w
O
bd
S
<
=
9
P U
(1]
)
vy
(J)
(4

S-nitrosylation of the transcription factor MYB30
facilitates nitric oxide—promoted seed germination
in Arabidopsis
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Abstract

The gaseous signaling molecule nitric oxide (NO) plays an important role in breaking seed dormancy. NO induces a decrease in
abscisic acid (ABA) content by transcriptionally activating its catabolic enzyme, the ABA 8'-hydroxylase CYP707A2. However,
the underlying mechanism of this process remains unclear. Here, we report that the transcription factor MYB30 plays a critical
role in NO-induced seed germination in Arabidopsis (Arabidopsis thaliana). MYB30 loss-of-function attenuates NO-mediated
seed dormancy breaking. MYB30 triggers a NO-induced decrease in ABA content during germination by directly promoting
CYP707A2 expression. NO induces S-nitrosylation at Cys-49 of MYB30 and enhances its transcriptional activity. Conversely,
the ABA receptors PYRABACTIN RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA
RECEPTORS (RCAR) interact with MYB30 and repress its transcriptional activity. ABA promotes the interaction between
PYL4 and MYB30, whereas S-nitrosylation releases the PYL4-mediated inhibition of MYB30 by interfering with the PYL4-
MYB30 interaction. Genetic analysis showed that MYB30 functions downstream of PYLs during seed dormancy and
germination in response to NO. Furthermore, MYB30 mutation significantly represses the reduced dormancy phenotype
and the enhanced CYP707A2 expression of the pyr1 pyl1 pyl2 pyl4 quadruple mutant. Our findings reveal that S-nitrosylation
of MYB30 precisely regulates the balance of seed dormancy and germination, providing insights into the underlying mechanism
of NO-promoted seed germination.

Introduction

Seed dormancy and germination are precisely controlled by
exogenous and endogenous signals to prevent seed develop-
ment under unfavorable conditions (Bentsink and Koornneef
2008; Graeber et al. 2012). The phytohormone abscisic acid
(ABA) plays an essential role in the induction and mainten-
ance of seed dormancy. Components related to ABA metab-
olism and signaling are extensively involved in the regulation
of seed dormancy (Shu et al. 2016; Chen et al. 2020a;

Sano and Marion-Poll 2021). For example, ABA biosynthesis
mutants such as 9-CIS-EPOXYCAROTENOID DIOXYGENASE6
(nced6), ABA DEFICIENT2 (aba2), and ABSCISIC ALDEHYDE
OXIDASE3 (aao3) contain less ABA and exhibit reduced dor-
mancy (Seo et al. 2006), whereas ABA catabolism mutants, such
as the ABA 8'-hydroxylase cyp707a1 and cyp707a2, accumulate
more ABA and subsequently show enhanced dormancy
(Okamoto et al. 2006; Matakiadis et al. 2009). In addition, the
ABA signaling positive regulator ABA-INSENSITIVE4 (ABI4)
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enhances seed dormancy by directly repressing the expression
of CYP707A1 and CYP707A2 (Séderman et al. 2000; Shu et al.
2013).

The gaseous signaling molecule nitric oxide (NO) also plays
an important role in regulating seed dormancy and germination
(Bethke et al. 2004, 2006). In plants, NO is produced by the
nitrite-dependent NITRATE REDUCTASE1 and 2 (NIA1 and
NIA2) and a pathway dependent on the NO-ASSOCIATED1
(NOAT1) protein. The nial nia2 noa1 triple mutant, which is de-
ficient in NO generation, shows enhanced dormancy and de-
layed germination in response to exogenous ABA (Liu et al.
2009; Lozano-Juste and Leon 2010). Application of the exogen-
ous NO donor sodium nitroprusside (SNP) breaks seed dor-
mancy and promotes seed germination. In contrast, the NO
scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (cPTIO) arrests seed germination (Liu et al.
2009; Arc et al. 2013). The regulatory role of NO in seed dor-
mancy depends on its antagonistic effect on ABA signaling.
NO is released rapidly in the early hours of imbibition, and
this rapid accumulation is required for the decrease in ABA.
The NO-induced ABA decrease correlates with the regulation
of the transcription of catabolic enzyme CYP707A2. The applica-
tion of SNP dramatically induces the expression of CYP707A2,
which subsequently leads to the catabolism of ABA as well as
release from dormancy (Liu et al. 2009). However, the mediator
of NO-induced CYP707A2 expression and the mechanism by
which NO regulates this process remain unclear.

NO exerts its physiological effects mainly through
S-nitrosylation, which involves the covalent addition of an
NO group to a thiol of cysteine (Cys) residue to form
S-nitrosothiol (SNO). S-nitrosylation modulates protein ac-
tivities by diverse mechanisms, including altering their sub-
cellular localization, stability, enzymatic activity, and
protein—protein interactions (Astier et al. 2011; Feng et al.
2019). NO antagonizes ABA-mediated inhibition of seed ger-
mination and seedling growth by the S-nitrosylation of the
bZIP transcription factor ABSCISIC ACID INSENSITIVES
(ABI5) (Albertos et al. 2015). ABI5 is considered as the final
common repressor of seed germination in response to ABA
and gibberellic acid (GA) (Lopez-Molina et al. 2002;
Piskurewicz et al. 2008). The protein level and stability of
ABI5 are enhanced by ABA. However, ABI5 protein decreases
rapidly during seed germination, and this process is mediated
by multiple ubiquitin E3 ligases, such as CULLIN4-based E3
ligases and RING-type E3 ligases KEEP ON GOING (KEG)
and MYB30-INTERACTING E3 LIGASE1 (MIEL1) (Lee et al.
2010; Liu and Stone 2010; Seo et al. 2014; Nie et al. 2022).
NO-induced S-nitrosylation of ABI5 at Cys-153 facilitates
its degradation via the CULLIN4-based and KEG E3 ligases,
thus promoting seed germination (Albertos et al. 2015).

The MYB transcription factor MYB30 was reported to act
as a positive regulator of the hypersensitive response (HR) by
activating the synthesis of very-long-chain fatty acids
(VLCFAs) (Vailleau et al. 2002; Raffaele et al. 2008).
Importantly, MYB30 was also identified as a negative regula-
tor of ABA signaling in plants. Mutation of MYB30 leads to
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hypersensitivity to ABA during seed germination and post-
germination growth, whereas MYB30-overexpressing seeds
are hyposensitive to ABA (Zheng et al. 2012). MYB30 can ei-
ther directly repress the expression of ABA-responsive genes
by binding to their promoters or interact with ABI5 to re-
press its transcriptional activity (Nie et al. 2022). The
RING-type ubiquitin E3 ligases RING-H2 FINGER PROTEIN
2B (RHA2b) and MIEL1 participate in ABA signaling during
seed germination through the regulation of MYB30 stability
(Zheng et al. 2018; Nie et al. 2022). However, the function of
MYB30 in seed dormancy and germination is still largely
unknown.

In this study, we demonstrate that MYB30 participates in
NO-induced seed dormancy breaking. MYB30 promotes
CYP707A2 expression by directly binding to its promoter, lead-
ing to ABA content decrease. NO-induced S-nitrosylation of
MYB30 at Cys-49 enhances its transcriptional activation of
CYP707A2. Conversely, ABA represses the transcriptional activ-
ity of MYB30 through the PYRABACTIN RESISTANCE1 (PYR1)/
PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA
RECEPTORS (RCAR) receptors (hereafter PYLs), whereas
S-nitrosylation attenuates such repression by interfering
with the PYL4-MYB30 interaction. These findings indicate
that NO antagonistically regulates ABA by the
S-nitrosylation of MYB30 and thus accurately regulates
seed dormancy and germination.

