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Arabidopsis cyclin-dependent kinase €2 interacts with HDA15
and is involved in far-red light-mediated hypocotyl
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SUMMARY

Histone deacetylases [HDAs} regulate many aspects of plant development and responses to environmental
changes. Previous studies have demonstrated that the Arabidopsis histone deacetylase HDA15 is a positive
regulator in far-red {FR} light-miediated inhibition of hypocotyl elongation. Furthermore, HDA1S can be phos-
photylated and its enzymatic activity is negatively regulated by phosphorylation, However, the kinases that
can phosphorylate HDA1S are still unknown. Cyclin-dependent kinases {CDKs} are a large family of serine/
threenine protein kinases and have been identified as major regulators of the cell cycle and transcription. in
this study, we show that the cyclin-dependent kinase CDKC2 interacts with HDA1S both in vitro and in vivo.
In vitra kinase assays show that CDKC2 phosphorylates HDA15. Genetic evidence suggests that HDA15 acts
downstream of CDKCZ in hypocotyl elongation under FR light. Furthermore, HDA15 and CDKC2 function
synergistically in the regulation of FR-mediated cell elongation. The expression of cell wall organization-
and auxin signaling-related genes under FR light is increased in hda15 and cdkc2/hdal5 mutants. Taken
together, our study indicates that CDKC2 can phosphorylate HDA15 and plays an important role in FR light-
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requlated hypocotyl elongation.

Keywords: Arabidopsis, CDKC2, HDA1S5, far-red light, celi elongation.

INTRODUCTION

Seedlings underge skotomorphogenesis in the dark, result-
ing in elongated hypocotyls, closed apical hooks, and
undifferentiated chloroplasts. Upon exposure to light, stio-
lated {dark-grown} seedlings undergo photormotphogens-
sis, resulting in inhibition of hypocotyl elongation,
cotyledon opening, and anthocyanin/chlorophyil accumu-
lation {McNellis & Deng, 1923). Plants have several pho-
toreceptars, such as phytochromes {PHYs), cryptochromes
{CRYs), ZEITLUPES, and UVB-RESISTANCE 8 {UVRS}) (Wit
et al., 2016} In Arabidopsis, five PHYs (PHYA to PHYE)}

were identified that act as primary light receptors to regu-

late various light responses {Tepperman et al,, 2007}, Light
changes conformations of PHYs and converts them to the
active form {Wit et al., 2016). These active PHYs interact
with phytochrome-interacting factors (PIFs} and negatively
regulate Hght signaling in etiolated seediings (Wit et al.,
2016). The active PHYs induce degradation of PIFs through
the 265 proteasome and promote photomorphagenesis,
resulting in a short hypocotyl phenotype (Adams et al.,
2014). Furthermore, PHYs also regulate the light response

through repressing the activity of the £2 ubiquitin ligase
CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1). COP1
interacts with a subset of substrates for degradation in
darkness, including the bZIP transcription factors ELON-
GATED HYPOCOTYL 5 (HYS) and HYS HOMOLOG (HYH)
(Hardtke et al., 2000; Holm et al,, 2002; Zhao et al., 2019},
As the main regulators of light responses, PHYA and
PHYB are different in light specificity. PHYA regulates the
very-low-fluence response, which controls seed germina-
tion, and the far-red (FR) light-dependent high-irradiance
response, which inhibits hypocotyl elongation and antho-
cyanin accumulation {Neff et al., 2000). PHYB is involved in
the low-fluence response and the red (R} light-dependent
high-irradiance response (Lim et al., 2018}, The PHYA-
mediated signal pathway plays a crucial role in hypocotyl
elongation. Mereover, this developmental change is often
involved in the expression changes of cell wall
organization-related genes such as XYLOGLUCAN ENDO-
TRANSGLYCOSYLASE/HYDROLASEs (XTHs) and PECTIN
METHYLESTERASEs (PMEs) and auxin signaling-related
genes such as NDOLE-3-ACETIC ACID INDUCIBLE19

@ 2022 Society for Experimental Biology and John Wiley & Sons Ltd. 1
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{IAA19) and SMALL AUXIN UP RNA36 (SAUR36) (Gu et al.,
2017).

The lysine residues of histone H3 and H4 can be acety-
lated {Chen & Tian, 2007; Liu et al., 2016). Hyperacetylation
of histones results in a relaxed chromatin structure for acti-
vation of gene transcription, whereas hypoacetylation of
histones results in a condensed chromatin structure and
gene repression {Fisher & Franklin, 2011). The reversible
histone acetylation and deacetylation are regulated by his-
tone acetyltransferases {HATs) and histone deacetylases
(HDAs or HDACs), respectively (Liu et al., 2014). Arabidop-
sis HDACs can be categorized into three families: Reduced
Potassium Dependence3/Histone Deacetylase 1 {RPD3/
HDA1), Silent Information Regulator2 (SIR2), and Histone
Deacetylase 2 (HD2) {Alinsug et al., 2009). There are 12
HDACs in the RPD3/HDA1 superfamily, which can be subdi-
vided into three classes: class | {RPD3-like} {HDAS, 7, 9, 10,
17, and 19}, class Ii (HDAS, 8, 14, 15, and 18}, and class IV
(HDA2)} {Alinsug et al., 2009; Chen et al., 2020).

Loss of function of Arabidopsis HDA15, which
encodes an RPD3/HDA1 class Il HDAC, results in a high
amount of protochlorophyllide content and increased
chiorophyli biosynthesis gene expression in etiolated seed-
lings (Liu et al, 2013). it has been demonstrated that
HDA1S aihd PHYTOCHROME INTERACTING FACTOR3
{PIF3) interact and repress the expression of genes
involved in chlorophyll synthesis and photosynthesis by
histone deacetylation {Liu et al, 2013). Furthermore,
HDA15 also interacts with HYS to repress the expression of
genes involved in cell wall organization and auxin signal-
ing by histone deacetyiation {Zhao et al., 2019).

