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Salt stress activates theCDK8-AHL10-SUVH2/
9 module to dynamically regulate salt
tolerance in Arabidopsis

Pengcheng Guo 1,4, Leelyn Chong1,4, Zhixin Jiao1, Rui Xu1, Qingfeng Niu 2 &
Yingfang Zhu 1,3

Salt stress has devastating effects on agriculture, yet the key regulators
modulating the transcriptional dynamics of salt-responsive genes remain lar-
gely elusive in plants. Here, we discover that salt stress substantially induces
the kinase activity of Mediator cyclin-dependent kinase 8 (CDK8), which is
essential for its positive role in regulating salt tolerance. CDK8 is identified to
phosphorylate AT-hook motif nuclear-localized protein 10 (AHL10) at serine
314, leading to its degradation under salt stress. Consistently, AHL10 is found
to negatively regulate salt tolerance. Transcriptome analysis further indicates
that CDK8 regulates over 20% of salt-responsive genes, half of which are co-
regulated by AHL10. Moreover, AHL10 is revealed to recruit SU(VAR)3-9
homologs (SUVH2/9) to AT-rich DNA sequences in the nuclear matrix-
attachment regions (MARs) of salt-responsive gene promoters, facilitating
H3K9me2 deposition and repressing salt-responsive genes. Our study thereby
has identified the CDK8-AHL10-SUVH2/9 module as a key molecular switch
controlling transcriptional dynamics in response to salt stress.

Soil salinization poses a number of harmful effects to plants. High
concentrations of sodium (Na+) and chloride (Cl-) ions can cause leaf
yellowing, delayed flowering, height reduction, and even death to
plants1. To cope with salt stress, plants have evolved various adaptive
mechanisms2,3. One of these mechanisms includes the conserved salt
overly sensitive (SOS) signaling pathway comprising SOS3, SOS2, and
SOS1 proteins. Aside from activating the SOS pathway to maintain ion
homeostasis at the cellular level, plants also utilize the SOS proteins to
reorganize cytoskeleton and root architecture in response to salt
stress4–11. Another salt stress response mechanism involves the
LRX3/4/5-RALF22/23-FERmodule, which can integrate plant hormones
such as jasmonic acid (JA), salicylic acid (SA), and abscisic acid (ABA) to
modulate plant growth and salt tolerance12–14. Transcription factors
(TFs) that are known to be highly inducible by salt stress include the
dehydration-responsive element binding protein 2 (DREB2A),

ArabidopsisNACdomain-containing protein 40 (ANAC040) andWRKY
DNA-binding protein 75 (WRKY75)15–17. These elements works in con-
cert to turn on a myriad of stress-responsive genes to help the plant
adapt and survive in high-salt environments. Despite these knowledge,
there remains a significant gap in our understanding of the main reg-
ulatory mechanisms that govern the salt stress response in plants.

One critical aspect of gene regulation is the Mediator complex.
The Mediator is a large, multi-subunit protein complex that regulates
transcription at the level of RNA Polymerase II (RNA Pol II)
assembly18–20. This complex consists of 25-30 subunits, which are
divided into distinct modules including the head, middle, tail, and
cyclin-dependent kinase 8 (CDK8) modules. The Mediator complex
acts as an essential bridge, transducing regulatory signals from TFs to
the transcriptional machinery to induce or repress target gene
expression21. A particularly noteworthy subunit of the Mediator
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complex is CDK8, which has been shown to play positive roles in plant
immunity, ABA signaling and drought responses in plants. Through
interacting with diverse TFs, CDK8 is able to modulate stress-
responsive genes22–26. However, the specific substrates of CDK8 and
the molecular mechanisms by which it regulates the transcription of
stress-responsive genes remain elusive.

One key player in this process is the AT-Hook Motif Nuclear
Localized (AHL) family of TFs. These proteins contain two character-
istic AT-HOOK motifs that allow them to bind to AT-rich regions of
DNA and a Plant and Prokaryote Conserved (PPC) domain27. Several
membersof theAHL family have been reported toplay important roles
in organ development, flowering, defense responses, and maintaining
the balance between stress adaptation and growth28–31. Importantly,
AHL proteins are thought to be localized within the nuclear matrix,
concentrated at the boundaries between euchromatin and hetero-
chromatin regions. In this position, they are poised to bind to matrix
attachment regions (MARs), which are genomic sequences abundant
in AT motifs that are typically associated with transcriptional
repression32. Through these interactions, AHLs could potentially reg-
ulate chromatin structure, histonemodifications, and the transcription
of stress-responsive genes33,34. Recent studies have shown that stress
signaling pathways can regulate the activity of AHL proteins to mod-
ulate the balance between stress adaptation and growth in plants35. In
particular, AHL10 has emerged as a key player, whose activity is
regulated through phosphorylation, ultimately affecting the chroma-
tin association of the regulatory protein RRP6L136. However, the pre-
cise mechanisms governing AHL10 activity remain to be investigated.
The upstream kinases responsible for phosphorylating and regulating
AHL10protein stability, suchas the potentially important CDK8kinase,
need to be elucidated.

In the context of histone modifications, SUV(VAR)3-9 homologs
(SUVHs) in Arabidopsis are a family of 10 proteins that play a key role in
catalyzing themethylation of histoneH3 at lysine 9 (H3K9me2)37. Three
members of this family, SUVH4, SUVH5, and SUVH6 (SUVH4/5/6), have
been reported to directly catalyze the demethylation of H3K9 and
enhance the methylation of DNA at CHG sites38. Meanwhile, two other
SUVH proteins, SUVH2 and SUVH9 (SUVH2/9), lack intrinsic histone
methyltransferase activity but still can repress gene expression through
a process known as RNA-directed DNA methylation (RdDM)39,40. Inter-
estingly, recent studies have shown that SUVH2/9 can recruit the
SUVH4/5/6 proteins, thereby affecting H3K9me2 levels41. Furthermore,
the significant reduction of H3K9me2 levels observed in suvh2/9 dou-
ble mutants highlights the importance of these interactions42,43. How-
ever, the specific recruitment factors that facilitate the actions of
SUVH2/9 remain poorly characterized, presenting a compelling fron-
tier for further exploration in the field of epigenetic regulation.

In our study, we uncovered a dynamicmolecular switch that plays
a critical role in integrating multiple layers of regulation, including
epigenetic mechanisms for plants responding to salt stress. Our find-
ings indicated that salt stress activates the kinase activity of Mediator
CDK8, which directly interacts with AHL10 and phosphorylates it at
serine 314 (Ser314). This phosphorylation event promotes the degra-
dation of AHL10, thus facilitating salt stress tolerance in plants. Fur-
thermore, our work highlights the dual role of AHL10 in transcription
under salt stress conditions. We found that AHL10 can mediate tran-
scriptional repression by directly binding to MARs with AT-rich
sequences present in the salt-responsive gene promoters. This bind-
ing is significant as it allowsAHL10 to regulateH3K9me2 levels through
the recruitment of epigenetic regulators SUVH2/9. Thus, AHL10 serves
as a crucial player in the transcriptional repression of salt stress-
responsive genes. The intricate mechanism that we identified exem-
plifies that plants can integrate multiple regulatory processes, includ-
ing kinase-mediated phosphorylation, transcriptionalmodulation, and
epigenetic control, to mount a sophisticated response to stresses
imposed by high salinity.

Results
CDK8 positively regulates salt tolerance
CDK8 has been reported to play an important role in plant develop-
ment, immunity and drought stress responses22,24. Its role in salt stress
response, however, remains unclear. To explore this,wefirst examined
the phenotypic effects arising from loss-of-function mutations in
CDK8. Two distinct CDK8 mutant lines (cdk8-1 and cdk8-2) were sub-
jected to salt treatment and compared against a wild-type (WT) con-
trol. The results revealed a striking hypersensitivity within the CDK8
mutant lines. Both mutant lines exhibited significantly more pro-
nounced phenotypic changes under salt stress compared to the WT.
During the seed germination stage, the percentage of green cotyledon
was significantly lower when compared to the WT (Supplementary
Fig. 1a, b). In addition, remarkably shorter primary roots were noted in
the mutants (Fig. 1a, b, Supplementary Fig. 1c). On the other hand,
CDK8 over-expression lines (CDK8-YFP #6 and CDK8-YFP #11) had
higher green cotyledon percentages (Supplementary Fig. 1a, b) and
longer primary roots compared to the WT (Fig. 1a, b, Supplementary
Fig. 1c), indicating that CDK8may play a role in salt stress response. To
further investigate the implications of CDK8 expression on plant sur-
vival under salinity conditions, both WT and over-expression lines
were subjected to salt stress in soil. Approximately 70% of the WT
plants, along with all CDK8 over-expression transgenic plants, mana-
ged to survive the salt treatment. In contrast, the majority of the cdk8
mutants did not withstand the stress (Fig. 1c, d), suggesting that CDK8
is a positive regulator of salt tolerance.

Salt stress enhances the kinase activity of CDK8
We next investigated how salt stress affects CDK8 at the transcription
levels. Quantitative reverse transcription PCR (RT-qPCR) analyses
indicated a slight decrease in CDK8 expression at early time points.
However, a notable increase was observed after 3 h of NaCl treatment
(Supplementary Fig. 2a). Consistently, a significant increase in the GUS
activity driven by the CDK8 promoter was observed in CDK8pro:GUS
transgenic seedlings after NaCl treatment (Supplementary Fig. 2b).
The effect of salt stress on CDK8 protein abundance was then eval-
uated. While the overall levels of the CDK8 protein remained relatively
stable following salt treatment, a significant changewas observed in its
kinase activity (Fig. 1e). This indicates that salt stress may not directly
influence the expression of the CDK8 protein, but it could potentially
modulate its activity. As shown in Fig. 1f, CDK8 exhibited relatively
weak kinase activity under normal conditions. However, there was a
significant enhancement in its activity after salt treatment, highlighting
the involvement of CDK8 in the adaptive mechanisms of Arabidopsis
to salt stress. To check if the kinase activity of CDK8 is required for salt
tolerance, we conducted a comparative analysis of salt phenotypes
among CDK8-MYC and CDK8-KD-MYC (KD: kinase-dead) transgenic
lines in a cdk8 background25. CDK8-MYC was found to successfully
rescue the salt hypersensitivity observed in cdk8 mutants. This was
evidenced by measurements of the primary root length and the per-
centages of green cotyledon. We noted that these data in the CDK8-
MYC/cdk8-1 linewere similar to thoseof theWTgrown in a saltmedium
(Fig. 1g, h, Supplementary Fig. 3a, b, c). However, the expression of the
kinase-dead version ofCDK8 failed tomitigate the salt sensitivity of the
cdk8mutant, suggesting the necessity of the CDK8’s kinase activity in
conferring salt tolerance in Arabidopsis.