Results

MYB30 positively regulates NO-mediated seed
dormancy breaking

To investigate the role of MYB30 in seed dormancy, a ger-
mination assay was conducted with freshly harvested seeds
of MYB30-knockout mutant plants myb30-1 and myb30-2
(Supplemental Fig. S1; Zheng et al. 2012). The myb30 mutant
seeds exhibited lower germination rates than that of the
wild-type (WT) seeds (Fig. 1, A and B), suggesting that
MYB30 participates in seed dormancy regulation. The appli-
cation of the NO donor S-nitrosoglutathione (GSNO) in-
creased the germination rates of both WT and myb30
mutants, but the germination rates of myb30 mutant seeds
were still lower than those of WT seeds (Fig. 1, A and B). In
contrast, the germination rates decreased in the presence
of the NO scavenger cPTIO. However, WT seeds still showed
higher germination rates than those of myb30 mutants
(Fig. 1, A and B). Compared with the WT, the change in ger-
mination rates of myb30 mutants in response to GSNO or
cPTIO was much lower (Fig. 1C), suggesting that MYB30 is
involved in the response to NO during seed dormancy and
germination. Moreover, the MYB30-overexpressing seeds
Pro35S:MYC-MYB30 (MYC-MYB30) exhibited a less dormant
phenotype, and the germination rates of MYC-MYB30 under
both GSNO and cPTIO treatments were all higher than those
of the WT (Supplemental Figs. S1 and S2). These results sug-
gest that MYB30 regulates seed dormancy and is involved in
NO-mediated seed dormancy breaking.
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Figure 1. MYB30 positively regulates NO-mediated seed dormancy breaking. A) Dormancy phenotypes of freshly harvested seeds of the WT and
myb30 mutants grown on 0.3% agar without (Mock) or with 100 um GSNO/cPTIO for 2 d. WT: wild type. Scale bars = 2 mm. B) Germination rates of
the seeds shown in A). C) Germination rate changes under GSNO and cPTIO treatments relative to Mock. The value was obtained by comparing the
difference between the treated and mock germination rates with the germination rate of the mock. For B) and C), data represent the mean of 50
seeds from at least 3 independent experiments =+ sp. Different letters above the columns indicate significant differences based on ANOVA (P < 0.05).

MYB30 promotes seed dormancy breaking by directly
activating CYP707A2 expression for ABA catabolism
Previous studies have shown that NO promotes the catabol-
ism of ABA during germination by inducing the expression of
the ABA catabolic gene CYP707A2 (Liu et al. 2009). We there-
fore quantified the transcript levels of genes encoding ABA
biosynthesis (ABA1, AAO3, NCED3, and NCED9) and catabolic
(CYP707A1, CYP707A2, and CYP707A3) enzymes in the WT
and myb30-2 mutant using RT-qPCR. The expression levels
of ABA biosynthesis genes were similar in the WT and
myb30-2 mutant seeds (Supplemental Fig. S3A). However,
the increase in CYP707A2 and CYP707A3 expression during
imbibition was substantially repressed in the myb30-2 mu-
tant (Fig. 2A; Supplemental Fig. S3B). Consistent with these
results, the content of endogenous ABA in germinating seeds
was higher in the myb30-2 mutant than in the WT (Fig. 2B),
suggesting that MYB30 participates in NO-induced ABA
catabolism.

We identified a MYB30-binding site (AACAAAG; Li et al.
2009; Liao et al. 2017) in the promoter of CYP707A2
(Supplemental Fig. S4A), suggesting that CYP707A2 may be
a target of MYB30. In the electrophoretic mobility shift assay
(EMSA), the GST-tagged N-terminal region (residues 1 to
149, containing R2R3-MYB DNA-binding domain) of
MYB30 (MYB30N) bound to the CYP707A2 promoter fragment
containing the MYB30-binding site. This binding was blocked by
an unlabeled probe but not by a probe with mutations in the
MYB30-binding site (Fig. 2C; Supplemental Fig. S4B), indicating
the specific binding of MYB30 to the CYP707A2 promoter.

To confirm the association of MYB30 with the CYP707A2
promoter in planta, transient expression assays and chroma-
tin immunoprecipitation (ChIP)-qgPCR were conducted. The
promoter of CYP707A2 was fused to the luciferase (LUC) gene

as the reporter and REN (Renilla LUC) gene driven by 35S pro-
moter as the internal control. The GFP and MYB30-GFP un-
der the control of the 35S promoter were used as effectors.
Compared with GFP, MYB30-GFP significantly activated
the expression of ProCYP707A2:LUC (Fig. 2D; Supplemental
Fig. S4C). For ChIP-gPCR, WT and Pro35S:MYC-MYB30 trans-
genic plants were used for analysis. The fragment containing
the MYB30-binding site was strongly enriched by the
anti-MYC antibody (Fig. 2E). Taken together, these data
demonstrate that MYB30 activates the expression of
CYP707A2 by directly binding to its promoter.

To evaluate the importance of CYP707A2 expression in
MYB30-mediated seed dormancy regulation, we overex-
pressed CYP707A2 in the myb30-2 mutant and assessed the
dormancy phenotype of Pro35S:CYP707A2-GFP/myb30-2
(Supplemental Fig. S4D). Our results showed that overex-
pression of CYP707A2 significantly increased the germination
rates of fresh seeds of the myb30-2 mutant. Moreover, com-
pared with the WT, these seeds showed less dormancy (Fig. 2,
F and G). These results suggest that the regulation of
CYP707A2 expression by MYB30 is crucial for its function
in seed dormancy.

NO-activated CYP707A2 expression and ABA
catabolism are partially dependent on MYB30

Next, the role of MYB30 in NO-mediated activation of
CYP707A2 expression was investigated. In the myb30-2 mu-
tant, activation of CYP707A2 by GSNO was inhibited, where-
as the repression by cPTIO was more pronounced (Fig. 2H).
Compared with the WT, the ABA content in the myb30-2
mutant was also higher under the treatments of GSNO
and cPTIO (Fig. 2B), suggesting that MYB30 participates in
NO-induced ABA catabolism. Consistent with the finding
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Figure 2. MYB30 promotes NO-mediated seed dormancy breaking by directly activating the expression of CYP707A2 for ABA catabolism. A)
Expression of CYP707A2 during germination was identified by RT-qPCR. Freshly harvested seeds of the WT and myb30-2 mutant imbibed in water
for the indicated time were used for RNA extraction. B) ABA content in imbibed seeds of the WT and myb30-2 mutant. Freshly harvested seeds
imbibed in water without or with 100 um GSNO/cPTIO for 6 h were used for analysis. DW: dry weight. C) EMSAs showing that GST-MYB30N directly
binds to the AACAAAC motif in the CYP707A2 promoter in vitro. D) The effects of MYB30 on CYP707A2 expression were examined by transiently
expressing GFP (control) or MYB30-GFP with ProCYP707A2:LUC in Arabidopsis protoplasts. +GSNO/+cPTIO represents treatment with 100 um
GSNO/cPTIO for 3 h. The relative LUC/REN ratios were analyzed. E) ChIP-gPCR analysis of the enrichment of MYB30 at CYP707A2 loci. WT and
Pro355:MYC-MYB30 seeds imbibed in water (Mock) or water containing 100 um GSNO/cPTIO for 12 h were used for analysis. The ACTIN2
(ACTIN) was used as a reference gene. F) Dormancy phenotypes of freshly harvested seeds of the WT, myb30-2, and Pro35S:CYP707A2-GFP/
myb30-2 (CYP707A2-GFP/myb30-2). Scale bars =2 mm. G) Germination rates of the seeds shown in F). H) Expression of CYP707A2 under GSNO
and cPTIO treatment. Freshly harvested seeds imbibed in water (Mock) or water containing 100 um GSNO/cPTIO for 6 h were used for RNA ex-
traction. 1) GUS staining images of ProCYP707A2:GUS and ProCYP707A2-m:GUS transgenic reporter seeds. Scale bars = 100 um. J) Relative GUS ac-
tivity of the seeds in I). For A), B), and H), data represent means + sb (n = 3); statistical significance of the measurements was analyzed by Student’s t
test (**P < 0.01, *P < 0.05). For D), E), G), and }), data represent means + sp (n = 3); different letters above the columns indicate significant differ-
ences based on ANOVA (P < 0.05).

that NO promotes the expression of CYP707A2, GSNO treat-
ment enhanced the MYB30-mediated activation of
CYP707A2, whereas this activation was significantly repressed
after the application of cPTIO (Fig. 2D; Supplemental Fig.
S4C). Moreover, the enrichment of the CYP707A2 promoter
by MYB30 was significantly enhanced by the application of

GSNO but reduced by cPTIO treatment (Fig. 2E), suggesting
that MYB30 participates in the regulation of CYP707A2 ex-
pression in response to NO.

