biosynthetic genes related to indolic GSL production. The blue and yellow letters
indicate the enzymes responsible for the conversion of the aliphatic and indolic compounds, respectively.

alkylation, methoxylation, and desaturation to produce diverse fi-
nal GSL compounds (Rask et al. 2000; Mikkelsen et al. 2002; Grubb
and Abel 2006). For instance, the aliphatic pathway contains
several flavin monooxygenases (FMOGS-OXs) that catalyze the
conversion of methyl thioalkyl GSLs (i.e. 4-methylthiobutyl, 4MTB)
to methylsulfinylalkyl GSLs (i.e. 4-methylsulfinylbutyl, 4MSOB).
Methylsulfinylalkyl GSLs are converted into alkenylhydroxalkyl
GSLs by 2-oxoglutarate-dependent dioxygenases (i.e. AOP3)
(Hansen et al. 2008).

The biosynthesis of indolic GSL compounds begins with the
conversion of tryptophan to indole-3-acetaldoxime by CYP79B2/
CYP79B3 enzymes. Then, indole-3-acetaldoxime is further

catalyzed by a series of catalytic enzymes such as CYP83BI,
GSTF9, GSTF10, GGP1, and SUR1 for sulfur incorporation and thi-
ohydroximate formation. Similar to the aliphatic GSL pathway,
UGT74B1 catalyzes the glucosylation of thiohydroximate, which
is further sulfated by SOT16 to produce indol-3-ylmethyl (I3M)
GSL compounds. In the final “side-chain modification” phase,
I3M GSLs are catalyzed by various enzymes, as in the aliphatic
GSL pathway. In the indolic GS pathway, I3M is hydroxylated by
CYP81F enzymes. CYP81F1 to F3 and CYP81F4 are thought to cat-
alyze the production of 4-hydroxyindolic GSL (40HI3M) and
1-hydroxyindol-3-ylmethyl (10HI3M), respectively (Pfalz et al.
2011). These compounds are further methylated by INDOLE
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GLUCOSINOLATE METHYLTRANSFERASE 1 (IGMT1) and IGMT2 to
produce 1-methoxy-indol-3-ylmethyl (IMOI3M) and 4-methoxy-
indol-3-ylmethyl (4MOI3M), respectively.

Several R2R3-type MYB transcription factors (TFs) regulate GSL
biosynthesis. MYB28, MYB29, and MYB76 regulate the production
of aliphatic GSLs (Hirai et al. 2007; Sonderby et al. 2007;
Gigolashvili et al. 2008). The myb28myb29 double mutant of
MYB28 and MYB29 was almost completely deficient in aliphatic
GSLs, and overexpression of MYB28, MYB29, and MYB76 elevated
the number of aliphatic GSLs (but notindolic GSLs) via the upregu-
lated expression of aliphatic GSL pathway genes. Unexpectedly,
gene expression in the indolic GSL pathway was reduced, suggest-
ing a regulatory balance between aliphatic and indolic GSL levels
(Gigolashvili et al. 2007; Sonderby et al. 2010). Three other MYB
TFs—MYB34, MYB51, and MYB122—are also involved in the
production of indolic GSL compounds (Celenza et al. 2005;
Gigolashvili et al. 2007; Malitsky et al. 2008). Analysis of the triple
mutant myb34myb51myb122 showed almost no detectable indolic
GSLs, indicating that these 3 MYB TFs are essential activators for
indolic GSL production.

A close link between light and GSL metabolism has been re-
ported. Exposure to light increases total GSL content in plants,
thus exhibiting diurnal fluctuation with an increase during the
daytime and a decrease at night. In addition, long-term darkness
results in a substantial reduction in the amount of endogenous
GSLs (Huseby et al. 2013). Two enzymatic genes involved in the
early side-chain elongation of aliphatic GSLs, BCAT4 and MAM1,
display higher transcript levels under light conditions than under
dark conditions (Schuster et al. 2006). The sulfotransferase gene
SOT17 in the aliphatic GSL pathway also exhibits higher transcript
levels under light conditions and reduced levels in the dark (Klein
et al. 2006). Furthermore, the expression of AOP2 in the aliphatic
GSL pathway is higher under continuous light than under contin-
uous darkness (Neal et al. 2010).

In addition to GSL metabolism, a close link between light and
sulfate assimilation has been reported (Koprivova and Kopriva
2014). One of the key genes for sulfate assimilation, ADENOSINE
5’-PHOSPHOSULFATE REDUCTASE, (APR), displays diurnal rhythm
in Arabidopsis and maize, with a peak during daylight hours. The
enzymatic activity of APR is reduced under dark conditions and
increased upon exposure to light. A bZIP TF, ELONGATED
HYPOCOTYL 5 (HYS), has been shown to directly bind to and reg-
ulate the expression of APR under light conditions (Lee et al. 2011).

GSLs are produced in Brassicaceae plants such as oilseed rape
(Brassica napus L.), cabbage (Brassica oleracea L. var. capitata), broc-
coli (B. oleracea var. italica), Chinese cabbage (Brassica rapa L. var. pe-
kinensis), and the model plant A. thaliana (Fahey et al. 2001;
Barillari et al. 2005). Over 137 different GSL structures have been
proposed for various members of the Brassicaceae family
(Blazevic et al. 2020). As in other families, light signaling is closely
related to GSL metabolism in Brassicaceae plants. However, the
molecular mechanisms underlying the light-mediated regulation
of GSL metabolism are not well understood.

