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ABSTRACT

Seeds establish dormancy to delay germination until the arrival of a favorable growing season. In this study,
we identify a fate switch comprised of the MKK3-MPK?7 kinase cascade and the ethylene response factor
ERF4 that is responsible for the seed state transition from dormancy to germination. We show that
dormancy-breaking factors activate the MKK3-MPK7 module, which affects the expression of some «-EX-
PANSIN (EXPA) genes to control seed dormancy. Furthermore, we identify a direct downstream substrate
of this module, ERF4, which suppresses the expression of these EXPAs by directly binding to the GCC
boxes in their exon regions. The activated MKK3-MPK7 module phosphorylates ERF4, leading to its rapid
degradation and thereby releasing its inhibitory effect on the expression of these EXPAs. Collectively, our
work identifies a signaling chain consisting of protein phosphorylation, degradation, and gene transcrip-
tion, by which the germination promoters within the embryo sense and are activated by germination signals
from ambient conditions.

Key words: seed dormancy, dormancy breaking, seed germination, MKK3, MPK7, ERF4, phosphorylation, protein
degradation, DNA binding

Chen X,, LiQ.,Ding L., Zhang S., Shan S., Xiong X., Jiang W., Zhao B., Zhang L., Luo Y., Lian Y., Kong X., Ding
X., Zhang J., Li C., Soppe W.J.J., and Xiang Y. (2023). The MKK3-MPK7 cascade phosphorylates ERF4 and
promotes its rapid degradation to release seed dormancy in Arabidopsis. Mol. Plant. 16, 1-16.

INTRODUCTION processes are influenced by numerous internal and external

factors. The phytohormone abscisic acid (ABA), as well as the
Seed dormancy is a vital adaptive trait of seed plants, and the  master dormancy regulators DELAY OF GERMINATIONT
establishment and breaking of dormancy are critical for plant (DOG1), REDUCED DORMANCYS5 (RDO5), and REVERSAL OF
reproduction and evolution (Koornneef et al., 2002; Née et al., RDO5 1 (ODRY), are representative dormancy-establishment
20172). Seed dormancy is defined as the failure of a viable  factors; the phytohormone gibberellic acid (GA), as well as cold
seed to germinate under suitable conditions (Bewley, 1997,  gyratification (CS) and hydrogen peroxide (H.O») treatments, are

Baskin and Baskin, 2004). Seed dormancy level is usually  gormancy-releasing factors (Bentsink et al., 2006; Liu et al.,
assessed by measuring the germination rate of a population of

seeds under suitable conditions during after-ripening storage

(Soppe and Bentsink, 2020). Both dormancy establishment and Published by the Molecular Plant Shanghai Editorial Office in association with
release can impact eventual germination rates, and both Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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2010, 2020; Arc et al., 2012; Debska et al., 2013; Xiang et al.,
2014, 2016; Née et al., 2017a).

After the release of dormancy, seeds can initiate germination un-
der suitable conditions through an ordered series of morphoge-
netic processes, starting with uptake of water by the quiescent
dry seed (imbibition), followed by embryo expansion, and ending
in radicle protrusion (germination) (Bewley, 1997). Embryo
expansion is the result of cell elongation rather than cell division
in the radicle-adjacent transition zone and lower hypocotyl
(Sliwinska et al., 2009; Bassel et al., 2014), which is largely
dependent on the expression of diverse cell-wall-modifying
gene families, including the a-EXPANSIN (EXPA) gene subfamily
(Cosgrove, 1998; 2000; Holdsworth et al., 2008; Xu et al., 2020).
Some EXPAs (EXPA1-3, EXPA8-10, EXPA13, EXPA15, and
EXPAZ20) are specifically and highly expressed in imbibed seeds
and can be dramatically induced by dormancy-breaking factors
like GA and H,O., during seed imbibition (Schopfer, 2001;
Zhong et al., 2015; Xu et al., 2020). Dissecting the expression
regulation mechanism of these EXPAs during imbibition is
therefore critical for understanding the mechanism of dormancy
release. However, how seeds transduce external dormancy-
breaking signals into downstream EXPA expression remains
unknown.

Recently, emerging evidence has revealed that one hub of the
mitogen-activated protein kinase (MPK) cascades, the MKK3-
centered cascade, is crucial for control of seed dormancy.
MKK3 has been identified as the causal gene for a major
dormancy QTL in barley and wheat and as a dormancy regu-
lator in rice (Nakamura et al., 2016; Torada et al., 2016; Mao
et al., 2019). However, the precise mechanism by which
MKK3 regulates seed dormancy in these crops remains
largely unknown. MPK cascades are highly conserved
signaling pathways that act downstream of signal receptors/
sensors and transduce signals into intracellular events by
phosphorylating their substrates, which may play various
roles in different biological processes. A canonical MPK
cascade consists of three-tiered sequential phosphorylation
from MPK kinase kinases (MKKKs) to MPK kinases (MKKs)
and finally to MPKs (Tena et al., 2001; Asai et al., 2002;
Rodriguez et al.,, 2010; Xu and Zhang, 2015; Zhang and
Zhang, 2022). There are 20, 10, and approximately 80 MPKs,
MKKs, and MKKKs, respectively, in Arabidopsis (Colcombet
and Hirt, 2008). Therefore, the regulatory networks of MPK
cascades are extremely complex. The MKK3-centered cascade
includes MKKK16-18 and MKKK20 as its upstream MKKKs
and the group C MPKs (MPK1-2, MPK7, and MPK14) as its
downstream MPKs (Doczi et al., 2007; Lee et al., 2008;
Danquah et al., 2015; Matsuoka et al., 2015; Colcombet
et al., 2016; Benhamman et al., 2017; Choi et al., 2017; Bai
and Matton, 2018). Interestingly, the upstream signal
molecules that activate the MKK3-mediated cascade include
ABA and H,O, (Doczi et al., 2007; Danquah et al., 2015),
which have opposite roles in the control of seed dormancy.
The relationship between ABA and MKKS3 is subtle: several
reports have shown that MKK3 affects ABA signaling but
has inconsistent results among different tissues and
developmental processes, such as seed germination, root
growth, and leaf senescence (Hwa and Yang, 2008; Danquah
et al.,, 2015; Matsuoka et al., 2015; Choi et al., 2017). This
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suggests that the role of the MKK3 cascade in ABA signaling
is complex and that inconsistencies may be due to different
downstream substrates in distinct tissues. However, there are
only a few reports on downstream substrates of the MKK3-
mediated cascade. Some have suggested that the transcription
factor (TF) MYC2, which is phosphorylated by MKK3-activated
MPK6, may be a substrate of the MKK3-mediated cascade
(Takahashi et al., 2007; Sethi et al., 2014). However, this
hypothesis has recently been challenged, as MPK6 has been
demonstrated to be an indirect downstream MPK of MKK3
(Doczi et al., 2007; Matsuoka et al., 2015; Sozen et al., 2020).
Therefore, it is crucial to identify the substrates of the direct
interacting MPKs in the MKK3-mediated cascade to gain a bet-
ter understanding of its signaling mechanisms and its role in the
control of seed dormancy.

Many studies have reported that several ethylene response fac-
tors (ERFs) are substrates of MPK cascades (Popescu et al.,
2009; Cao et al., 2018; Lv et al., 2021). The ERFs belong to a
plant-specific TF family with at least 122 members (Nakano
et al., 2006), which have diverse functions in response to
various signals in Arabidopsis. Among these members, ERF4
may be involved in the control of seed dormancy because it
interacts antagonistically with MYB52 to control seed coat
mucilage, which is related to seed dormancy (Debeaujon et al.,
2000; Zhang et al., 2020; Ding et al., 2021). ERF4 harbors a
single AP2/ERF DNA binding domain in its N-terminal region
and an ERF-associated amphiphilic repression motif in its C-ter-
minal region, which enable it to bind to the GCC box of its target
genes and repress their expression (Fujimoto et al., 2000; Ohta
et al.,, 2001; Yang et al., 2005). The identified targets of ERF4
include three pectin methylesterase inhibitor genes (PMEI13-
15), SUBTILISIN-LIKE SERINE PROTEASE 1.7 (SBT1.7), and
the cell-cycle gene CYCLIN A2;3 (CYCAZ2;3) (Ding et al., 2021,
2022). Few of these genes have been reported to have direct
functions in the control of seed dormancy. Whether ERF4 has
other substrates involved in dormancy control remains to be
determined.