We further confirmed whether the expression and stability
of MYB30 were also regulated by NO. The expression of
MYB30 in response to NO was assessed using the seeds
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imbibed in water (Mock) or water containing 100 um GSNO.
RT-qPCR analysis showed that there was no significant differ-
ence of MYB30 expression between Mock and GSNO treat-
ment (Supplemental Fig. S5A), suggesting that the
expression of MYB30 does not respond to NO. The stability
of MYB30 in response to NO was evaluated using 7-d-old
Pro355:MYC-MYB30 seedlings treated with GSNO alone or
together with cycloheximide (CHX), a protein synthesis in-
hibitor (Chen et al. 2022). Our immunoblot data showed
that the application of GSNO did not affect the protein level
of MYB30 (Supplemental Fig. S5, B and C). These results sug-
gest that NO regulates the transcriptional activity rather
than the expression and stability of MYB30.

To clarify whether the MYB30-binding site in the
CYP707A2 promoter is critical for the response to NO in
seeds, stable transgenic B-glucuronidase (GUS) reporter lines,
ProCYP707A2:GUS and ProCYP707A2-m:GUS, in which GUS
expression was under the control of the CYP707A2 native
promoter or mutated promoter (with AACAAAC mutated
to ATGTTAC) were constructed. In agreement with
CYP707A2 expression induced by the application of GSNO,
GSNO treatment also increased the GUS staining and GUS
activity of ProCYP707A2:GUS seeds (Fig. 2, | and )).
Compared with ProCYP707A2:GUS seeds, both GUS staining
and activity in ProCYP707A2-m:GUS seeds were dramatically
reduced after germination or under GSNO treatment (Fig. 2, |
and J), suggesting that the MYB30-binding site plays an im-
portant role in CYP707A2 expression during germination
and in response to NO. Taken together, our data demon-
strate that NO regulates CYP707A2 expression by modulating
the transcriptional activity of MYB30.

S-nitrosylation of MYB30 is critical for its
transcriptional activity during NO-induced seed
germination

As S-nitrosylation is an important way for the NO signal to
exert its function, we explored whether MYB30 can be
S-nitrosylated. The biotin-switch assay revealed that GSNO
induced S-nitrosylation of the recombinant His-MYB30N
protein (Fig. 3A). S-nitrosylation of MYB30 was also detected
in planta, and the level of S-nitrosylated MYB30 was in-
creased in the gsnor1-3 (GSNO REDUCTASET) mutant, which
contained a higher endogenous NO content (Fig. 3B).
Furthermore, during germination, the S-nitrosylation level
of MYB30 increased, which was promoted by GSNO and in-
hibited by cPTIO (Fig. 3C). These results demonstrate that
S-nitrosylation of MYB30 occurs in planta and is precisely
controlled during germination.

A mass spectrometric analysis of MYB30N recombinant pro-
tein identified Cys-6, Cys-7, and Cys-49 as S-nitrosylated residues
(Supplemental Fig. S6). As Cys-49 is located in the MYB
DNA-binding domain of MYB30 (Supplemental Fig. S6A), we
chose Cys-49 residue for further analysis. Our analysis showed
that substitution of Cys-49 with serine (Ser; MYB30““*) substan-
tially reduced the S-nitrosylation level of His-MYB30N (Fig. 3D),
and the S-nitrosylation level of MYC-MYB30“**® was
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substantially lower than that of MYC-MYB30 (Fig 3E
Supplemental Fig. S7, A and B). In addition, compared with
that of MYC-MYB30, the S-nitrosylation level of
MYC-MYB30““* was lower during germination (Fig. 3F).
Therefore, we further explored the function of the MYB30
Cys-49 residue.

Tryptophan (W) has been shown to mimic an
S-nitrosylated Cys (Palmer et al. 2008; Feng et al. 2013).
Thus, the Cys-49 to Try-49 substitution was used to analyze
the effect of S-nitrosylation on MYB30 (Supplemental Fig. S7,
A and B). We first evaluated the transcriptional activity of
MYB*™ using a transient expression assay. ProCYP707A2:
LUC was transiently expressed in WT, Pro355:MYC-MYB30,
and Pro355:MYC-MYB30““" protoplasts. The expression of
LUC was substantially higher in Pro355:MYC-MYB30“** proto-
plasts than in Pro355S:MYC-MYB30 (Fig. 3G). We also evaluated
the transcriptional activity of MYB30 and MYB30“*"V using
ChIP-gPCR and found that the enrichment of MYB30““** on
the CYP707A2 promoter was greater than that of MYB30
(Fig. 3H), suggesting that S-nitrosylation at the Cys-49 residue
enhances the transcriptional activity of MYB30.

To determine the importance of MYB30 Cys-49
S-nitrosylation, the function of MYB30<“*" in seed dor-
mancy was investigated. MYB30 and MYB30“*" were ex-
pressed in the myb30-2 mutant under the control of the
native MYB30 promoter (Supplemental Fig. S7C). The data
showed that the enhanced dormancy of the myb30-2 mutant
was fully rescued by the expression of MYB30 (MYB30).
Moreover, the ProMYB30:MYB30 seeds exhibited phenotypes
similar to those of the WT in response to GSNO and cPTIO.
However, the expression of MYB30““" (C49W) resulted in a
reduction in seed dormancy compared with that of the WT
under all conditions (Fig. 31). Taken together, our results in-
dicate that S-nitrosylation of MYB30 at Cys-49 enhances its
transcriptional activity, thus promoting seed germination.

PYLs interact with MYB30 and repress its
transcriptional activity

As MYB30 directly activates CYP707A2 expression, we hy-
pothesized that the function of MYB30 should be repressed
during seed dormancy, as there is a high level of endogenous
ABA in seeds. We revealed the interaction between MYB30
and the core components of ABA signaling, such as PYL
ABA receptors (Ma et al. 2009; Park et al. 2009), through a
bimolecular fluorescence complementation (BiFC) assay.
Encouragingly, we found that PYLs can directly interact
with MYB30. Specifically, PYL3, PYL4, PYL8, PYL10, PYL11,
and PYL12 interacted with MYB30 in the nucleus in our assay
(Fig. 4A; Supplemental Fig. S8A). Because of its important role
in regulating ABA signaling during germination (Park et al.
2009; Wang et al. 2020), PYL4 was selected to further explore
the relationships between PYLs and MYB30.

MYC-MYB30 and PYL4-GFP were transiently coexpressed
in Nicotiana benthamiana leaves, and coimmunoprecipita-
tion (Co-IP) assays were performed. MYC-MYB30 was preci-
pitated only when it was coexpressed with PYL4-GFP
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Figure 3. S-nitrosylation of MYB30 is critical for its transcriptional activity during NO-induced seed germination. A) Analysis of S-nitrosylation of
His-MYB30N (SNO-MYB30) treated with GSNO by an in vitro S-nitrosylation assay. A sample without sodium ascorbate (Asc) treatment is shown as
a negative control. B) Analysis of MYB30 S-nitrosylation in Pro35S:MYC-MYB30/WT and Pro355:MYC-MYB30/gsnor1-3 seeds by an in vivo
S-nitrosylation assay. Samples without Asc treatment served as negative controls. C) Analysis of MYB30 S-nitrosylation in dormant seeds and seeds
imbibed in water (Mock) or water containing 100 zm GSNO/cPTIO for 12 h. D) Analysis of His-MYB30 and MYB30“* S-nitrosylation by an in vitro
S-nitrosylation assay. E) Analysis of MYB30 and MYB30** S-nitrosylation using Pro355:MYC-MYB30 (MYC-MYB30) and Pro355:MYC-MYB30**
(MYC-C495S) seeds by an in vivo S-nitrosylation assay. F) Analysis of MYB30 and MYB30“** S-nitrosylation in dormant seeds and seeds imbibed
in water for 12 h. For A) to F), quantification of the S-nitrosylation level is shown below the blot. The relative band intensities of S-nitrosylation
were normalized to the loading control. The ratio of the first band (A-C and F) or second band (D and E) was set to 1. G) The activation of
CYP707A2 expression by MYB30 and MYB30““’* was analyzed by a transient expression assay. ProCYP707A2:LUC was transiently expressed in pro-
toplasts of WT, Pro355:MYC-MYB30, and Pro355:MYC-MYB30“®" (MYC-C49W) leaves. The relative LUC/REN ratios were analyzed. H) ChIP-gPCR
analysis of the enrichment of MYB30 and MYB30““" at CYP707A2 loci. For G) and H), different letters above the columns indicate significant dif-
ferences based on ANOVA (P < 0.05). Error bars in G) and H) represent so from 3 independent assays. 1) Germination rates of freshly harvested seeds
of WT, myb30-2 mutant, ProMYB30:MYB30/myb30-2 (MYB30), and ProMYB3O:MYB3OC49W/myb3O-2 (C49W) grown on 0.3% agar (Mock) with or
without 100 um GSNO/cPTIO. Data represent means = sp (n = 3). The statistical significance of the measurements was analyzed by ANOVA
(**P < 0.01).

