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Abstract

Most rice (Oryza sativa) cultivars cannot survive under prolonged submergence. However, some O. sativa ssp. indica cultivars, such as
FR13A, are highly tolerant owing to the SUBMERGENCE 1A-1 (SUB1A-1) allele, which encodes a Group VII ethylene-responsive factor
(ERFVII) protein; other submergence-intolerant cultivars contain a SUBIA-2 allele. The two alleles differ only by a single substitution
at the 186™ amino acid position from serine in SUB1A-1 to proline in SUB1A-2 resulting in only SUB1A-1 being able to be
phosphorylated. Two other ERFVIIs, ERF66 and ERF67, function downstream of SUB1A-1 to form a regulatory cascade in response to
submergence stress. Here, we show that SUB1A-1, but not SUB1A-2, interacts with ADA2b of the ADA2b-GCNS acetyltransferase
complex, in which GCN5 functions as a histone acetyltransferase. Phosphorylation of SUB1A-1 at serine 186 enhances the interaction
of SUB1A-1 with ADA2b. ADA2b and GCN5 expression was induced under submergence, suggesting that these two genes might play
roles in response to submergence stress. In transient assays, binding of SUB1A-1 to the ERF67 promoter and ERF67 transcription were
highly induced when SUB1A-1 was expressed together with the ADA2b-GCNS5 acetyltransferase complex. Taken together, these
results suggest that phospho-SUB1A-1 recruits the ADA2-GCN5 acetyltransferase complex to modify the chromatin structure of the
ERF66/ERF67 promoter regions and activate gene expression, which in turn enhances rice submergence tolerance.
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Significance Statement

SUBMERGENCE 1A-1(SUB1A-1) is a Group VII ethylene-responsive transcription factor (ERFVII) that confers the majority of submer-
gence tolerance to rice. Rice cultivars without SUB1A-1 or with SUB1A-2 allele are sensitive to submergence. SUB1A-1 and SUB1A-2
differ by a single amino acid substitution, i.e. Ser186 in SUB1A-1 and Pro186 in SUB1A-2. Under submergence, SUB1A-1 is phosphory-
lated by MPK3 at Ser186. Previously, we reported that ERF66 and ERF67 function downstream of SUB1A-1 to form a regulatory cascade
during submergence. This study shows that phosphorylation of SUB1A-1 enhanced its binding to the ERF67 promoter. In addition,
phospho-SUB1A-1 recruits the ADA2-GCN5 to modify the chromatin structure of the ERF67 promoter region and then activates
ERF67 gene expression.

Introduction

Although rice is cultivated in paddy fields, most cultivars are sen-
sitive to submergence stress and die within several days of com-
plete submergence. However, a few submergence-tolerant rice
cultivars, such as FR13A, show extraordinary tolerance. Under
complete submergence, the growth of FR13A plant is paused,
which is termed “quiescence phenotype.” After floods recede,
FR13A plants resume growth without lodging as submer-
gence-intolerant rice plants do. SUBMERGENCE 1A-1 (SUB1A-1)
is specifically identified in the submergence-tolerant cultivars

and plays a determinant role in submergence stress responses
(1, 2).

SUB1A-1 is a transcription factor that is classified into the
Group VII ethylene-responsive factor (ERFVII) family according
to the homology of its singular AP2 domain (1, 2). SUB1A-1 confers
the majority of its submergence tolerance by mediating the quies-
cence response via repression of ethylene and Gibberellin-
induced shoot elongation (2-4). Several studies have indicated
that SUB1A-1 regulates a spectrum of genes involved in anaerobic
and leaf

metabolism, reactive oxygen species regulation,
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senescence during and after submergence (5-8). Most of the
ERFVIIs possess a conserved MCGG (Met-Cys-Gly-Gly) motif at
the very N-terminal end. The MCGG motif is the N-degron of the
oxygen-dependent  N-degron  pathway of  proteolysis.
Importantly, the N-degron pathway regulation of ERFVII protein
stability was identified as an oxygen-sensing mechanism in
Arabidopsis (9, 10). SUB1A-1 possesses the canonical N-degron
but is not subjected to the N-degron pathway (9). Two ERFVIIs
genes, ERF66 and ERF67, are transcriptionally activated by
SUB1A-1 under submergence. The protein stability of ERF66 and
ERF67 is regulated by the N-degron pathway in response to low
oxygen during submergence. It has been demonstrated that
SUB1A-1 and ERF66/67 form a regulatory cascade to activate
downstream genes for rice submergence tolerance (11).