In our previous study, we identified six mutants (odr7 to odr6) that
rescue the dormancy-reducing phenotype of rdo5-2 and re-
ported a role for ODR1 in the regulation of seed dormancy (Liu
et al., 2020). In the present study, we confirm that odr2 is a
knockout allele of MKK3 in the rdo5-2 background. Our work re-
veals that MKK3 and its direct downstream kinase MPK7 act as a
functional module that positively controls dormancy release. The
MKK3-MPK7 module is activated by dormancy-breaking condi-
tions and subsequently transduces the signal downstream to
facilitate EXPA-promoted embryo expansion. Further work iden-
tified ERF4, which interacts with and is phosphorylated by MPK?7,
as a direct substrate of this module. ERF4 negatively regulates
dormancy release and embryo expansion by directly binding to
the GCC box in the exons of EXPAs and repressing their expres-
sion during seed imbibition. Moreover, MPK7 regulates ERF4 sta-
bility through phosphorylation, leading to its rapid degradation via
a 26S proteasome-dependent pathway. Our results reveal how
the MKK3-MPK7-ERF4 signaling chain transduces external
dormancy-breaking signals into the cell nucleus of the embryo.
These findings reveal the mechanism by which a dormant seed
is awakened by environmental signals. Our work can provide
theoretical guidance for the creation of crops with suitable



Please cite this article in press as: Chen et al., The MKK3-MPK7 cascade phosphorylates ERF4 and promotes its rapid degradation to release seed
dormancy in Arabidopsis, Molecular Plant (2023), https://doi.org/10.1016/j.molp.2023.09.006

MKK3-MPK7-ERF4 axis regulates seed dormancy

dormancy characteristics by gene editing and other bioengi-
neering technologies in the future.

RESULTS

The MKK3-MPK7 module negatively regulates seed
dormancy

In our previous study, we identified six mutants (odr7 to odr6) in
the rdo5-2 background with enhanced dormancy levels and re-
ported the role of ODR1 in the regulation of seed dormancy (Liu
et al.,, 2020). Here, we continued this study and focused on
ODR2. The odr2 mutant, which rescues the dormancy-reducing
phenotype of rdo5-2, has a 1-bp deletion in the second exon of
the MKK3 (AT5G40440) locus that causes a premature stop
codon (supplemental Figure 1A and 1B). To confirm that MKK3
is indeed ODR2, we obtained the mkk3-1 mutant, a loss-of-
function mutant of MKK3 in the Col-0 background (Doczi et al.,
2007; Takahashi et al., 2007), and produced the mkk3-1 rdo5-2
double mutant by crossing. Germination assays showed that
loss of MKK3 function significantly enhances seed dormancy
and rescues the rdo5-2 phenotype (Figure 1A), confirming that
MKK3 is ODR2 and negatively regulates seed dormancy. After
storage for 26 weeks, the mkk3-1 seeds could germinate
completely (Figure 1A), confirming that the dormancy-
enhancing phenotype was not due to a loss of seed vitality.

The Group C MPKs (MPK1, MPK2, MPK7, and MPK14) have
been identified as direct downstream MPKs of MKK3 (Doczi
et al.,, 2007), prompting us to investigate their roles in the
control of seed dormancy. We obtained homozygous T-DNA
insertion mutants for each MPK, except for mpk7, for which
we generated three knockout mutants (named mpk7_ko1 to
ko3) using the CRISPR-Cas9 genome-editing technique
(supplemental Figure 1C). Germination assays revealed that all
three mpk7 mutants exhibited significantly enhanced seed
dormancy levels, whereas the other MPK mutants were similar
to wild-type Col-0 (Figure 1B). To investigate the possibility of
functional redundancy, we constructed various combinations
of double and triple mpks mutants and found that knockout of
MPK?7 is necessary to enhance seed dormancy level
(Figure 1C). Furthermore, RNA-seq and microarray data analysis
showed that MPK7 had the highest expression level among the
four MPKs in both developing and germinating seeds (Figure 1D;
supplemental Figure 1D). These results revealed the critical role
of MPK7 among the four MPKs in regulation of seed dormancy.
The MKK3-MPK7 cascade therefore constitutes a critical mod-
ule in seed dormancy regulation of Arabidopsis. To confirm
this hypothesis, we generated homozygous mutants with sin-
gle-copy T-DNA insertions for MKK3OE (35Spro-MKK3-GFP)
and MKK3EEOE (35Spro-MKK3EE-GFP; EE, S235E and T241E,
a constitutively active mutant form of MKK3; Doczi et al,
2007) in the Ler background and MPK7OE (35Spro-MPK7-
GFP) in the Col-0 background. We selected three independent
lines of each transgenic material for a seed dormancy assay.
The results showed that overexpression of MKK3 and MPK7
significantly reduced seed dormancy levels (Figure 1E and 1F).
Interestingly, overexpression of MKK3EE dramatically increased
seed germination ability (Figure 1G), implying that the kinase
activity of MKK3 was important for its function in seed
dormancy regulation.

Molecular Plant

The MKK3-MPK7 module acts downstream of
dormancy-breaking factors and independently of
dormancy-establishment factors

The phytohormone GA plays a crucial role in dormancy release. To
determine whether the dormancy-enhancing phenotypes of
mkk3-1 and mpk7_ko3 could be restored by exogenous GA, we
performed germination assays with GA treatment. The results
showed that the germination abilities of the mutants could not
be effectively recovered by GA application and that they were
less sensitive to GA-induced dormancy breaking than wild-type
Col-0 (Figure 2A). Moreover, expression of GA homeostasis-
related genes in dry and imbibed mutant seeds was in general
not significantly different from that of Col-0 seeds (supplemental
Figure 2A). These results suggest that the MKK3-MPK7 module
is required for GA-triggered dormancy breaking and does not
regulate seed dormancy through the GA metabolism pathway.
Another effective method for breaking seed dormancy is CS,
which activates GA biosynthesis (Yamauchi et al., 2004). Similar
to GA treatment, CS treatment did not effectively recover the
germination abilities of mkk3-1 and mpk7_ko3, and these mutants
were less sensitive to CS than wild-type Col-0 (Figure 2B). This
result indicates that the MKK3-MPK7 module is also required
for CS-induced dormancy breaking. Overall, these results sug-
gest the possibility of a common signal molecule that activates
the MKK3-MPK?7 cascade upon GA and CS treatments.

H»0O,, a pivotal regulator of dormancy release, can be produced
rapidly during seed imbibition and further accumulates in
response to GA and CS treatments (Oracz et al., 2009; Leymarie
et al., 2012; Bailly, 2019; Jurdak et al., 2022). Moreover, H,O,
treatment can activate MPK7 by MKK3 in Arabidopsis
protoplasts (Doczi et al., 2007). We therefore hypothesized that
H>O, might be the signal molecule that activates the MKK3-
MPK?7 module during seed imbibition. To test this hypothesis,
we investigated whether the MKK3-MPK7 module was required
for H,O,-triggered dormancy breaking. As expected, both mu-
tants showed less sensitivity to H,O, treatment than wild-type
Col-0 (Figure 2C). We also examined the responses of transcript
and protein abundance in the MKK3-MPK7 module to these
dormancy-releasing conditions. gRT-PCR and immunoblot re-
sults indicated a slight effect on RNA and protein abundance
(supplemental Figure 2B; Figure 2D). We then examined the
kinase activity of MPK7 in response to these conditions by
detecting activated MPK7 using an anti-pTEpY antibody (Jalmi
and Sinha, 2016). The results showed that all conditions
significantly increased the kinase activity of MPK7 by two- to
three-fold (Figure 2E). These data suggest that the MKK3-MPK7
module works downstream of H,O,, as well as downstream of
the GA and CS treatments that produce H,O,. The data also high-
lighted the importance of MPK7 kinase activity in this module.

We also assessed the relationship between the MKK3-MPK7
module and some important dormancy-establishment factors,
such as ABA, DOGT1, and RDO5. ABA is essential for seed
dormancy establishment and exhibits bidirectional interactions
with  MKK3-mediated cascades (Hwa and Yang, 2008;
Danquah et al., 2015; Matsuoka et al., 2015; Née et al., 2017a;
Choi et al., 2017). To clarify the interaction between the MKK3-
MPK7 module and ABA signaling in seed dormancy regulation,
we compared ABA sensitivity and dormancy levels of mkk3-1
and mpk7_ko3 mutants with those of a knockout mutant
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Figure 1. The MKK3-MPK7 module negatively regulates seed dormancy.