(Supplemental Fig. S8B). To more accurately evaluate the
relationship between PYL4 and MYB30 during germination,
the PYL4-MYB30 interaction was also tested in seeds via Co-IP.
To this end, Pro35S:PYL4-GFP Pro35S:MYC-MYB30 transgenic
plants were generated by crossing Pro35S:MYC-MYB30 with
Pro35S:PYL4-GFP (Supplemental Fig. S7D). Seeds of Pro35S:
MYC-MYB30, Pro35S:PYL4-GFP, and Pro355:MYC-MYB30 Pro35S:
PYL4-GFP were used for protein extraction. Immunoblot analysis
indicated that MYC-MYB30 coimmunoprecipitated with
PYL4-GFP (Fig. 4B), suggesting that PYL4 interacts with MYB30
in seeds. Furthermore, we also assessed the effect of ABA on

the PYL4-MYB30 interaction through a LUC complementation
imaging (LCl) assay. PYL4 and MYB30 were fused to the
N-terminal half (nLUC) and the C-terminal half (cLUC) of LUC,
respectively. LUC activity was detected only when PYL4 was co-
transformed with MYB30 and ABA treatment enhanced the LUC
intensity (Fig. 4G Supplemental Fig. S8C). Moreover, the amount
of MYB30 protein that precipitated with PYL4 also increased after
ABA treatment (Fig. 4D), suggesting that the interaction between
PYL4 and MYB30 responds to ABA.

As PYL4 and MYB30 perform opposite functions in ABA
signaling, we investigated whether PYL4 interferes with the
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Figure 4. PYLs interact with MYB30 and repress its transcriptional activity. A) BiFC assay to evaluate the interaction between PYLs and MYB30.
YNE-PYLs and MYB30-YCE were transiently coexpressed in N. benthamiana leaves. Scale bars =100 um. B) Co-IP assay to evaluate the
PYL4-MYB30 interaction in seeds. Proteins were extracted from the indicated transgenic seeds and purified with anti-GFP agarose beads. C) LCI
assay to evaluate the PYL4-MYB30 interaction. The nLUC-PYL4 and cLUC-MYB30 constructs were transiently expressed in N. benthamiana leaves
for 2 d and then treated without or with 10 um ABA for 3 h. D) Co-IP assay to evaluate the PYL4-MYB30 interaction under ABA treatment. PYL4-GFP
and MYC-MYB30 were transiently expressed in N. benthamiana leaves. For the ABA treatment, leaves were treated with 10 um ABA for 3 h before
protein extraction. E) The effect of PYL4 on the activation of CYP707A2 expression by MYB30 and MYB30““* was analyzed by a transient expres-
sion assay. ProCYP707A2:LUC was transiently expressed in protoplasts of WT and multiple transgenic plants. The relative LUC/REN ratios were ana-
lyzed. F) The effect of PYL4 on the enrichment of MYB30 and MYB30<“**Y on the CYP707A2 promoter was analyzed by ChIP-qPCR using WT and
multiple transgenic plants. For E) and F), data represent means =+ so (n = 3); different letters above the columns indicate significant differences based

on ANOVA (P < 0.05).

transcriptional activity of MYB30. ProCYP707A2:LUC was
transiently expressed in protoplasts of multiple genotypes
to test the transcriptional activity of MYB30. LUC expression
in Pro35S:PYL4-GFP Pro35S:MYC-MYB30 was significantly
lower than that in Pro355:MYC-MYB30, suggesting that the
transcriptional activation of CYP707A2 by MYB30 is attenu-
ated by PYL4 (Fig. 4E). ChIP analysis was conducted to test
whether PYL4 affects the binding of MYB30 to the
CYP707A2 promoter. Compared with Pro355:MYC-MYB30,
the enrichment of MYB30 on the CYP707A2 promoter was
reduced in Pro35S:PYL4-GFP Pro35S:MYC-MYB30 (Fig. 4F).
These observations suggest that PYL4 interferes with the
binding of MYB30 to the promoter of CYP707A2.

MYB30 functions downstream of PYLs in seed
dormancy, and S-nitrosylation of MYB30 attenuates
PYL4-mediated inhibition of MYB30 function
To further confirm the connection between PYLs and
MYB30, the genetic relationship between PYLs and MYB30
during seed dormancy and germination was analyzed. The

quadruple mutant pyr1 pyl1 pyl2 pyl4 (pyr1 pyl124), which
shows strong insensitivity to exogenous ABA during germin-
ation, was used for analysis (Park et al. 2009). The pyr1 pyl124
myb30-2 quintuple mutant was acquired by crossing pyr1
pyl124 with myb30-2. Our phenotypic analysis showed that
the pyr1 pyl124 mutant seeds exhibited less dormancy than
the WT seeds, and the germination rates of pyr1 pyl124 under
both GSNO and cPTIO treatments were all higher than those
of the WT (Fig. 5, A and B). Moreover, the expression of
CYP707A2 was also enhanced in the pyr1 pyl124 mutant
(Fig. 5C). Further analysis showed that the mutation of
MYB30 significantly repressed the reduced dormant pheno-
type and the enhanced CYP707A2 expression of the pyri
pyl124 mutant (Fig. 5, A to C), suggesting that MYB30 func-
tions downstream of PYLs during seed dormancy and ger-
mination in response to NO.

We next examined whether S-nitrosylation activates
MYB30 by attenuating the inhibition of MYB30 by PYL4.
Pro35S:MYC-MYB30““" and  Pro35S:PYL4-GFP  Pro3sS:
MYC-MYB30““" transgenic plants were used for analysis
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Figure 5. MYB30 functions downstream of PYLs in seed dormancy and S-nitrosylation of MYB30 attenuates PYL4-mediated inhibition of MYB30
function. A) Dormancy phenotypes of freshly harvested seeds of the WT, myb30-2, pyr1 pyl124, and pyr1 pyl124 myb30-2 mutants grown on 0.3%
agar without (Mock) or with 100 um GSNO/cPTIO for 2 d. Scale bars =2 mm. B) Germination rates of the seeds shown in A). C) Expression of
CYP707A2 during germination under GSNO and cPTIO treatment. Freshly harvested seeds imbibed in water (Mock) or water containing 100 um
GSNO/cPTIO for 6 h were used for RNA extraction. For B) and C), data represent means =+ sp (n = 3); different letters above the columns indicate
significant differences based on ANOVA (P < 0.05). D) The interactions between PYL4 and MYB30/MYB30““** were analyzed by a Co-IP assay using
seeds of Pro35S:PYL4-GFP Pro355:MYC-MYB30 (PYL4-GFP MYC-MYB30) and Pro35S:PYL4-GFP Pro355:MYC-MYB30““" (PYL4-GFP MYC-C49W) trans-
genic plants. E) The interactions between PYL4 and MYB30/MYB30“" were analyzed by LCI. F) In vitro pull-down assay for MYB30 and PYL4
interaction. His-tagged PYL4 was incubated with GST or GST-tagged MYB30N. Proteins were purified using anti-GST agarose and detected through
immunoblot analysis using anti-GST and anti-His antibodies, respectively. For GSNO treatment, MYB30 protein was treated with 200 um GSNO for

3 h before purified.