In addition to SUB1A-1, there is another allele, SUB1A-2, thatis
seen only in the submergence-sensitive cultivars, such as IR29.
The two alleles contain 17 single nucleotide polymorphisms; there
is only one nonsynonymous substitution in the coding region,
which results in conversion of the 186™ amino acid residue from
serine (SUB1A-1) to proline (SUB1A-2) (Fig. S1) (1, 2). This substitu-
tion affects the ability of the protein to be phosphorylated.
SUB1A-1 has been proposed to be phosphorylated and activated
by MITOGEN-ACTIVATED PROTEIN KINASE 3 (MPK3) (12).
Although SUB1A-2 was shown to interact weakly with MPK3, it
could not be phosphorylated even with increasing concentrations
of SUB1A-2. Thus, serine 186 of SUB1A-1 is a specific phosphoryl-
ation target site of MPK3. Under submergence, SUB1A-1 is induced
and further regulates the expression of MPK3 in a positive feed-
back loop. Hence, MPK3 phosphorylates SUB1A-1 in a
SUB1A-1-dependent manner. So far, the differential effects of
phosphorylated SUB1A-1 and unphosphorylated SUB1A-2 on sub-
mergence tolerance have not been addressed.

Gene expression relies on the physical access of the transcrip-
tion factor to DNA,; therefore, chromatin accessibility is changed
in response to changing environmental cues (13). Histone lysine
acetylation, which neutralizes a positive charge, often reduces
theinteraction strength between histone and DNA, resultinginin-
creased chromatin accessibility and is associated with gene tran-
scription activation (14). Histone acetylation is involved in
developmental processes and stress resistance, including sub-
mergence or hypoxia (15-20).

GENERAL CONTROL NON-REPRESSIBLE 5 (GCNS5) is a histone
acetyltransferase  that associates  with  ALTERATION/
DEFICIENCY IN ACTIVATION 2 (ADA2) to form a histone acetyl-
transferase module, which is a subcomplex of the Spt-Ada-Gcn5
acetyltransferase (SAGA) coactivator complex (21). ADA2 serves
as an adaptor and improves the acetylation activity and substrate
specificity of GCN5 (22). Mutations of ADA2 result in disassoci-
ation of GCN5 from the SAGA complex and reduction of histone
acetylation, gene expression, and cell growth (23). In plants, or-
thologs of GCNS and ADA2 have been identified but not well stud-
ied (24). T-DNA insertional Arabidopsis mutants of GCN5 or
ADA?2b show pleiotropic phenotypes, including dwarfism, abnor-
mal root development, floral developmental defect, and abnormal
trichome branching (25-27), suggesting that GCN5 and ADA2b are
required for proper gene expression. Without sequence-specific
DNA recognition properties, the ADA2b-GCN5 module usually as-
sociates with sequence-specific transcription factors to regulate
downstream gene expression (28, 29).

Inrice, the histone acetylation levels of ADH1 and PDC1 are ele-
vated under submergence (20). In Arabidopsis, the histone 3 lysine
9 acetylation (H3K9ac) level is increased under hypoxia, particu-
larly in the 49 core hypoxia-responsive genes (19). This suggests

that histone acetylation is highly associated with productive tran-
scription under submergence and hypoxia. In this study, we found
that the H3K9ac level increased in the ERF66 and ERF67 promoters
in FR13A under hypoxia. Furthermore, SUB1A-11is associated with
the ADA2b-GCNS module to transcriptionally activate the expres-
sion of ERF66 and ERF67. We also found that phosphorylation of
SUB1A-1 enhanced the recruitment of the ADA2b-GCN5 module
and increased the expression of ERF66 and ERF67.