CDK8 interactswith andphosphorylatesAHL10under salt stress
conditions
To further elucidate the regulatory role of CDK8 in the salt stress
response ofArabidopsis, weutilized a phosphoproteomics technology
that we recently optimized44,45 and identified putative substrates of
CDK8. While several CDK8 substrates have already been characterized
in eukaryotic systems such as human and yeast cells, only a handful of
CDK8 substrates have been identified in plant systems46,47. This gap in
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knowledge highlights the need for further research. In our investiga-
tion, two independent replicates of the experiment yielded a total of
97 overlapping putative substrates of CDK8 (Supplementary Data 1).
We then focused on validating substrates of interest through the yeast

two-hybrid (Y2H) system. Among the candidates examined, we chose
to investigate AHL10. AHL proteins have been demonstrated to play
vital roles in regulating plant growth and development31. Among these,
AHL10, which belongs to clade B of the AT-hook TF family has been

Fig. 1 | CDK8 positively regulates salt tolerance. a The root growth of the WT,
cdk8-1, cdk8-2 and CDK8-YFP transgenic seedlings grown on ½ MS plates with or
without 0.1M NaCl. b Relative primary root length ratio of the WT, cdk8-1, cdk8-2
and CDK8-YFP transgenic seedlings in (a). Values are means ± SD (n = 15). Different
letters indicate statistically significant differences by one-way ANOVA (Turkey’s
multiple comparisons test, P <0.01). c The salt tolerance phenotype of WT, cdk8-1,
cdk8-2 and CDK8-YFP transgenic seedlings grown in soil. d Survival rate corre-
sponding to (c). Values aremeans ± SD from three biological replications. Different
letters indicate statistically significant differences by one-way ANOVA (Tukey’‘s
multiple comparisons test, P <0.01). e Immunoblots showing the CDK8 protein
abundance under salt stress. Total proteins were extracted from CDK8-YFP

transgenic plants treatedwith 0.2MNaCl for the indicated time. Actinwas used as a
control. f Analysis of CDK8 kinase activity in response to salt treatment. Autop-
hosphorylation of CDK8was examinedusing an anti-thiophosphate ester antibody.
The intensity of each bandwasmeasured using Image J software.gThe root growth
of theWT, cdk8-1, CDK8-MYC/cdk8-1 and CDK8-KD-MYC/cdk8-1 transgenic seedlings
grown on ½MS plates with or without 0.1M NaCl (n = 15). h Relative primary root
length ratio of the WT, cdk8-1, CDK8-MYC/cdk8-1 and CDK8-KD-MYC/cdk8-1
transgenic seedlings in (g). Values are means ± SD (n = 15). Different letters indicate
statistically significant differences by one-way ANOVA (Turkey’s multiple compar-
isons test, P <0.01).
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identified as a crucial member. Through our Y2H assays, we observed
that the full-length AHL10 as well as its C-terminal region 159 to 351
amino acids (aa), exhibited a physical interaction with CDK8. In con-
trast, the N-terminal portion of AHL10 (1-158 aa) did not demonstrate
such an interaction, indicating that the C-terminal domain is crucial for
this association (Fig. 2a). These results thereby suggested that AHL10
could be a significant target of CDK8. Our subcellular localization
assays showed that AHL10 is localized within the nucleus (Supple-
mentary Fig. 4).

To further validate the protein interaction between CDK8 and
AHL10, we employed bimolecular fluorescence complementation
(BiFC) assays and demonstrated that CDK8 and AHL10 interact speci-
fically within the nucleus, as indicated by the reconstitution of fluor-
escent signals in the nuclei of co-expressing cells (Fig. 2b). Their
interactions were also assessed by co-immunoprecipitation (Co-IP)
assays with stable transgenic plants CDK8-MYC, AHL10-GFP, and
AHL10-GFP/CDK8-MYC. The Co-IP results indicated successful pre-
cipitation of CDK8-MYC by AHL10-GFP (Fig. 2c). A luciferase com-
plementation imaging (LCI) assay was further used to complement our
findings.We observed strong LUC signals whenN. benthamiana leaves
were co-infiltrated with CDK8-nLUC and cLUC-AHL10, confirming the
existence of a functional interaction between these two proteins. This
finding was further corroborated by the positive control, where we
observed robust LUC activity with the combination of CDK8-nLUC and
cLUC-Cyclin C (CYCC). In contrast, the negative controls failed to show
any detectable LUC activity, reinforcing the specificity of the interac-
tions we identified. The immunoblot analysis provided additional
validation of the protein expression of each fusion protein observed in
the LCI assays (Fig. 2d).

Following our confirmation of the interaction between the pro-
teins CDK8 and AHL10, we proceeded to investigate how salt stress
influences their interaction. To achieve this, weperformedCo-IP assays
with stable transgenic plants that co-expressed CDK8-MYC and AHL10-
GFP and subjected to conditions with or without salt treatment. Our
results revealed that salt stress enhances the interaction between
CDK8-MYCandAHL10-GFP (Fig. 2e). This enhancement suggested that
salt stress may play an important role in the functional relationship
between CDK8 and AHL10, potentially influencing downstream sig-
naling pathways and stress response mechanisms.

AHL10 negatively regulates salt tolerance
In light of the physical interaction observed between AHL10 and CDK8
under salt stress conditions, we next wanted to confirm whether
AHL10 is involved in the salt stress response.Wefirst isolated the ahl10
mutants in which the T-DNA inserted into the fifth exon of the AHL10
gene, leading to a loss-of-function phenotype ahl10 (SALK_010945).
The homozygosity of the ahl10 mutants was verified by PCR (Sup-
plementary Fig. 5a). In addition, we generated two independent lines
of transgenic plants with overexpressed AHL10-GFP (AHL10-GFP #48
and #61) for comparisons. Immunoblot analysis indicated an expres-
sionof theAHL10-GFP fusionprotein in theAHL10-GFP#48 andAHL10-
GFP #61 transgenic seedlings but not in the WT and ahl10 mutant
seedlings (Supplementary Fig. 5b). RT-qPCR results further showed
that AHL10 expression was significantly up-regulated in AHL10-GFP
#48 and AHL10-GFP #61 transgenic plants but barely discernible in
ahl10 mutants, confirming successful integration and expression of
the transgene (Supplementary Fig. 5c).

We subsequently examined the phenotypes of WT, ahl10 and
AHL10-GFP transgenic plants at the seed germination and young
seedling stages under salt stress. Compared to the WT, ahl10mutants
exhibited enhanced salt tolerance, resulting in higher cotyledon
greening rate (Supplementary Fig. 6a, b) and longer primary root
length (Fig. 3a, b, Supplementary Fig. 7a). In contrast, AHL10-GFP
transgenic plants were hypersensitive to salt treatment, showing
reduced cotyledon greening rate (Supplementary Fig. 6a, b) and

shorter primary root length (Fig. 3a, b, Supplementary Fig. 7a). More-
over, we tested their salt tolerance in soil conditions. As illustrated in
Fig. 3c, d, more than 80% of the ahl10mutant plants survived after salt
treatment in soil, while only less than 60% of the WT and 20% of the
AHL10-GFP transgenic plants survived. To further validate these find-
ings, we utilized CRISPR-Cas9 to create two new ahl10 mutant lines
(ahl10-cri #1 and #7) with 1-bp deletion and 1-bp insertion, respectively
(Fig. 3e). After transferring them to NaCl plates, the new ahl10mutant
lines showed enhanced salt tolerance with longer root length in
comparison to WT (Fig. 3f, g, Supplementary Fig. 7b), which further
indicated that AHL10 has a negative role in salt stress response.

CDK8 specifically phosphorylates the Ser314 of AHL10
Our phosphoproteomics data identified that the serine (Ser) residues
313, 314 and 317 within the AHL10 are potential phosphorylation tar-
gets for CDK8 (Fig. 4a). To determine the phosphorylation sites
influenced by CDK8 on AHL10, we performed an in vitro kinase reac-
tion assay. Following this, we employed mass spectrometry analysis
and our results showed that CDK8 phosphorylates serine 313, 314 and
317 of AHL10 (Supplementary Fig. 8). To determine the specific serine
site in AHL10 that is phosphorylated by CDK8, we purified recombi-
nant proteins MBP-CDK8 and various His-tagged AHL10 variants (His-
AHL10S313A, His-AHL10S314A, His-AHL10S317A, His-AHL10S314A/S317A, and His-
AHL10S313A/S314A/S317A). These variants featured specific mutations where
serine residues were substituted with alanine. Our in vitro phosphor-
ylation assays yielded important insights, revealing that CDK8 can
phosphorylate AHL10, AHL10S313A, AHL10S317A but not AHL10S314A,
AHL10S314A/S317A, and AHL10S313A/S314A/S317A, suggesting that Ser314 is the
critical residue inAHL10 for CDK8-mediatedphosphorylation (Fig. 4b).