(Supplemental Fig. S7D). Our results showed that
ProCYP707A2:LUC expression in Pro355:PYL4-GFP Pro35S:
MYC-MYB30“*" protoplasts was less repressed than that
in Pro35S:PYL4-GFP Pro35S:MYC-MYB30 (Fig. 4E). In addition,
the enrichment of MYB30““ on the CYP707A2 promoter in
Pro35S:PYL4-GFP Pro355:MYC-MYB30“*" was less affected
than the block of MYB30 by PYL4 in Pro35S:PYL4-GFP
Pro35S:MYC-MYB30 (Fig. 4F). These results indicate that
S-nitrosylation attenuates the repression of MYB30 by PYL4.

We hypothesized that S-nitrosylation may function by
modulating the PYL4-MYB30 interaction. Seeds of Pro35S:
PYL4-GFP Pro35S:MYC-MYB30 and Pro35S:PYL4-GFP Pro35S:
MYC-MYB30“" transgenic plants were used for a Co-IP as-
say. Immunoblot analysis indicated that the interaction be-
tween PYL4 and MYB30“*" was substantially weaker than
that between PYL4 and MYB30 in seeds (Fig. 5D). In addition,
the LUC intensity resulting from the PYL4-MYB30<“" inter-
action was significantly lower than that caused by the
PYL4-MYB30 interaction (Fig. 5E Supplemental Fig. S8D),
suggesting that S-nitrosylation attenuates the interaction be-
tween PYL4 and MYB30. Next, an in vitro pull-down assay
was performed to evaluate the PYL4-MYB30 interaction in re-
sponse to NO (Chen et al. 2022). His-PYL4 and GST-MYB30N
recombinant proteins purified from Escherichia coli were used.
Our results validated that GST-MYB30ON can interact with

His-PYL4 and that the application of GSNO on MYB30 reduced
the PYL4-MYB30 interaction (Fig. 5F). Taken together, these ex-
periments demonstrate that S-nitrosylation enhances the tran-
scriptional activity of MYB30 by interfering with the
MYB30-PYL4 interaction.

S-nitrosylation of MYB30 attenuates PYL4-mediated
inhibition of seed germination in response to ABA
To further test the effect of PYL4 on the transcriptional activity
of MYB30, another MYB30 target, the ABA-responsive gene
EARLY METHIONINE-LABELED1 (EM1), was used for analysis
(Nie et al. 2022). As shown in Fig. 6A, the LUC expression driven
by the EM1 promoter was repressed in Pro35S:MYC-MYB30
and Pro35S:MYC-MYB30““* protoplasts but enhanced in
Pro35S:PYL4-GFP protoplasts. However, the expression of LUC
in Pro35S:PYL4-GFP Pro355:MYC-MYB30 was similar to that in
Pro35S:PYL4-GFP, but LUC expression in Pro35S:PYL4-GFP
Pro35S:MYC-MYB30“ was more similar to that in Pro35S:
MYC-MYB30“®". In the ChIP assay, the enrichment of the
EM1 promoter by MYB30 significantly decreased in Pro35S:
PYL4-GFP Pro35S:MYC-MYB30 seeds, but the enrichment of
MYB30“*" was only slightly affected in Pro35S:PYL4-GFP
Pro35S:MYC-MYB30““" (Fig. 6B). These results indicate that
S-nitrosylation also attenuates the repression of MYB30 by
PYL4 on ABA-responsive gene expression.
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Figure 6. S-nitrosylation of MYB30 attenuates PYL4-mediated inhibition of seed germination in response to ABA. A) The effect of PYL4 on the
repression of EM1 expression by MYB30 and MYB30““*" was analyzed by a transient expression assay. ProEM1:LUC was transiently expressed in
protoplasts of WT and multiple transgenic plants. The relative LUC/REN ratios were analyzed. B) The effect of PYL4 on the enrichment of
MYB30 and MYB30““* on the EM1 promoter was analyzed by ChIP-gPCR using WT and multiple transgenic plants. The arrows depict the location
of amplified fragment of ChIP-qPCR. The position of MYB-binding site is also indicated. C) Germination percentages of MYB30- and PYL4-related
transgenic plants in response to ABA. Seed germination on MS medium without or with 0.5 um ABA was recorded after 3 d of stratification. D)
Seedlings of various genotypes grown on MS medium containing 0.5 um ABA. Scale bars = 3 mm. E) Percentages of greening cotyledon of multiple
genotypes. F) EM1 and EM6 expression levels in multiple genotypes were identified by RT-qPCR. Seeds grown on MS medium without (Mock) or
with 10 um ABA for 24 h were used for RNA extraction. Three independent biological replicates were averaged. For A) to C), E), and F), different
letters above the columns indicate significant differences based on ANOVA (P < 0.05). Error bars indicate the mean + so (n = 3).

In addition, it has been reported that MYB30 negatively
regulates ABA signaling by interacting with ABI5 to repress
its transcriptional activity. MYB30, MYB30““", and ABI5
were coexpressed with ProEM1:LUC in Arabidopsis protoplasts
to assess the effect of MYB30 S-nitrosylation on the transcrip-
tional activity of ABI5. Our results showed that MYB30“*" re-
pression of ABI5-mediated EM1 activation was significantly
stronger than that of MYB30 (Supplemental Fig. SOA). Further
analysis showed that the interaction between MYB30“*"
and ABI5 was enhanced compared with the MYB30-ABI5 inter-
action in the yeast 2-hybrid assay (Supplemental Fig. S9B), sug-
gesting that S-nitrosylation may promote the inhibition of ABI5
by MYB30 by enhancing their interaction.

Finally, the function of MYB30 S-nitrosylation in
ABA-mediated inhibition of seed germination was addressed.
Overexpression of MYB30 caused hyposensitivity to ABA at

both the germination and postgermination stages, while overex-
pression of MYB30“®" resulted in a more insensitive pheno-
type. In contrast, seeds overexpressing PYL4 were more
sensitive to ABA. When both PYL4 and MYB30 were overex-
pressed, the transgenic seeds exhibited an ABA-hypersensitive
phenotype similar to that of Pro35S:PYL4-GFP. However, seeds
overexpressing both PYL4 and MYB30“** remained insensitive
to ABA (Fig. 6, C to E; Supplemental Fig. $10).

We also explored the expression of ABA-responsive genes
in WT and corresponding transgenic seeds. Compared with
WT, the expression levels of EM1 and EM6 decreased in
Pro35S:MYC-MYB30 and Pro35S:MYC-MYB30“®" but in-
creased in Pro35S:PYL4-GFP plants. In Pro35S:PYL4-GFP
Pro355:MYC-MYB30, EM1 and EM6 expression was similar
to that in Pro35S:PYL4-GFP. However, their expression in
Pro35S:PYL4-GFP Pro35S:MYC-MYB30“*" was more similar
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to that in Pro355:MYC-MYB30““" (Fig. 6F). Taken together,
our results demonstrate that S-nitrosylation of MYB30
plays a critical role in repressing ABA signaling during
germination.

Discussion

Seed dormancy and germination are important features that
are crucial for agricultural production. NO has been shown to
be an important molecule for breaking seed dormancy, and
its function is closely related to the phytohormone ABA
(Signorelli and Considine 2018). However, the antagonistic
effect of NO on ABA can be divided into 2 aspects. On
the one hand, NO negatively regulates the positive compo-
nents of the ABA core signaling pathway. In brief, tyrosine
nitration of PYLs attenuates their interaction with ABA,
S-nitrosylation of SNF1-RELATED PROTEIN KINASE2 (SnRK2)
kinases represses their kinase activity, and S-nitrosylation of
ABI5 promotes its degradation. In addition, NO targets the
Group VIl ethylene response factors (ERFs) to the proteasome,
which positively regulates the ABI5 expression (Gibbs et al.
2014; Albertos et al. 2015; Castillo et al. 2015; Wang et al.
20153, 2015b).

At the same time, the restriction of ABA by NO also indi-
cates the modulation of ABA content during seed germin-
ation. The ABA content decreases during the germination,
and the NO donor SNP can significantly promote the de-
crease of ABA content during seed germination, while the
NO synthesis inhibitor PTIO inhibits this process (Liu et al.
2009). Our results demonstrate that MYB30 directly pro-
motes the expression of ABA catabolism gene CYP707A2 in
response to NO, thus resulting in a decrease in ABA content
and the release of dormancy. The mutation of the
MYB30-binding site in the CYP707A2 promoter dramatically
repressed the increase in CYP707A2 expression during ger-
mination and in response to NO (Fig. 2, | and J), and the in-
crease of CYP707A2 expression significantly reduced the
dormancy phenotype of the myb30 mutant (Fig. 2, F and G),
suggesting a crucial role of the MYB30-CYP707A2 module in
the regulation of seed dormancy.