(A-C) Germination assays with seeds from different genetic backgrounds. The germination rates were calculated after 7 days of incubation under 16-
h light/8-h dark (23°C/20°C) conditions. Data are represented as means + SD of at least six independent replicates. Each dot represents the value from
one replicate. Lowercase letters indicate statistically distinct groups (p < 0.05, Student’s t-test).

(D) Expression levels of MKK3, MPK1, MPK2, MPK7, and MPK14 in freshly harvested dry and 6-h imbibed seeds detected by RNA-seq assays.
Expression levels are represented as TPM (transcripts per million). Data are represented as means + SD of three independent replicates. Each dot

represents the value from one replicate.

(E-G) Germination assays with seeds from overexpression lines of MKK3"T (E), MPK7"T (F), and MKK3EE (G). The germination rates were calculated
after 7 days of incubation under 16-h light/8-h dark (23°C/20°C) conditions. Data are represented as means + SD of three independent replicates.
Lowercase letters indicate statistically distinct groups (p < 0.05, Student’s t-test). The right y axis indicates the expression level of MKK3 (E or G) and

MPK7 (F) in overexpression lines. See also supplemental Figure 1.

(@ahg1-5) of AHG1, a critical negative component of the ABA
signaling pathway and a seed dormancy regulator (Nishimura
et al., 2007; Née et al., 2017b). Our findings revealed that the
ABA sensitivity of mkk3-1 and mpk7_ko3 was higher than that
of Col-0 but significantly weaker than that of ahg7-5 (Figure 2F).
However, the seed dormancy levels of mkk3-1 and mpk7_ko3
were similar to or even higher than that of ahg1-5 (Figure 2G).
Furthermore, expression levels of core ABA signaling
components were very similar between the two mutants and
Col-0 (supplemental Figure 2A). These findings collectively
suggest that, in the context of suitable germination conditions
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that do not involve exogenous ABA application, the effect of the
MKK3-MPK7 module on ABA signal transduction may not be
as significant as that of core ABA signaling components such
as AHG1. Therefore, the slightly altered ABA signaling observed
in mkk3-1 and mpk7_ko3 may not be the primary contributor to
their pronounced enhancement of seed dormancy.

DOG1 and RDO5 are master regulators of seed dormancy estab-
lishment, and their expression levels during seed maturation are
both correlated with seed dormancy levels (Nakabayashi et al.,
2012; Xiang et al., 2014). Many genes control seed dormancy
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Figure 2. The MKK3-MPK7 module acts downstream of dormancy-breaking factors and independently of dormancy-establishment
factors.

(A-C) Germination assays showing the response of mkk3-1 and mpk7_ko3 to dormancy-breaking factors during seed germination. Freshly harvested
seeds were imbibed in water containing the indicated concentrations of GA (A) or H,O, (C) or were pre-imbibed at 4°C for the indicated number of days
before transfer to normal conditions (B). The germination rates were calculated after 7 days of incubation under 16-h light/8-h dark (23°C/20°C) con-
ditions. Data are represented as means + SD of eight independent replicates. Each dot represents the value from one replicate. Lowercase letters indicate
statistically distinct groups (p < 0.05, Student’s t-test).

(D) MPK?7 protein abundance in response to dormancy-breaking factors as detected in immunoblot assays using MPK7 antibody. Protein samples were
extracted from Col-0 seeds after 24 h of treatments with the indicated conditions. ACTIN was used as an internal reference. Numbers below the image
show the gray value ratio of the MPK7 band compared with the ACTIN band as calculated with Imaged.

(E) Response of MPK7 kinase activity to dormancy-breaking factors. Recombinant His-MPK?7 protein was incubated with seed protein solutions for
kinase reactions; the extraction buffer was used as a control. Abundance of His-MPK7 and phosphorylated His-MPK7 was detected with anti-His and
anti-pTEpY antibodies, respectively. Numbers are the gray value ratios of the phosphorylated His-MPK7 band compared with the His-MPK7 band as
calculated with ImagedJ. The ratio in DS was normalized as “1.”

(F and G) ABA sensitivity during germination (F) and seed dormancy levels (G) of mkk3-1, mpk7_ko3, and ahg1-5. In (F), after-ripened seeds were sown
onto '/, MS plates containing the indicated concentration of ABA. In (G), after-ripening seeds were imbibed with water. The germination rates were
calculated after 7 days of incubation under 16-h light/8-h dark (23°C/20°C) conditions. Data are represented as means + SD of eight independent
replicates. Each dot represents the value from one replicate. Lowercase letters indicate statistically distinct groups (p < 0.05, Student’s t-test).

(H) The abundance of RDO5 and DOGH1 in freshly harvested mkk3-1 seeds detected by immunoblot assays. The abundance of DOG1, RDO5, and ACTIN
was detected with anti-DOG1, anti-RDO5, and anti-plant actin antibodies, respectively, and ACTIN was used as an internal reference. In (D), (E), and (H), a
representative image of three replicates with similar results is shown. DS, dry seeds; IS, seeds imbibed in water; GA, seeds imbibed in 100 uM GA; CS,
seeds imbibed in water at 4°C; H,0,, seeds imbibed in 0.3% H,0,. See also supplemental Figure 2.

by regulating DOG1 expression levels (Mortensen and Grasser,
2014; Bryant et al., 2019; Li et al., 2019; Chen et al., 2020).
However, our results showed that expression of DOG7 and
RDOS5, including their RNA and protein levels, were not
obviously changed in the mkk3-1 mutant (supplemental
Figure 2C; Figure 2H). Furthermore, MKK3 did not interact
with either DOG1 or RDO5 in a yeast two-hybrid assay
(supplemental Figure 2D). Therefore, the MKK3-centered
cascade involved in dormancy regulation is probably indepen-
dent of DOG1/RDOS5. Collectively, these results imply that the
MKK3-MPK7 module mainly plays its role during dormancy
release rather than dormancy establishment.

that the induction of nine EXPAs (EXPAT1-3, EXPA8-10,
EXPA13, EXPA15, and EXPA20) during seed imbibition was sup-
pressed in mkk3-1 and mpk7_ko3 (Figure 3A; supplemental
Dataset 1). These EXPAs are highly expressed during seed
imbibition, dramatically induced by GA and H,O, treatments,
and essential for cell expansion (Cosgrove, 2000; Muller et al.,
2009; Zhong et al., 2015; Xu et al., 2020). We confirmed this
finding using qRT-PCR and found that induction of most of
these EXPAs by dormancy-breaking treatments was also sup-
pressed in both mutants (Figure 3B). Therefore, we speculated
that these EXPAs act as downstream effectors of the MKK3-
MPK7 module. To test this hypothesis, we measured cell length
in the radicle-adjacent transition zone and lower hypocotyl during
seed imbibition and calculated cell elongation rates (Sliwinska
et al., 2009; Bassel et al., 2014). We found that loss of MKK3
and MPK?7 function hindered EXPA-promoted cell elongation in

The MKK3-MPK7 module affects and relies on
downstream EXPAs in releasing dormancy

To identify potential effectors downstream of the MKK3-MPK7
module, we carefully analyzed our RNA-seq data and found

both zones after 6 and 12 h of imbibition (Figure 3C).
Overexpression of some of these EXPAs (EXPA1, EXPA8-9,
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Figure 3. The MKK3-MPK7 module affects and relies on downstream EXPAs in breaking dormancy.

(A) Heatmap showing changes in expression of EXP family members in dry and 6-h imbibed seeds of mkk3-1 and mpk7_ko3 compared with Col-0 seeds.
The heatmap is based on logy(fold change) values from RNA-seq.

(B) Expression of EXPAs in mkk3-1 and mpk7_ko3 seeds after 6 h of treatment with different dormancy-breaking factors detected by qRT-PCR. ACTIN8
was used as an internal reference. Data are represented as means + SD of three independent replicates. * Indicates statistically distinct groups (p < 0.05,
Student’s t-test) relative to Col-0. DS, dry seeds; IS, seeds imbibed in water; GA, seeds imbibed in 100 uM GA; CS, seeds imbibed in water at 4°C; H,O,,
seeds imbibed in 0.3% H,0,.

(C) Cell elongation rate of the radicle-adjacent transition zone and lower hypocotyl of mkk3-1 and mpk7_ko3. The average cell elongation rate was
calculated by dividing the relative values of cell elongation after 6- or 12-h imbibition by the cell length at 0 h. Four plants of each genotype were used as
biological replicates. For each plant, three to four embryos were measured to capture the variability within the genetic material. Within each embryo, the
lengths of five individual cells were measured to obtain representative data. Lowercase letters indicate statistically distinct groups (p < 0.05, Student’s
t-test).