Results

SUB1A-1 interacts with ADA2b of the
ADA2b-GCNS5 acetyltransferase complex

Our previous study showed that SUB1A-1 directly activates ERF66
and ERF67 under submergence, resulting in high transcript levels
of ERF66 and ERF67 (11). It has been reported that SUB1A-1 inter-
acts with several transcription factors that contain a SANT do-
main (30). The SANT domain-containing protein, ADA2D, is a
highly conserved subunit in the SAGA complex and is involved
in histone modification (31, 32). To determine whether SUB1A-1
is involved in epigenetic regulation, its ability to interact with
ADA2b was tested. When used as a prey in a yeast two-hybrid
(Y2H) assay, SUB1A-1, but not SUB1A-2, interacted with ADA2b
(Fig. 1A). When used as a bait, SUB1A-1 still interacted with
ADA?b (Fig. 1A), ruling out the possibility that SUB1A-1 has self-
activation activity. Next, the interactions between SUB1A-1 and
GCNS5 and between ADA2b and GCN5 were tested. There was an
interaction between ADA2b and GCNS5 in yeast cells, but no direct
interaction was detected between SUB1A-1 and GCNS5 (Fig. 1B).
This suggested that SUB1A-1 might recruit the ADA2b-GCNS5 ace-
tyltransferase complex through ADA2b.

To further confirm the interactions among these three proteins,
a multicolor bimolecular fluorescence complementation (BiFC) as-
say was carried out (33). SUB1A-1, ADA2b, and GCNS5 fused with
fluorescent proteins were overexpressed in onion epidermal cells.
In this assay, N-termini of the fluorescent proteins Venus (nVenus)
and Cerulean (nCerulean) are expressed with the C-terminus of
cyan fluorescent protein (cCFP). When cCFP interacts with
nVenus, yellow fluorescence is produced, whereas when cCFP in-
teracts with nCerulean, blue fluorescence is produced (Fig. 1C).
When ADA2b was fused with cCFP and GCN5 and SUB1A-1 were
fused with nVenus and nCerulean, respectively, two types of fluor-
escence emissions were detected, revealing that ADA2b interacts
with both SUB1A-1 and GCN5 (Fig. 1C, top panel). In contrast,
when GCNS was fused with cCFP, only yellow fluorescence emis-
sion was detected, revealing that GCNS5 interacts with ADA2b
but not SUB1A-1 (Fig. 1C, second panel). To confirm that the fluor-
escent proteins did not exhibit self-interaction, empty vectors that
contained only the fluorescent proteins (empty nVenus, cCFP, and
nCerulean) were expressed as negative controls (Fig. 1C, bottom
panel). As shown in the bottom panel of Fig. 1C, no yellow and
blue fluorescence emission was detected. In this assay, we coex-
pressed mCherry-VirD2NLS to indicate the nucleus of cell. These
results support the notion that ADA2b physically interacts with
both SUB1A-1 and GCNS, specifically in the nucleus, suggesting
that it acts as a scaffold protein between SUB1A-1 and GCNS5.

Phosphorylation of SUB1A-1 enhances its
interaction with ADA2b

To determine whether the difference in the abilities of SUB1A-1
and SUB1A-2 to interact with ADA2b was caused by phosphoryl-
ation of SUB1A-1 or a structural difference between SUB1A-1
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Fig. 1. ADA2D interacts with GCN5 and SUB1A-1, but not SUB1A-2. A) Y2H binding assays of the interaction between SUB1A-1/2 and ADA2b. B) Y2H
binding assays of the interaction between SUB1A-1 and ADA2b, SUB1A-1 and GCNS5, and ADA2b and GCN5. AD, GAL4 activation domain; BD, GAL4 DNA
binding domain. Positive interactions are represented by growth on triple-dropout medium (-WLH), which tests for expression of the HIS3 reporter gene.
Yeast growth on double-dropout medium (-WL) is assessed as a cotransformation control. Ten-fold serial dilutions of yeast cells transformed with the
indicated plasmids were grown on -WL and -WLH media. C) Multicolor BiFC binding analysis of the interactions among SUB1A-1, ADA2, and GCN5. In the
top panel, onion epidermal cells were cotransformed by particle bombardment with constructs encoding SUB1A-1-nCerulean, ADA2b-cCFP,
GCNS5-nVenus, and mCherry-VirD2NLS. The mCherry signal indicates the cell nuclei. The Venus signal indicates the interaction of GCN5-nVenus and
ADA2b-cCFP. The Cerulean signal indicates the interaction of SUB1A-1-nCerulean and ADA2b-cCFP. In the second panel, GCN5-cCFP was used as the bait
and ADA2b-nVenus was used as the prey to perform the swapping test. In the bottom panel, empty-nCerulean, -cCFP, and -nVenus vectors were
cotransformed as a negative control. Scale bar, top and bottom panels: 50 um; second panel: 20 ym.