In this study, we identified that the Cys-49 S-nitrosylation
of MYB30 increases its transcriptional activity. First,
S-nitrosylation enhances the enrichment of MYB30 to down-
stream target genes, such as CYP707A2 and EM1. In addition,
S-nitrosylation also promotes the interaction between
MYB30 and ABI5, thus enhancing the repression of ABI5
transcriptional activity by MYB30 (Supplemental Fig. S9).
This result indicates that S-nitrosylation also regulates the
transcriptional activity of MYB30 by affecting its ability to
interact with other proteins. Therefore, we cannot deny
that there may also be regulation of the transcription func-
tion of MYB30 due to recruitment. According to our present
results, we hypothesize that S-nitrosylation can regulate
the transcription function of MYB30 in multiple ways. As
the protein level of MYB30 during seed germination in re-
sponse to ABA is also strictly controlled by multiple factors,

Zhao et al.

such as ubiquitin E3 ligases RHA2b, MIEL1, and WD40 pro-
tein  MYB30-INTERACTING WD40 PROTEINT (MIW1)
(Zheng et al. 2018; Nie et al. 2022; Zhan et al. 2023), the effect
of NO on MYB30 stability was also investigated. However, the
application of the NO donor GSNO did not affect the protein
level of MYB30 (Supplemental Fig. S5), suggesting that
S-nitrosylation mainly regulates the transcriptional activity
of MYB30.

Under our experimental conditions, S-nitrosylation at
Cys-6, Cys-7, and Cys-49 residues of MYB30 was detected
(Supplemental Fig. S6). As seen from the protein sequence
of MYB30 (48-RCSKSCRLR-55), there are multiple lysine (K)
and arginine (R) residues around Cys-49 and Cys-53, which
will be cut during trypsin digestion, leading to the peptide
containing Cys-49 and Cys-53 being difficult to be detected
because of its too short sequence, especially for the Cys-53.
Therefore, although Cys-53 is also predicted to be able to
be S-nitrosylated (Kolbert and Lindermayr 2021), we failed
to detect S-nitrosylation at Cys-53. Moreover, in our experi-
mental system, the mutation of Cys-49 greatly reduced the
S-nitrosylation of MYB30, indicating an important role of
Cys-49 for MYB30 S-nitrosylation. However, the S-nitrosylation
form of MYB30 protein can still be detected in seeds after
Cys-49 mutation, indicating that Cys-49 is not the only
S-nitrosylation site in the plants, which is consistent with the
fact that we also detected S-nitrosylation at other residues.
These data indicate that S-nitrosylation exists in multiple resi-
dues of MYB30 protein.

As a negative regulator of ABA signaling, the function of
MYB30 is also limited by ABA signaling. Here, we found
that the transcriptional activity of MYB30 is inhibited by
PYL ABA receptors. Multiple PYLs interact with MYB30,
and ABA restricts the transcriptional activity of MYB30 by
promoting the PYL4-MYB30 interaction. pyr1 pyl124 quintu-
ple mutant exhibits less dormancy and higher CYP707A2 ex-
pression in response to NO. However, the mutation of
MYB30 dramatically represses the dormancy phenotype
and CYP707A2 expression of the pyr1 pyl124 mutant, suggest-
ing that MYB30 functions downstream of PYLs during seed
dormancy and germination in response to NO. In contrast
to ABA, NO-induced S-nitrosylation attenuates the
PYL4-mediated repression of MYB30 by interfering with
the PYL4-MYB30 interaction. The repression of PYL4 on
MYB30““" is lower than that on MYB30, as the interaction
between PYL4 and MYB30“*" is weaker than the inter-
action between PYL4 and MYB30. Taken together, our
work characterizes MYB30 as the executor of NO-induced
seed germination. ABA and NO signals accurately control
the dormancy and germination of seeds through antagonis-
tic regulation of MYB30. NO-induced S-nitrosylation of
MYB30 confers the accurate regulation of ABA content
and signaling, thus precisely regulating seed dormancy and
germination (Fig. 7).

However, MYB30 is not the only factor to be considered
that is regulated by NO in the interaction between MYB30
and PYL4. As shown in Fig. 5, D to F, S-nitrosylation of
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Figure 7. A proposed schematic model for MYB30 in regulating NO-promoted seed germination. During seed dormancy, ABA promotes the inter-
action between PYLs and MYB30 to repress the transcriptional activity of MYB30, thus preventing the expression of CYP707A2. After germination,
the increased NO content causes the S-nitrosylation of MYB30. S-nitrosylation enhances the transcriptional activity of MYB30 by interfering with
PYLs-MYB30 interaction, thus promoting the expression of CYP707A2, which leads to the decrease of ABA content and seed germination.

MYB30 reduces the interaction between MYB30 and PYL4,
suggesting an important role of MYB30 S-nitrosylation in
regulating MYB30-PYL4 interaction. But at the same time,
S-nitrosylation reduces but not eliminates the interaction
of MYB30 and PYL4, indicating that there may exist other
ways of regulation. Based on the results of Castillo et al.
(2015), both nitration and S-nitrosylation are also present
in PYL4. Considering that PYL4 expression is significantly in-
creased during seed germination (Zhao et al. 2020) and that
the content of NO is also increased (Liu et al. 2009), we hy-
pothesize that the modification of PYL4 by NO may also exist
during seed germination. As nitration represses the function
of PYL4 as an ABA receptor by inhibiting the phosphatase ac-
tivity of PP2Cs (Castillo et al. 2015) and ABA promotes the
PYL4-MYB30 interaction to repress the function of MYB30,
the nitration of PYL4 may also attenuate the function of
PYL4 by interfering with the PYL4-MYB30 interaction.
Meanwhile, although S-nitrosylation does not affect the in-
hibition of PYL4 on the phosphatase activity of
HYPERSENSITIVE TO ABA1 (HAB1) (Castillo et al. 2015),
S-nitrosylation of PYL4 may also function through other me-
chanisms to affect ABA signaling.

In addition to MYB30, another R2R3-MYB protein, MYB96,
was also found to participate in the regulation of dormancy.
Both MYB30 and MYB96 belong to the ST R2R3-MYB sub-
family (Dubos et al. 2010). It has been reported that
MYB96 interacts with MYB30 and they both participate in
the regulation of cuticular wax biosynthesis (Lee et al.
2017). However, in contrast to MYB30, MYB96 promotes
seed dormancy through enhancing ABA biosynthesis by dir-
ectly activating the expression of NCED2 and NCED6 (Lee
et al. 2015a). Moreover, MYB96 directly regulates the tran-
scription of ABI4, which also participates in seed dormancy
regulation by regulating the balance of GA and ABA (Lee
et al. 2015b; Shu et al. 2016). Although Lee et al. 2015b

showed that MYB96 is not involved in the regulation of
CYP707A2 expression, they used 10-d-old seedlings but not
dormant seeds. Considering that ABI4 directly represses
the expression of CYP707A2 by binding to its promoter
(Shu et al. 2013) and MYB96 promotes ABI4 expression, we
hypothesize that MYB96 may repress the expression of
CYP707A2 through ABl4. Meanwhile, compared with the
negative role of MYB30, MYB96 serves as a positive regulator
of ABA signaling during seed germination. Considering that
MYB96 suppresses the negative regulators of ABA through
recruiting the histone modifier HISTONE DEACETYLASE15
(HDAT15) to remove acetyl groups of histone H3 and H4
(Lee and Seo 2019), we hypothesized that MYB30 may play
more roles in regulating gene expression.