(D) Germination assays with seeds overexpressing EXPA1 in the mpk7_ko3 background. The germination rates were calculated after 7 days of incubation
under 16-h light/8-h dark (23°C/20°C) conditions. Data are represented as means + SD of 10 independent replicates. Each dot represents the value from
one replicate. Lowercase letters indicate statistically distinct groups (p < 0.05, Student’s t-test). See also supplemental Figure 3.

EXPA13, and EXPA15) resulted in a dormancy-attenuating
phenotype (supplemental Figure 3A). We then overexpressed
EXPA1 and EXPA13 in the mpk7_ko3 mutant and rescued its
dormancy-enhancing  phenotype to varying degrees
(Figure 3D; supplemental Figure 3B). These findings
demonstrate that the MKK3-MPK7 module facilitates embryo
expansion during seed imbibition by promoting expression of
these EXPAs.

ERF4 is a substrate of MPK7

We speculated that the kinase MPK7 controls gene expression
through its substrates, which may be TFs. To identify potential
substrates, we performed a yeast two-hybrid screen with an Ara-
bidopsis TF library using MPK7 as bait. Several positive TFs were
identified, including the ethylene-responsive element binding
factor ERF4, which is highly expressed in seeds and controls
seed coat mucilage adhesiveness, a trait related to seed
dormancy (Debeaujon et al., 2000; Zhang et al., 2020; Ding
et al., 2021). We confirmed the interaction between MPK7 and

6 Molecular Plant 16, 1-16, November 6 2023 © 2023 The Author.

ERF4 in vitro using direct yeast two-hybrid and GFP pull-down
assays (Figure 4A and 4B). To further confirm the interaction
in vivo, we performed co-immunoprecipitation (Co-IP) assays
using seeds from transgenic plants expressing a YFP-ERF4
fusion protein driven by the 12S promoter (Wang et al., 2016).
The results demonstrated that YFP-ERF4 interacts with MPK7
in seeds (Figure 4C).

To determine whether ERF4 is also a substrate of MPK7, we per-
formed a non-radioactive in vitro labeling assay (Leissing et al.,
2016). The results of this assay showed that recombinant His-
MPK?7 could phosphorylate His-ERF4 (Figure 4D). A sequence
analysis identified three potential serine (S) phosphorylation
sites in ERF4 (898, S109, and S173) (Sharrocks et al., 2000).
We mutated all three serine residues to alanine (A) in the
recombinant His-ERF4"* protein to mimic the non-
phosphorylated state of ERF4 and found that the mimic
protein was not phosphorylated by His-MPK7 (Figure 4D).
This strongly suggests the conservation and significance of the
phosphorylation sites. Together, these results indicate that
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Figure 4. The transcription factor ERF4 is a substrate of MPK7.

(A) Yeast two-hybrid assays confirm that MPK7 interacts with ERF4 in yeast. 2D, double-dropout medium lacking Leu and Trp. 4D, quadruple-dropout
medium lacking Ade, His, Leu, and Trp. X, 4 mg/ml X-a-Gal. A, 200 ng/ml AbA.

(B) GFP pull-down assays detect the interaction between GST-MPK7 and GFP-ERF4 in vitro. GST-MPK7 and GST-RDO5 were incubated with and pulled
down by the GFP-ERF4-bound beads. GST-RDO5 was used as a negative control.

(C) Co-IP assays detect the interaction between MPK7 and YFP-ERF4 in vivo. Before protein extraction, seeds were incubated in protein enrichment
buffer containing MG132 for 12 h. A transgenic line expressing the YFP-DOG1 fusion protein driven by the DOG1 native promoter was used as a negative
control.

(D) Non-radioactive in vitro labeling assays show that ERF4 is phosphorylated by MPK7. A diagram shows the exact location of the three potential
phosphorylation sites mutated from Ser (S) to Ala (A) in ERF4**, The recombinant His-MPK7 protein was activated by GFP-MKK3 and subsequently
incubated with His-ERF4 or its non-phosphorylated mimic protein His-ERF4** in kinase reactions containing ATPyS or p-nitrobenzyl mesylate (PNBM).
ATP+yS and PNBM were used to thiophosphorylate ERF4 and alkylate the potential thiophosphoryl group on ERF4, respectively. The thiophosphorylated
proteins were detected by an anti-thiophosphate ester (TPE) antibody. In (A)~(D), a representative image of three replicates with similar results is shown.

ERF4 is a direct substrate of MPK7 and suggest that MPK7 may
regulate seed dormancy by phosphorylating ERF4, which may in
turn regulate the expression of downstream genes.

ERF4 is a dormancy regulator that suppresses embryo
expansion

To investigate the role of ERF4 in regulating seed dormancy, we
performed germination assays using two ERF4 knockout
mutants (erf4-1 and erf4-2) (Ding et al., 2021), as well as
transgenic lines constitutively expressing YFP-ERF4 in seeds.
The two knockout mutants had reduced dormancy levels,
whereas the overexpression lines showed enhanced seed
dormancy (Figure 5A and 5B), indicating that ERF4 positively
regulates dormancy. To confirm that ERF4 plays a role during
seed imbibition, similar to the MKK3-MPK7 module, we used
a transgenic line that can induce ERF4 expression upon B-estra-
diol treatment (Coego et al., 2014). We observed that increased
expression of ERF4 during imbibition led to decreased
germination rates (Figure 5C), confirming the repressive role of
ERF4 in germination.

A previous study has shown that ERF4 regulates the adhesive-
ness of seed coat mucilage during imbibition (Ding et al., 2021),
suggesting that the seed coat might contribute to the regulation
of dormancy by ERF4. To assess whether the embryo
also makes a contribution, we performed a crossing test.
Interestingly, germination of F1 seeds from the cross %erf4-1 x
38Col-0 (homozygous erf4-1 seed coat and heterozygous
embryo) was indistinguishable from that of ?Col-0 x J3Col-0
(supplemental Figure 4), indicating that the embryo plays a
major role in the regulation of dormancy by ERF4.

We then measured cell length in the radicle-adjacent transition
zone and lower hypocotyl and calculated cell elongation rate to
investigate whether ERF4 affected cell expansion during seed imbi-
bition, similar to the MKK3-MPK7 module. The elongation rate of
the erf4-1 mutant was three- to four-fold higher than that of Col-
0 and nearly eight-fold higher than that of the mkk3-1 and
mpk7_ko3 mutants after 12 h imbibition (Figure 5D). This result
indicates that ERF4 and the MKK3-MPK7 module control cell
expansion in opposite directions. We also observed that the initial
cell length of the erf4-1 embryo was shorter than that of Col-
0 (Figure 5D), consistent with a previous report that ERF4
increases cell size by suppressing the expression of cell-cycle
genes such as CYCA2;3 (Ding et al., 2022). However, our RNA-
seq data showed that most of these cell-cycle genes were ex-
pressed at extremely low levels in seeds and were not affected
by ERF4 (supplemental Figure 5; supplemental Dataset 2). Thus,
ERF4 may control cell elongation in the seed embryo through the
EXPAs rather than the cell-cycle genes. Overall, our results indicate
that ERF4 plays a critical role in regulating seed dormancy and em-
bryo cell elongation, potentially through an EXPA-mediated
pathway.

ERF4 directly binds to EXPAs and suppresses their
expression

To test this hypothesis, we examined the expression of
EXPAs in dry and imbibed seeds of erf4-1 and Col-0. Expres-
sion of EXPA1-3, EXPA8-10, and EXPA15 was significantly
increased in erf4-1 (Figure 6A; supplemental Dataset 2),
suggesting that ERF4 may inhibit their expression. ERF4
typically binds to the GCC box of its targets and suppresses
their expression (Fujimoto et al., 2000; Ohta et al., 2001; Yang
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Figure 5. ERF4 is a dormancy regulator that suppresses embryo expansion.

(A and B) Germination assays with seeds from erf4-1 and erf4-2 (A) or ERF4 overexpression lines (B). The rdo5-2 mutant was used as a non-dormant
control in (A). The germination rates were calculated after 7 days of incubation under 16-h light/8-h dark (23°C/20°C) conditions. Data are represented as
means + SD of at least six independent replicates. Each dot in (A) represents the value from one replicate. Lowercase letters indicate statistically distinct
groups (p < 0.05, Student’s t-test). The right y axis in (B) indicates the expression level of ERF4 in overexpression lines.