Studies in mammals have shown that the function of
HDACs is affected by phosphorylation (Segré & Chiocea,
2010). in Arabidopsis, phosphomimetics of HDAG on
Serd27 and Ser429 results in increased deacetylase activ-
ity, whereas mutation of Serd27 to alanine disrupts the
interaction of HDAB with SUVH5 and SUVHE (Yu et al,
2017). Phasphorylation of HDA15 negatively regulates its
enzymatic activity and results in its relocation from the
nucleolus into the nucleoplasm (Chen et al., 2020}, Serd48
and Ser452 of HDA15 are also conserved in other Ara-
bidopsis class I HDACs and the human class llb HDACs
HDACS and HDACIC (Chen et al, 2020).. Mutation of
Serd48 and Serd52 to aspartate in HDA15 abolishes its
enzymatic activity, whereas mutation of these two serine
residues to alanine retsins its enzymatic activity {Chen
et al., 2020). However, how HDA15 is phosphorylated
remains unknown.

Cyclin-dependent kinases (CDKs) belang to a large
family of serinefthreonine protein kinases and havé heen
identified as important regulators of the celi cycle and tran-
scription {Mironov et al., 1939; Morgan, 1997). In Arabidop-
sis, CDKs are classified as CDKA to CDKG. The animal
CDK9 plays a role in controlling the transcription

machinery by phosphorylating the C-terminal domain
{CTD) of RNA palymerase Il {RNA Pol 11} {Cui et al., 2007;
Marshail & Price, 1995). The Arabidopsis CDKCs CDKC1
and CDKC2 are functional homologs of the animal CDKS.
CDKC1 and CDKC2 promote RNA Pel It Ser2 phosphoryla-
tion to positively regulate transcription elongation and
mRNA synthesis with their interacting cyclin T partners
CYCT1;3 (Brés et al., 2008; Cui et al., 2007; Wang et al,,
2014). COKC2 is involved in cell division, plant defense,
and drought tolerance by modulating the transcription of
cell cycie- and stomatal development-related genes {Cui
et al., 2007; Zhao et al., 2017}, Furthermore, CDKC2 co-
localizes with spliceosome components in nuclear bodies
and regulates the distribution of spliceosome components
{Kitsios et al., 2008).

Qur previous studies have shown that HDA15 can be
phosphorylated and phosphorylation affects its function
and activity {Chen et al., 2020}. In this study, we used affin-
ity purification followed by mass spectrometry analysis to
identify the protein kinases that can interact with HDA15,
We found that HDA15 interacts with the cyclin-dependent
kinase CDKC2. Furthermore, CDKC2 can directly phospho-
rylate HDA1S in vitro. CDKC2 acts synergistically with
HDA15 in the regulation of cell wall organization- and
auxin signaling-related genes in FR light-mediated cell
elongation.

RESULTS
HDA15 interacts with protein kinase CDKC2

HDA1S can be phosphorylated at Seré48 and Serd62 in eti-
olated seedlings {Chen et al,, 2020). To investigate which
protein kinase could phosphorylate HDA15, we used affin-
ity purification coupled with liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS} to analyze the
pratein kinases that were co-purified with HDA15 in etio-
lated seedlings. We found that HDA15 can be co-purified
with the cyclin-dependent kinase CDCK2, MKKG, CDPKS6,
and CPK20 {Figure 1a). interestingly, CDKC2 was found in
all four replicates. The interaction of HDA15 with
CDKC2 was, therefore, further examined in vivo by
bimolecular fluorescence complementation (BiFC) and co-
immunoprecipitation (Co-IP} assays. For BiFC assays,
HDA75 and CDKC2 were cloned into the pEarleygate-YC
vector and the pEarleygate-YN vector, respectively. The
constructs were co-delivered into Arabidopsis protopiasts
by polysthylene glycol-mediated transfection (Figure 1b)
and into Nicotiana benthamiana by Agrobacterium-
mediated transformation {Figure 1¢). Strong YFP signals
were observed in the nucleus, supporting that HDAT15 inter-
acts with CDKC2 in vivo. Far Co-IP assays, N. benthamiana
leaves were infiltrated with Agrobacterium cultures carry-
ing 355:GFP-HDAT5 and 355:CDKC2-3xFLAG, and leaf
extracts were analyzed by Co-iP. As shown in Figure 1(d),

© 2022 Society for Experimental Biclogy and John Wiley & Sens Ltd.,
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Figure 1. HDA1G interacts with CDKC2,

{a) The protein kinases co-purified with HDA1S in etiolated seedlings.
{b. ¢} BiFC analysis of the HDA15-CDKC2 interaction /n vivo, HDA15 and CDKC2 fused with the N- and C-tarmini of YFP wara co-transformed into Arabidopsis
protoplasts (b} and Nicotiana benthamiana (c}). mCharry carrying a nuclear localization signal was used as a nuclear marker. Scale bar, 10 ym. DIC, differantial

interfarence contrast,

{d} Co-IP assays of the BDA15-CDKC2 interaction in vive. 355:CDKC2-3xFLAG and 355:GFP-HDA15 were co-transfected into MNicotiana benthamiana leaves.
Crude extracts {input} were immunoprecipitated {IP} with GFP-Trap and analyzed by Western blot.
{e} In vitro pull-down assays of the HDA15-CDKC2 interaction. CDKC2-His was incubated with GST-HDA15 or GST, and tha bounded protains were then detected

by Westem blot assays using an anti-His 3

ntibody.

CDKC2-3xFLAG was coimmunoprecipitated by GFP-HDA15.
We further used in vitro pull-down assays to identify the
direct interaction of HDA15 and CDKC2. The purified
recombinant Glutathione S-Transferase {GST) protein GST-

HDA15 was incubated with CDKC2-His. We found that
CDKC2-His was pulled down by GST-HDA15, but not by
GST (Figure 1e), Taken together, these results indicate that
HDA15 interacts with CDKC2 both in vitro and in vivo.

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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HDA15 serves as the substrate of CDKC2 in vitro

To test if HDA16 could serve as the substrate of CDKC2
in vitro, in vitro kinase assays were further performed.
CYCT1,3 is an essential component of the CDKC2-CYCLIN
complex and is required for the kinase activity of CDKC2
(Cui et al., 2007). In the absence of GST-CYCT1:3, CDKC2-
His was unable to auto-phosphorylate itself (Figure 2). In
the presence of GST-CYCT1;3, CDKC2-His showed auto-
phosphorylation, which was enhanced by the addition of
more GST-CYCT1;3. Moreover, GST-HDA15 showed clear
phosphorylation signals when both CDKC2-His and GST-
CYCT1;3 were present (Figure 2}, suggesting that CDKC2
directly phospharylates HDA15 in vitro.