Salt stress-induced phosphorylation and degradation of AHL10
requires CDK8
Next, we wanted to investigate whether salt stress could increase the
CDK8-mediated AHL10 phosphorylation because it was demonstrated
to enhance the kinase activity of CDK8. To test this, we generated
AHL10-GFP transgenic lines in both WT and cdk8-1 mutant back-
grounds. We then compared the phosphorylation status of AHL10 in
vivo, utilizing phos-tag gel shift assays to assess the impact of salt
treatment. Our results showed that the transgenic lines in the WT
background exhibited distinct phosphorylation migration bands after
NaCl treatment, suggesting an increase in the phosphorylated form of
AHL10 in response to salt stress. However, the transgenic lines in cdk8
background displayed no discernible migration bands (Fig. 4c), indi-
cating that salt stress-induced phosphorylation of AHL10 is largely
dependent on the kinase activity of CDK8.

We then examined the effectof salt stress on the transcription and
protein levels of AHL10. Our RT-qPCR results showed that the tran-
scription of AHL10 was slightly repressed by salt treatment (Supple-
mentary Fig. 9a). Conversely, we noted a significant decrease in the
abundance of AHL10 protein after salt treatment (Supplementary
Fig. 9b, c). To further understand this phenomenon, we applied the
protein biosynthesis inhibitor Cycloheximide (CHX) to check for pro-
tein stability. We found that salt stress can induce the degradation of
AHL10 and its degradation was inhibited when treated with the 26S
proteasome inhibitor MG132 (Supplementary Fig. 9d), suggesting a
proteasome-dependent pathway for AHL10 turnover under salt stress
conditions. In addition, we also assessed the protein stability of AHL10
in response to mannitol treatment. Interestingly, mannitol treatment
did not significantly affect the protein levels of AHL10 (Supplementary
Fig. 9e, f), implying that the degradation of AHL10 may be a specific
response to salt stress.

Furthermore, we investigated the biological functions of salt-stress
induced AHL10 phosphorylation. We generated transgenic plants
AHL10-GFP/ahl10, AHL10S314A-GFP/ahl10, and AHL10S314D-GFP/ahl10 and
we used immunoblot assays to confirm the expression of those fusion
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Fig. 2 | CDK8 physically interacts with AHL10. a Y2H assays showing the physical
interaction of CDK8 with AHL10. b CDK8 interacts with AHL10 in BiFC assays.
MED18was used as a negative control. Scale bar = 50 µm. c Co-IP assays confirming
theCDK8-AHL10 interaction in vivo. Transgenes expressingCDK8-MYCandAHL10-
GFP alonewere the negative controls.d LCI assays showing the interactionbetween
CDK8 and AHL10 in tobacco leaves. MED18 was used as a negative control. CYCCb

was used as a positive control. Immunoblot confirmed the protein expression of
nLUC and cLUC fusions, as determined with anti-luciferase and anti-cLUC anti-
bodies. e Co-IP assays confirmed that salt stress resulted in enhanced CDK8-AHL10
interactions in vivo. Transgenes expressing CDK8-MYC alone were negative con-
trols. Two independent experiments were conducted with similar results.
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proteins (Supplementary Fig. 10). We subsequently demonstrated that
AHL10 protein was degraded in the AHL10-GFP/ahl10 transgenic seed-
lings under salt treatment as opposed to water treatment (Fig. 4d, h). In
contrast, AHL10S314A-GFP/ahl10 transgenic plants showed disruptions in
this process (Fig. 4e, h). Interestingly, the AHL10S314D-GFP/ahl10 trans-
genic plants showed an even faster rate of protein degradation rate
(Fig. 4f, h), implying that Ser314 phosphorylation is vital for the protein
stability of AHL10 in response to salt stress.

To further study whether CDK8 contributes to the salt stress-
induced protein degradation of AHL10, we generated AHL10-GFP/cdk8
transgenic plants (Supplementary Fig. 10) and conducted protein
degradation experiments. We found that salt-induced degradation of

AHL10 protein was inhibited in the presence of CDK8 mutations
(Fig. 4g, h). This implies that salt-inducedAHL10proteindegradation is
partially dependent on CDK8.

The genetic relationship between CDK8 and AHL10 in the salt
stress response
To investigate the genetic relationship between CDK8 and AHL10, we
generated a cdk8-1 ahl10 double mutant. The cdk8-1 ahl10 double
mutants were verified to be homozygous by PCR (Supplementary
Fig. 11a). Subjecting these mutants to salt treatment, we observed a
marked reduction in the cotyledon greening rates in the double
mutant when compared to both the WT and ahl10 (Supplementary

Fig. 3 | AHL10 negatively regulates salt tolerance. a The root growth of the WT,
ahl10 and AHL10-GFP transgenic seedlings (#48 and #61) grown on ½ MS plates
with or without 0.1M NaCl. b Relative primary root length ratio of the WT, ahl10
andAHL10-GFP transgenic seedlings in (a). Values aremeans ± SD(n = 15). Different
letters indicate statistically significant differences by one-way ANOVA (Tukey’s
multiple comparisons test, P <0.01). c The salt tolerance phenotype of WT, ahl10
andAHL10-GFP transgenic seedlings grown in soil.d Survival rate corresponding to
(c). Values are means ± SD from three independent replicates. Different letters

indicate statistically significant differences by one-way ANOVA (Tukey’s multiple
comparisons test, P <0.01). e Schematic diagram of AHL10-CRISPR types. f The
root growth of the WT, ahl10-cri #1 and ahl10-cri #7 transgenic plants on ½ MS
plateswith orwithout 0.1MNaCl.gRelative primary root length ratio ofWT,ahl10-
cri #1 and ahl10-cri #7 transgenic seedlings in (f). Values are means ± SD (n = 15).
Different letters indicate statistically significant differences by one-way ANOVA
(Tukey’s multiple comparisons test, P <0.01).
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Fig. 11b, c). The primary root length of the double mutant was notably
shorter, paralleling the root length measured in the cdk8-1 single
mutant (Fig. 5a, b, Supplementary Fig. 11d). These growth impairments
highlighted a survival disadvantage for the cdk8-1 ahl10doublemutant
and cdk8 singlemutant,with survival rates thatwere significantly lower

than those of both the WT and the ahl10 mutant in salt-treated soil
(Fig. 5c, d).

To study if the phosphorylation of AHL10 affects salt tolerance, we
generated complementary transgenic lines that carried various mutant
forms of AHL10 under the control of its native promoter

Fig. 4 | CDK8 phosphorylates the Ser314 of AHL10 and promotes its protein
degradation. a The phospho-sites of AHL10 identified from phosphoproteomics
analysis. b Phos-tag mobility shift assays validated the AHL10 phosphorylated
residues. RecombinantMBP-CDK8was incubatedwith different His-AHL10 variants
(His-AHL10S313A, His-AHL10S314A, His-AHL10S317A, His-AHL10S314A/S317A and His-
AHL10S313A/S314A/S317A). c Phos-tag mobility assay showing salt-induced phosphoryla-
tion of AHL10 is partially dependent onCDK8 in vivo. Total proteinswere extracted
from 10-day-old seedlings ofAHL10-GFP/WT and AHL10-GFP/cdk8with andwithout
NaCl treatment. AHL10-GFPprotein was immunoprecipitated byGFP-Trap agarose.
Immunoblots were performed with anti-GFP antibody. Two independent

experiments were conducted with similar results. Immunoblots showing the
AHL10-GFP protein abundance in AHL10-GFP/ahl10 (d), AHL10S314A-GFP/ahl10 (e),
AHL10S314D-GFP/ahl10 (f) and AHL10-GFP/cdk8 (g) transgenic seedlings treated with
or without NaCl. Actin was used as a control. AHL10-GFPwas detected with an anti-
GFP antibody. The intensity of each band was measured using Image J software.
h Relative protein levels of AHL10-GFP in (d–g). Three independent experiments
were provided for the data statistics. Values aremeans ± SD (n = 3). Different letters
indicate statistically significant differences by one-way ANOVA (Tukey’s multiple
comparisons test, *P <0.05, **P <0.01).

Article https://doi.org/10.1038/s41467-025-57806-6

Nature Communications |         (2025) 16:2454 7

www.nature.com/naturecommunications


(Supplementary Fig. 10). We demonstrated that the salt insensitivity of
ahl10 mutants could be restored by AHL10pro:AHL10/ahl10 and
AHL10pro:AHL10S314A/ahl10. The primary root lengths and green coty-
ledonpercentages ofAHL10pro:AHL10/ahl10 andAHL10pro:AHL10S314A/
ahl10 transgenic plants were comparable to the WT under salt treat-
ment. In contrast, AHL10pro:AHL10S314D/ahl10 transgenic plants failed
to complement the salt phenotype of ahl10 mutants (Fig. 5e, f, Sup-
plementary Fig. 12a, b, c), further indicating that Ser314 of AHL10 is
critical for its function in regulating salt tolerance.