(C) Induced expression of ERF4 during imbibition reduces seed germination. After-ripened seeds were sown onto '/, MS plates containing the indicated
concentrations of B-estradiol. “0” refers to the plate containing the solvent in which B-estradiol was dissolved, which was used as a mock control. The
germination rates were calculated after 7 days of incubation under 16-h light/8-h dark (23°C/20°C) conditions. Data are represented as means + SD of
three independent replicates. The right y axis shows the expression level of ERF4 after B-estradiol induction.

(D) Cell length and average cell elongation rate of the radicle-adjacent transition zone and lower hypocotyl of Col-0, mkk3-1, mpk7_ko3, and erf4-1. The
length of at least 60 cells from each genotype was measured after 0-, 6-, and 12-h imbibition. Each dot represents the value from one cell. Numbers
represent the average cell elongation rates, which were calculated by dividing the relative values of cell elongation after 6- or 12-h imbibition by the cell

length at 0 h. See also supplemental Figures 4 and 5.

et al., 2005; Ding et al., 2021, 2022). Through genome sequence
analysis, we identified GCC box motifs in the exon regions of
EXPA1, EXPA8, EXPA9, EXPA13, and EXPA15, and we
performed a chromatin immunoprecipitation (ChlP)-gPCR
assay to verify ERF4 binding to these motifs in vivo. The
results showed that ERF4 associates with the GCC box motifs
of these EXPAs (Figure 6B and 6C). These binding sites were
consistent with an in vitro binding assay from the Plant
Cistrome database (supplemental Figure 6) (O’Malley et al,
2016). We also performed an electrophoretic mobility shift
assay (EMSA) to verify their direct binding and confirmed that
recombinant His-ERF4 protein bound directly to these se-
quences (Figure 6B and 6D). Collectively, our results
demonstrate that ERF4 can bind directly to GCC boxes in the
exons of these EXPA genes and inhibit their expression.

Phosphorylation of ERF4 by MPK7 promotes ERF4
degradation to releases its inhibitory effect on

EXPA expression and seed germination

During the Co-IP experiment, detection of YFP-ERF4 in 12S-
EYFP-ERF4 transgenic seeds was challenging without pre-
treatment with a buffer containing MG132, suggesting that
ERF4 may be prone to degradation in seeds. We hypothesized

8

Molecular Plant 16, 1-16, November 6 2023 © 2023 The Author.

that phosphorylation of ERF4 by MPK7 might regulate its degra-
dation, similar to that triggered by phosphorylation of ERF13 by
MPK14 (Lv et al., 2021), a member of the same subfamily as
MPK?. To investigate this possibility, we performed a series of
cell-free degradation assays (Koyama et al., 2013). Initially, we
incubated recombinant His-ERF4 protein with a seed protein
extract solution with or without the proteasome inhibitor
MG132 for 0-60 min to determine its degradation rate. In the
absence of MG132, the abundance of His-ERF4 declined
sharply after 15 min and disappeared completely after 30 min.
However, addition of MG132 significantly delayed this degrada-
tion (Figure 7A), confirming that ERF4 degradation is rapid and
dependent on the 26S proteasome. We next generated His-
ERF4" and His-ERF4PPP fusion proteins to mimic non-
phosphorylated and phosphorylated ERF4 by mutating the
three putative serine (S) phosphorylation sites (S98, S109,
and S173) to alanine (A) or aspartic acid (D), respectively. In
similar cell-free degradation assays, the His-ERF4PPP protein
degraded the fastest, followed by His-ERF4"T, but a significant
residual amount of His-ERF4*"* protein was still present
within the tested time window (Figure 7B), indicating that
phosphorylation promotes ERF4 degradation. Finally, we
investigated whether loss of MKK3 or MPK7 function affects
the degradation rate of ERF4 by incubating the same amount
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Figure 6. ERF4 directly binds to EXPAs and suppresses their expression.
(A) Heatmap showing changes in expression of EXP family members in dry and 6-h imbibed erf4-1 seeds compared with Col-0 seeds. The heatmap is

based on log,(fold change) values from RNA-seq.

(B) Diagrams showing the locations of the regions detected in (C) and the probe sequences used in (D). The gene structure is graphed to scale. Blue
box, exon; cyan box, intron; lavender box, 5/3' UTR. The detected regions are indicated by A, B, and C, and region B contains the GCC box. Bar,

500 bp.

(C) Detection of GFP-ERF4 binding sites on EXPAs by ChIP-gPCR assays. DNA samples were extracted from 7-day-old seedlings that consti-
tutively expressed GFP-ERF4 driven by the 35S promoter. Col-0 was used as a negative control, and ACTIN2 was used as an internal reference.
The expression value of region A in Col-0 of replicate one was normalized as “1.” Data are represented as means + SD of three independent

replicates.

(D) EMSA assays confirm the binding of ERF4 to the EXPA genes in vitro. Probes were labeled with 6-carboxy-fluorescein (FAM). The corresponding
probes without labels (cold competitors) were used as a control. Representative images of three replicates with similar results are shown. See also

supplemental Figure 6.

of His-ERF4 protein with protein solutions extracted from Col-0,
mkk3-1, and mpk7_ko3 seeds. The results showed that both
mkk3-1 and mpk7_ko3 mutant extracts significantly delayed
the degradation of ERF4 (Figure 7C). Together, these results
suggest that phosphorylation of ERF4 by the MKK3-MPK7
module regulates its degradation.

To solidify the genetic linkage, we generated the homozygous dou-
ble mutant mpk7_ko3 erf4-1 to verify whether ERF4 acts down-
stream of MPK?7 in regulating seed dormancy. We compared the
dormancy levels of Col-0, mpk7_ko3, erf4-1, and mpk7_ko3 erf4-
1 and found that loss of ERF4 function significantly attenuated
the enhanced dormancy level of mpk7_ko3 (Figure 7D).
Moreover, we compared the expression levels of EXPAs in
imbibed seeds from different genetic backgrounds and found
that, similar to its effects on seed dormancy, loss of ERF4
function restored the reduced EXPA expression in mpk7_ko3
(Figure 7E). It is important to emphasize that lack of ERF4
function did not completely restore seed dormancy levels and
expression of most EXPAs in the mpk7_ko3 background to
match those of the wild type. This observation strongly suggests
that additional downstream regulatory factors are influenced by
MPK?7. Collectively, these results suggest that phosphorylation of
ERF4 by MPK7 promotes ERF4 degradation and thus releases
its inhibitory effect on EXPA expression and seed germination.

DISCUSSION

Seeds have only one chance to germinate, and they have evolved
complex ways to determine the optimal time for germination.
Seed dormancy can prevent seed germination, enabling plants
to avoid subsequent unsuitable conditions. During seed storage,
seeds sense the surrounding environment and transduce these
signals to adjust their dormancy state in order to commence their
new life under optimal conditions. Therefore, seed plants should
have evolved fate switches to determine their fate (Bassel, 2016).

Here, we make the case that the MKK3-MPK7 cascade, along
with its downstream target ERF4, constitutes a fate switch that
governs the transition from seed dormancy to germination. In
our proposed model (Figure 7F), seeds produce certain signal
molecules when they encounter suitable conditions for seed
germination, and these activate the MKK3-MPK7 module
(Figure 2A-2E), which subsequently phosphorylates ERF4
(Figure 4), leading to its rapid degradation (Figure 7A-7C). This,
in turn, relieves the suppressive effect of ERF4 on the
expression of several EXPAs (EXPA1, EXPA8, EXPA9, and
EXPA15) (Figures 3 and 6) that are critical for promoting cell
expansion during seed imbibition (Cosgrove, 1998; 2000;
Schopfer, 2001; Holdsworth et al., 2008; Zhong et al., 2015; Xu
et al.,, 2020). The MKK3-MPK7-ERF4-EXPA axis is mainly
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Figure 7. Phosphorylation of ERF4 by MPK7 promotes ERF4
degradation to releases its inhibitory effect on

EXPA expression and seed germination.

(A-C) Cell-free degradation assays detect the degradation kinetics of His-
ERF4.
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involved in the process of dormancy breaking and is distinct from
the pathway(s) controlled by ABA and DOG1/RDOS5 (Figure 2F-
2H; supplemental Figure 2), which are mainly involved in the
process of dormancy establishment (Bentsink et al., 2006;
Nakabayashi et al., 2012; Xiang et al., 2014; Née et al., 2017a;
Soppe and Bentsink, 2020).