HDA15 acts downstream of CDKC2 in FR light-mediated
hypocotyl elongation

Previous studies have shown that hdai5 seedlings exhibit
longer hypocotyls compared to wild type under R and FR
{Liu et al., 2013; Zhao et al., 2019). We also analyzed the
hypocotyl phenotype of the cdke2 mutants. Two indepen-
dent T-DNA insertion mutants, cdkc2-2 (SALK_029546) and
cdkc2-4 (SALK_141647), were obtained from The Arabidop-
sis Information Resource (https:/www.arabidopsis.org).
Semi-quantitative reverse transcription-PCR (RT-PCR} anal-
yses showed that cdke2-2 and cdkc2-4 are two CDKC2
knockout lines (Figure S1c). There was no-significant differ- -
ence in hypocotyl length between cdkc2-2 and cdkc2-4
seedlings and wild type under R light, suggesting that
CDCK2 is not involved in R light-mediated hypocotyl elon-
gation. Interestingly, both cdkc2-2 and cdkc2-4 seedlings
exhibited shorter hypocotyls compared to wild type under

GST - - + - - - - =

GSTHDAIS - - - + + + + +

CDKC2His + + + + + + + -

GST-CYCTi3 — + + - x 3x 5 +
+ GST-HDA15

- COKGC2-His

Figure 2. CDKC2 directly phosphorylates HDA1S in vitra.

GST-HDA1E, CDKC2-His, and GST-CYCT1;2 were incubated for in vitro
kinase reactions in the presence of [y-2P] ATP. Autaradiagraph (Top} and
Coomassie staining {(Bottom} show phosphorylation and loading of purified
proteins,

FR light, whereas hida?5 exhibited longer hypocotyls (Fig-
ure 3). These results indicate that CDKC2 positively regu-
lates the FR light-mediated inhibition of hypocotyl
elongation. Moreover, the cdkc2-2/hda15 double mutants
displayed longer hypocotyls similar to hda?5 under FR
light, indicating that HDA15 acts downstream of CDKC2 in
the regulation of hypocotyl length under FR light condi-
tions.

HDA15 and CDKC2 act synergistically in the regulation of
FR-mediated cell elongation

Plant growth involves both cell proliferation and cell elon-
gation. We further determined the cell length and cell pum-
ber of 4-day-old cdkc2-2, cdkc2-4, hdails, and cdke2-2/
hda15 seedlings. Under FR light, the cell number of cdkc2-
2 and cdkc2-4 was decreased compared to wild type (Fig-
ure 4b), suggesting that CDCK2 is involved in cell division.
Although the average cell length of cdkc2-2 and cdkc2-4
was similar to wild type, the average cell length of hda1s
was increased (Figure 4a.c). Interestingly, the cells of the
double mutant cdke2-2/hda1s were significantly longer
than those of the hda15 single mutant (Figure 4a.c), indi-
cating that HDA15 and CDKC2 act synergistically in the reg-
ulation of FR-mediated cell elongation.

To examine whether the hypocotyl elongation medi-

- -ated-by-HDA15 and-CDCK2 is related to auxin, the hypoco-

tyl lengths were also measured after treatment with the
polar auxin transport inhibitor N-T-naphthylphthalamic
acid {NPA) (Sundberg st al., 1994}. The hypocoty! lengths
were decreased when treated with NPA under FR condi-
tions {Figure S2), indicating that auxin is involved in the
hypocotyl elongation regulated by HDA15 and CDCK2.

HDA15 and CDKC2 synergisticatly repress the expression
of cell wall organization- and auxin signaling-related genes
under FR light

Previous studies have shown that HDA15 represses hypoco-
tyl elongation and regulates cell wall arganization- and auxin
signaling-related genes {Zhac et al., 2019). To investigate
how CDKC2 mediates hypocotyl elongation, we further ana-
lyzed the expression of cell wall organization- and auxin
signaling-related genes under FR light conditions. XYLO-
GLUCAN ENDOTRANSGLYCOSYLASE/HYDROLASES | XTH4,
XTH15, XTH17, and XTH33} and PECTIN METHYLESTER-
ASE16 (PMET6) are invalved in cell wall organization,
whereas INDOLE-3-ACETIC ACID INDUCIBLE1S (IAAT9) and
SMALL AUXIN UP RNA36 (SAUR36) are involved in auxin
signaling (Zhao et al., 2019). Quantitative RT-PCR (RT-qPCR}
analysis using whole seedlings indicated that the expression
of XTH4, XTH15, XTH17, XTH33, PME16, IAA19, and SAUR36
was upregulated in hda5 and cdkeZ-2/hdais but not in
cdke2-2 and cdkec2-4 [Figure 5). Morsover, the expression of
XTH4, XTH15, XTH17, XTH33, PME16, and IAA1S in the
cdkcz-2/hda1s double mutant was significantly higher than

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, {2022), doi: 10.1111/pj.16027
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Figure 3. HDA15 acts downstream of CDKC2 in FR light-mediated hypocotyl elongation.
Hypocotyl lengths of 4-day-old Col-0, hdal5, cdke2-2, cdkc2-4, and cdkc2-2/hda?s seedlings grown under FR light {2.452 pmol m™2 sec™), R light
{12.254 ymol m~2 sec™"}, dark, and white light (WL) conditicns. Scare bar, 2 mm. Data are presented as the mean {SD} of thras blological replicates (Student's

Etast, *P < 0,05, n=40}.

in the hdal5 single mutant, supporting the synergistically
negative rale of HDA15 and CDKC2 in FR-mediated cell elon-
gation. Similar results wers also obtained when using hypo-
cotyl tissues only (Figure S3).

The expression of cell cycle-related genes such as
CYCLIN D2;7 (CYCD2:1} and CYCT1;3 was also analyzed.
The D-type cyclin gene CYCD2:7 has been shown to act in
the G1/S transition (Zhao et al,, 2017). The expression of
CYCD2:1 and CYCT1:3 was decreased in cdkc? and cdke2/
hda?5 mutants (Figure 5), indicating that CDKC2 regulates

cell division by promoting CYCD2:1 and CYCT1;3 expres-
sion under FR light conditions. The expression of CYCDZ:7
and CYCT1;3was unaffected in the hda15 mutant (Figure &),
indicating that HDA15 is not involved in cell division.