CDK8 regulates transcriptional reprogramming of salt stress-
responsive genes
To understand the molecular mechanism by which CDK8 regulates
salt stress response, we usedWT and cdk8-1mutant seedlings treated
with distilled water and NaCl to perform RNA sequencing (RNA-seq).
In theWT, 5,673 genes were identified as salt stress-responsive genes
and 2,155 genes exhibited patterns of differential expression between
the WT and cdk8 mutants after salt stress. Of these, 1,194 genes
overlapped andwe classified them as CDK8-regulated salt-responsive

Fig. 5 | ThephosphorylationofAHL10’s Ser314 is required forCDK8 topromote
salt stress response. a The root growth of the WT, ahl10, cdk8-1 ahl10 and cdk8-1
mutant seedlings on ½ MS plates with or without 0.1M NaCl. b Relative primary
root length ratio of the WT, ahl10, cdk8-1 ahl10 and cdk8-1mutant seedlings in (h).
Values are means ± SD (n = 15). Different letters indicate statistically significant
differences by one-way ANOVA (Tukey’smultiple comparisons test, P <0.01). c The
salt tolerance phenotype of WT, ahl10, cdk8-1 ahl10 and cdk8-1 mutant seedlings
grown in soil. d Survival rate corresponding to (c). Values are means ± SD from
three independent replicates. Different letters indicate statistically significant

differences by one-way ANOVA (Tukey’smultiple comparisons test, P <0.01). e The
root growth phenotype of the WT, ahl10, AHL10p:AHL10S314-GFP/ahl10,
AHL10p:AHL10S314A-GFP/ahl10 and AHL10p:AHL10S314D-GFP/ahl10 transgenic plants
on ½ MS plates with or without 0.1M NaCl. f Relative primary root length ratio of
the WT, ahl10, AHL10p:AHL10S314-GFP/ahl10, AHL10p:AHL10S314A-GFP/ahl10 and
AHL10p:AHL10S314D-GFP/ahl10 transgenic seedlings in (e). Values are means ± SD
(n = 15). Different letters indicate statistically significant differences by one-way
ANOVA (Tukey’s multiple comparisons test, P <0.01).
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genes, accounting for more than 20% of the salt-responsive genes
(Fig. 6a and Supplementary Data 2). According to the heatmap cre-
ated with CDK8-regulated salt-responsive genes, approximately
73.3% of these genes (875) were positively regulated by CDK8,
whereas 26.7% (319) were negatively regulated by CDK8 (Fig. 6b).
Gene Ontology (GO) enrichment analysis further established that
these CDK8-regulated salt responsive genes are mainly enriched in

the response to chemical, response to stimulus and response to
stress (Fig. 6c).

Recent studies have identified several key genes implicated in the
salt stress response, which includeMYB108,MYB15, BHLH92, ANAC40,
and ANAC4248–51. Notably, these genes along with DREB2A and several
ETHYLENE RESPONSIVE FACTOR (ERF) TFs were found to be down-
regulated in cdk8 mutant after salt treatment (Fig. 6d). RT-qPCR was
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performed to further validate these findings, showing that the salt-
induced expression of DREB2A,MYB15 and ANAC040was significantly
suppressed in both the cdk8-1and cdk8-1 ahl10 double mutants
(Fig. 6e). This suppression indicated a positive regulatory role of CDK8
in modulating the transcription of several salt responsive genes. We
also examined the expression patterns of ion-associated proteins
related to salt stress, specifically SOS1,HKT1 and NHX1 in theWT, cdk8
and ahl10 mutants. Our results revealed that salt stress notably
induced the expression of SOS1 and NHX1, but notHKT1 in these three
genotypes (Supplementary Fig. 13).

To further determine the role of AHL10 in salt stress response, we
detected the expression patterns of selected salt stress-responsive
genes in plants expressing different variants of AHL10. Utilizing RT-
qPCR, our analysis revealed that the expression of key salt stress-
responsive genes, DREB2A, MYB15 and ANAC040, was enhanced in
ahl10 and AHL10pro:AHL10S314D transgenic plants. In contrast, the
expression levels of these genes in AHL10pro:AHL10S314 and
AHL10pro:AHL10S314A transgenic plants were comparable to those
observed in WT (Supplementary Fig. 14). These results further
demonstrated that the salt-induced phosphorylation and subsequent
degradation of AHL10 play a pivotal role in actively regulating the
expression of salt stress-responsive genes.

Identification of AHL10 binding motifs and AHL10-CDK8 co-
regulatory target genes
Our study also involved a thorough investigation into the binding
patterns of the AHL10 protein. Chromatin immunoprecipitation
sequencing (ChIP-seq) using AHL10-GFP transgenic plants was per-
formed. To ensure the reliability and robustness of our findings, we
conducted two independent biological replicates of this analysis. In
the first replicate, we identified a total of 14,584 distinct genomic
regions where the AHL10 protein was found to be strongly associated.
The second replicate, carried out under identical experimental con-
ditions, revealed 16,657 AHL10 binding peaks. The close agreement
between these two independent data sets provided a high degree of
confidence in the validity and reproducibility of our results (Fig. 7a).
Notably, over 70%of thesepeaks were located in the promoter regions
(Fig. 7b). These peaks were associated with a total of 12,803 genes, of
which 10,941 genes were identified as having putative AHL10 binding
sites (Supplementary Data 3). GO analysis additionally revealed the
biological functions enriched among the putative target genes of
AHL10. Biological processes of response to stimuli, response to che-
micals, and response to stress were prominently featured. Moreover,
major molecular functions associated with AHL10 binding included
DNA-binding TF activity, transcriptional regulatory activity, transcrip-
tional cis-element region binding, and RNA polymerase II regulatory
region sequence-specific DNA binding were also featured (Supple-
mentary Fig. 15). These findings suggested that AHL10-bound genes
are likely integral to the transcriptional regulation of stress responses.
Furthermore, we identified five top AHL10-binding motifs character-
ized by conserved contiguous T bases, such as motifs (G/A)ATTTT(A/
T)A(A/T)(N)GG (Motif 1), (G/T)ATTTACAA(N)(G/A)(G/A) (Motif 2), (A/
T)TT(T/G)(T/A)(A/T)AAA(G/T)(N)3 (Motif 3) (Fig. 7c). These results
implied that the AHL10 protein preferentially bind with the motifs
containing AT-rich regions.

Recent studies have highlighted the role of AHL proteins in
binding to AT-rich DNA sequences52, particularly in association with
nuclear matrix attachment regions (MARs)33. Based on a previous
report32, we focused on a comprehensive genome-wide analysis to
identify genes containing MARs within the 2,000 bp upstream of their
promoters. This analysis revealed a total of 12,320 genes (Supple-
mentary Data 4). Given that we have demonstrated that CDK8 and
AHL10 can differentially regulate salt tolerance, we aimed to develop
deeper insights into the salt-responsive genes that these two proteins
might coordinate. To achieve this, we used Venn Diagrams to com-
paratively analyze salt stress-responsive genes regulated by CDK8
alongside potential target genes of AHL10, and genes whose pro-
moters containMARs (Fig. 7d).We found that about 46% (554/1,194) of
CDK8-regulated salt stress-responsive gene promoters contained
MARs.Meanwhile, about 47% (568/1,194) of these CDK8-regulated salt-
responsive genes were identified as AHL10-binding genes, showcasing
a significant overlap between these regulatory pathways. Interestingly,
our analysis revealed that about 51% (5,664/10,941) of the identified
AHL10-binding genes also contain MARs, further highlighting the
interconnectednessof these twogenes.We further pinpointed 303 salt
stress-responsive genes as potential co-regulated targets of AHL10 and
CDK8 (Supplementary Data 5). This was supported by RT-qPCR vali-
dation, which demonstrated that the levels of key salt-responsive
genes DREB2A, ANAC040, and MYB15 were differentially expressed in
cdk8 and ahl10 mutants (Fig. 6e).

CDK8 interferes with AHL10-mediated transcriptional repres-
sion of salt-responsive genes
The promoters of the salt-responsive genes DREB2A, ANAC040, and
MYB15 were found to contain MARs and potential AT-rich motifs that
are putative binding sites for AHL10 (Fig. 7e). To explore the interac-
tion between AHL10 and these elements, we utilized an electro-
phoretic mobility shift assay (EMSA). EMSA results confirmed that the
recombinant His-AHL10, rather than MBP-CDK8 protein, was specifi-
cally bound to the FAM-labeled AT-rich oligonucleotide probe in vitro.
This specificity suggests that AHL10 plays a crucial role in recognizing
and interacting with the AT-rich motifs present in the promoter
regions of these genes. At the same time, we found that when His-
AHL10 was co-incubated with MBP-CDK8, a “super-shift”was detected
(Fig. 7f), indicating that AHL10 and CDK8 may form a complex,
potentially enhancing the regulatory effects on the salt-responsive
genes. The formation of the AHL10-CDK8 complex may signify a
coordinated mechanism by which these proteins modulate gene
expression in response to salt stress.

To assess the transcriptional role of AHL10 in regulating those
salt-responsive genes, we conducted dual luciferase reporter assays in
Arabidopsis protoplasts and tobacco leaves. The assays employed
three specific reporter constructs: DREB2Apro:LUC, ANAC040pro:LUC
and MYB15pro:LUC. As effectors, we used 35Spro:AHL10-GFP and
35Spro:CDK8-YFP (Fig. 7g). Our results showed that the co-expression
of AHL10-GFP effector significantly suppressed the LUC activities
associated with all three reporter genes, indicating a strong inhibitory
effect of AHL10 on salt-responsive gene activation. Conversely, the co-
expression of the CDK8-YFP effector led to significant enhancement of
LUC activity across all three reporter constructs (Fig. 7h,

Fig. 6 | Transcriptome analysis of CDK8-regulated salt-responsive genes.
a Volcano plots representing the fold-change of DEGs in the comparison groups of
WT-NaCl-0h vs WT-NaCl-3h and WT-NaCl-3h vs cdk8-NaCl-3h. Red and yellow dots
represent up-regulated and down-regulated genes, respectively (P <0.05, absolute
fold change ≥ 1). Gray dots represent genes without significant changes. Statistical
tests for differentially expressed geneswereperformedbasedonnegative binomial
distribution byDESeq2 software.bVenndiagrams andHeatmap representingDEGs
regulated by CDK8. c Gene Ontology (GO) analysis showing the top 15 enrichment
categories of CDK8-regulated salt-responsive genes. Results of classification in

biological process categories with P values from statistical overrepresentation test
are presented (FDR<0.05). P values are in exponential notation (E + n).dHeatmap
analysis of salt-responsive transcription factors regulated by CDK8. e Relative
expression levels of DREB2A,MYB15 and ANAC040 in WT, cdk8-1, ahl10 and cdk8-1
ahl10mutant plants with or without NaCl treatment. ACTIN2was used as a control.
The expression of the indicated genes in untreated WT was set at 1. Data represent
means ± SD of three technical repeats. Different letters indicate statistically sig-
nificant differences by two-way ANOVA (Tukey’s multiple comparisons
test, P <0.01).
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Supplementary Fig. 16), suggesting that CDK8 plays a key role as a
transcriptional activator. To further determine the effect of CDK8 on
the transcription of AHL10-repressed genes, we explored the co-
expression of AHL10-GFP and CDK8-YFP effectors. Our results
demonstrated that this co-expression can partially relieve the inhibi-
tory effects of AHL10 on the reporter genes (Fig. 7h, Supplemen-
tary Fig. 16).