and SUB1A-2, several mutant alleles were generated and used in
Y2H and multicolor BiFC assays. Two phosphorylation-mimicking
constructs, SUB1A-15%8 and SUB1A-1518°P, in which serine 186
of SUB1A-1 was mutated to negatively charged glutamic acid
and aspartic acid, respectively, were produced. Moreover, a
dephosphorylation-mimicking construct, SUB1A-15"%R in which
serine was mutated to positively charged arginine, was produced.
Phosphorylation-incompetent SUB1A-1 constructs, SUB1A-1584
and SUB1A-151%€ were produced by mutating serine to alanine
and cysteine, respectively. Both Y2H and multicolor BiFC assays
showed that SUB1A-15"%F was the only mutant form that could
interact with ADA2b (Fig. 2). Although SUB1A-151¥P is a phospho-
mimicking allele, it showed no interaction with ADA2b.
Nevertheless, these findings indicated that, rather than a struc-
tural difference between SUB1A-1 and SUB1A-2, phosphorylation

of SUB1A-1 might be the main reason for the interaction of
SUB1A-1, but not SUB1A-2 with ADA2b.

We combined in vitro phosphorylation and pull-down assays to
examine the effects of SUB1A-1 phosphorylation onits interaction
with ADA?2b. To facilitate immunoprecipitation in pull-down as-
says, SUB1A-1and ADA2b were tagged with GFP and 2HA, respect-
ively. When coincubated with MPK3 and ATP, SUB1A-1-GFP
showed higher binding affinity to 2HA-ADA2b than
SUB1A-1-GFP-coincubated MPK3 but without ATP (Figs. 3A and
S2). Varying amounts of SUB1A-1-GFP and SUB1A-15'%E.GFpP
were coincubated with 2HA-ADA2b to determine the effects of
SUB1A-1'¥ phosphorylation on interactions between SUB1A-1
and ADA2b. As shown in Fig. 3B, SUB1A-1 interacted with
ADA2b when the ratio of SUB1A-1 to ADA2b was 1:1 (i.e. the
amounts of SUB1A-1 and ADA2b were both 2 ug). Interestingly,
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Fig. 2. Phosphorylation of SUB1A-1 is needed for its interaction with ADA2b. A) Y2H binding assays of the interaction between SUB1A-1/2 and SUB1A-1
proteins with various amino acid substitutions (S186E, S186D, S186R, S186A, and 5186C) and ADA2b. AD, GAL4 activation domain; BD, GAL4 DNA binding
domain. Ten-fold serial dilutions of yeast cells transformed with the indicated plasmids were grown on double-dropout (-WL) medium (cotransformation
control) and triple-dropout (-WLH) medium (growth represents a positive interaction). B) Multicolor BiFC binding analysis of the interactions among
GCNS, ADA2b, SUB1A-1/2, and SUB1A-1 proteins with various amino acid substitutions (S186E, S186R, S186A, and S186C) in onion epidermal cells. The
red fluorescence (from mCherry-VirD2NLS) indicates the cell nuclei. The yellow fluorescence indicates the interaction of GCN5-nVenus and ADA2b-cCFP.
The blue fluorescence indicates the interaction of SUB1A-1/SUB1A-15'8E.nCerulean and ADA2b-cCFP. Scale bar, 50 zm.

SUB1A-15"¥¢F bound to ADA2b when the ratio of SUB1A-15'¥F to
ADA?2b was 0.5:1 (i.e. the amount of SUB1A-1 was 1ug and ADA2b
was 2 ug) (Fig. 3B). Although the SUB1A-1/SUB1A-158¢F and ADA2b
binding affinities were dosage dependent, SUB1A-1°¥°F interacted
with ADA2b at a lower protein ratio compared with SUB1A-1, sug-
gesting that SUB1A-15'%¢F has a higher binding affinity to ADA2b.

We then used TNG67 rice protoplasts to perform transactiva-
tion assays to determine whether SUB1A-1°'8¢F transcriptionally
activates downstream genes. ERF66 and ERF67, which are directly
transcriptionally upregulated by SUB1A-1 under submergence,
were used as reporter genes. As shown in Fig. 3C, SUB1A-15186F
possessed higher transcriptional activation activity compared
with SUB1A-2, but lower activity compared with SUBIA-1.
Meanwhile, we used TNG67 rice protoplasts to perform chromatin
immunoprecipitation quantitative PCR (ChIP-gPCR) by pulling
down GCNG5 to analyze the association of the ADA2b-GCNS5 mod-
ule with DNA in the presence or absence of SUB1A-1 and/or
MPK3 (Fig. 3D). Coexpression of GCNS5, ADA2b, SUB1A-1, and
MPK3 showed higher association with the ERF66 and ERF67 pro-
moters, suggesting that the ability of the ADA2b-GCN5 module
to associate with the ERF66 and ERF67 promoters depends on
SUB1A-1 and MPK3.