HDA15 decreases histone H3 and H4 acetylation levels of
cell wall erganization- and auxin signaling-related genes
under FR light

To further investigate how HDA15 and CDKC2 regulate
gene expression, we examined the histone H3 and H4

© 2022 Saciety for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), doi: 10.1111/tpj.16027
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Figure 4. The cell number and call length of Col-0, hda1s, cdke2, and cdkc2/hdais under FR light.

{a} Scanning electron microscopy analysis of hypocotyl cells of 4-day-old Cel-0, hda15, edke2-2, cdke2-4, and cdke2-2/hdals seadlings grown under FR light
(2.452 pmol m~2 sec™), Scale bar, 200 ym.

(b} Quantification of the cell number as indicated in (a). Data are presented as the mean {SD)} of three biclogical replicatas {(Student’s t-tast, *P < 0.05, n= 20}.
{c} Quantification of the cell length as indicated in {a). Data are pressnted as the mean (5D} of threa biological replicates. Differant letters above the error bars
indicate statistically significant differences (P < 0.05, post hoc Tukey’s HSD test).

61 . mCol-0 mhdald wmcdkc2-2 =cdkc2-4 wmodke2-2/hdats
5 ]

b
4 b

Relative gene expression

|

XTH4 XTH15 XTH17 XTH33 PME16 1AA19 SAUR36 | CYCD2,1  CGYCT1,3
Cell wall organization-related Auxin signalingrelated| Cell cycle-related

Figure 5. Expression of cell wall organization-, auxin signaling-, and cell cycle-related genes in the whole seedlings of Col-0 and hda?5, edkeZ, and cdke2/hda15
mutants. .

Expression of XTH4, XTH15, XTH17, XTH33, PME18, IAA13, SAUR36, CYCDZ:1, and CYCT1;3was analyzed by RT-qPCR. RNA was extracted from 4-day-old whole
seedlings grown under FR light (2.452 ymol m~2 sec™) conditions. {8070 was used as an internal contral. Data are presented as the mean (5D} of three bio-
logical replicates. Different letters above the error bars indicate statistically significant differances (P < 0,05, post hoc Tukey's HSD test).
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acetylation levels of the cell wall organization- and auxin by ChIP-qPCR analysis. Increased histone H3 acetylation
signaling-related genes XTH4, XTH15, PME16, and SAUR36 (H3Ac) levels in the proximal promoters of XTH4 and
in Col-0 and the hda15, cdke2, and cdkc2-2/hdals mutants SAUR36 {XTH4-P and SAUR36-P) and the first exon regions

ydde 3 L p

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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of XTH15 and PME16 (XTH15-E and PMET6-E} were
detected in hda75 and cdke2-2/hda15 mutants compared to
wild type (Figure 6a,b). Moreover, increased histone H4
acetylation (H4Ac) levels in SAUR36-P, PME16-F, and
PME16-E were also detected in hda? and edkc2-2/hdats
mutants compared to wild type (Figure 6ab). The H3Ac
and H4Ac levels of the cell cycle-related genes CYCD2:T
and CYCT1;3 displayed no obvious changes in hda15, cd-
ke2, and cdkcZ-2/hda’s mutants compared to wild type
(Figure S4}). The H3Ac and H4Ac levels in the cdkc2-2/

CDKCZ interacts with HDA15 7

hda15 double mutant were similar to those in the hda7s
single mutant, indicating the histone acetylation changes
in the mutants were caused by HDA15.

DISCUSSION
CDKC2 interacts with and phosphorylates HDA15

Phosphorylation of HDACs plays a crucial role in the regu-
fation of their functions. The human HDACs HDAC1,
HDAC2, HDACA4, HDACS, and HDACS can be phosphorylated

(a)

XTH4 &—I-I—-:l— PME16 _b-:i—

P T P 3
XTH15 i E-I-]—— SAUR36 } E-:J—
3 3 7 T 500 bp
b
(b) H3AC
45 -

Relative enrichment

uCol-0 whdat5 wmodkc2-2 ucdke2-4 medke2-2/hdals

PME16-P  PME16-E SAUR36-P SAURS36-E

XTH4-E ~ XTHI15-P  XTH15E
H4Ac .
6 - 2Col0 mhdal5 mcdke2-2 iedkc2-4 mcdkc2-2hdals

Relative enrichment

XTH15-P

XTH15-E

PME16-F PME16-E SAUR36-F SAUR36-E

Figure 8. HDAT5 decreases the histona H3Ac and H4Az lavels of cell wall organization- and auxin signaling-related genes under FR light conditions.
{a} Schematic diagram of XTH4, XTH15, PMETE, and SAUR36. The regions used for ChIP-PCR analysis are shown. P and E indicats proximal promoter and first

axon regions, respactively. Red boxes indicate G-box elemants (CACGTG).

(b} ChIP-gFCR analysis of histane H3Ac and H4Ac levels of XTHY, XTH15, PMET6, and SAUR36in Col-0, hdal5, cdkc2-2, cdke2-4, and cdke2-2Mda15 grown undar
FR light (2.452 pmol m™2 sec™") for 4 days. Histone H3 was used as an internal control. Data are presentad as the maan {:tSD} of three biolagical replicates, Dif-
ferent letters above the error bars indicate statistically significant difference (P < 0.05, post hoc Tukey's HSD test),

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022}, doi: 10.11114pj.16027

#

R R

35UR|] SUOLRHOD IATIRSL) 9jqeatjdde au) £q PuoAcH 0.8 SAILE Y 1380 J0 §3]n 30) ArmIGYT 3O ASJIA KO (SLOLP

IPUOD PUE BUWORL 30 335 “[ZZ0TT10Z] vo ATesqi Tamjuo Aajian "AISaaTur) URamm Y. [BUOMEN £q £T09T FE/ T11101/10p 00y Aajiav3exq1iaunuo;ssdny niosf papsojusmog ‘0 "XEIE$9ET

o)

A AR |t/

P




=nE®

S m %

390
& ¥ 33 (X)