To explore whether CDK8 and salt stress can affect the binding
affinity of AHL10 to its target promoters, we performed ChIP-qPCR
assays.Our findings unfolded a substantial enrichment of AHL10 at the
promoters of DREB2A, ANAC040 and MYB15 in the AHL10-GFP/WT
transgenic seedlings. However, this enrichment of AHL10 was mark-
edly diminished after salt treatment (Fig. 7i). In contrast, we observed
considerably lower enrichment of AHL10 at those same promoters in
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the AHL10-GFP/cdk8 transgenic seedling. In the cdk8 mutant back-
ground, no significant difference was found in the levels of AHL10
enrichment at those promoters either with or without the salt treat-
ment (Fig. 7j). These results suggested that CDK8 interferes with
AHL10 enrichment at the promoters of its targets.

AHL10 recruits SUVH2/9 to epigenetically regulate the tran-
scription of salt stress-responsive genes via H3K9me2
Knowing thatAHLs canbe involved in chromatinmodification,we next
investigated whether AHL10 could regulate the transcription of salt-
responsive genes through epigenetic mechanisms. Previous reports
have indicated that AHL10 and SUVH9 may ectopically recruit
H3K9me2 to AT-rich transposable elements (TEs), which subsequently
leads to the repression of neighboring genes41. Considering that
SUVH2 and SUVH9 are highly homologous and functionally redun-
dant, we hypothesized that AHL10 may recruit SUVH2 and/or SUVH9
(SUVH2/9) to regulate transcriptional repression. To test our hypoth-
esis, we first examined if AHL10 can interact with SUVH2/9. In our BiFC
assays, we observed YFP fluorescence signals localized in the nucleus
when nYFP-AHL10 was co-transformed with SUVH2/9-cYFP (Fig. 8a),
indicating a potential interaction. Similarly, LCI assays revealed strong
LUC activities following the co-infiltration of AHL10-cLUCwith SUVH2/
9-nLUC, further supporting this interaction (Supplementary Fig. 17). In
addition, our Co-IP assays confirmed the presence of SUVH2/9-MYC
fusion proteins following immunoprecipitation of AHL10-GFP when
compared to negative controls. Interestingly, we found that salt stress
led to a significant reduction in the protein levels of SUVH2/9 protein
that were precipitated by AHL10-GFP (Fig. 8b). These findings thus
indicated that AHL10 can form a complex with SUVH2/9.

To study the role of SUVH2/9 in salt tolerance, we analyzed seed
germination and post-germination seedling growth in the WT, ahl10,
and suvh2/9mutants. Both the ahl10 and suvh2/9mutants exhibited a
significantly enhanced tolerance to salt stress compared to the WT, as
evidenced by higher cotyledon greening (Supplementary Fig. 18a, b)
and longer primary root length (Fig. 8c, d, Supplementary Fig. 18c).
Moreover, the expression levels of salt-responsive genes DREB2A,
ANAC040, and MYB15 were up-regulated in the suvh2/9 mutant (Sup-
plementary Fig. 18 d). These findings revealed that SUVH2/9 functions
as a negative regulator of salt tolerance.

To investigatewhether SUVH2/9 canbe enriched at thepromoters
of salt stress-responsive genes, we conducted ChIP experiments using
stable transgenic plants expressing SUVH2/9-MYC. We revealed that
both SUVH2 and SUVH9 can be enriched at theMARs of the promoters
of DREB2A, MYB15, and ANAC040. This enrichment, however, was
diminished by salt stress treatment (Fig. 8e, Supplementary Fig. 19a).
Given that AHL10 can interact with SUVH2/9, we then wanted to
determine if AHL10 is required for the recruitment of SUVH2/9 to the
target gene promoters. To address this, we performed additional ChIP
experiments comparing SUVH2/9-MYC/WT with SUVH2/9-MYC/ahl10
transgenic plants. The results showed that the enrichment of SUVH2/9
at the DREB2A, MYB15, and ANAC040 promoters was repressed in the
ahl10 mutant background (Fig. 8f, Supplementary Fig. 19b). These
observations implied that AHL10 is essential for facilitating the
recruitment of SUVH2/9 to the promoters of salt responsive genes.

To understand how AHL10 coordinates with SUVH2/9 to regulate
salt-stress responsive genes in an epigenetic manner, we examined the
levels of H3K9me2 next as elevated H3K9me2 levels is an indicator of
transcriptional repression42. In this context, it was essential to inves-
tigate the levels of H3K9me2 at the DREB2A, MYB15, and ANAC040
promoters. ChIP-qPCR analysis revealed that ahl10 and suvh2/9
mutants exhibited significantly reduced levels of H3K9me2 at these
promoters when compared to WT and cdk8 mutants under both nor-
mal or salt stress conditions. In contrast, the ACTIN7 promoter did not
show significant variations in H3K9me2 levels across the different
genotypes. Moreover, the salt-responsive target genes were observed
to have lower H3K9me2 levels following salt treatment across all
genotypes. Despite this pattern, the cdk8 mutant showed relatively
higher H3K9me2 levels compared to both WT and ahl10 mutants
(Fig. 8g). Collectively, these findings indicated that the CDK8-AHL10-
SUVH2/9 module is associated with H3K9me2 modifications and thus
plays an important role in the coordination of transcriptional
responses to salt stress.

Discussion
Salt stress response involves a complex network of signaling pathways
that trigger transcriptional reprogramming in plants. Aside from acti-
vating SOS signaling pathways to modulate salt stress responses,
plants can also utilize diverse mechanisms to maintain the balance
between transcriptional repression and activation of salt-responsive
genes. Nevertheless, the key regulators that orchestrate these pro-
cesses remain poorly understood. In our present work, we uncovered
that the Mediator kinase subunit CDK8 and its substrate AHL10 func-
tion antagonistically in regulating salt tolerance and the transcriptional
response triggered by salt stress. Specifically, we found that these
regulators exert their effects through a mechanism mediated by
SUVH2 and SUVH9, which are involved in the epigenetic modification
of target genes. This epigenetic regulation allows for the fine-tuning of
gene expression in response to salt stress, allowing plants to adapt to
changing salinity levels.

Upon sensing a high presenceof Na+ ions and a change in Ca2+, it is
well known that plants can activate the Ca2+-CALCINEURIN B-LIKE
PROTEIN (CBL)-CBL INTERACTING PROTEIN KINASE (CIPK) modules
along with the SOS3-SOS2-SOS1 module to cope with salt stress1,53,54.
Our current findings have expanded our understanding of these
adaptive responses by demonstrating that salt stress can also sub-
stantially stimulate the kinase activity of CDK8, a key regulator in the
transcriptionalmachinery, and promote its phosphorylationof AHL10,
leading to the degradation of AHL10. AHL10 is a conservedmember of
the AHL TF family in plants27 and its phosphorylation status is essential
for its biological function as it can be dephosphorylated by Highly
ABA-Induced 1 (HAI1) to coordinate plant growth and osmotic stress
responses35. Despite the identification of multiple phosphorylation
sites (Ser313, Ser314, and Ser317) on AHL10, the upstream protein
kinases that modulate these phosphorylation events remain largely
unexplored. Recent advances in phosphoproteomics have suggested
that AHL10 may be a substrate of mitogen-activated protein kinases
(MPKs), highlighting a potential regulatory pathway55. However, the
lack of thorough validation in these studies has left questions about

Fig. 7 | AHL10-mediated transcriptional repression of DREB2A, ANAC040 and
MYB15. a ChIP-seq analysis identifies AHL10-enriched peaks. b Distribution of
SlVOZ1 binding peaks across the Arabidopsis genome. c The five enriched binding
motifs identified for AHL10.d Venn diagram identifies target genes co-regulated by
AHL10-CDK8. e Schematic diagram of the MARs and potential AHL10 binding sites
in DREB2A, ANAC040 and MYB15 promoters. Red lines indicate MARs; blue boxes
indicate exons; red arrows indicate the location of AT-richmotifs onMARs. f EMSA
showing the binding of AHL10 to the FAM-labeled AT-rich probe. g Schematic
diagrams of the effector and reporter constructs used for the transactivation assay.
h LUC/REN ratio showing CDK8 and AHL10-mediated transcriptional repression of

DREB2A, ANAC040, and MYB15. Values are means ± SD (n = 3). Different letters
indicate statistically significant differences by one-way ANOVA (Tukey’s multiple
comparisons test, P <0.01). i, j ChIP-qPCR showing the enrichment of AHL10 at the
MARs ofDREB2A, MYB15 and ANAC040 promoters. WT, AHL10-GFP/WT and AHL10-
GFP/cdk8 seedlings were treated with and without NaCl. ChIP–qPCR data were
normalized to internal inputs. ACTIN7 was used as a control. Enrichment on the
promoters of the indicated genes inWTwas set to 1. Values are means ± SD (n = 3).
Different letters indicate statistically significant differences by two-way ANOVA
(Tukey’s multiple comparisons test, P <0.01).
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the specific mechanisms at play. Our work has provided biochemical
and genetic evidence indicating that Ser314 is phosphorylated by
CDK8 and this modification is critical for maintaining the protein’s
stability and functionality under salt stress.