RLR domain in ADA2b is required for the
interaction of ADA2b and SUB1A-1

There are three well-known domains within ADA2b, ZnF (ZZ-type
zinc-binding) domain, SANT domain, and SWRIM domain
(Fig. S3A). In humans, ADA2b interacts with ADA3, which is an-
other component of the SAGA complex, through the N-terminal
region of the SANT domain that follows the C-terminal of the
SWIRM domain (34, 35). Additionally, ADA2b contacts with
GCNS5 through the N-terminal of the ZnF domain and the SANT
domain (36). It has also been reported that the ADA2b SANT
domain affects activation of GCN5 and plays a central role in
chromatin remodeling (23, 31, 32). ADA2D is a scaffold protein
that brings together GCN5 and transcription factors in plants
(16, 18, 28).

A previous study indicated that the conserved central region of
ADA? (named the RLR region) regulates the interaction of ADA2
with phosphoserine proteins (37). The previous study showed
that ADA2RR (R327S, 1328A, and R331A) was unable to bind
phospholipid proteins in yeast. Referring to the above study, sev-
eral point mutations in the rice ADA2bR™® region were generated
(Fig. S3A). Due to the difference in amino acid sequence of
ADA2b between yeast and rice, ADA2b®ATTA (R327S, L328A,
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Fig. 3. Phosphorylation of SUB1A-1 enhances its interaction with ADA2b. A) In vitro phosphorylation and pull-down assays testing the effect of SUBA-1
phosphorylation on the interaction between 2HA-ADA2b and SUB1A-1-GFP. Purified recombinant 2HA-ADA2b (2 ug) was first incubated with
recombinant SUB1A-1-GFP (2 ug) and MPK3 (~0.2 ug) for 30 min, followed by further incubation with magnetic beads preconjugated with HA antibodies
for 1 h. After incubation, beads were washed, eluted, and detected with anti-HA or anti-GFP antibodies. One representative blot is shown of four
independent experiments. The bar chart shows quantification of the SUB1A-1-GFP pull-down level relative to the SUB1A-1-GFP input level with or
without ATP. The data represent mean + SD from the four independent experiments. B) In vitro pull-down assay of the interaction between 2HA-ADA2b
and SUB1A-1-GFP/SUB1A-15"%F-GFP. Purified recombinant 2HA-ADA2D (2 ug) mixed with serial half-dilutions of recombinant SUB1A-1-GFP or
SUB1A-15"¥¢E.GFP (2, 1, and 0.5 ug) was incubated with magnetic beads preconjugated with HA antibodies. After incubation, beads were washed, eluted,
and detected with anti-HA or anti-GFP antibody. One representative blot is shown of two independent experiments. C) SUB1A-1 and SUB1A-1 S186E
transcriptionally activate the ERF67 gene. The transcriptional activation assay was conducted by transforming TNG67 protoplasts with SUB1A-1,
SUB1A-2, SUB1A-1 (S186E), GCN5, and ADA2b. Total mRNAs were isolated from the transformed TNG67 protoplasts followed by gqRT-PCR analysis of
endogenous ERF67 transcript level. The relative fold change of each experiment was normalized to the nontransformed protoplasts (NT). The data
represent mean + SD from three independent experiments. D) ChIP-gPCR analysis was conducted by transforming TNG67 protoplasts with different
combinations of 2HA-SUB1A-1, 2HA-ADA2, MPK3, and GCN5-13MYC. ChIP was performed using magnetic beads preconjugated with MYC antibodies.
GCNS5 enrichment of the ERF66 and ERF67 promoters was analyzed by gPCR. The data represent mean + SD from the three independent experiments. *P <

0.05 and P < 0.01, Student’s t test.

D329T, E330T, and R331A) was generated to mimic the sequence
of the yeast ADA2 mutant. In addition, ADA2b*84 was produced
by mutating the eight charged amino acids (329-336 residues) in
ADAZ2D to alanine.