RiEBRE 112 FFERALEREARRM

MR

# 12 gz

390
A

8 Chia-Yang Chen et al.

and their functions are regulated by phosphorylation (Lis-
sanu Deribe et al, 2009; McKinsey et al, 2001; Segré &
Chiocea, 2010}, Human HDAC1 and HDAC2 are the sub-
strates for phosphorylation by the ubiquitous serinefthre-
anine protein kinase casein kinase I, which phosphorylates
various substrates that are implicated in cell growth and
proliferation and signal transduction (Cai et al, 2001;
Gowda et al, 2017; Sun et al,, 2007). Phosphorylation on
Ser421 and Ser423 of human HDAC?T and Ser394, Serd2?,
and Serd24 of HDAC2 positively regulates their deacetylase
activity, resulting in transcriptional repression of their down-
stream target genes [Galasinski et al,, 2002; Pflum ef al.,
2001}, Furthermore, phosphorylation of HDACT also pro-
motes its complex formation (Pflum et al., 2001). Moreover,
human HDACS is phosphorylated by the serinefthrecnine
kinase Protein Kinase D, which is involved in a variety of
cellular functions, including signhal transduction and
endothelial cell proliferation (Ha et al., 2008). Phosphoryla-
tion of HDACS promotes its binding to the 14-3-3 chaperone
protein, resulting in translocation from the nucleus to the
cytoplasm (Grozinger & Schreiber, 2000; McKinsey et al.,
2001). Phosphorylation of the Arabidopsis HDACs HDAS
and HDA15 also affects their functions {Chen et af., 2020; Yu
et al., 2017). Phosphorylation on Serd27 and Serd29 of
HDAGS increases Its enzymatic activity, wheréas phosphory-
lation on S5erd27 is also important for the interaction of
HDAG with its interacting proteins SUVHs {Yu et al., 2017}
By contrast, phosphorylation on Serdd8 and Serd52 of
HDA1S negatively regulates its enzymatic activity and
results in its translocation from the nucleolus into the nucle-
oplasm {Chen et al., 2020}, In the present study, we found
that CDKC2, a serine/threonine protein kinase in Arabidop-
sis, directly interacts with HDA15. Moreover, CDKC2 can
phosphorylate HDA1S in vitro.

CDKC2 acts upstream of HDA15 in FR light-regulated
hypocotyl elongation

Previous studies have shown that CDKC2 influences the
phosphorylation status of the CTD of RNA Pol Il 1o regulate
transcription {Wang et al., 2014). CDKC2 plays a role in viral
infection, the timing of flowering, and stomatal develop-
ment through affecting the transcriptional activation of viral
infettion-, celi cycle- and stomatal development-related
genes {Cui et al., 2007; Wang et al., 2014; Zhao et al., 2017},
On the other hand, HDA15 has been shown to regulate R
light- and FR light-mediated inhibition of hypocotyl growth.
Furthermore, HDA15 represses the expression of cell wall
organization- and auxin signaling-retated genes in sead-
lings under R light to regulate hypocotyt elongation {Zhao
et al., 2019). In this study, we found that CDKC2 is also
involved in hypocotyl elongation under FR light. The cdkc?
mutants exhibited shorter hypocotyls compared to wild
type under FR light, whereas the hda75 mutant exhibited
longer hypocotyls. Furthermore, the hypocotyl lengths of

cdkeZ/hdals double mutants were similar to those of the
hdal5 mutant, indicating that CDKC2 acts upstream of
HDA15 in FR light-regulated hypocotyl elongation.
Consistent with these observations, the expression
levels of cell wall organization- and auxin signaling-related
genes were increased in hdal5 and cdke2/hdai5 mutants,
The Arabidopsis cell wall organization-related genes X7THs
are expressed in all developmental stages (Becnel et al.,
2006). The auxin signaling-related genss /AA79 and SAURs
regulate hypocotyl length through promoting cell expan-
sion {Hou et al., 2013; Tatematsu et al., 2004). Moreover,
the expression of these genes was significantly higher in
the cdke2-2/hda 75 double mutant than in the hdal5 single
mutant, supporting the synergistically negative role of

HDA15 and CDKC2 in FR-mediated cell elongation. Taken'

together, these results suggest that CDKC2 may synergisti-
cally modulate the expression of cell wall organization-
and auxin signaling-related genes with HDA15 to regulate
hypocotyl elongation.

CDKC2 promotes cell division under FR light canditions

Arabidopsis CDKC2, a homolog of human CDK9, is a mem-
ber of the CDK family {Barrco et al., 2003). By interacting
with cyclin T, CDKC2 plays an important role in phosphory-
tating the CTD of RNA Pol Il {Barrdco et al., 2003; Wang & Fis-
cher, 2008}, CDKC2 is also required for the progression of
cell division and endoreduplication {Zhao et al., 2017). The
celi number of rosette ieaves was remarkably increased in

the cdke2 mutants compared to wild type {Zhao et al., 2017). -

hda15 seedlings exhibited longer hypocotyls compared to
wild type under R light and FR light conditions, suggesting
that HDA15 plays an important role in both R and FR light-
mediated hypocotyl elongation [Liu et al., 2013; Zhao et al.,
2018). By contrast, there was no significant difference in
hypocotyl length between cdke2 seedlings and wild type
under R light, suggesting that CDCK2 is not involved in R
light-mediated hypocotyl elongation. cdke2 mutants dis-
played shorter hypocotyl length and a reduced cell number
under FR light conditions. In addition, the expression of the
cell cycle-related genes CYCDZ;1 and CYCT1:? was also
decreased in cdke2 mutants. Taken together, these resuits
indicate that CDKC2 might play different. roles in different
growth stages. CDKC2 acts as a positive regulator in FR-
mediated cell elongation, whereas it acts as a negative regu-
lator in the reproductive stage (Zhao et al., 2017).

EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

Arabidopsis thallana plants were grown at 23°C under long-day
(LD} conditions (16 h light/8 h dark). The T-DNA mutants hda?5-1
(SALK_004027} {Liu et al., 2013}, cdke2-2 (SALK_029548) (Wang
et al,, 2074), and cdke2-4 (SALK_141847) were obtained from The
Arabidopsis information Resource Canter {htip:/fiwww.arabidopsis.
org/h
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For measurement of morphogenstic phenotypes, seeds were
sterilized and planted on half-strength Murashige-Skoog medium

- agar plates containing 0.3% {w/v) sucrose and imbibed for 3 days

at 4°C in the dark with or without NPA {1 u) treatment. After ger-
mination was induced under white light for & h, the seedlings
were placed under various light conditions at 23°C for the indi-
cated times.