Therefore, in the present study, we aimed to elucidate the
mechanisms relating to light signaling and GSL biosynthesis.
Because HY5 is one of the key players in light signaling, the possi-
ble role of HYS in controlling GSL metabolism was investigated. In
this study, we found that HY5 suppressed GSL accumulation of
GSLs via suppressing GSL pathway genes. HY5 interacts with his-
tone deacetylases (HDAs) to modulate the epigenetic context of
GSL metabolic genes. This study provides evidence that HY5 is in-
volved in the epigenetic modulation of GSL accumulation in
Arabidopsis.
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Results

GSL contents in Arabidopsis seedlings under light
and dark conditions

Endogenous amounts of aliphatic and indolic GSLs were meas-
ured in whole Arabidopsis plants grown under 1 wk of long-day
(LD) (16-h light and 8-h dark) or continuous dark conditions. For
the light condition samples, seedlings were harvested 4 h after
lightirradiation (ZT4) on the final day. For the dark condition sam-
ples, seedlings were harvested in the dark. Based on the
ultra-high-performance liquid chromatography (UHPLC) and
LC/MS analysis results, we identified 4 major aliphatic GSLs, 4-hy-
droxybutyl (40HB), 4MSOB, 5-methylsulfinylpentyl (SMSOP), and
4MTB; 4 indolic GSLs, I13M, 40HI3M, 4MOI3M, and 1MOI3M; and
1 aromatic GSL, 2-phenylethyl (Supplementary Fig. S1 and
Table S1). Because only 1 aromatic GSL was detected, it was ex-
cluded, and further analyses focused only on aliphatic and indolic
GSL compounds. Among the 4 aliphatic GSLs, 4MTB was the most
dominantly detected, followed by 4MSOB and 40HB, and then
SMSOP, with low levels under both light and dark conditions
(Fig. 2A). Among the 4 indolic GSLs, 1IMOI3M was the most abun-
dant, followed by I3M, and then by 4OHI3M and 4MOI3M
(Fig. 2B). The total amounts of aliphatic (1,202 nmol/g) and indolic
(392 nmol/g) GSLs under light conditions were 3.0 times higher
than those under dark conditions (322 nmol/g) (Fig. 2C and
Supplementary Table S2). Taken together, these data indicate
that light stimulates the biosynthesis of both aliphatic and indolic
GSLs in young Arabidopsis seedlings.

Next, we assessed the completion of the “side-chain modifica-
tion” phase of the aliphatic pathway, which synthesizes 4MTB
(highlighted with the pink box in Fig. 1). 4MTB (801 nmol/g under
light conditions) was highly detected (Supplementary Table S2),
whereas other compounds, such as SMTP, were not (gray letters
in Fig. 1). This suggests that other substrates (i.e. SMTP) were im-
mediately converted into 4MTB. 4MSOB and 40HB, which are pro-
duced from 4MTB (Fig. 1), were also abundantly detected among
the aliphatic GSLs in both light and dark samples (Fig. 2A;
Supplementary Fig. S1 and Table S2). This indicates that the
4MTB-4MSOB-40HB production pathway occurred prominently
in Arabidopsis seedlings.

To assess the indolic GSL pathway, we analyzed the amounts of
indolic GSLs and observed that 1MOI3M was more abundantly de-
tected than 40HI3M or 4MOI3M (Fig. 2B). Since CYP81F4 mainly
converts I3M to 10HI3M, the precursor for 1IMOI3M, whereas
CYP81F1 to F3 convert I3M to 4O0OHI3M, the precursor for
4MOI3M (Pfalz et al. 2011) (Fig. 1), this observation suggested
that CYP81F4 played a greater role than CYP81F1 to F3 in the
Arabidopsis seedlings. We could not detect 10HI3M, suggesting
its rapid conversion to 1IMOI3M by CYP81F4. To test this hypothe-
sis, we quantified the expression of CYP81F1 to F4 in the seedlings
and found that CYP81F4 showed the most robust expression
among CYP81F1 to F4 genes (Supplementary Fig. S2). Thus, it is
likely that the I3M-1MOI3M production pathway was dominant
over the I3M-4MOI3M in the Arabidopsis seedlings. Collectively,
the total amount of GSLs was higher under light than under
dark conditions (Fig. 2C). In addition, the amount of aliphatic
GSLs was significantly higher than that of indolic GSLs under
both light and dark conditions.

Diurnal variation in GSL levels in Arabidopsis
seedlings

It has been previously reported that the GSL content fluctuates
throughout the day, exhibiting a diurmal rhythm (Huseby et al. 2013).
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To confirm this, we harvested 1-wk-old Arabidopsis seedlings at4 h
intervals to measure the GSL content. The total amount of ali-
phatic GSLs increased significantly from ZTO to ZT4 and steadily
decreased until ZT12 before increasing slightly until ZT20
(Fig. 2D). The total indolic GSL content also exhibited a diurnal
rhythm, moderately increasing from ZTO to ZT8, decreasing rap-
idly from ZT12 to ZT16, and then drastically increasing until
ZT20 (Fig. 2E). The pattern of total GSLs was similar to that of ali-
phatic GSLs, with a peak at ZT4 and a gradual decrease thereafter,
showing the lowest level at ZT12 and then increasing to ZT20
(Fig. 2F). These data indicate that the endogenous production of to-
tal GSLs undergoes a diurnal rhythm, with high levels during the
day and low levels at night.

Daytime expression of GSL biosynthesis genes

To confirm the daytime abundance of GSLs, we analyzed the ex-
pression patterns of 34 aliphatic and 13 indolic GSL pathway genes
along the diurnal time course, which were obtained from a pre-
vious study (Jung et al. 2016). Most aliphatic GSL pathway genes
showed higher expression during the day and were significantly
downregulated at night (Fig. 2G). Indolic GSL pathway genes dis-
played a more complicated pattern than the aliphatic GSL path-
way genes during the light/dark cycle (Fig. 2H). Altogether, these
data indicate that GSL compounds, particularly aliphatic GSL
compounds, are highly synthesized via the active expression of bi-
osynthetic genes in the morning.

GSL contents in hy5 mutants

HYS is a key player in light-mediated morphogenesis in
Arabidopsis and is involved in sulfate assimilation, which is closely
related to GSL biosynthesis because GSL metabolism requires sul-
fur. Furthermore, the expression of several GSL pathway genes
was affected in hy5 mutants in a past study (Huseby et al. 2013).
Therefore, we tested whether HY5 is involved in the GSL biosyn-
thetic pathway under light conditions by measuring GSL levels
in Columbia-0 (Col-0) wild-type (WT) plants and hy5-215 mutants
after harvesting seedlings at 4-h intervals (Fig. 3). The amount of
total aliphatic GSLs was significantly higher in hy5-215 mutants
than in Col-0 plants, except at ZT20 (Fig. 3A). All individual ali-
phatic GSL compounds (4MTB, 4MSOB, 40HB, and 5MSOP) exhib-
ited increased levels in mutants compared with those in Col-0 in
tested time points (Supplementary Fig. S3). In contrast, indolic
GSLs were lower in hy5-215 mutants than in Col-0, except at
ZT12 (Fig. 3B). This implies that the effect of HYS may be more
complex than that of aliphatic GSLs under light conditions.
Therefore, the role of HYS in the biosynthesis of indolic GSL re-
quires further investigation.