Moreover, in addition to MYB30 and ABI4, CYP707A2 may
also be under the regulation of other types of transcription
factors, as we also identified an E-box motif in the promoter
of CYP707A2, which can be bound by bHLH transcription fac-
tors (Supplemental Fig. S4; Fisher and Goding 1992). At the
same time, although the expression of CYP707A2 induced
by NO was inhibited in the myb30 mutant, its expression still
increased in response to NO, indicating that other compo-
nents are involved in the regulation of CYP707A2 by NO.
Many reports have found that MYB and bHLH transcription
factors can interact and jointly regulate downstream signals.
For example, MYB30 can interact with PHY-INTERACTING
FACTOR (PIF) transcription factors to regulate photomor-
phogenic development (Yan et al. 2020), and WD40 protein,
MYB, and bHLH transcription factors form MYB-bHLH-
WD40 (MBW) complexes to coregulate anthocyanin biosyn-
thesis (Lloyd et al. 2017). We hypothesized that MYB30 may
participate together with bHLH transcription factors in the
regulation of CYP707A2 expression by NO, thereby regulating
the NO-mediated promotion of seed dormancy and
germination.
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Materials and methods

Plant materials and growth conditions

Arabidopsis (Arabidopsis thaliana) accession Columbia-0 was
used as the WT. The myb30-1 (SALK_122884), myb30-2 mu-
tants, and MYB30-overexpressing plants Pro35S:MYC-MYB30
(MYC-MYB30 #1 and #2) were described previously (Zheng
et al. 2012; Liao et al. 2017). The pyr1 pyl124 quintuple mu-
tant was described previously (Park et al. 2009). The gsnor1-3
mutant was described previously (Zhan et al. 2018).

To grow Arabidopsis seedlings, seeds were surface sterilized
using 10% (w/v) sodium hypochlorite (NaClO) for 5 min and
then sown on 1/2 MS medium (pH 5.8, 1% [w/v] sucrose and
0.3% [w/v] phytagel [Cat#P8169, Sigma-Aldrich]). After 3-d
stratification at 4 °C, the seeds were transferred to a chamber
with continuous white light at 100 zmol/m?/s at 23 °C for
10 d. Arabidopsis plants were planted in a growth chamber
under a 16-h light/8-h dark photoperiod at 100 umol/m?/s
at 23 °C.

To grow N. benthamiana, the seeds were first sown on soil (nu-
trient soil/vermiculite; [1:1; v/v]) for 10 d and then the young
seedlings were transplanted into culture boxes individually under
a 16-h light/8-h dark photoperiod at 100 zmol/m?/s at 23 °C.

Plasmid construction and generation of transgenic
plants

To generate transgenic overexpression plants, the full-length
coding sequences of MYB30, CYP707A2, and PYL4 were
cloned into the pCambia1307-MYC or pCambia1300-GFP
vectors under the control of the cauliflower mosaic virus
35S promoter to generate Pro35S:MYC-MYB30, Pro35S:
CYP707A2-GFP, and Pro35S:PYL4-GFP using the ClonExpress
Ultra One Step Cloning Kit (Cat#C115-01, Vazyme) (Nie
et al. 2022; Lu et al. 2023). MYB30““®* and MYB30““" were
amplified form Pro355:MYC-MYB30 plasmid using the Mut
Express Il Fast Mutagenesis Kit V2 (Vazyme), and the
primers were shown in Supplemental Table S1. The resulting
constructs were introduced into Arabidopsis using
Agrobacterium tumefaciens—mediated floral transformation
and verified by immunoblotting. Pro35S:PYL4-GFP Pro35S:
MYC-MYB30 and Pro35S:PYL4-GFP Pro35S:MYC-MYB30“*"
were obtained by crossing Pro35S:PYL4-GFP with Pro35S:
MYC-MYB30 or Pro355:MYC-MYB30“*". For complementa-
tion assays, 2,234 bp upstream of the MYB30 translation start
codon and full-length genome sequences of MYB30 or
MYB30“*" were cloned into pCambia1300 vector. The re-
sulting construct was introduced into the myb30-2 mutant.
T, or subsequent generations of transgenic plants that are
homozygous for a single insertion were used for all studies. At
least 2 independent transgenic lines were analyzed. Unless spe-
cified otherwise, no apparent phenotype was observed in these
transgenic plants under normal growth conditions.

Seed germination assays
For seed dormancy experiments, freshly harvested seeds
were used for analysis. Sterilized seeds were plated on 0.3%
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(w/v) agar without or with 100 um GSNO (Cat#487920,
Sigma-Aldrich)/cPTIO (Cat#C221, Sigma-Aldrich). The plates
were immediately transferred to a growth chamber without
stratification in constant light at 100 zmol/m?/s at 23 °C. Seeds
were identified as germinated when a radicle had emerged
from the seed coat (Shu et al. 2013). For seed germination assay,
harvested seeds dried at room temperature for 4 wks were used
for analysis. Seeds were plated on MS or MS containing 0.5 um
ABA (Cat#90769, Sigma-Aldrich). After stratification in the dark
at 4 °C for 3 d, plates were transferred to the growth chamber.

RT-qPCR analysis

Total RNA was extracted from freshly harvested seeds and
seeds that were imbibed in water or water containing
100 um GSNO/cPTIO for indicated time by using an RNA ex-
traction kit for polyphenolic-rich plant tissue (Cat#DP441,
TIANGEN). The relative gene expression levels determined
by RT-qPCR were normalized to the levels of ACTIN2. The
primers used for RT-qPCR are listed in Supplemental
Table S1.

Quantification of ABA

For analysis of ABA content in imbibed seeds, 150 mg of
seeds were ground in liquid nitrogen and then homogenized
in 2 mL methanol. Forty-five pM of ’H,-ABA was added as an
internal standard. After extraction at 20 °C overnight, the
sample was centrifuged 10 min at 13,000 X g and the super-
natant was dried under nitrogen gas and dissolved in 1 mL
5% (v/v) ammonia solution. The samples were purified by
Oasis MAX strong anion-exchange column (Waters) and
eluted by 4 mL methanol containing 5% (v/v) formic acid.
The elution was dried under nitrogen gas and dissolved in
200 uL 80% (v/v) methanol. The sample was then subjected
for ultraperformance liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis (Jiang et al. 2016).

EMSA

GST-MYB30N (residues 1 to 149) fusion proteins were ex-
pressed in E. coli and then purified for use in EMSA. In brief,
0.5 mg of GST-MYB30N fusion proteins was incubated with
biotin-labeled probe in 20 uL reaction mixtures (10 mm
Tris-HCI, 50 mm KCl, T mm DTT, 50 ng/mL poly dI-dC, 2.5%
[v/v] glycerol) at room temperature for 30 min. For compe-
tition, unlabeled unmutated and mutated probes used as
competitors were added to the binding reactions, respective-
ly. The reactions were separated on a 6% native polyacryl-
amide gel in 0.5 X TBE buffer (45 mm Tris, 45 mm boric
acid, 1 mm EDTA, pH 8.3).

Transient expression assays in Arabidopsis
protoplasts

The promoter sequence of CYP707A2 and EM1 were cloned
into pGreenll0800-LUC vector which contains REN (Renilla
LUC) gene driven by 35S promoter as the internal control.
The reporter was transiently expressed alone or with effec-
tors in Arabidopsis protoplasts as described (Zheng et al
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2018). For GSNO and cPTIO treatment, 100 um GSNO or
PTIO was added 3 h before the detection. Firefly LUC and
REN activities were measured using the Dual-Luciferase
Reporter Assay System (Promega) following the manufac-
turer’s instructions. Relative LUC activity was calculated by
normalizing against the REN activity. Primer sequences are
listed in Supplemental Table S1.

ChIP-qPCR analysis

WT and the corresponding transgenic seeds imbibed in water or
water containing 100 m GSNO/cPTIO for 12 h were used for
analysis of CYP707A2. For EM1, seeds grown on MS medium
containing 0.5 um ABA for 24 h were used for analysis. In brief,
chromatin was immunoprecipitated by anti-MYC nanobody
agarose beads (Cat#KTSM1336, AlpalifeBio). DNA fragments
in both input and immunoprecipitated samples were quantified
by qPCR. The ACTIN2 promoter was used as a reference gene
(Nie et al. 2022). At least 3 independent experiments were per-
formed. The primers used for ChIP-gPCR are listed in
Supplemental Table S1.