We also demonstrated that AHL10 negatively regulates salt tol-
erance by repressing the expression of stress-responsive genes. Pre-
vious studies have highlighted the role of the AHL gene family in

binding to AT motif-rich DNA52, which is associated with MARs33, and
such interactions may facilitate chromatin modifications. In fact, cer-
tainmembersof theAHLgene family,AHL22, SOB3/AHL29andMtAHL1,
have been shown to bind to AT motif-rich regions and regulate the
expression of genes related to plant growth and development56–58.
From our transcriptomics data, we observed that almost half of the
CDK8-regulated salt-responsive genes contain MARs. Moreover, our
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ChIP-seq data revealed that about 47% of the CDK8-regulated salt-
responsive genes are likely targeted by AHL10. We further confirmed
that AHL10 can directly bind to AT-richMARs located in the promoter
regions of key salt-responsive genes including DREB2A, ANAC040 and
MYB15, to repress their transcription. RT-qPCR and transcription acti-
vation assays additionally validated that AHL10 functions to repress
the transcription of these salt-responsive genes. Intriguingly, this
repression is alleviated when CDK8 is activated.

It has been reported that AHL10 can recruit the heterochromatin
marker H3K9me2 to AT-rich transposable elements41. Herein, we pro-
vided further evidence that indicated AHL10 forms a complex with
SUVH2/9 at the MAR of target promoters associated with salt-
responsive genes. This is crucial as we observed that a significant
reduction in the levels of H3K9me2within the promoters of salt stress-
responsive genes upon exposure to salt stress. Interestingly, the ahl10
exhibited diminished H3K9me2 levels under both normal and salt
stress conditions,mirroring the patterns seen in the suvh2/9mutants43.
Based on these evidence, we hypothesized that AHL10 may regulate
transcriptional repression through SUVH2/9-mediated epigenetic
mechanisms. Given the established roles of SUVH2/9 in RdDM and
transcriptional silencing, we further hypothesized that CDK8 and
AHL10 may exert differential regulatory effects on the methylation
levels of salt stress-responsive genes through SUVH2/9. It would be
interesting to unravel the changes in DNA methylation patterns and
the expression profiles of genetic modifications in plants subjected to
salt stress in the future.

Based on our findings, we proposed a working model for the
regulation of salt tolerance by the CDK8-AHL10-SUVH2/9 module in
plants. Under non-stress conditions, the kinase activity of CDK8 is
relatively low. In this state, the AHL10-SUVH2/9 complex accumulates
at the promoters of AT-rich DNA motifs, serving to repress the tran-
scription of key salt-responsive genes. This repression is achieved

through the SUVH2/9 proteins, which enhance the deposition of
repressive H3K9me2 histone modifications at these gene loci. Upon
exposure to salt stress conditions, the kinase activity ofCDK8becomes
activated and CDK8 proceeds to phosphorylate the AHL protein. This
phosphorylation triggers the rapid degradation of AHL10, which sub-
sequently disturbs the association between AHL10 and the SUVH2/9
complex. Without AHL10, SUVH2/9 can no longer maintain the
repressive H3K9me2 marks at the salt-responsive gene promoters
(Fig. 9). As a result, the transcriptional silencing is relieved, allowing
the activation of these stress-responsive genes and the enhancement
of the plant’s salt tolerance. In conclusion, our studyhasuncovered the
CDK8-AHL10-SUVH2/9 module as an important molecular switch that
dynamically regulates the transcription of salt-responsive genes and
salt tolerance in plants.

Methods
Plant materials and growth conditions
Arabidopsis thalianawild-type (WT),mutants and transgenicmaterials
used in this study were all in the Columbia-0 (Col-0) background.
Arabidopsis plant material used in this study are shown as follows:
cdk8-1 (SALK_138675), cdk8-2 (SALK_016169) CDK8-MYC/cdk8, CDK8-
KD-MYC/cdk825, ahl10 (SALK_010945), cdk8-1 ahl10 double mutation
and suvh2/9 doublemutation39. The cdk8-1 ahl10 doublemutationwas
generated through crossing cdk8-1 and ahl10, and homozygous iden-
tification was performed via the PCR method. In the CDK8-KD-MYC
transgenic line, Asp 176 of CDK8 is mutated to Ala (CDK8D176A)25. The
homozygous seeds were utilized in the study.

The transgenic Arabidopsis plants were generated by Agro-
bacterium tumefaciens (GV3101)-mediated floral dip transformation,
including CDK8-YFP (35S:CDK8-YFP)25, CDK8pro:GUS (CDK8pro:
GUS)26, AHL10-GFP (Super:AHL10-GFP), AHL10-GFP/ahl10 (Super:-
AHL10-GFP), AHL10S314A-GFP/ahl10 (Super:AHL10S314A-GFP), AHL10S314D-

Fig. 8 | SUVH2/9 negatively regulates plant salt stress responses. a Interaction
between AHL10 and SUVH2/9 validated by BiFC assays. Scale bar = 50 µm. b Co-IP
assays indicating that salt stress reduces the interactions between AHL10 and
SUVH2/9 in tobacco. c The root growth of the WT, ahl10 and suvh2/9 seedlings on
½MSplateswith orwithout 0.1MNaCl (n = 15).dRelative primary root length ratio
of the WT, ahl10, and suvh2/9 seedlings in (c). Values are means ± SD (n = 15). Dif-
ferent letters indicate statistically significant differences by one-way ANOVA
(Tukey’smultiple comparisons test, P <0.01). eChIP-qPCR showing the enrichment
of SUVH2 at the MARs of DREB2A, MYB15 and ANAC040 promoters. f ChIP-qPCR

revealing that the enrichment of SUVH2 in salt stress-responsive genes is depen-
dent onAHL10.gChIP-qPCR showing the fold enrichmentofH3K9me2 at theMARs
of DREB2A, MYB15 and ANAC040 promoters. WT, cdk8-1, ahl10 and suvh2/9 seed-
lings were treated with and without NaCl. ChIP–qPCR data were normalized to
internal inputs. ACTIN7 was used as a control. Enrichment on the promoters of the
indicated genes in WT was set to 1. Values are means ± SD (n = 3). Different letters
indicate statistically significant differences by two-way ANOVA (Tukey’s multiple
comparisons test, P <0.01).

Fig. 9 | A schematic representation of the CDK8-AHL10-SUVH2/9 molecular
module in regulating plant salt stress responses. When CDK8 kinase activity is
low under normal conditions, unphosphorylated AHL10 protein is stable and
recruits SUVH2/9 proteins to the promoter regions containing MARs to maintain a
high level of H3K9me2. This recruitment suppresses the transcription of salt-

responsive genes. Upon sensing salt stress, CDK8 becomes activated and triggers
the phosphorylation of AHL10 to promote AHL10 protein degradation. As AHL10
levels decline, the recruitment of SUVH2/9 is also diminished, leading to a decrease
in H3K9me2 levels in the promoter regions containing MARs and facilitating the
transcriptional activation of salt-responsive genes.
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GFP/ahl10 (Super:AHL10S314D-GFP), AHL10-GFP/cdk8 (Super:AHL10-
GFP), AHL10pro:AHL10S314/ahl10 (AHL10pro:AHL10S314-GFP), AHL10pro:
AHL10S314A/ahl10 (AHL10pro:AHL10S314A-GFP), and AHL10pro:AHL10S314D/
ahl10 (AHL10pro:AHL10S314D-GFP). Transgenic plants were screened
with hygromycin B, and validated by immunoblotting with anti-GFP
antibody (Roch, 11814460001). To generate AHL10 CRISPR-Cas9 lines
(ahl10-cri), we constructed the CRISPR–Cas9 vector as previously
described59. The gene editing site of AHL10 was obtained through the
online site (http://crispor.tefor.net/). T3 or T4 homozygous plants with
desired mutations were utilized for this study.

The seeds were surface sterilized with 10% NaClO for 20min,
followed by at least three washes with distilled water. After 3 days at
4 °C, the seeds were germinated on ½ Murashige and Skoog (½ MS)
medium supplemented with 1.5% (w/v) sucrose at 22 °C, 60-80% rela-
tive humidity with a light/dark cycle of 16 h/8 h. 4-week-old Nicotiana
benthamiana (N. benthamiana) plants were grown in soil under a 12-h
light/12-hdark cycle at 25 °Cwere utilized for transient transformation.

Salt stress treatment
In the seed germination assay, at least 100 seeds were germinated on 1/2
MSmedium with or without 0.1M NaCl, and the greening percentage of
cotyledons was calculated after 5 days. In the primary root elongation
experiment, seeds were first germinated on 1/2 MS medium for 3 days
and then transferred to 1/2 MS medium with or without 0.1M NaCl for
5 days before measuring the primary root length. Salt stress survival
experiments were conducted as follows: plants were grown in soil for
2 weeks under a 16-h light/8-h dark cycle, during which time the soil
moisture content was controlled at 60%. Plants were then subjected to
salt stress for 2 or 3 weeks, during which time they were treated 2 or 3
times with 0.2MNaCl solution and the soil water content was controlled
at 60%. After the salt treatment, plants were allowed to recover for
2 weeks, during which time the soil water content was controlled at 60%
using deionized water, and then survival was recorded.

GUS staining
The GUS staining buffer was prepared according to the instructions of
the GUS staining kit (Coolaber, SL7160). 7-day-old CDK8pro:GUS
seedlings were treated with water or 0.2M NaCl for 3 h before
immersed in GUS staining buffer and incubated at 37 °C in the dark for
3 h. Chlorophyll was subsequently removed with 70% ethanol. The
stained seedlings were observed and photographed using a stereo-
microscope (Olympus, szx7).