By virtue of aliphatic GSLs, the total amount of GSLs was signif-
icantly higher in hy5-215 mutants than in Col-0 plants, except at
ZT4 and ZT20 (Fig. 3C). These data indicate that HY5 plays a re-
pressive role in aliphatic GSL biosynthesis and a more complex
role in indolic GSL biosynthesis in Arabidopsis seedlings.

Because the hy5-215 mutant exhibited increased levels of ali-
phatic GSL compounds, we compared aliphatic GSL compounds
in 35S:HY5-GFP/hy5-215 transgenic plants, Col-O controls, and
hy5-215 mutants (Supplementary Fig. S4). The amounts of total
GSLs were elevated in hy5-215 mutants and substantially restored
in 35S:HY5-GFP/hy5-215 plants to levels comparable to those in
Col-0 plants (Supplementary Fig. S4C). All 4 aliphatic GSLs
(40HB, 4MSOB, SMSOP, and 4MTB) that showed higher levels in
hy5-215 mutants were significantly repressed in 35S::HY5-GFP/
hy5-215 plants, with comparable levels to those in Col-0 plants
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(Supplementary Fig. S4A). Thisindicates that HYS plays a negative
role in aliphatic GSL biosynthesis in Arabidopsis. In the case of in-
dolic GSLs, 1IMOI3M and 4OHI3M were suppressed in 35S:
HY5-GFP/hy5-215 transgenic plants, with higher levels observed
in the hy5-215 mutants than in Col-O plants (Supplementary
Fig. S4B). However, I3M and 4MOI3M levels were not different be-
tween 35S::HY5-GFP/hy5-215 transgenic plants and Col-0 plants,
suggesting a more complex involvement of HYS in indolic GSL bi-
osynthesis in Arabidopsis seedlings.

RNA sequencing analysis of Col-0 and hy5-215
mutants

As hy5-215 mutants and 35S::HY5-GFP/hy5-215 transgenic plants
showed opposite GSL content profiles, particularly regarding ali-
phatic GSL compounds, the expression profile of GSL pathway
genes was determined by RNA sequencing (RNA-seq) and com-
pared between Col-0 and hy5-215 plants. Association heatmap
analysis confirmed close grouping between samples, indicating
that RNA-seq library construction was successful (Supplementary
Fig. S5A). After trimming the low-quality reads, all cleaned reads
were mapped to over 97% of the Arabidopsis reference genome
TAIR 10 using Tophat2 with default parameters (Kim et al. 2013)
(Supplementary Table S3). Using the edgeR package, 862 genes
were identified as differentially expressed (differentially expressed
genes, DEGs) between Col-0 plants and hy5-215 mutants (Fig. 4A
and Supplementary Fig. S5B). Gene ontology (GO) analysis using
862 DEGs (460 and 402 up- and downregulated, respectively, in
hy5-215 vs Col-0) listed GSL biosynthetic process as the top category
(Fig. 4B, indicated with a red color bar). Heatmap analysis and the
Venn diagram analysis of the DEGs overlapped with 47 GSL meta-
bolic genes obtained from TAIR (https:/www.arabidopsis.org)
showed that 12 GSL pathway genes were upregulated in hy5-215
mutants (Fig. 4, C and D). However, no GSL pathway genes were
identified in the downregulated DEGs (Supplementary Fig. S5C).
Among the 12 upregulated genes, 11 aliphatic GSL pathway
genes (MYB29, CYP79F1, CYP79F2, CYP83A1l, BCAT4, BATS,
MAM1, IMD1, IPMI2, FMOGS-0X1, and FMOGS-0X3) and 1 indolic
GSL pathway gene (CYP81F2) were identified (Fig. 4, C and D).
These data indicated that HY5 suppressed GSL metabolic genes
in Arabidopsis.

To verify the RNA-seq results, the transcript levels of GSL path-
way genes in Col-0, hy5-215 mutant, and 35S::HY5-GFP/hy5-215
transgenic plants were quantified by reverse-transcription quan-
titative polymerase chain reaction (RT-qPCR) analysis (Fig. 5).
First, we measured the transcript levels of aliphatic pathway
genes, including 1 MYB TF gene (MYB29), 5 genes in the side-chain
elongation phase (BCAT4, BATS, IMD1, IPMI, SSU2, and MAM1), 3
genes in the core structure formation phase (CYP79F1, CPY79F2,
and CYP83A1), and 2 genes in the secondary modification phase
(FMOGS-0X1 and FMOGS-0X3). All 11 aliphatic GSL pathway genes
were significantly upregulated in hy5-215 mutants compared to
levels in Col-0 plants but were fully suppressed in 35S::HY5-GFP/
hy5-215 transgenic plants (Fig. SA). Consistent with the RNA-seq
data, CYP81F2 expression was significantly upregulated in hy5-215
mutants and restored to Col-0 levels in 35S::HY5-GFP/hy5-215 trans-
genic plants (Supplementary Fig. S6). Unexpectedly, many of the
tested indolic GSL pathway genes were considerably repressed in
35S::HY5-GFP/hy5-215 transgenic plants, implying that HY5 might
function as a repressor of indolic GSL pathway genes. Taken togeth-
er, these data indicate that HY5 represses GSL biosynthetic
processes, particularly aliphatic GSL, via the transcriptional sup-
pression of GSL pathway genes under light conditions.
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Figure 5. HYS directly controls the expression of MYB29 and IMD1. A) Results of RT-qPCR analysis of 11 aliphatic GSL pathway genes in Col-0 WT,
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extraction. Each result represents the mean +SD of 3 independent biological replicates (n=3). Different letters represent significant differences
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Suppression of MYB29 and IMD1 by HY5