LC-MS/MS

The HDA1S protein extracted from 2-day-old etiolatad seedlings of
Col-6 wild type was immuncprecipitated by an HDA15 antibody
{Liu et al, 2013} and isolated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis {SDS-PAGE) in four biological
replicates (Tu et al., 2022). After trypsin digestion and desaiting,
peptides were used to perform LC-MS/MS by a Thermo Orbitrap
Elite Mass Spectrometer and for Mascot analysis.

BiFC assays and microscopy

The coding sequences of COKCZ and HDATS were subcloned into
the pCR8/GW/TOPO vector and then recombined into the YEPY

{pEarleyGate201-YFPY) and YPE® {pEarleyGate202-YFPY) vectors,

(Lu et al., 2010), respactively. Construsted vectors were transiently
transformed into Arabidopsis protoplasts and fluorescence was
observed using a Zeiss LSM 780 confocal microscope. Leaves of
3-week-old N. benthamiana were infiltrated with Agrobacterium
tumefaciens GV3101 containing the YFPY and YFPC construct
pairs. YFP fluorescence of epidermal cell layers was examined
2 days after infiltration using an Apatome microscope,

Co-IP assays

The coding sequences of COXC2 and HDATS were cloned inte the
modified pEarleyGateT00 vector containing a 3xFLAG tag (355:
CDKC2-3xFLAG) and the pKIWGF2 binary vector (35S:GFP-
HDA18), respectively. Two days after infiltration with A. tumefa-
cfens GV3101, N. benthamiana leaves were harvested and around
In liquid nitrogen. Proteins were extracted in extraction buffer
{50 mm Tris-HCI, pH 7.4, 150 mm NaCi, 10% glycerol, 1% [gepaf
CA-630, and T mm PMSF) containing protease inhibitor cocktail
{Roche, Wilmington, MA, USA). The protein extracts wera incu-
bated with GFP-trap beads (Chromotek, Rosemont, I, USA) over-
night at 4°C. The beads were washed with wash buffer {50 mm
Tris-HCI, pH 7.4, 150 mm NaCl, 10% glycerol, and 1% lgepal CA-
630). Immunoblotting was carried out using an anti-FLAG anti-
body (Sigma; M2 F3165, Burlington, MA, USA) and an anti-GFP
antibody (Abcam; ab290, Cambridge, MA, USA).

Pull-down assays

The pull-down assay was performed as previously described {Liu
et al, 2093). GST and GST-HDA15 recombinant proteins were
incubated with GST resin in binding buffer (50 mm Tris-HCI, pH
75 100 mm NaCl, 025% Triton X-100, and 35 mm i
mercaptoethanol} for 2 h at 4°C. The binding reaction was washed
three times with binding buffer and then the CDKC2-His recombi-
nant protein was added, followed by incubation for an additional
2 h at 4°C. After washing five times with binding buffer, the pulled
down proteins were eluted by boiling, separated by SDS-PAGE,
and detected by immunoblotting using an anti-His antibody
{Sigma; 70796-M).

In vitro kinase assays

The in vitro kinase assay was performed as previcusly described
with some modifications {Cui et al., 2007). The kinase reactions

CDKC2 intéracts with HDA15 9

were assembled on ice in kinase buffer (20 mm Tris-HC|, pH 7.5,
10 mm MgClz, 1 mm EGTA, pH 8, and 1.1 mm CaCly) containing
0.075 pg CDKC2-His or 0.075 pg GST-CYCT1;3 recombinant pro-
teins. The reactions were initiated by adding 0.75 pg GST-HDA15
substrate protein and 2.5 uCi of [fy-*2P] ATP and terminated by the
addition of SDS loading buffer after 30 min of incubation at 37°C.
The reaction mixtures were separated by SDS-PAGE, and phos-
phorylation was detected by autoradiography.

RNA extraction and RT-qPCR

Total RNA was extracted from 4-day-old plants grown under FR
tight (2.452 pmol m™2 sec™) conditions with TRIzol reagent {Invit-
rogen, Waltham, MA, USA) according to the manufacturer's proto-
col, One microgram of tota) ANA was used to synthesize cDNA.
RT-qPCR was performed using iQ SYBR Green Supermix (Bio-
Rad, Hercules, CA, USA) and a CFX96 real-time PCR system (Blo-
Rad). The gene-specific primers used for RT-qPCR are listed in
Table $1. Each sample was quantified at least in triplicate and nor-
malized using Ubiquitin10 {UBQT0) as an internal contral,

ChIP-qPCR assays

ChIP assays were performed as previously described {Gendrel
et ak,, 2005; Liu et al., 2013). Chromatin was extracted from 4-day-
ald plants grown under FR light (2.452 pmal m=2 sec”"} condi-
tions. After fixation with 1% formaldehyde, the chromatin was
sheared to an averaga length of 500 bp by sonication and then
immunoprecipitated with specific antibodies including anti-H3Ac
(Millipare; 06-598, Billerica, MA, USA}, anti-HdAc {Millipore; 06-
866), and anti-H3 (Abcam; ab1791). The cross-linking was then
reversed, and the amount of each precipitated DNA fragment was
determined by qPCR using specific primers {Table $1). Three bio-
logical replicates were performed, and three techmical repeats
were carried aut for each biological replicata. Representative
results from one biolegical replicate are shown.
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Figure 52. Hypaeolyl phenotypes of Col-0, hdals, cdke2-2, cdke2-
4, and cdke2-2/hda15 seedlings with NPA treatment.

Figure 83. Expression of cell wall organization-, auxin signaling-,
and cell cycle-related genes from hypocotyl tissues in Col-0 and
hda15, cdke2, and cdke2/hda 15 mutants.

Figure S4. ChiP-gPCR analysis of the histone H3Ac and HdAc
levels of CYCDZ:7 and CYCT?:3under FR light.

Table S1, List of primers used in this study,
REFERENCES

Adams, E., Diaz, €., Hong, J.-P. & Shin, R. {2074} 14-3-3 proteins participate
in fight signaling through association with PHYTOCHROME INTERACT-
ING FACTORs. International Journal of Molecular Seiences, 15, 22801~
22814,

Alinsug, M.V., Yu, C.-W. & Wu, K. {2009} Phylogenetic analysis, subcellular
localization, and expression patterns of RPD3/HDA1 family histone
deacetylases in piants. BMC Plant Biology, 9, 1-15.