We propose that H,O, may be one of the upstream signaling mol-
ecules that activate the MKK3-centered cascade. Seeds produce
a significant amount of H,O, during imbibition and after-ripening,
as well as after GA and CS treatments (Oracz et al., 2009; Leymarie
etal., 2012; Bailly, 2019; Jurdak et al., 2022). H,O, can activate the
MKK3-MPK7 module (Figure 2E; Doczi et al., 2007), and the
MKK3-MPK7 module is required for the response to these
dormancy-breaking conditions or treatments (Figure 2A-2C). In
addition, in vivo assays have demonstrated that H,O, can also
activate MPK1 and MPK2 (Ortiz-Masia et al., 2007), which are
direct downstream MPKs of MKK3. However, it is still unclear
how H,O, can activate the MKK3-centered cascade. One
possible approach to address this question is to investigate the
relationship between H,O, and MKKKs upstream of MKK3. Previ-
ous studies have shown that MKKS3 interacts with six of the eight
clade Il MKKKs in Arabidopsis (Danquah et al., 2015; Matsuoka
et al.,, 2015; Colcombet et al., 2016). Therefore, future studies
could focus on clade Il MKKKs to investigate the relationship
between H,O, and activity of these MKKKs.

(A) His-ERF4 protein was incubated with seed protein extracted from Col-
0, with or without 50 uM MG132, for the indicated times.

(B) His-ERF4, His-ERF4”**, and His-ERF4PPP were incubated with seed
protein extracted from Col-0 for the indicated times.

(C) His-ERF4 protein was incubated with seed protein extracted from
Col-0, mkk3-1, and mpk7_ko3 for the indicated times. The abundance of
His-MPK7 was detected with an anti-His antibody. Numbers indicate the
relative gray value of the His-MPK7 band calculated with ImageJ. The
value of the sample “0 min” was normalized as “1.” A representative
image of three replicates with similar results is shown. The internal control
confirmed that the protein extract solutions from Col-0, mkk3-1 (m3), and
mpk7_ko3 (m7) had the same protein quantities. Protein extraction buffer
was used as a negative control (NC).

(D) Germination assays with seeds from different genetic backgrounds.
The germination rates were calculated after 7 days of incubation under 16-
h light/8-h dark (23°C/20°C) conditions. Data are represented as means +
SD of at least six independent replicates. Each dot represents the value
from one replicate. Lowercase letters indicate statistically distinct groups
(p < 0.05, Student’s t-test).

(E) Expression of EXPAs in imbibed seeds of Col-0, mpk7_ko3, erf4-1, and
mpk7_ko3 erf4-1 detected by gqRT-PCR. ACTIN8 was used as an internal
reference. Data are represented as means + SD of three independent
replicates. Lowercase letters indicate statistically distinct groups
(o < 0.05, Student’s t-test).

(F) A working model of the MKK3-MPK7-ERF4-EXPA axis in dormancy
breaking. Under conditions unsuitable for seed germination (left panel),
ERF4 binds to the GCC boxes in the exons of some EXPAs and inhibits
their transcription. The seeds maintain their dormant state. Under condi-
tions suitable for seed germination (right panel), cells generate the signal
molecule H,O, which activates the MKK3-MPK7 module. The activated
module phosphorylates ERF4, leads to its degradation, and relieves its
suppressive effect on expression of the EXPAs. The EXPAs then promote
cell expansion in the radicle-adjacent transition zone and lower hypocotyl,
which leads to radicle protrusion. Therefore, MKK3-MPK7-ERF4 works
as a fate switch that is flipped on by signal molecules produced under
conditions suitable for seed germination, thereby governing the transition
from seed dormancy to germination.



Please cite this article in press as: Chen et al., The MKK3-MPK7 cascade phosphorylates ERF4 and promotes its rapid degradation to release seed
dormancy in Arabidopsis, Molecular Plant (2023), https://doi.org/10.1016/j.molp.2023.09.006

MKK3-MPK7-ERF4 axis regulates seed dormancy

Our findings suggest that MPK? is the predominant direct down-
stream MPK of MKKS3 in seed dormancy regulation of Arabidopsis
(Figure 1B-1D; supplemental Figure 1D). In rice, MPK14 is also
considered to be a downstream MPK of MKKS in regulation of
seed dormancy (Mao et al., 2019). Given their high sequence
similarity, we hypothesize that MPK14 may share some
common substrates with MPK7 (Hamel et al., 2006) and may
thus participate in dormancy regulation like MPK7, as seed-
specific overexpression of MPK14 can reduce seed dormancy
(Li et al., 2019). However, in Arabidopsis, the contribution of
MPK14 to seed dormancy regulation is much lower than that of
MPK7: MPK14 expression in seeds is extremely low, and the
mpk14 mutant displays no dormancy-related phenotypes
(Figure 1B-1D; supplemental Figure 1D). In addition, because
the phenotype of mpk7_ko3 was less pronounced than that of
mkk3-1 in terms of seed germination, gene expression, and cell
elongation (Figures 2A-2C, 2G, and 3A-3C), other MPKs
downstream of MKKS3, including indirect ones, may also play a
role in this dormancy-breaking pathway. For example, although
MPKB8 did not interact directly with MKK3 in yeast two-hybrid as-
says (Docziet al., 2007; Lee et al., 2008), it can be activated by the
MKK3-mediated cascade and promote seed germination
(Takahashi et al., 2011; Zhang et al., 2019). Therefore, it is
MKKS3, rather than upstream MKKKs or downstream MPKs,
that is the center of this functional module. This is consistent
with previous findings, which indicated that MKK3 is the causal
gene for the major dormancy QTL of barley and wheat
(Nakamura et al., 2016; Torada et al., 2016).

In our study, we identified the novel seed dormancy
regulator ERF4, which regulates the release of dormancy during
seed imbibition by acting downstream of MPK7 (Figures 4, 5,
and 7). We found that ERF4 suppresses the expression of
several EXPAs that facilitate embryo expansion during seed
imbibition by binding to GCC box motifs in their exons
(Figure 6; supplemental Figure 6). Our results provide further
experimental support for previous reports suggesting that cis-
acting elements in the exon region rather than the promoter
region also regulate gene expression (de Vooght et al., 2008;
Zhao et al., 2015; Ding et al., 2021). ERF4 has been reported to
interact with TCP15 and inhibit its promotion of gene
transcription (Ding et al., 2022). TCP15 and its homolog
TCP14 have been shown to directly regulate the expression of
EXPA9 and to rely on EXPA9 in GA-stimulated seed germination
(Xu et al., 2020). Further investigation is required to determine
whether ERF4 regulates EXPA expression through antagonism
with TCP14 or TCP15. Moreover, TCP14 has been reported to
be phosphorylated by MPK8 and to act as a module with MPK8
in promoting seed germination (Zhang et al., 2019). Therefore,
MKK3-MPK7/MPK8, TCP14/TCP15, ERF4, and EXPAs may
form an extraordinarily sophisticated network for regulation of
dormancy breaking and seed germination. Further biochemical
and genetic data are required to clarify their intricate relationship.

Our results highlight the importance of the kinase activity of the
MKK3-MPK?7 module for dormancy regulation. These findings
are consistent with previous observations in wheat and barley,
in which nonsynonymous amino acid substitutions in the kinase
domain of MKK3 affected both kinase activity and seed
dormancy level (Nakamura et al., 2016; Torada et al., 2016).
Our experimental observation that MKK3-MPK7-mediated phos-
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phorylation promotes the degradation of ERF4 is consistent with
previous reports. For example, ERF4-GFP was shown to accu-
mulate in nuclear bodies (Yang et al., 2005), which are
proposed to be sites for protein degradation (Wang et al.,
2001). Immunoblotting analysis using protein extracted from
MG132-treated transgenic plants overexpressing ERF4-HA re-
vealed an upper-shifted band corresponding to ERF4-HA
(Koyama et al., 2013) that may correspond to the
phosphorylated form of ERF4-HA. NtERF3, the tobacco
homolog of ERF4, can be rapidly degraded within 15 min
(Koyama et al., 2013), similarly to ERF4, whose turnover is
about 20-30 min (Figure 7A-7C). Deletion of amino acid
residues 83 to 190 of NtERF3 can slow its degradation through
an unknown mechanism (Koyama et al., 2013). These residues
may contain phosphorylation sites, as this sequence
corresponds to the sequence where phosphorylation sites of
ERF4 were identified in our study. Further studies are needed
to gain a more comprehensive understanding of the
mechanisms of protein degradation across different species,
including the factors that regulate this process and the
signaling pathways involved.