It has been reported that the bZIP domain protein HY5 binds to
ACGT-containing elements (ACEs), especially the G-box motif
(-CACGTG-), in Arabidopsis plants (Burko et al. 2020). To identify
the direct targets of HYS, we first analyzed whether the 12 DEGs
in the GSL pathway possessed ACEs, including G-box motifs. All
12 genes contained at least 1 ACE in their promoter regions
(Supplementary Fig. S7). We performed chromatin immunopreci-
pitation (ChIP) followed by real-time quantitative PCR analysis
(ChIP-gPCR) of these candidate genomic regions. HYS primarily
bound to the promoter region of MYB29 in the aliphatic GSL
pathway (Fig. 5B). The promoter region of MYB29 contained
1 G-box (-GAGCTC-) and 7 ACEs (-ACGT-). Promoter regions (P1
and P2) containing a G-box exhibited a significant enrichment of
HY5-GFP compared to Col-0 plants, as did the internal negative
reference gene, PP2A (AT1G69960). This suggests that the G-box
in the promoter of MYP29 might mediate the recruitment of HYS
in Arabidopsis plants. Among GSL metabolic genes, HY5 was
shown to substantially bind to IMD1, which is a gene involved in
the “chain elongation” process of aliphatic GSL biosynthesis
(Fig. 5C). The promoter region of IMD1, containing 1 G-box motif
and 7 ACE motifs, was broadly and highly enriched with
HY5-GFP in comparison with Col-0 plants, as was the internal neg-
ative reference gene PP2A. Electrophoretic mobility shift assay
(EMSA) analysis using recombinant HYS protein showed that the
HYS binds to the G-box motif of the promoters of MYB29 and
IMD1 (Fig. S5D). Taken together, these resultsindicate that HY5 reg-
ulates aliphatic GSL metabolism by directly targeting MYB29 and
IMD1 under light conditions.

Role of HY5 and HISTONE DEACETYLASES9 in the
regulation of GSL metabolism

As HYS plays a negative role in the transcription of MYB TFs and
GSL pathway genes, we postulated that it might work alongside
repressive histone modifiers such as HDAs or histone methyl-
transferases [i.e. POLYCOMB REPRESSIVE COMPLEXES 2 (PRC2)
and PRC1 complexes]. To test this hypothesis, we performed
yeast two-hybrid assays between HYS and histone modifiers, in-
cluding 14 HDAs and 5 components of the PRC2 and PRC1 com-
plexes (Supplementary Fig. S8, A and B). HY5 was shown to
interact with several HDAs, but not with components of the
PRC2 and PRC1 complexes (Supplementary Fig. S8, A and B).
HISTONE DEACETYLASEY (HDA9) showed the strongest interac-
tion with HY5 (Supplementary Fig. S8C). We further confirmed
that HYS interacted with HDA9 using an in vitro pull-down assay
and a split-luciferase complementation imaging (LCI) assay
(Supplementary Fig. S8, D and E).

Next, we investigated whether HDA9 was involved in the regu-
lation of GSL metabolism. HPLC analysis of the Col-0 and hda9-1
mutants was performed to measure the total GSL content
(Fig. 6A). Aliphatic and indolic GSL contents were significantly
higher in the hda9-1 mutants, particularly during daytime, than
in Col-0 plants (Fig. 6, B and C). We also performed RT-qPCR anal-
ysis of Col-0 and hda9-1 mutants. Consistent with the HPLC data,
all 11 aliphatic GSL pathway genes were significantly upregulated
in hda9-1 mutant compared to levels in Col-0 plants (Fig. 6D).
Taken together, these data indicate that HY5 associates with
HDAO to coordinate the transcriptional suppression of GSL path-
way genes in Arabidopsis plants.

Role of HYS in the HDA9-mediated H3
deacetylation of GSL target genes

We performed a ChIP assay using 2 independent HDA9-FLAG/
hda9-1 complemented transgenic lines (#4-6 and #6-5) to deter-
mine whether HDA9 also targets MYB29 and IMD1, 2 HYS target
genes involved in GSL metabolism. The ChIP-qPCR results showed
that the promoter regions of MYB29 and IMD1 were substantially
enriched with HDA9-FLAG (Fig. 7, A and B). This suggests that
HYS and HDA9 cooperate to regulate GSL metabolism, particu-
larly via direct regulation of MYB29 and IMD1 in the GSL pathway.

Previous studies reported that HDA9 deacetylates H3K9ac and
H3K27ac on target chromatin (Chen et al. 2016; Zheng et al. 2016).
Since HY5 physically associates with HDA9, we tested whether
HYS is required for the histone deacetylase activity of HDA9 on
target GSL genes by performing a ChIP assay using H3K9ac and
H3K27ac antibodies to compare the level of H3 acetylation be-
tween Col-0 and hy5-215 mutants. The level of H3K9ac acetylation
was substantially higher in the genomic regions of MYB29 and
IMD1 in hy5-215 mutants than in Col-0 plants (Fig. 7, C and D), in-
dicating that HYS is required for HDA9-dependent de-acetylation
to suppress GSL biosynthesis. Meanwhile, we did not detect a sig-
nificant difference in H3K27ac levels in the MYB29 and IMD1 re-
gions between Col-0 and hy5-215 plants (Supplementary Fig. S9).

To further confirm whether MYB29 and IMD1 genes are directly
repressed by HY5 via HDA9, we conducted RT-qPCR analysis to
quantify transcript levels of MYB29 and IMD1 between Col-0,
hy5-215, hda9-1, and hy5-215; hda9-1 double mutant. As a result,
HDA9 was shown to be epistatic to HYS in the regulation of
MYB29 and IMD1 (Fig. 7, E and F). These results confirmed that
MYB29 and IMD1 are under the direct suppression of HY5 via
HDAS9 in Arabidopsis.

In summary, we found thatin an Arabidopsis model plants, HYS
acts to reduce the production of endogenous GSL via transcrip-
tional suppression of GSL biosynthetic genes, particularly
aliphatic GSL pathway genes, during the daytime. HYS acts to-
gether with HDASY to suppress the GSL pathway genes via histone
H3K9 deacetylation. Therefore, we conclude that the HY5-HDA9
module plays an important role in the daily modulation of the
GSL profile, perhaps to properly optimize daily metabolism.

Discussion

In this study, we found that HY5 is involved in the modulation of
endogenous GSL production during the daytime by controlling the
expression of MYB TF and GSL metabolic genes.