GUS staining and GUS activity

ProCYP707A2:GUS and ProCYP707A2-m:GUS transgenic
plant seeds were imbibed in water or water containing
100 um GSNO/cPTIO for 6 h and then stained in GUS staining
solution (100 mm sodium phosphate buffer, pH 7.5, 10 mm
EDTA, 05 mm potassium ferricyanide, 1 mm 5-bromochloro-
3-indolyl-b-p-glucuronide, and 0.1% [v/v] Triton X-100). The sam-
ples were rinsed with 70% (v/v) ethanol several times to remove
the chlorophyll, and images were then taken under a microscope
(Leica DMIS, Leica Microsystems, Germany). The GUS activities of
the transgenic seeds were assayed according to a method de-
scribed previously (Lu et al. 2023).

In vitro S-nitrosylation assay

The in vitro S-nitrosylation assay was performed as described
(Feng et al. 2013). In brief, 30 ug of His-tagged MYB30 or
MYB30<“** N-terminal recombinant proteins were incu-
bated with 200 m GSNO in the dark for 1 h. Protein was pre-
cipitated by acetone and resuspended in 300 uL blocking
buffer | (250 mm HEPES, pH 7.7, 4 mm EDTA, 0.1 mm neocu-
proine, 2.5% [v/v] SDS, and 0.1% [v/v] S-methylmethane thio-
sulfonate). After incubation at 50 °C for 30 min, protein was
precipitated and dissolved in 80 uL HENS buffer (250 mm
HEPES, pH 7.7, 4 mm EDTA, 0.1 mm neocuproine, 1% [v/v]
SDS) with the addition of 10 uL 500 mm sodium ascorbate
(Asc) and 10 uL of 4 mm biotin-HPDP. After reaction at room
temperature for 1h, samples were separated by SDS-PAGE
without boiling and analyzed by immunoblotting using
anti-His (Cat#E12-004-3, EnoGene, 1:2,000) for input and anti-
biotin antibody (Cat#7075, Cell Signaling Technology, 1:2,000)
for S-nitrosylated MYB30.

In vivo S-nitrosylation assay
The in vivo S-nitrosylation assay was performed as described
(Chen et al. 2020b). In brief, 0.25 g germination seeds were
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ground in liquid nitrogen and dissolved in 1 mL HEN buffer
(250 mm HEPES, pH 7.7, 1 mm EDTA, 0.1 mm neocuproine,
protease inhibitor cocktail). Then 200 ug protein was incu-
bated with blocking buffer | at 50 °C for 1 h. Protein was pre-
cipitated with cold acetone and resuspended in 170 uL of
HENS buffer. Protein was labeled at room temperature for
1h by addition of 10 uL of 1m Asc and 20 uL of 4 mm
biotin-HPDP. After precipitation and wash with acetone,
sample was resuspended in 400 uL HENS buffer and neutra-
lized with 800 uL of neutralization buffer (25 mm HEPES, pH
7.7, 100 mm NaCl, 1 mm EDTA, and 0.5% [v/v] Triton X-100).
The sample was incubated with 30 uL of streptavidin beads
(Cat #29202, Thermo Scientific) at 4 °C overnight. The beads
were washed 4 times with washing buffer (25 mm HEPES, pH
7.7,600 mm NaCl, 1 mm EDTA, and 0.5% [v/v] Triton X-100).
The proteins were then analyzed by immunoblotting using
an anti-biotin antibody.

BiFC and LCI assays

The full-length coding sequences of PYL genes were cloned into
the pSPYNE vector (containing the N-terminal of YFP), and
MYB30 without stop codon was cloned into the pSPYCE vector
(containing the C-terminal of YFP) using the ClonExpress Ultra
One Step Cloning Kit to produce YNE-PYLs and MYB30-YCE
(Walter et al. 2004; Lu et al. 2023). The resulting constructs
were coexpressed in N. benthamiana leaves for 2 d. YFP fluores-
cence signals were detected using a laser scanning confocal
microscope (ZEISS LSM980; lasers: 488 nm, 15%; 560 nm, 15%;
gains: 600; pinhole: 100 xm).

For the LCl assay, nLUC-PYL4 and cLUC-MYB30 were co-
transformed into N. benthamiana for 2 d. A total of 100 um
D-luciferin was sprayed on the leaves before image collection
by a CCD camera. For the ABA treatment, 10 um ABA was in-
jected into the 2-d transfection leaves for 3 h.

Co-IP assays

For PYL4-MYB30 interaction identification, Pro35S:PYL4-GFP
and Pro35S:MYC-MYB30 constructs was transiently ex-
pressed in N. benthamiana leaves. For the ABA treatment,
10 um ABA was injected into the 2-d transfection leaves for
3h. For the interaction identified in seeds, Pro35S:
PYL4-GFP, Pro35S:MYC-MYB30, Pro35S:PYL4-GFP Pro35S:
MYC-MYB30, and Pro35S:PYL4-GFP Pro35S:MYC-MYB30“*"
seeds imbibed in water for 24 h were used for protein ex-
tract. Proteins were extracted using IP buffer (150 mm
NaCl, 25 mm Tris-HCl, pH 7.5, 0.2% [v/v] Nonidet P-40,
1 mm phenylmethylsulfonyl fluoride (PMSF), and 1X protease
inhibitor cocktail) and purified with anti-GFP agarose
(Cat#KTSM1334, AlpalifeBio). The resulting extractions were
then detected using anti-GFP (Cat#D110008, Sangon Biotech,
1:2,000) and anti-MYC (Cat#CW0229, CWBIO, 1:2,000) anti-
bodies, respectively.

In vitro pull-down assays
The coding sequence of PYL4 was cloned into the pET28a
vector for His-tag-fused protein purification, whereas
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MYB30N (residues 1 to 149) was cloned into the pGEX-6P-1
vector for a GST tag. For in vitro pull-down assays, indicated
proteins were included in the pull-down buffer (50 mm
Tris-HCl, pH 7.5, 100 mm NaCl, 0.2% [v/v] glycerol, 0.6% [v/v]
Triton X-100, 0.1 mm EDTA) for incubation; then, GST and
GST-MYB30N proteins were isolated using GST antibody-
conjugated agarose. After washing 3 times using wash buffer
(50 mm Tris-HCI, pH 7.5, 300 mm NaCl, 1% [v/v] Triton X-100,
0.1 mm EDTA), GST, GST-MYB30N, and GST-MYB30N-interact-
ing proteins were detected through immunoblot analysis using
anti-GST (Cat#AE006, ABclonal, 1:2,000) and anti-His anti-
bodies, respectively. For GSNO treatment, final concentration
of 200 um GSNO was added to the extraction buffer for 3 h
in the dark before the MYB30 protein was purified by GST agar-
ose (Chen et al. 2022).

Mass spectrometry analysis

Mass spectrometric identification of S-nitrosylated Cys resi-
dues was carried out according to a previous report (Chen
et al. 2020b). In brief, 30 ug GST-MYB30N (residues 1 to
149) recombinant proteins were labeled with biotinemalei-
mide (Cat#B1267, Sigma-Aldrich). The biotinylated protein
was digested with Trypsin (Cat#V5280, Promega) and then
analyzed by LC-MS/MS using a Thermo Fisher Finnigan linear
ion trap quadrupole mass spectrometer in line with a
Thermo Fisher Finnigan Surveyor MS Pump Plus HPLC system.
The raw data were searched against the GST-MYB30N protein
sequence using pFIND software (Chen et al. 2020b). Cys biotiny-
lation (451.200 Da) was included in the search as the variable
modification.

Statistical analysis

Data are means + sb of 3 biological replicates, and the aster-
isks indicate statistically significant differences (*P < 0.05,
*P < 0.01, Student’s t test). Bars with different letters indicate
significant differences at P < 0.05 by ANOVA with Tukey's mul-
tiple comparison test or ordinary 1-way test. Detailed statistical
analysis results are in Supplemental Data Set S1.

Accession numbers

Sequence data can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under accession num-
bers: MYB30 (At3g28910), ABAT (At5g67030), AAO3
(At2g27150), NCED3 (At3g14440), NCED9 (At1g78390),
CYP707A1 (At4g19230), CYP707A2 (At2g29090), CYP707A3
(At5g45340), GSNOR (At5g43940), PYL3 (At1g73000), PYL4
(At2g38310), PYL8 (At5g53160), PYL10 (At4g27920), PYL11
(At5g45860), PYL12 (At5g45870), MYB3 (AT1G22640), EM1
(At3g51810), and EM6 (At2g40170).
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