Barrdeo, RM., De Veylder, L, Magyar, Z.. Engler, G., Inzé, D, & Mironow, V,
12003) Novel complexes of cyclin-dependent kinases and a cyclin-like
protein from Arabidopsis thaliana with a function unrelated to cell divi-
sion. Cellular and Melocufar Lifs Sclences CMLS, 60, 401-412.

Becnel, J., NataraJan, M., Kipp, A. & Braam, J. (2006) Developmental expres-
sion patterns of Arabidopsis XTH genes reparted by transgenes and gen-
avestigator. Plant Molecular Biofagy, 51, 4561487,

Brés, V., Yoh, S.M, & Jones, K.A. {2008) The multi-tasking P-TEFb complex.
Current Oginion in Cell Biology, 20, 334-340,

Cai, R, Kwon, P., Yan-Neale, Y., Sambuccetti, £, Fischer, D. & Cohen, D.
{2001} Marnmalian histone deacetylase 1 protein is posttransiationally
modified by phosphorylation. Biochemical and Biophysical Research
Communications, 283, 445-453.

Chan, C-Y., Tu, Y.-T,, Hsu, J.-C., Hung, H.-C., Liu, T.-C,, Lee, Y.-H. et al,
{2020} Structure of Arabidopsis HISTONE DEACETYLASETS. Plant Physi-
olagy, 188, 15851600,

Chen, 2.J. & Tian, L, {2007} Reles of dynamic and raversible histone acetyia-
tion in plant deveiopment and polyploidy. Biochimica et Biophysica Acta
- Gene Structure and Expression, 1768, 205-307.

Cui, X, Fan, B., Scholz, J. & Chan, Z. {2007} Roles of Arabidopsis cyclin-
dependent kinase C complexes in cauliflower mosale virus infection,
plant growth, and development. The Plant Cell, 19, 1388-1402,

Fisher, A.J, & Franklin, KA. (2011} Chromatin remodelting in plant light sig-
nalling. Physiolagia Plantarum, 142, 305-313.

Galasinski, S.C., Resing, K.A., Goodrich, J.A. & Ahn, N.G. {2002} Phos-
phatase inhibition leads to histone deacetylases 1 and 2 phospherylation
and disruption of corepressor interactions. Journal of Biological Chem-
istry, 277, 19618-19626.

Gandrel, AV, Lippman, Z,, Martienssen, R. & Colot, V. {2005} Profiling his-
tone modification patterns in plants using genomie tiling microarrays.
Nature Meothods, 2, 273-218.

Gowda, C., Soliman, M., Kapadia, M., Ding, Y., Payne, K. & Dovat, §. {2017}
Casein kinase Il {CK2), glycogen synthase kinase-3 {GSK-3} and Ikaros
mediated regulation of leuksmia. Advances in Biological Regulation, 65,
16-25.

Grozinger, C.M. & Schreiber, S.L, {2000} Regulation of histons deacetylase 4
and 5 and transcriptional activity by 14-3-3-dependent cellular localiza-
tien. Proceedings of the Nationa! Academy of Sciences of the United
Statas of America, 97, T835-7840.

Gu, D., Chen, C.-Y., Zhao, M., Zhao, L., Duan, X., Duan, J. et af. {2017} Identi-
fication of HDA15-PIF1 as a key repression moduls directing the tran-
scriptional network of seed germination in the dark. Nuecleic Acids
Research. 45, T137-7150. :

Ha, CH., Wang, W., Jhun, B.S., Weng, C., Hausser, A., Plizenmaisr, K. et al,
{2008) Protein kinase D-dependent phosphorylation and nuclear export
of histone deacetylase 5 mediates vascular endothelial growth factor-
induced gene expression and angiogenesis. Journal of Biclogical Chem-
istry, 283, 14530-14509,

Hardtke, C.5., Gohds, K., Osterlund, M.T., Oyama, T., Okada, K. & Deng,
X.W. (2000] HYS stability and activity in Arabidopsis is regulated by
phosphorylation in its COP1 binding domain. The EMBO Jotirnal, 19,
43975006,

Holm, M., Ma, LG., Qu, L.J. & Deng, X.W. (2002} Twa interacting bZIP pro-
tains are direct targets of COPl-mediated control of light-dependent
gene exprassion in Arabidopsis. Genes & Development, 16, 1247-1259,

Hou, K., Wu, W. & Gan, 5.-5. {2013} SAUR36, a SMALL AUXIN UP RNA
gene, is invoived in the promotion of Jeaf senescance in Arabidopsis.
Plant Physiology, 161, 1002-1009.

Kitsios, G., Alexiou, K.G., Bush, M., Shaw, P. & Doonan, J.H. {2008) A
cvalin-dependent protein kinase, CDKCZ, colocalizes with and modulates
the distribution of splicensomal companents in Arabidopsis. The Plant
Journal, 54, 220-235,

Lim, J., Park, J.-H., Jung, S., Hwang, D., Nam, H.G., Hong, S.J.P. et al {2018)
Antagonistic roles of phyA and phy8 in far-red light-dependent leaf senes-
cence in Arabidopsis thaliana. Plant and Cell Physiology, 59, 1753-1764.

Lissanu Deribe, Y., Wild, P., Chandrashaker, A., Curak, J., Schmidt, MH.,
Kalaidzidis, Y. et al. {2008} Regulation of epidermal growth factor racep-
tor trafficking by lysine doacatylase HDACE. Science Signaling, 2, ra8a.

Liu, X., Chen, C.-Y., Wang, K.-C., Luo, M., Taj, R., Yuan, L, et a/. {2013) PHYTO-
CHROME INTERACTING FACTOR3 associates with the histone deacety-
lase HDATS in repression of chlerophyll biosynthesis and photosynthesis
in etiolated Arabidopsis seedlings. The Plant Cell, 25, 1258-1273.

Liu, X., Yang, $., Yu, C.W., Chen, C.Y. & Wu, K. (2016) Chapter six - histone
acetylation and plant development. In: Lin, C. & Luan, §. (Eds) The
enzymes. Burlington: Academic Press, pp. 173-198.

Liu, X., Yang, ., Zhao, M., Lue, M., Yu, C-W., Chen, C.-Y, et al. {2014} Tran-
scriptional repression hy histone deacetylases in plants. Molecular Plant,
7, 764-772.