Plasmid construction
The full-lengthor truncated coding sequences ofCDK8 andAHL10were
amplified with PrimeSTAR MAX (Takara) and were cloned into several
vectors including pSuper1300 (MYC and GFP-tag), pET28a (His),
PXY106-nYFP, PXY104-cYFP, pCAMBIA1300 (nLUC or cLUC), pGBKT7
(BD), and pGADT7 (AD). To obtain point mutation constructs such as
His-AHL10S313A, His-AHL10S314A, His-AHL10S314D, His-AHL10S317A, His-
AHL10S314A/S317A, and His-AHL10S313A/S314A/S317A, we employed His-AHL10 as
the template. We designed amino acid mutation primers and per-
formed PCR amplification of the mutant plasmids. Subsequently, we
utilized DpnI to digest the template plasmids and then transformed
them into E. coli for sequencing and identification. The native promoter
sequence (about 2,680bp) upstream of the AHL10was cloned into the
pCAMBIA1300-GFP vector to generate AHL10pro:GFP. Subsequently,
AHL10S314, AHL10S314A, and AHL10S314D sequences were cloned into
AHL10pro:GFP to generate AHL10pro:AHL10S314-GFP,
AHL10pro:AHL10S314A-GFP, and AHL10pro:AHL10S314D-GFP. In order to
make theDREB2Ap:LUC,MYB15p:LUC,ANAC040p:LUC reporter vectors,
the 1,000bp promoter sequence of DREB2A,MYB15 and ANAC040 was
amplified and cloned into the pGreenII 0800 vector. All constructed
plasmids were verified by sequencing (Sangon Biotech). All primers
used for plasmid construction are listed in Supplementary Data 6.

Sequence analysis
The DNA sequences of AHL10 gene were obtained from TAIR (https://
www.arabidopsis.org/). Sequence alignment and primer design using
MEGA 7 and Primer Premier 5, respectively60. Identification and map-
ping of MAR regions within the Arabidopsis thaliana genome were
performed according to the procedures described32. A Linux program
script was employed to extract DNA sequences with established phy-
sical positions and map them onto the 2,000 bp upstream region of
the Arabidopsis genome-wide promoter.

Phosphoproteomics analysis
For Phosphoproteomics analysis, total protein was extracted from
ten-day-old wild-type (WT) seedlings using a lysis buffer containing
6M guanidine hydrochloride (GdnHCl), 100mM Tris·HCl (pH 8.5),
10mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 40mM
2-chloroacetamide (CAA), and a phosphatase inhibitor cocktail (ref.).
Approximately 200 μg of protein extract was purified and alkylated
by methanol-chloroform precipitation and dissolved in 12mM
sodium deoxycholate (SDC) and 12mM sodium lauroyl sarcosinate
(SLS). Protein digestion was performed using trypsin (Promega) at a
1:100 (w/w) enzyme-to-protein ratio, incubating at 37 °C overnight.
The resulting peptides were desalted using SDB-XC StageTips45,61.

For kinase reaction, desalted peptides were incubated with recom-
binant CDK8 kinase in a reaction buffer containing 50mM Tris·HCl (pH
7.5), 10mM MgCl2, 1mM dithiothreitol (DTT), and 1mM γ-[18O4]ATP at
30 °C overnight. Parallel reactions were conducted using MBP-CDK8 as
the kinase and AHL10 as the substrate under identical buffer conditions.
Kinase reactions were quenched by adding 1% trifluoroacetic acid (TFA).
The 18O-labeled phosphopeptides were further digested with Lys-C at
37 °C for 6h and subsequently enriched using Fe-IMAC.

For Fe-IMAC enrichment, custom IMAC tip were prepared by
inserting a 20-μm polypropylene frit disk into the tip and filling it with
10mg of nickel-nitrilotriacetic acid silica resin (Qiagen). Initially, Ni²+

ions were stripped by introducing 100mM EDTA (200g, 1min). The tip
was then primedwith 100mMFeCl3 and balancedwith 0.5% (v/v) acetic
acid at pH 3.0 prior to sample application. Tryptic peptides, dissolved in
0.5% (v/v) acetic acid, were introduced into the IMAC tip. The tip was
rinsed with 1% (v/v) TFA, 80% (v/v) ACN (200g, 1min), and 0.5% (v/v)
acetic acid (pH 3.0). Following this, the Fe-IMAC tip was connected to
an activated desalting SDB-XC (3M) StageTip. Phosphopeptides bound
to the tip were released onto the desalting Tip using 200mM
NH4H2PO4 and directly collected into sample vials for LC-MS/MS ana-
lysis. Eluted peptides were dried under vacuum prior to analysis.

LC-MS/MS analysis
Approximately 200ng phosphopeptides were introduced into a
nanoElute 2 liquid chromatography system (Bruker). Peptides were
separatedona 25 cmpepsepcolumn(25 cm×75 µmID) containingC18
resin (1.7 µm, 120Å, Bruker). The mobile phase buffer consists of 0.1%
formic acid (buffer A) in water with an eluting buffer of 0.1% formic
acid in ACN (buffer B). A 45min gradient was programmed to run at
2–22% buffer B for 31min, 22–37% for 4min, 37–80% for 5min, and
80% for 5min. The LC system was coupled to a hybrid TIMS quadru-
pole TOFmass spectrometer (Bruker timsTOFPro2) via aCaptiveSpray
nano-electrospray ion source. Data acquisition was performed in data-
dependent acquisition (DDA) mode with parallel accumulation-serial
fragmentation (PASEF). The dual TIMS configuration utilized a ramp
time and accumulation timeof 100ms, resulting in a total cycle time of
1.17 s. DDA-PASEF mode with 10 PASEF scans covered a mass range
from 100m/z to 1,700m/z with charge states set from 0 to 5. The
capillary voltage was set at 4,500V. The ionmobility range was 0.7–1.3
Vs/cm2. Dynamic exclusion was set to 0.4min. The quadrupole isola-
tion width was set to 2 Th for m/z < 700 and 3 Th for m/z > 800.

Analysis of the raw data was performed using MaxQuant version
2.2.0.0, which extracts four-dimensional features on the MS1 level
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(retention time, m/z, ion mobility and intensity) and links them to
peptide spectrum matches. Spectra were searched using the TAIR10
database with trypsin set as the enzyme (cleavage next to arginine or
lysine, but not before proline) and the maximum number of missed
cleavages set to 2. Carbamidomethyl (C) was set as a fixed peptide
modification. Static modifications were oxidation (M), acetyl (protein
N termini), Ser/Thr/Tyr phosphorylation (+79.996Da) and 18O-
phos(+85.979Da). The maximum precursor mass tolerance of the
main search was set to 20 ppm and deisotoping of fragment ions was
deactivated.Peptideswere acceptedwith aminimum length of 7 amino
acids and amaximum size of 4.6 kDa. The processed data were filtered
by posterior error probability to achieve a protein false discovery rate
(FDR) of 1% and a peptide spectrum match FDR of 1%45.

Phosphorylation site identification
To identify the specific amino acids of AHL10 phosphorylated by
CDK8, recombinant proteinMBP-CDK8wasmixed with His-AHL10 in a
total volume of 30 uL reaction buffer containing 25mM Tris-HCl (pH
7.5), 12mMMgCl2, 1mMDTT, and 1mMATP. The reactionmixturewas
incubated at 30 °C for 1 h before adding SDS-loading buffer. After SDS-
PAGE, His-AHL10 protein glue strips were extracted for mass spec-
trometry analysis.

Y2H assay
The coding sequence of genes was amplified and introduced into
GAL4-BD and GAL4-AD plasmids for transformation in Y2H Gold cells
grown on the SD/-Trp-Leu deficient medium. The transformed yeast
clones were subsequently plated on the SD/-Trp-Leu-His deficient
media to determine the protein-protein interactions62.

BiFC assay
The coding sequence of CDK8, AHL10, SUVH2 and SUVH9 was ampli-
fied and cloned into pXY-106 vector (nYFP) or pXY-104 (cYFP)63. The
plasmids were introduced into Agrobacterial (GV3101) competent cells
and the indicated plasmids were co-infiltrated in N. benthamiana
leaves for transient transformation. After 48h, the YFP and the nuclear
marker H2B-mCherry signals were visualized by confocal microcopy
(Zeiss LSM-980).

LCI assay
The constructed nLUC and cLUC plasmids were transformed into
Agrobacterium (GV3101), and Agrobacterium strains were infiltrated
into fully expanded leaves of N. benthamiana64. After infiltration for
3 days, the leaves were sprayed with firefly luciferase substrate buffer
(0.3mg/mL D-Luciferin, Sodium Salt (YESEN, 40901ES01) and 0.1%
Triton X-100), and the LUC activities were captured by Tanon 5200
Multi imaging system (Tanon Science and Technology, China). Total
proteins were extracted for immunoblot analysis. nLUC and cLUC
fusion proteins were detected with anti-luciferase antibody (Sigma,
L0159, diluted 1:5000) and anti-cLUC antibody (Biodragon, BD-
PM3656, diluted 1:5000), respectively.

Co-IP assay
Agrobacterium (GV3101) was transformed with the relevant plasmids
before using them to infiltrate tobacco leaves. After 48 hof expression,
total proteins were extracted with extraction buffer (50mM Tris-HCl
(pH 7.5), 150mM NaCl, 1mM EDTA (pH 8.0), 1-mM DTT, 1mM PMSF,
EDTA-free protease inhibitor cocktail (Roche, 11873580001) and 0.2%
Triton X-100). The protein extract was next incubated with MYC-Trap
or GFP-Trap agarose (Chromotek) for at least 3 h at 4°C. After washing
with IP buffer 5 times, the protein samples were mixed with SDS-
loading buffer for 10min at 95 °C. The proteins were detected by
immunoblot using anti-MYC (Abcam, ab9106, diluted 1:5000) and anti-
GFP antibodies (Roche, 11814460001, diluted 1:4000).

RNA extraction and RNA-seq analysis
Ten-day-old wild type (WT) and cdk8-1 mutant seedlings grown on ½
MS plates were treated with or without 0.3M NaCl for 3 h at room
temperature. Total RNA was isolated using the RNAiso Reagent
(Takara, T9108). NanoDrop2000 spectrophotometer andAgient2100/
LabChip GX were used to detect the purity and concentration of RNA
and the integrity of RNA, respectively. RNA-seq was performed by
Biomarker Technologies (Beijing, China). DESeq2 software was used
for differentially expressed gene (DEG) analysis with Fold Change≥1.5
and False Discovery Rate (FDR) < 0.05. Gene ontology (GO) enrich-
ment analysis was performed using an online tool (https://www.
geneontology.org/). The RNA-seq data was deposited at NCBI
(PRJNA950536). Heatmap were generated by the TBtools software,
employing the FPKM values of the genes and then normalizing them65.