In conclusion, our work reveals the molecular mechanism by
which the MKK3-MPK7-ERF4 module regulates the release of
seed dormancy. This MKK3-centered dormancy-breaking
pathway serves as a crucial mechanism by which seeds can
sense and respond to germination-promoting signals, subse-
quently release dormancy, and initiate seed germination. Impor-
tantly, this pathway appears to be conserved among different
species. It may therefore represent an important adaptive mech-
anism by which seed plants can ensure that their dormant
offspring awaken and begin to grow and reproduce under suit-
able conditions.

METHODS

Plant materials and growth conditions

Arabidopsis thaliana materials used in this study were in the Col-0 or Ler
background. The T-DNA insertion lines were ordered from the Nottingham
Arabidopsis Stock Centre (https://arabidopsis.info/BasicForm) or
AraShare (https://www.arashare.cn). The mapping of ODR2 was
completed in our previous work (Liu et al., 2020) and confirmed by
Sanger sequencing. Details of all genetic materials and primer
sequences used in this study are provided in supplemental Table 1.

Arabidopsis seeds were sown in a soil mixture and grown in a growth
chamber (Hipoint, FH-1300) under a 16-h light/18-h dark cycle (23°C/
20°C) with 55%-60% humidity. Freshly harvested seeds were immedi-
ately used for seed dormancy and germination assay or stored in a cabinet
(Huayuxiandai, HYXD-180KWS) under constant conditions (dark, 50%
humidity, 22°C) for after-ripening treatment.

Seed dormancy and germination assays

Seed dormancy levels were evaluated by measuring germination rates un-
der suitable conditions during after-ripening storage (Soppe and Bentsink,
2020). The seeds were sown onto water-saturated filter papers, placed
into a transparent moisturized container, and incubated in a germination
cabinet (Hipoint, FH-650) for 7 days. The suitable germination conditions
referred to in this study were a 16-h light/8-h dark (23°C/20°C) cycle with
55%-60% humidity. Radicle protrusion was used as the germination indi-
cator. For GA treatment, filter papers were saturated with water containing
different concentrations of GA. For CS treatment, containers were incu-
bated in a 4°C refrigerator for different durations. For the H,O, treatment,
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seeds were pre-imbibed in water containing different concentrations of
H-O, for 6 h before being transferred to water-saturated filter papers.
For ABA and B-estradiol treatments, seeds were sown on ', MS plates
containing different concentrations of ABA or B-estradiol.

Plasmid construction and plant transformation

The full-length coding sequences (CDSs) of ERF4, RDO5, and MPK7 were
amplified and cloned into the pGEX4T1 or pET28a vector to express GST-
tagged or His-tagged fusion proteins in Escherichia coli, respectively. The
fusion PCR method was used for site-directed mutagenesis of ERF4 and
MKK3. The EGFP sequence was inserted into the pPCAMBIA1305 vector to
construct p1305-GFP. Subsequently, the CDSs of ERF4, MKK3, and the
indicated EXPAs were amplified and cloned into the p1305-GFP vector
to create constructs expressing GFP-tagged fusion proteins driven by
the 35S promoter in Arabidopsis or Nicotiana benthamiana. CDSs of the
prey and bait genes were inserted into the pGADT7 or pGBKT7 vector,
respectively, for yeast two-hybrid assays.

The pCAMBIA1300-pYAO-Cas9-AtU6-26-sgRNAMPK” plasmid was con-
structed following the instructions of the pYAO-based CRISPR-Cas9 sys-
tem (Yan et al., 2015) to generate genome-edited knockout lines of MPK7
in the Col-0 background. The 12S-EYFP-ERF4 plasmid was constructed
following the instructions of the GreenGate system (Lampropoulos
et al., 2013) to generate lines with seed-specific overexpression of the
YFP-ERF4 fusion protein. The pFAST-R05-MKK3/MKK355/MPK7 plasmid
was constructed following the instructions of the FAST system (Shimada
et al., 2010) to generate overexpression lines of MKK3, MKK3FE, and
MPK7. Sequences of all constructs were confirmed by Sanger
sequencing. Supplemental Table 1 lists all primers used for construction.

All binary constructs were introduced into Agrobacterium tumefaciens
strain GV3101 (WEIDI, AC1001) for Arabidopsis transformation by the flo-
ral dip method (Clough and Bent, 1998). T3 homozygous single-insertion
lines were selected for further analysis.

qRT-PCR and RNA-seq analyses

Total RNA was extracted from freshly harvested dry or 6-h imbibed seeds
using the FastPure Plant Total RNA Isolation Kit (Vazyme, RC401) accord-
ing to the manufacturer’s instructions. For gqRT-PCR assays, the RNA
sample was treated with DNase | to remove residual genomic DNA and
served as the template for reverse transcription using the HiScript Ill 1st
Strand cDNA Synthesis Kit (Vazyme, R312-01). Quantitative real-time
PCR was performed using ChamQ Universal SYBR qPCR Master Mix (Va-
zyme, Q711). Relative gene expression was analyzed using the 2724
method with ACTINS (AT1G49240) as an internal reference. For RNA-
seq analysis, library preparation and paired-end, 150-bp sequencing
were completed at Novogene Biotech (Beijing, China) using an lllumina
NovaSeq 6000 instrument. The raw data were analyzed as described in
our previous work (Li et al., 2022): first, low-quality sequences were
removed using fastp (version 0.20.0, -z 4-q 20 -u 30 -n 10); second, clean
reads were mapped to the Arabidopsis reference genome using HISAT2
(version 2.1.0); third, featureCounts (version 2.0.1) was used to count
the reads with the parameters -p -t exon -g gene_id; fourth, the raw counts
were normalized with DESeqg2 (version 1.34.0) to compare gene expres-
sion between different samples. The transcripts per million value was
used to represent RNA abundance of a particular gene in order to elimi-
nate statistical biases among various samples (Li and Dewey, 2011;
Wagner et al., 2012).

Protein expression, extraction, and purification

The BL21 (DE3) strain was used to express GST- or His-tagged fusion pro-
teins in E. coli, and GFP-tagged fusion proteins were expressed in
N. benthamiana. For protein expression in BL21, an overnight culture of
BL21 harboring corresponding expression constructs was diluted in 200
ml LB medium. The culture was grown at 37°C to an ODggq of 0.6-0.8, sup-
plemented with 1 mM IPTG, and shaken for another 3 h. Cells were har-
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vested by centrifugation at 4000 g and 4°C for 15 min. For protein expres-
sion in tobacco, the GV3101 strain harboring the corresponding
expression constructs was transfected into tobacco leaves as described
previously (Sparkes et al., 2006). After 1-3 days of culture, fluorescent
areas detected with a portable GFP excitation light source (LUYOR,
3415RG) were cut out and treated as indicated. The successfully ex-
pressed E. coli or tobacco samples were quickly frozen in liquid nitrogen
and stored at —80°C until further extraction.

For proteins extracted from E. coli, the cell pellets were resuspended us-
ing lysis buffer (140 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,4, 1.8 mM
KH,PO,4 [pH 7.3] for GST-tagged fusion proteins; 20 mM phosphate
buffer, 500 mM NaCl, 10 mM imidazole [pH 7.4] for His-tagged proteins)
and disrupted with a high-pressure cell disruptor (JNBIO, JN-02C). For
proteins extracted from tobacco or Arabidopsis, samples were ground
in liquid nitrogen and suspended in the indicated extraction buffer. All
cell debris was removed by centrifugation at 12 000 g and 4°C for
20 min. The supernatant was collected for subsequent purification.

Proteins were purified using Ni?* Magarose beads (Solarbio, M2300) for
His-tagged proteins, GST resin (TransGen, DP201-01) for GST-tagged
proteins, and anti-GFP nanobody Magarose beads (Ktsm, KTSM1334)
for GFP-tagged proteins following the users’ manuals. Protein concentra-
tions were measured with a Bradford Protein Assay Kit (GBCBIO,
G3155-1) and adjusted to 0.5-1 ng/ul using Protein Concentrators
(Thermo Scientific, 88513) with the indicated exchanging buffer.