As shown in Fig. S3B, the deletion of the ZnF domain from
ADAZ2D abolished its interaction with SUB1A-1. Interestingly, the
substitution on the ADA2b RLR region affected the ADA2b and
SUB1A-1 interaction. ADA2b**T™ and ADA2bR failed to inter-
actwith SUB1A-1. Theseresults further confirmed that the RLR re-
gion of ADA2b is important for ADA2b to interact with SUB1A-1.
To rule out the possibility that the amino acid substitutions
caused ADA2b structural changes, the interactions between
ADA2b mutant alleles with SUB1A-2 or GCNS5 were used to

reconfirm the result. SUB1A-2 does not interact with ADA2b.
Likewise, deletions of the ZnF domain of ADA2b and ADA2bR-84
showed similar results, in which they failed to interact with
SUB1A-2 (Fig. S3C). Moreover, ADA2b%ATT* and ADA2bR"4 did
not affect the binding of ADA2b with GCN5 (Fig. S3D).
Apparently, the amino acid residues 329-336 in the ADA2b RLR re-
gion may be a phospho-binding site of ADA2b for SUB1A-1.

GCNS5 may play a role under submergence

The transcript levels of ADA2b and GCN5 under submergence
were examined in three different rice cultivars, FR13A, IR29, and
Swarna. FR13A possesses the submergence-tolerant allele


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad229#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad229#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad229#supplementary-data

6 | PNAS Nexus, 2023, Vol. 2, No. 7

SUB1A-1, IR29 possesses the submergence-intolerant allele
SUB1A-2, and Swarna does not possess either allele. Expression
of both ADA2b and GCN5 was significantly induced in FR13A after
1 h submergence (Fig. S4). In contrast, ADA2b and GCN5 were not
induced in IR29 or Swarna until plants were submerged for 3 h.
Although ADA2b and GCN5 expression was enhanced in all three
rice cultivars after 6 h of submergence, the expression levels were
highest in FR13A.

Next, we examined the global histone acetylation levels of
H3K9, K14, K18, and K23 in FR13A, IR29, and Swarna after com-
plete submergence for 24 h. The aerial parts of rice seedlings
were harvested before (time 0) and after (time 24) submergence,
and the total nuclear proteins were isolated. Immunoblot ana-
lyses were performed using antibodies that specifically recognize
H3 acetylated at K9, K14, K18, or K23. Compared with time 0, the
H3K9ac level in FR13A after 24 h of treatment was slightly but sig-
nificantly induced (Fig. 4A). By contrast, there was no significant
change in H3K9ac levels in IR29 or Swarna. In addition, submer-
gence had no significant effect on H3K14, K18, or K23 acetylation
levels in any of the rice cultivars (Fig. S5).

ERF66 and ERF67 were used to observe the local changes in
H3K9ac level. FR13A and IR29 protoplasts were treated with or
without sodium sulfite and then subjected to ChIP-qPCR analyses.
Sodium sulfite removes dissolved oxygen in aqueous solutions
and has been used to induce hypoxia in animals and plants (38—
41). After 4 h of treatment with/without sodium sulfite, the tran-
script levels of hypoxia response marker genes in FR13A and
IR29, namely, ADH2, PDC1, SUC2, SUB1A-1/2, ERF66, and ERF67,
were induced under sodium sulfite treatment (Fig. S6), indicating
that sodium sulfite induced hypoxia in the protoplasts. As shown
in Fig. 4B, the histone H3K9ac levels in the ERF66 and ERF67 pro-
moters increased under hypoxia in FR13A but were unchanged
in IR29. There was no increase in the H3K9ac level of these two
promoters when the FR13A protoplasts were cotreated with so-
dium sulfite and 1-Naphthyl PP1 (NA-PP1, a MPK inhibitor)
(Fig. S7). This suggests that phosphorylation of SUB1A-1 is re-
quired for the SUB1A-1-mediated transcriptional activation of
ERF66 and ERF67 which is associated with histone acetylation
modification.