Among the aliphatic and indolic GSLs, the total amount of
aliphatic GSLs was higher than that of indolic GSLs under both light
and dark conditions (Fig. 2C). This suggests that aliphatic GSLs play
a more defensive role than indolic GSLs in young Arabidopsis seed-
lings grown under light conditions. In addition, both aliphatic and
indolic GSLs were actively synthesized under early (ZTO-ZT8) and
LD light conditions, with the highest peaks at ZT4 (aliphatic GSLs)
and ZT8 (indolic GSLs) under light conditions (Fig. 2, D and E).
High levels of aliphatic GSL compounds were attributed to the bio-
synthetic process in the 4AMTB-4MSOB-40OHB production pathway
(Fig. 2A). A sequential enzymatic process involving ST5B-C, FMO
GS-OXs, and AOPs may be responsible for this pathway (Fig. 1).
These metabolic genes exist as multiple homologs in the
Arabidopsis genome; however, their individual metabolic roles
have not yet been clearly defined. Thus, to determine which genes
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Figure 6. GSL contents under a LD condition in Col-0 and hda9-1 plants. Comparison of total GSL (A), aliphatic GSL (B), and indolic GSL (C) contents.
One-wk-old seedlings were harvested every 4 h starting from ZTO0 time point. D) Results of RT-qPCR analysis of 11 aliphatic GSL pathway genes between
Col-0 and hda9-1 mutant. One-wk-old seedlings grown under a LD condition were harvested at ZT4 for RNA extraction. A to D) Each result represents
the mean + SD of 3 independent biological replicates (n = 3). Different letters represent significant differences (P < 0.05) determined by one-way ANOVA

with Tukey’s post hoc test.

play a major role in the 4AMTB-4MSOB-4OHB biosynthesis pathway,
their expression levels over a diurnal time course were collected
and compared (Supplementary Fig. S10). Transcripts of most of
the secondary modification phase genes exhibited the highest
peak at ZT4 and decreased later in the day, similar to the highest
amount of GSLs in the day. Expression of AOP3 was not detected
in the dataset, implying that AOP3 was not expressed in the tested
young seedlings.

In the “secondary modification” phase of the aliphatic GSL
pathway, Col-0 was detected to have 1 dominant methyl thioalkyl
GSL, 4MTB, (Figs. 1 and 2A). 4MTB can be converted into 4MSOB by
the enzymatic activity of FMOGS-OXs and subsequently con-
verted into 40HB or 3-butenyl by the dioxygenase activities of
AQP3 or AOP2, respectively (Fig. 1). Although 4MSOB can be used
as a substrate for conversion to 3-butenyl by the dioxygenase ac-
tivity of AOP2, 3-butenyl was not detected in Arabidopsis early
seedlings. This phenomenon may be explained by the fact that

the Arabidopsis Col-0 ecotype possesses a null allele of AOP2 be-
cause of a 5-bp deletion at base 484, resulting in a severely trun-
cated protein (Kliebenstein et al. 2001). Thus, it is likely that
AQOP1 and AOP3 play a major role in the conversion step of
4MSOB, resulting in 40HB production instead of 3-butenyl in
Col-0 plants. However, as shown in Supplementary Fig. S10, we
observed that AOP3 was merely detected in Arabidopsis young
seedlings, whereas AOP1 is strongly expressed, suggesting that
AOP1 might play a crucial role in the conversion of 4MSOB to
40OHB. Further experimental confirmation is required.

It was shown that GSLs are highly synthesized in the light con-
dition compared to dark condition (Fig. 2, A to C). We further ex-
amined the amounts of GSLs in different photoreceptor mutants
such as phyA-211, phyB-9, and cry1; cry2. GSLs were increased in
these photoreceptor mutants (Supplementary Fig. S11A).
However, phyA-211 mutant exhibited the most increase in GSLs
compared to those of Col-0 and other photoreceptor mutants
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Figure 7. Role of HYS in HDA9-mediated suppression of MYB29 and IMD1. Results of ChIP-gPCR for genomic region of MYB29 (A) and IMD1 (B) using
HDA9-FLAG/hda9-1 transgenic lines. One-wk-old seedlings were crosslinked at ZT4. Upper panel: Schematic diagram indicating the amplicons within
promoter region used in the ChIP-gPCR assay. The amplicon-amplifying gene body region of reference gene PP2A (AT1G69960) was used as a control.
Bottom panel: Result of ChIP-qPCR. Precipitated and input DNA from ChIP assay using antibody against FLAG epitope was used for gPCR, and then, the
relative enrichment was determined by comparing to the values of PP2A (set as 1). Enrichment of H3K9ac level on the genomic region of MYB29 (C) and
IMD1 (D) between Col-0 and hy5-215. Upper panel: Schematic diagram indicating the amplicons within promoter region used in the ChIP-gPCR assay.
The amplicon-amplifying gene body region of reference gene PP2A (AT1G69960) was used as a control. Bottom panel: Result of ChIP-qPCR. Precipitated
and input DNA from ChIP assay using antibody against H3K9ac epitope were used for gPCR. Results of RT-qPCR analysis of MYB29 (E) and IMD1 (F) gene
between Col-0, hy5-215, hda9-1, and hy5-215; hda9-1 double mutant. One-wk-old seedlings grown under a LD condition were harvested at ZT4 for RNA
extraction. A to F) Each result represents the mean + SD of 3 independent biological replicates (n=3). Different letters represent significant differences
(P<0.05) determined by one-way ANOVA with Tukey’s post hoc test.
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(Supplementary Fig. S11A). These data suggest that phyA
has a major impact on HY5-mediated suppression of GSLs.
To a lesser extent, phyB and CRY1/CRY2 also contribute to the
HYS-mediated suppression of GSL biosynthesis (Supplementary
Fig. S11A). It indicates that light signaling might exert a negative
impact on the biosynthesis of GSLs. In addition, we quantified
amounts of GSLs under different light conditions (red, far-red,
blue, dark, and white light). We noticed that continuous far-red
light displayed the most suppressive impact on the biosynthesis
of GSLs (Supplementary Fig. S11B). This is consistent with the
most increased amounts of GSLs in the phyA-211 background.
These observations led us to conclude that photoreceptor (partic-
ularly phyA)-mediated light signaling might play a negative role in
the GSLs biosynthesis possibly via HY5.