Quantitative analyses of protein abundance

Protein samples were extracted from seeds with seed protein extraction
buffer (100 mM Tris—Cl [pH 7.5], 6 M urea, 2 M thiourea, 0.05% [v/v] Triton
X-100, 0.2% [w/V] sarcosyl, 2 mM DTT). Protein abundance was quanti-
fied by immunoblotting using the corresponding specific antibody. The
anti-DOG1 and anti-RDO5 antibodies were raised in rabbits by YOUKE
(Shanghai, China), and the anti-MPK7 antibody (Doczi et al., 2007) was
purchased from PhytoAB (PHY0866A). As an internal reference, the abun-
dance of plant actin was detected using an anti-plant actin antibody (Af-
finity, TOO15). Protein abundance was quantified from the gray value of
the band using Imaged software (https://imagej.net/ij/).

Quantitative analyses of MPK7 protein activity

The total proteins were extracted from Col-0 seeds using protein extrac-
tion buffer (50 mM Tris—HCI [pH 7.5], 150 mM NaCl, 1% [v/v] Triton X-100,
50 uM MgCl,, 1 mM DTT, 1 mM ATP, protease inhibitor cocktail [Yeasen,
20124ES03], phosphatase inhibitor cocktail [Yeasen, 20109ES05]). The
buffer in which His-MPK?7 or total protein was dissolved was exchanged
for a kinase buffer (50 mM Tris—HCI [pH 7.5], 10 mM MgCl,, 1 mM DTT,
1 mM ATP) using Protein Concentrators (Thermo Scientific, 88513). The
kinase reaction was performed by incubating the His-MPK7 protein
(2 ng) with total protein at 37°C for 30 min and terminated by adding an
equal volume of 2x SDS loading buffer. Phosphorylated His-MPK7 was
detected by immunoblotting using an anti-pTEpY antibody (Promega,
V8031). The abundance of His-MPK?7, detected with an anti-His antibody
(Proteintech, 66005-1-Ig), was used as an internal reference. Protein
abundance was quantified from the gray value of the band using ImageJ
software. MPK7 activity was quantified by calculating the gray value ratio
of pTEpY to His using ImagedJ software.

Measurement of cell length

Seeds were imbibed on water-saturated filter papers under suitable con-
ditions. Embryos were dissected from their seed coats with forceps using
a microscope (Olympus, SZX7). Isolated embryos were stained in 10 uM
propidium iodide for 10 min and then rinsed in water. Samples were trans-
ferred to slides, and photos were taken using a confocal microscope (Le-
ica, SP8). The radicle-adjacent transition zone and lower hypocotyl region
were determined as described previously (Sliwinska et al., 2009). For
measurement of cell length, four plants of each genotype were
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measured as biological replicates. For each plant, three to four embryos
were measured to capture the variability within the genetic material.
Within each embryo, the lengths of five individual cells were measured
to obtain representative data.

Yeast two-hybrid assays

The CDSs of DOG1, RDO5, and MPK7 were inserted into the pGBKT7
vector as bait, and those of MKK3, RDO5, DOG1, and ERF4 were inserted
into the pGADT?7 vector as prey. The yeast strain Y187 (WEIDI, YC1020S)
was used for yeast transformation, which was performed using a Frozen-
EZ Yeast Transformation Il Kit (Zymo Research, T2001) following the
user’s manual. For the yeast two-hybrid library screen, construction of
the TF library in Arabidopsis and screening of the yeast two-hybrid library
were completed by OE Biotech (Shanghai, China).

GFP pull-down assays

A bead mixture containing the GFP-ERF4 protein was incubated with the
GST-MPK7 and GST-RDO5 protein at 4°C for 3 h. The pull-down reaction
was stopped by resuspending the beads in 1x SDS loading buffer after
washing them five times. The proteins were detected by immunoblotting
with anti-GST (TransGen, HT601-01) and anti-GFP (TransGen, HT801-
01) antibodies.

Co-IP assays

Seeds of the indicated genetic materials were imbibed in protein enrich-
ment buffer (50 mM MES [pH 5.7], 0.05% [v/v] Tween 20, 50 uM
MG132) for 12 h. Total proteins were extracted using protein extraction
buffer (50 mM Tris—HCI [pH 7.5], 150 mM NaCl, 1% [v/v] Triton X-100, pro-
tease inhibitor cocktail [Yeasen, 20124ES03], 50 uM MG132). The Co-IP
reaction was performed by incubating the total protein with anti-GFP
nanobody Magarose beads (Ktsm, KTSM1334) for 3 h at 4°C and stopped
by resuspending the beads in 1x SDS loading buffer after washing them
five times. The proteins were detected by immunoblotting with anti-GFP
(TransGen, HT801-01) and anti-MPK7 (PhytoAB, PHY0866A) antibodies.

Non-radioactive in vitro labeling assays

Recombinant His-MPK7, His-ERF4, and His-ERF4*** were purified from
BL21. The GFP-MKK3 fusion protein was expressed in tobacco leaves
and extracted after 0.3% H,O, treatment for 30 min. The His-MPK7 pro-
tein was pre-activated by activated GFP-MKK3 before the non-
radioactive labeling assay. In brief, His-MPK7 immobilized on beads
were incubated with activated GFP-MKKS3 in a kinase buffer (50 mM
Tris=HCI [pH 7.5], 10 mM MgCl,, 1 mM DTT, 1 mM ATP) at 37°C for
30 min. Residual GFP-MKK3 was removed by extensively washing the
active His-MPK7-bound beads and confirmed with a portable GFP exci-
tation light source (LUYOR, 3415RG). The eluted active His-MPK7 was
then used to perform non-radioactive in vitro labeling assays as described
previously, with minor modifications (Leissing et al., 2016). In brief, the
thiophosphorylation reaction was performed by mixing 200 ng active
His-MPK7 with 1 pg His-ERF4 or His-ERF4** in a kinase reaction con-
taining 1 mM ATPyS (Abcam, ab138911) for 1 h and stopped by adding
20 mM EDTA. The alkylation reaction of the thiophosphorylated substrate
was performed by adding 2.5 mM PNBM (Abcam, ab138910) in 5% (v/v)
DMSO for 2 h and stopped by adding an equal volume of 2x SDS loading
buffer. The thiophosphorylated proteins and the His-MPK7 protein were
detected by anti-TPE (Abcam, ab92570) and anti-His (Proteintech,
66005-1-lg) antibodies, respectively, and His-MPK7 was used as a
loading control.

ChIP-gPCR assays

ChIP was performed as described previously, with minor modifications
(Gendrel et al., 2005). Seven-day-old seedlings of 35S-GFP-ERF4:erf4-1
with detectable GFP signal were sampled. Samples were cross-linked
with 1% formaldehyde for 15 min under a vacuum, and the reaction was
stopped with a final concentration of 0.125 M glycine for 5 min. After the
sample was ground into a homogeneous powder, chromatin was isolated
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and sheared to 300-1000 bp by sonication. Immunoprecipitation was per-
formed with an anti-GFP antibody (Abcam, ab290) and protein A/G beads.
The cross-linking was then reversed, and the immunoprecipitated DNA
was recovered and analyzed by gPCR with specific primers
(supplemental Table 1).

EMSAs

Recombinant His-ERF4 fusion protein was purified from BL21. The 6-
carboxy-fluorescein (FAM)-labeled double-stranded DNAs (FAM probes)
were generated by annealing two primers whose sequence information
is listed in supplemental Table 1. Probes without labels were used as
cold competitors. EMSAs were performed according to the instructions
of the LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scientific,
20148). Fluorescence images were obtained with a Multispectral laser
imager (Amersham Typhoon, FLA 9500).

In vitro degradation assays

The cell-free degradation assay was performed as described previously,
with some modifications (Koyama et al., 2013). A solution containing
eluted proteins was exchanged for a buffer containing 20 mM Tris and
100 mM NaCl. To prepare the extract solution, 15 mg of seeds were
ground in liquid nitrogen, suspended in degradation buffer (50 mM Tris—
HCI [pH 7.5], 10 mM NaCl, 10 mM MgCl,, 5 mM dithiothreitol, 2 mM
ATP, protease inhibitor cocktail [Yeasen, 20124ES03], phosphatase inhib-
itor cocktail [Yeasen, 20109ES05]), and centrifuged at 12 000 g and 4°C
for 30 min. The supernatant was the cell extract solution. The degradation
assay was performed by incubating aliquots containing 1 ng recombinant
protein and 800 g cell extract protein with or without an additional 50 uM
MG132 at 37°C for the indicated time periods. The reaction was termi-
nated by adding an equal volume of 2x SDS loading buffer. The proteins
were detected by immunoblotting with anti-His antibody (Proteintech,
66005-1-Ig).
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