To examine the effects of GCN5 on submergence tolerance,
14-day-old FR13A seedlings were pretreated with y-butyrolactone
(MB-3) (42), which specifically inhibits the catalytic activity of
GCNS. FR13A seedlings were pretreated with or without MB-3
for 24h and then subjected to submergence treatment at 28°C
with a 16 h light/8 h dark cycle for 14 days. In previous studies,
Arabidopsis seedlings grown in 100 uM MB-3 showed a yellow leaf
phenotype, along with a reduction of H3K9 and H3K14 acetylation
levels (43, 44). Similarly, FR13A pretreated with MB-3 showed a
more severe yellow shoot phenotype compared with control
(DMSO-treated) plants after submergence treatment (Fig. 4C), in-
dicating that loss of GCNS function may increase the submer-
gence sensitivity of FR13A. The phenotypic experiment indicated
that GCN5 might be involved in FR13A response to submergence,
probably by regulating the histone acetylation levels of
submergence-related genes.

SUB1A-1 interacts with the ADA2b-GCN5
acetyltransferase complex to enhance ERF66 and
ERF67 expression

We have shown previously that the recombinant SUB1A-1 protein
could interact with GCC1 boxes in the ERF66 and ERF67 promoters
(ERF66-GCC1, ERF67-GCC1) but not with the SUB1A-1-GCC1 in
EMSA assays (11). Using the same experimental setup, we found

that SUB1A-2 binds equally as well as SUB1A-1 to the GCC1 boxes
of ERF66 and ERF67 in vitro (Fig. 5A). To determine whether the
phosphorylation state of SUB1A-1 or SUB1A-2 affects the in vivo
binding of these two proteins to the promoter regions of ERF66
and ERF67, we performed ChIP-gPCR in TNG67 rice protoplast to
analyze the association of SUB1A-1 and SUB1A-2 with these pro-
moters in the presence or absence of MPK3. In the absence of
MPK3, there were no significant differences between the binding
affinities of SUB1A-1 and SUB1A-2 for the ERF66 and ERF67 pro-
moters (Fig. 5B). In the presence of MPK3, SUB1A-1 bound the
ERF66 and ERF67 promoters with significantly higher efficiency
than SUB1A-2. NA-PP1 reduced the SUB1A-1-specific enrichment
on the ERF66 and ERF67 promoters in the presence of MPK3
(Fig. 5B). These results indicated that phosphorylation of
SUB1A-1 enhanced its binding to the ERF66 and ERF67 promoters
in vivo. In addition, phosphorylation of SUB1A-1 is required for
binding to ADA2b. Consequently, during transcription,
phospho-SUB1A-1 might form a stable protein complex with the
ADA2b-GCN5 module sitting on the promoter of ERF66/67 for tran-
scriptional activation. This might be the reason why we could see
the higher occupancy of SUB1A-1 in the presence of MPK3.

We next examined the effects of the ADA2b-GCN5 module on
transcriptional activation of ERF66 and ERF67 by SUB1A-1. We
used TNG67 rice seedlings, which possess neither SUBIA-1 nor
SUB1A-2, to prepare the protoplasts and the transcript levels of
the endogenous ERF66 and ERF67 genes as the reporters.
Consistent with our previous report (11), SUB1A-1 could activate
ERF66 and ERF67 (Fig. 5C). As shown in Fig. 5C, individually ex-
pressed ADA2b and GCNS did not transcriptionally activate
ERF66 and ERF67. Interestingly, coexpression of SUB1A-1,
ADAZ2Db, and/or GCNS resulted in higher activation of ERF66 and
ERF67 compared with singly expressed SUB1A-1. It is noteworthy
that overexpression of SUB1A-2 alone or coexpressed with
ADA2b and/or GCN5 could not enhance the transcriptional acti-
vation of ERF66 and ERF67. This provides strong evidence that, al-
though SUB1A-1 and SUB1A-2 could both bind to GCC boxes of
ERF66 and ERF67, phosphorylation of serine 186 of SUB1A-1 can
enhance the interaction of SUB1A-1 with the ADA2b-GCNS5 acetyl-
transferase complex, which transforms the chromatin of ERF66
and ERF67 to an open state, thereby inducing transcription in re-
sponse to submergence stress.