Regarding the observation (in Fig. 2, A to C) that light increases
the amounts of GSLs in comparison to those of dark, it makes
sense in terms of the fact that the output of photosynthesis, glu-
cose is one of the essential precursor of GSLs biosynthesis.
However, we also observed that photoreceptor (particularly,
phyA) acts to inhibit GSLs via HY5-HDAY module. Thus, it is likely
that light modulates biosynthesis of GSLs to maintain proper daily
amounts of GSLs by running both positive and negative control
systems. In this aspect, we hypothesized that unidentified light-
related factor(s) might play a positive role in the GSLs biosynthesis
during light condition. It was well documented that daily amounts
of GSLs exhibit a circadian rhythm. In consistent with previous
studies, we observed that daily GSL biosynthesis exhibited circa-
dian rhythm (Fig. 2, D to F). Thus, we reasoned that circadian
rhythm regulator(s) during light period might play a positive im-
pact on the biosynthesis of GSLs. For example, a recent study re-
ported that GIGANTEA (GI), a circadian regulator, is required for
the active biosynthesis of GSLs in B. rapa (Kim et al. 2021). To
test this possibility, we examined whether Arabidopsis GI plays a
positive role in the biosynthesis of GSLs in Arabidopsis. As shown
in Supplementary Fig. S11C, amounts of GSLs were substantially
reduced in gi-1 mutant. It suggests that some circadian regulators
including GI might play a positive role in the light-mediated regu-
lation of GSLs in Arabidopsis. It would be an interesting future topic
to examine the molecular mechanism on how light-related fac-
tors (i.e. circadian regulators) modulate GSLs biosynthetic path-
way in Arabidopsis.

A recent study showed that HDA9 physically interacts with
HYS to modulate plant autophagy by targeting ATG5 and ATG8e
in Arabidopsis (Yang et al. 2020). In addition, HDAS has been dem-
onstrated to preferentially catalyze the removal of acetyl groups
from the H3K9 and H3K27 histones of their target loci, resulting
in the suppression of genes (Chen et al. 2016; Zheng et al. 2016).
Furthermore, HDA9 is required for the recruitment of the PRC2
complex to FLC (Zeng et al. 2020). Another study showed that
HDA9 and its related deacetylase HDA19 interact with
DNA-binding TFs such as VAL1, VAL2 (Zeng et al. 2020), and
PWR (Chen et al. 2016; Kim et al. 2016), suggesting that some his-
tone deacetylases (HDACs) exhibit crosstalk with PRC2 via VAL1/2
TFs. In this study, we demonstrated that the G-box-binding HYS
physically associates with HDA9 to modulate the expression of
GSL pathway genes. Thus, the recruitment of HDACs by
DNA-binding TFs to repress specific target genes appears to be a
conserved mechanism.

Understanding the molecular mechanisms underlying metab-
olite biosynthesis can enrich molecular breeding strategies for
the development of elite crop varieties with improved quality.
Recently, molecular breeding efforts have been made to exploit
GSL metabolism to customize the GSL profiles of Brassicaceae
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crops (del Carmen Martinez-Ballesta et al. 2013; Ishida et al.
2014). A recent study reported that CCA1-OX plants exhibit
increased indolic GSL levels, thus promoting aphid resistance
(Lei et al. 2019). In this study, GSL biosynthesis was found to be
most active in the morning for both aliphatic and indolic GSLs.
Therefore, we believe that the light and circadian clock compo-
nents are excellent candidate targets for molecular breeding to
improve the quality of Brassicaceae crops.

Function of HY5-HDA9 module was previously investigated in
terms of flowering time (Chu et al. 2022), salt stress (Yang et al.
2023), and autophagy response (Yang et al. 2022) in Arabidopsis.
In this study, we now found that HYS5 is actively involved in the
regulation of secondary metabolism, GSLs which are related in
the plant defense response against abiotic stresses (salt, drought,
and wounding) as well as biotic stresses (herbivore attack). These
findings may provide a strategy to develop stress-tolerant plants.
In conclusion, our findings show that light signalingis crucially in-
volved in controlling GSL biosynthesis in Arabidopsis plants. Our
study provides insights into the molecular mechanisms underly-
ing GSL biosynthesis, which involve HY5 and its interacting part-
ner, HDAS.

Materials and methods
Plant materials and growth conditions

The Arabidopsis (A. thaliana) strain Col-O was used as the genetic
background for the WT, mutant, and transgenic lines. Seeds of
hy5-215 (Oyama et al. 1997) and hda9-1 (Yang et al. 2020) mutants
and transgenic lines harboring p35S::HY5-GFP/hy5-215 have been
previously described (Lee et al. 2011). pHDA9::HDA9-FLAG/hda9-1
was generated by cloning the genomic region of HDA9 containing
~1.2-kb promoter and coding sequence. Seeds were sterilized and
placed on half-strength Murashige and Skoog agar. After 3d of
stratification at 4°C under dark conditions, Arabidopsis plants
were grown in a growth room at 22°C under a LD condition (16-h
light and 8-h dark).

RNA-Seq library preparation and sequencing

Three biological replicates and at least 10 seedlings per 1 replicate
were collected for each sample and ground after freezing in liquid
nitrogen for total RNA extraction. Total RNA was isolated from
whole 1-wk-old A. thaliana seedlings grown under a LD condition
using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), fol-
lowing the manufacturer’s instructions. The quantity and quality
of the RNA were checked using a Nano-400 micro spectrophotom-
eter (Allsheng Instrument Co., Hangzhou, China). Each comple-
mentary DNA (cDNA) library was prepared using the TruSeq
Stranded mRNA LT Sample Prep Kit (Illumina, Inc., San Diego,
CA, USA). Sequencing of the cDNA libraries was performed on
an lllumina NovaSeq6000 platform using the paired-end sequenc-
ing protocol.