Lu, Q. Tany, X., Tian, G, Wang, F., Liu, K, Nguyen, V., et al. (2010) Ara-
bidopsis homolag of the yeast TREX-2 mRNA export compiex; compo-
nents and anchoring nucleoporin. The Plant Journal, 61, 259-270.

Marshall, NF. & Price, D.H. (1985) Purification of P-TEFb, a transcription face-
tor required for the transition into productive elongation. Journal of Bio-
logical Chemistry, 270, 12335-12338.

McKinsey, T.A,, Zhang, C.L. & Olsén, E.N. {200} Identification of a signal-
respongive nuclear export sequence In class Il histone deacetylases.
Molecular and Celtular Biology, 21, 6312-6321.

McNeliis, T.W. & Deng, X.W. {1995} Light control of seedling morphogenetic
pattern, The Plant Cell, 7, 1749-1761.

Mironov, V., De Veylder, L., Van Montagy, M. & Inzé, D. {1999} Cyclin-
dependent kinases and cell division in plants—the nexus, The Plant Cell,
11, 508-521,

Morgan, D.0. {1997} Cyclin-dependent kinases: engines, clocks, and micropro-
cessors. Annual Review of Cell and Developmental Biology, 13, 261-291,

Nedf, M.M., Fankhauser, C, & Chory, J. {2000) Light: an indicator of time and
place. Genes & Development, 14, 267-271.

Pflum, M.ICH., Tong, J.K, Lane, W.S, & Schreiber, S.L. 2001} Histone
deacstylase 1 phosphoryiation promotes enzyrnatic activity and complex
farmation. Journai of Biological Chamistry, 216, 47733-47741.

Segré, C.V. & Chiocca, 5. (2010) Regulating the regulators: the post-
transiational code of class § HDACT and HDAC2. Journal of Blomadicine
and Biatechnology, 2011, 1-15.

Sun, J-M. Chen, H.Y. & Davie, JR. 12007} Differential distribution of
unmadified and phospharylsted histone deacetylass 2 in chromatin.
Journal of Biolegical Chemistry, 282, 33227-33236.

Sundberg, B., Tuominen, H. & Little, C.A. {1994} Effects of the indole-3-
acetic acid {IAA} transport inhibitors N-1-naphthyiphthalamic acid and
morphactin on endogenous IAA dynamics in relation to compression
wood formation in 1-year-old Pinus sylvestris (L.} shoots. Plant Physiol-
ogy, 108, 469-476,

Tatematsy, K., Kumagal, §., Muto, H., Sato, A., Watahiki, M.K,, Harper, R
et al, {2004) MASSUGUZ encodes aux/IAA1TY, an auxin-regulated protein
that functions together with the transcriptional activator NPH&/ARF7 to
regulate differantial growth responses of hypocotyl and formation of lat-
efal roots in Arabidopsis thaliana. The Plant Cell, 16, 379-393.

Tepparman, J.M., Zhu, T., Chang, H.-S., Wang, X. & Quail, P.H. {2001) Multi-
ple transcription-factor genes ara early targsts of phytochromae a signal-
ing. Proceedings of the National Academy of Sciences of the United
States of America, 98, 34379442,

Tw, ¥.-T,, Chen, C.-Y., Huang, ¥.-S., Chang, C.-H., Yen, M..R., Hsish, J.-W.A,
et al, {2022} HISTONE DEACETYLASE 15 and MOS4-associated complex
subunits 3A/3B coregulate intron retention of ABA-responsive genes.
Flant Physiclogy, 190, 882-897.

© 2022 Society for Experimental Bioiogr and John Wiley & Sons Ltd.,

The Plant Journal, (2022), doi: 10.1111/tpj.16027

A¥E

TEEEAT 0000 > S SIPIQ UM U0/~ sditll STt DARROUIRALE 1 "Vt St

Ae FNUT ¥e) "I 10 ST J0L 201D SUIU AMEAL UN 1SUBHIBLEI-PUC-SIN, WAL ALY tEzgnaunun £sdin SUOLIDGG % BUE S ) ate 83¢ Frramm 1 0T un AIerarT Juse 4384 ~£ISIa AN1n URAIRT IPBONEN A0 Tl

4

dde am 4o

¥ ARG D

MERNT




AR
# B

B

390 B dBAE 112 PEERLEE LSRRG
¥ 12 -
5

e ;390
#£/2 AR /2 R

el Dl e B

CDKC2 interacts with HDA15 11

g
Wang, S. & Fischer, .M. (2008) Cyclin-dependent kinase 9: a key transcrip- Yu, C-W., Tai, R, Wang, §.-C., Yang, P., Luo, M., Yang, §. et al. {2017} HIS- g
tianal regulator and potential drug target in oncology, virolegy and car- TONE DEACETYLASEE acts in concart with histone methyltransferases v
diclogy. Trends in Pharmacological Sciences, 29, 302-313. SUVH4, SUVHS, and SUVHS to regulate transposon silencing. The Plant
Wang, Z-W., Wu, Z, Raitskin, O., Sun, Q. & Dean, C. {2014) Antisense- Cell, 29, 1970-1983.
mediated FLC transcriptional repression requires the P-TEFb transcrip- Zhao, L., Li, Y., Xie, Q. & Wu, Y. {2017} Loss of CDKC; 2 increases both cell 5
tion elongation factor. Proceedings of the Natfonal Academy of Sciences division and drought toleranca in Arabidopsis thaliana. The Piant Jour- ;
of the United States of America, 111, 7468-7473. nal, 91, 816-828. . i
Wit. M.B., Galvao, V.C. & Fankhauser, C. {2016} Light-mediated hormonal Zhao, L, Peng, T., Chen, C.-Y., Ji. R, Gu, D, Li, T. ot al. {2019) HYS interacts
regulation of plant growth and development, Annuvaf Review of Plant with the histone deacatylasa HDA15 to repress hypocotyl cefl elongation
Biology, 67, 513-537. in photomarphogenesis, Plant Physiology, 180, 1450-1486,

Y DUE SRUAN U1 2 D70 LT h U0 ATEISHN MU 3108t *AUSI yHN UeME ! reuita K0 d=nuatdi et

sgdiy

WwoataE

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2022), doi; 10.1111/tpj. 16027

SARSNE

AU sudittmey aanea Muendde sus £o pMidaei a0 SR Wb ST 10 SMI SO0 AIQION T AU AMAY un