Quantitative reverse transcription PCR (RT-qPCR)
Total RNA was extracted from 10-day-old seedlings using RNAiso
Reagent, followed by first-strand cDNA synthesis using PrimeScript RT
Reagent Kit (Takara, RR047A). Quantitative PCR was performed using
Hieff qPCR SYBR Green Master Mix Kit (YEASEN, 11201ES08) in
QuantStudio 5 instrument (Applied Biosystems, USA)66. Primer
sequences are provided in Supplementary Data 6.

Phos-tagTM mobility shift assay
The experiments were carried out as described in the Phos-tag™ SDS-
PAGE GUIDEBOOK (Wako, cat# AAL-107). To detect the phosphoryla-
tion of AHL10 proteins in vitro, 1μg of MBP-CDK8 wasmixed with 1μg
of His-AHL10 or its mutant form in a total volume of 30μL of reaction
buffer containing 25mM Tris-HCl (pH 7.5), 12mM MgCl2, 1mM DTT,
and 1mM ATP. The reaction mixture was incubated at 30 °C for 1 h
before boiling for 10min. The samples were then separated by SDS-
PAGEwith andwithout 100μMPhos-tag™ and 100μMMnCl2, followed
by immunoblotting analysis using anti-His (Abcam, ab18184, diluted
1:5000) and anti-MBP (Proteintech, 15089-1-AP, diluted 1:5000) anti-
bodies, respectively.

In vivo phosphorylation assay
Total protein was extracted from about 0.2 g of AHL10-GFP/WT and
AHL10-GFP/cdk8 seedlings with or without 0.2M NaCl treatment
using protein extraction buffer: 50mM Tris-HCl (pH 7.5), 150mM
NaCl, 1 mM EDTA (pH 8.0), 1mM DTT, 0.2% Triton X-100, EDTA-free
protease inhibitor cocktail (Roche 11873580001), phosphatase inhi-
bitor mixture (Sigma-Aldrich, PPC1010), 1 mM PMSF. Total protein
was incubated with GFP-Trap agarose at 4 °C for at least 6 h. The
agarose was then washed at least three times with the extraction
buffer before denatured by adding SDS-loading buffer for 10min at
95 °C. The proteins were separated on gels with and without 100μM
Phos-tag™ and 100μM MnCl2. The mobility shift was determined by
immunoblotting analysis with anti-GFP antibody (Roche,
11814460001, diluted 1:4000).

In vivo protein stability assay
Seven-day-old seedlings of AHL10-GFP/ahl10, AHL10-GFP/cdk8,
AHL10S314A-GFP/ahl10, and AHL10S314D-GFP/ahl10 transgenic seedlings
were treatedwith 100μMCHXor 100μMCHXplus 0.2MNaCl for 0, 1,
3, 6, 9, and 12 h. The proteasome inhibitor MG132 was used as a con-
trol. Total protein was extracted using protein extraction buffer
(50mMTris-HCl (pH 7.5), 150mMNaCl, 1mMEDTA (pH 8), 1mMDTT,
0.2% Triton X-100, EDTA-free protease inhibitor cocktail (Roche
11873580001), 1mMPMSF) and thendenatured by adding SDS-loading
buffer for 10min at 95 °C. The samples were subjected to SDS-PAGE
and western blotting using anti-GFP (Roche, 11814460001, diluted
1:4000) and anti-Actin (Sigma, A0840, diluted 1:10000) antibodies,
with Actin serving as a loading control.
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Analysis of the CDK8 kinase activity
Ten-day-old CDK8-YFP seedlings were treated with H2O or 0.2M NaCl
for 1, 3 and 6 h. Total protein was extracted with protein extraction
buffer. After centrifugation, the supernatant was incubated with GFP-
Trap agarose at 4 °C for 4 h followedbywashing twicewithwashbuffer
(50mM Tris-HCl (pH 7.5), 150mM NaCl and 0.5mM EDTA) and twice
with PBS buffer. The immunoprecipitated proteins were incubated in
25 ul kinase buffer containing 50mM HEPES (pH 7.5), 5mM MgCl2,
1mM DTT and 1mM ATP-gamma-S (Abcam, ab138911) for 30min at
room temperature. The 2.5mM p-Nitrobenzyl mesylate (Abcam,
ab138910) was added and incubated at room temperature for 2 h67.
After the reaction, SDS-loading buffer was added for 10min at 95 °C to
terminate the reaction. Autophosphorylation of CDK8wasdetected by
western blotting using anti-thiophosphate ester antibody (Abcam,
ab92570, diluted 1:5000).

Electrophoretic mobility shift assay (EMSA)
The FAM (5-carboxyfluorescein)-labeled oligonucleotide was synthe-
sized as a probe68. Briefly, the recombinant His-AHL10 protein was
incubated with the probe in EMSA binding buffer containing 20mM
Tris–HCl (pH 7.5), 0.1MNaCl, 2mMMgCl2, 1mMDTT, 10% glycerol for
30min at 4 °C. Subsequently, the samples were separated by 8% non-
denaturing polyacrylamide gel. Fluorescence images were recorded
with Tanon 5200 Multi imaging system.

Dual-luciferase reporter assay
LUC Reporters (DREB2Apro:LUC, ANAC040pro:LUC and MYB15pro:LUC)
were co-expressed with or without effector AHL10-GFP in tobacco cells
for 3 days. Firefly luciferase substrate (D-Luciferin, Potassium Salt
(YESEN, 40902ES09) was sprayed, and the LUC activity signal Images
were visualized by Tanon-5200 Multi Imaging System (Tanon Science
and Technology, China). For the dual-luciferase gene reporter assay,
reporter factors (DREB2Apro:LUC, ANAC040pro:LUC andMYB15pro:LUC)
were co-expressed with or without effectors AHL10-GFP in tobacco cells
for 3 days. The LUC and REN signals were detected by Hybrid Multi-
Mode Microplate Reader (Tecan Trading AG, Switzerland).

ChIP-qPCR analysis
About 2 g seedlingswas collected from 10-day-oldWT,AHL10-GFP/WT,
AHL10-GFP/cdk8, SUVH2-MYC/WT, SUVH2-MYC/ahl10, SUVH9-MYC/WT,
and SUVH9-MYC/ahl10, seedlings for crosslinking with 1% for-
maldehyde. For NaCl treatment, 10-day-old WT, AHL10-GFP/WT,
AHL10-GFP/cdk8, SUVH2-MYC/WT, and SUVH9-MYC/WT seedlings were
treated with 0.2M NaCl for 3 h before cross-linking. Chromatin com-
plexes were incubated with GFP-Trap or MYC-Trap agarose at 4 °C for
at least 6 h. Purification of DNA was carried out by adding 10% Chelex-
100 and boiling for 10 min69. ChIP-qPCR was repeated at least three
independent replicates.

For ChIP-qPCR analysis of H3K9me2 in WT, cdk8-1, ahl10 and
suvh2/9. WT, cdk8-1, ahl10 and suvh2/9 seedlings treated with and
without 0.2MNaCl for 3 hwerefixed, and then the samples’ chromatin
was extracted, sonicated, and immunoprecipitated by anti-H3K9me2
(Abcam, ab1220). Purified and recovered DNA was used for RT-qPCR,
and each value was normalized to the control WT without NaCl treat-
ment. ChIP-qPCR primer sequences are provided in Supplemen-
tary Data 6.

ChIP sequencing
About 2 g seedlingswas collected from10-day-oldWTandAHL10-GFP/
WT seedlings for crosslinking with 1% formaldehyde for 15min, then
treated with 2M glycine for 5min. Nuclear proteins were extracted,
and genomic DNA was fragmented to approximately 250bp by soni-
cation (Diagenode). Samples were then diluted and immunoprecipi-
tated overnight with GFP-Trap agarose beads (Chromotek). After
washing the beads with buffers of low-salt wash buffer, high-salt wash

buffer, LiCl wash buffer, and TE buffer for 5min each at 4 °C, DNA was
extracted by a DNA extraction kit. DNA libraries were prepared using
the NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (NEB,
#E7645), and 150 bp paired-end deep sequencing was performed on
the Illumina HiSeq/Novaseq70. ChIP-seq was performed in two inde-
pendent replicates. For all ChIP-seq data sets, raw data in fastq format
are processed by Cutadapt (version 1.9.1) into high-quality clean data.
Cleaned reads were aligned to the Arabidopsis genome (TAIR 10) via
Bowtie2 v2 (version 2.2.6). Use MACS (V2) to analyze peaks quality
control, peaks calling and peaks annotation. To identify conserved
motifs in the AHL10 binding region, 500bp of sequence around each
consensus peakwas extracted and submitted to theMEME-ChIP online
version. GOSeq (v1.34.1) is used identifying Gene Ontology (GO) terms
that annotate a list of enriched genes with a significant qvalue (fdr,
padj) less than 0.05.

Statistical analyses
Statistical significances between various groups were conducted
according to the two-tailed Student’s t test or one-way ANOVA or two-
wayANOVA followedby Tukey’smultiple range tests. All analyses were
performed by GraphPad Prism 8.4.3.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Identifiers for published or publicly available lines are provided in
Methods. Sequence data from this article can be found in GenBank/
EMBL databases under the following accession numbers: CDK8
(AT5G63610), AHL10 (AT2G33620), SUVH2 (AT2G33290), SUVH9
(AT4G13460), ACTIN2 (AT3G18780), DREB2A (AT5G05410), MYB15
(AT3G23250), ANAC040 (AT2G27300) and ACTIN7 (AT5g09810).
RNA-seq data have been deposited in the NCBI SRA database under
BioProject PRJNA950536. ChIP-seq data have been deposited in the
NCBI SRA database under BioProject PRJNA1105874. The mass spec-
trometry proteomics raw data have been deposited with the Proteo-
meXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD057837. All other relevant data are available from
the corresponding authorupon request. Sourcedata areprovidedwith
this paper.
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