RNA-Seq data analysis

The FastQC program was used to assess the quality of the
raw reads (www.bioinformatics.babraham.ac.uk/projects/fastqc).
Raw reads were trimmed and qualitatively filtered before align-
ment (Bolger et al. 2014), and those exceeding a 90% threshold
(Q >30) were used for mapping. Trimmed reads of each sample
were aligned to the Arabidopsis genome using TopHat2 with default
parameters (Kim et al. 2013). Data from EnsemblPlants (https:/
plants.ensembl.org/Arabidopsis_thaliana/Info/Index) were used
for the annotation of the Arabidopsis genome. Aligned reads were
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converted to digital counts using FeatureCount (Liao et al. 2014).
Differentially expressed genes in the Col-O and hy5-215 plants
were identified using the EdgeR ( Robinson et al. 2010). Cutoff and
adjusted P values for the differential gene expression were set as
>2-fold and <0.05, respectively. Multidimensional scaling plots
and correlation heatmaps were generated using R packages (ver.
3.6.1; https:/www.rstudio.com/products/rpackages/). The Venn
diagrams were generated using the Venny web tool (ver. 2.1;
https://bioinfogp.cnb.csic.es/tools/venny/). Heatmap analysis was
performed using MeV (ver. 4.9.0). The aligned reads were converted
into bigwig files for visualization using the Integrative Genomics
Viewer program of the Broad Institute (Robinson et al. 2011).

RNA extraction and RT-qPCR analysis

One-wk-old seedlings grown under a LD condition were harvested
at ZT4 and frozen in liquid nitrogen for total RNA extraction. Total
RNA was extracted using a Spectrum Plant Total RNA Kit
(Sigma-Aldrich, St. Louis, MO, USA) and treated with DNase I
(New England Biolabs, Ipswich, MA, USA) to eliminate contami-
nating genomic DNA. Total RNAs (5 pg) were used for cDNA syn-
thesis using the EasyScript reverse transcriptase enzyme
(TransGen Biotech, Beijing, China). RT-qPCR was performed on a
LineGene 9600 Plus (FQD-96A) Real-Time PCR Detection System
(BioER, Hangzhou, China) using 2x Solg SYBR Green Mix
(SolGent Co., Daejeon, Republic of Korea). Cycling conditions
were as follows: 12 min at 95°C, and 45 cycles of 15s at 95°C,
255 at 60°C, and 35 s at 72°C. The gPCR values were normalized
to the level of PP2A (AT1G13320) as a reference gene
(Czechowski et al. 2005). RT-qPCR was performed with at least 3
biological replicates (n=3). The primer sequences used for
RT-gPCR amplification are listed in Supplementary Table S4.

ChIP-qPCR analysis

One-wk-old seedlings grown under a LD condition were harvested
at the ZT4 time point, crosslinked in 1% formaldehyde solution,
and then finely ground in liquid nitrogen. ChIP assays were
performed as previously described (Kim and Sung 2017).
Quantitative PCR was performed using 2x Solg SYBR Green Mix
(SolGent, Republic of Korea) according to the manufacturer’s
instructions. The relative enrichment of each amplicon was first
calculated based on a comparison with the Ct value of the input
DNA sample. Next, the relative enrichment was calculated by
comparison with each listed control region. All ChIP assays were
performed with 3 technical replicates and at least 2 biological
replicates. Real-time PCR was performed using a LineGene 9600
Plus (FQD-96A) Real-Time PCR Detection System (BioER).
The primer sequences used for ChIP-gPCR analysis are listed in
Supplementary Table S5.

Yeast two-hybrid assay

Full-length cDNA of HY5 was cloned into the pGBKT7 vector in fu-
sion with the GAL4 DNA-binding domain at the C-terminus, and
HDA9 was cloned into the pGADT7 vector in fusion with the
GAL4 activation domain at the C-terminus. Primers used for clon-
ing are listed in Supplementary Table S6. The constructs were
transformed into yeast strains Y2HGold (for pGBKT7 constructs)
and Y187 (for pGADT7 constructs) using a lithium acetate trans-
formation method, according to the instructions of Yeastmaker
Yeast Transformation System 2 (TaKaRa Bio, Kusatsu, Japan).
The transformed yeast cells were plated onto synthetic dextrose
without tryptophan (SD-Trp) or leucine (SD-Leu). After mating,
yeast cells were first selected on SD-Trp-Leu plates, and the

selected cells were plated on SD-His-Trp-Leu-Ade/X-gal/aureoba-
sidin A to analyze protein-protein interactions. A total of 10 pL
yeast cells with ODggg of 0.8 to 1.0 were grown for 4 d at 30°C.

Preparation of recombinant proteins

PCR-amplified cDNAs of HDA9 and HY5 were subcloned into pGEX
4T-1and pCold TF (TaKaRa) with a strep tag at the C-terminus. The
primers used for cloning are listed in Supplementary Table S6.
Escherichia coli BL21(DE3)-CodonPlus cells harboring HDA9/pGEX
4T-1 and PIF3/pGEX 4T-1 (Shin et al. 2016) constructs were
used to express HDA9 and PIF3 proteins with glutathione
S-transferase (GST) and strep tag at their N- and C-termini, respec-
tively. E coli BL21(DE3)-CodonPlus cells harboring HY5/pCold TF
were used to express HYS protein with 6x His and trigger factor
tags at the N-terminus and a strep tag at the C-terminus. For the
expression of recombinant proteins, E. coli cells were incubated
at 37°C until ODgpo reached 0.4 to 0.6 and then transferred to
20°C for pGEX 4T-1 constructs or 15°C for HY5/pCold TF con-
structs. After incubation at 20°C or 15°C for 1 h, isopropyl B-D-1-
thiogalactopyranoside was added to a final concentration of
1mM, and the culture was further incubated overnight. After
cell harvesting and resuspension in ice-cold TE buffer (100 mM
Tris, 1 mM EDTA, pH 8.0), protein extracts were obtained by soni-
cation. After centrifugation, the supernatant was obtained and fil-
trated with a 0.45-pm syringe filter (Corning, Inc, Corning, NY, USA)
to remove insoluble particles, and recombinant proteins (HDA9,
PIF3, and HYS) were purified by streptavidin affinity chromatogra-
phy (IBA Lifesciences, Germany).

Electrophoretic mobility shift assay

To assess the DNA-binding ability of AtHYS, we preformed EMSA
following the method in a previous study (Hoang et al. 2021).
TF-binding sites in the 1.0-kb upstream regions of 2 genes,
AtMYB29 and AtIMD1, were analyzed using PlantPAN 3.0, and
found a G-box sequence (CACGTG) in each gene promoter.
Then, 80-bp promoter fragments containing the G-box sequence
were prepared as probes (Supplementary Table S7). The probes
were labeled with *?P-ATP using DNA 5'-End-Labeling System
(Promega) and purified using the QIAquick Nucleotide Removal
Kit (QIAGEN). 1 pmol of each *?P-labeled probe was incubated
with 2 pg of AtHYS for 30min in a 20-pL reaction mixture
(50 mM Tris-HCl, pH 7.5, 50 mM NacCl, 200 mM KCl, 5 mM MgCl,,
SmM EDTA, 5mM DTT, and 250 mM BSA). Cold competitor
probes were generated from dimerized oligos without labeling.
The reaction mixtures were resolved on 5% native polyacrylamide
gels and dried under vacuum before autoradiography.

In vitro protein—protein interaction analysis

To examine the protein—protein interactions between HDA9 and
HYS in vitro, pull-down experiments were performed. His-TF/
strep-fused HY5 (2 pg) and GST/strep-fused HDA9 or PIF3 (2 ug)
were incubated for 60 min at 4°C in 500 pL of pull-down buffer
(50 mM Tris-HCl, pH 7.5, 1mM DTT, 150 mM NaCl, 0.6% (w/v)
Tween-20, and 100 ug/mL BSA). Then, 40 uL of glutathione resin
was added to each reaction and incubated for an additional
60 min. His-TF/strep-fused HYS and GST/strep-fused HDA9 or
PIF3 in the supernatant and precipitate were detected using elec-
trochemiluminescence western blot substrates (Thermo Fisher
Scientific, Waltham, MA, USA) with 1:3,000 GST-specific monoclo-
nal antibodies (sc-138, Santa Cruz Biotechnology, Dallas, TX, USA)
and 1:5,000 trigger factor-specific antibodies (M201, TaKaRa),
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respectively. In this analysis, GST and PIF3 were used as negative
and positive controls, respectively, for the interaction with HYS.

LCI assay

Full-length cDNAs of HY5, HDA9, and PIF3 were PCR-amplified
using the primer sets listed in Supplementary Table S6
and pCAMBIA1300-HY5:nLUC, pCAMBIA1300-cLUC:HDAY, and
pCAMBIA1300-cLUC:PIF3. The constructs were transformed into
Agrobacterium tumefaciens strain GV3101, and LCI assays were per-
formed as previously described (Chen et al. 2008). Briefly, 2 d after
Agrobacterium infiltration into 3-wk-old N. benthamiana leaves, lu-
ciferin working buffer (5 mM luciferin and 0.025% Triton X-100)
was sprayed onto the leaves. After incubation for 5min in the
dark to quench the fluorescence, LUC images were captured using
the G:BOX Chemi XL1.4 Imaging System (Syngene, Bangalore,
India). An exposure time of 30 min with 2x 2 binning was used
for all the images. An empty vector (pCAMBIA1300-nLUC or
pCAMBIA1300-cLUC) was used as a negative control, and
pCAMBIA1300-cLUC:PIF3 was used as a positive control for the in-
teraction with HY5.

Extraction and analysis of GSLs

Plant materials were harvested from 1-wk-old seedlings grown
under a LD photoperiod (16 h). The fresh weights of all the seed-
lings were measured, and the seedlings were subsequently fro-
zen in liquid nitrogen. Samples were ground into a fine powder
for GSL analysis. GSLs were quantified using HPLC of the corre-
sponding desulfo-glucosinolates (DS-GSLs). Briefly, lyophilized
samples were incubated with 70% MeOH at 70°C for 20 min to in-
activate myrosinase. The methanol extract was transferred into
a polypropylene column (Thermo Fisher Scientific) and reacted
with 11.25 units of sulfatase (Sigma-Aldrich) for 14 h at 37°C,
with 0.5 mg/mL sinigrin (Sigma-Aldrich) used as the internal
standard. Individual DS-GSLs were analyzed using a 3000
UHPLC System (Thermo Fisher Scientific). The DS-GSLs were sep-
arated on a C18 reverse-phase column (Zorbax XDB-C18, 4.6 x
250 mm, 5 um particle size, Agilent Technologies, Santa Clara,
CA, USA) with a water and acetonitrile gradient system. Samples
(20 pL) were injected, and the flow rate was maintained at 1.0 mL
min~". Peaks were identified using standard compounds (Phyto-
plan, Heidelberg, Germany), and sinigrin was used for relative
quantification (Brown et al. 2003). The contents were analyzed
independently with 3 replicates and presented as nmol/g on a
fresh weight basis.

Analysis of GSLs by liquid chromatography
coupled to diode array detection and electrospray
ionization tandem mass spectrometry

The DS-GSLs analysis was performed using an Accela UHPLC sys-
tem (Thermo Fisher Scientific) coupled with an ion-trap mass
spectrometer (LTQ Velos Pro, Thermo Fisher Scientific). The sam-
ples (25 pl) were separated in C18 reverse-phase column (Zorbax
XDB-C18, 4.6 x250 mm, 5 pm particle size, Agilent) with a water
and acetonitrile mobile phase and determined in negative-ion
mode ([M-H]J-). The MS operating conditions were as follows: capil-
lary temperature (275°C), capillary voltage (5 kV), source heater
temperature (250°C), sheath gas flow (35 arb), auxiliary gas flow
(5 arb), and spectra scanning range (m/z 100 to 1,500). The molec-
ular mass of DS-40HB in Arabidopsis was identified according to a
previous report (m/z 310, 356, and 621) (Kusznierewicz et al. 2013).
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Statistical analysis

All statistical analyses in this study were performed using SAS
(version 9.4; SAS Institute Inc., Cary, NC, USA). Statistical differen-
ces were calculated using one-way ANOVA. Values of P<0.05
were considered significant, and the data are expressed as
means + SD of 3 biological replicates.

Accession numbers

The raw RNA-seq data used in this study were deposited in the
NCBI Gene Expression Omnibus with the GEO accession code
GSE250418. Accession numbers of genes in this study are given
in Supplementary Table S8.
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