Discussion

Inrice, SUB1A-1is a keyregulator of the quiescence submergence-
survival response (1, 2). It is also known that a single amino acid
substitution in SUB1A-1 resulting in SUB1A-2 cannot be phos-
phorylated by MPK3 and shows poor submergence induction (1,
11, 12). What has not been clear is the reason that cultivars carry-
ing different alleles respond differently to submergence. This
study tries to fill in the gap, allowing further understanding of
the SUB1A-1 regulatory cascade responses to submergence stress
in rice. Here, we reported an epigenetic regulation involving the
coordination of the ADA2b-GCNS5 acetyltransferase complex and
SUB1A-1 for activating SUB1A-1-regulated genes, ERF66 and
ERF67, and enhancing submergence tolerance in rice (Fig. S8).
ADA2D is one component of the ADA2b-GCNS5 acetyltransfer-
ase complex. In yeast, ADA2 serves as a transcriptional adaptor
to associate with GCNS (23). In vitro assay showed that GCNS cata-
lytic activity was potentiated by associating with ADA2 (22).
Mutation on ADA?2 in yeast resulted in disassociation of GCN5
from the SAGA complex, and reduction of gene expression and
cell growth (23). The Y2H analyses showed that there was an
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after submergence.

interaction between rice ADA2b and GCNS5 (Fig. 1B). Meanwhile,
there was no direct interaction between SUB1A-1 and GCNS5S
(Fig. 1B). The multicolor BiFC analyses also showed similar results
in onion epidermal cells (Fig. 1C, second panel). GCN5-cCFP fusion
protein can interact with ADA2b-nVenus fusion protein to gener-
ate the yellow fluorescence. However, there was no blue fluores-
cence observed, indicating that there was no interaction
between GCN5-cCFP and SUB1A-1-nCerulean.

We found that SUB1A-1 interacts with ADA2b in yeast cells
(Fig. 1A). As shown in the top panel of Fig. 1C, ADA2b-cCFP fusion
protein interacted with GCN5-nVenus fusion protein to generate

the yellow fluorescence and ADA2b-cCFP fusion protein inter-
acted with SUB1A-1-nCerulean fusion protein to generate the
blue fluorescence. It is therefore suggested that SUB1A-11s associ-
ated with the ADA2b-GCNS5 acetyltransferase complex via inter-
acting with ADA2b.

There is a noticeable difference in the binding affinities of
SUB1A-1/2 to ADA2b (Fig. 1A). To determine whether the differ-
ence was caused by phosphorylation of SUB1A-1, we conducted
Y2H and multicolor BiFC with a series of mutant alleles. As shown
in Fig. 2, SUB1A-1 and the S186E mutant allele could interact with
ADA2b but SUB1A-2 could not. Although there is no report on the
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letters indicate significant differences among treatments as determined

existence of MPK3 homolog in yeast, several mitogen-activated
protein kinases (MAP kinases), such as Fus3, have been reported
(45-47). Since SUB1A-1 possesses a similar canonical MAPK phos-
phorylation sequence (1, 45), yeast MAP kinase may contribute to
some level of SUB1A-1 phosphorylation, resulting in ADA2b inter-
action shown in Y2H. The phosphorylation-incompetent mimics,
S186C or S186A, showed no ADA2b interaction, which supports
our hypothesis. In addition, multicolor BiFC in the plant system
also showed the same results (Fig. 2B).

We also showed that phosphorylation of SUB1A-1 at Ser*®® en-
hances its interaction with ADA2b of the ADA2b-GCNS5 acetyl-
transferase complex (Figs. 3A and B and S2), leading to the

by LSD test.

enhanced expression of ERF66 and ERF67 during submergence
(Fig. 3C). In Fig. 3B, the S186E variant showed higher binding affin-
ity to ADA2Db. Since in the binding reactions, SUB1A-1 was not
phosphorylated, it showed a relatively weak binding affinity to
ADA?b. Phosphoserine possesses a moiety with two negative
charges, while glutamate possesses a moiety with only one nega-
tive charge which is sterically smaller to that of phosphoserine.
Substitution of glutamate for phosphoserine might show similar
but not the same level of activation activity (48, 49). In Fig. 3C,
SUB1A-1 S186E protein possessed higher transcription activation
activity compared with that of SUB1A-2. However, the glutamate
substitution is an imperfect mimic of serine phosphorylation (48)
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resulting in a weaker activation compared with the SUB1A-1. The
occupancy of GCN5 on the promoters is increased in the presence
of SUB1A-1 and MPK3 (Fig. 3D), suggesting that phospho-SUB1A-1
recruits the ADA2b-GCN5 module to enhance ERF66 and ERF67
expression.

We further showed that phospho-SUB1A-1 has a strong inter-
action with the ADA2b-GCNS5 acetyltransferase complex particu-
larly through the recruitment of the ADA2b RLR region (Fig. S3).
Previous studies have shown that a conserved central region with-
in yeast ADA?2 is important for its protein stability and transcrip-
tion activation of downstream genes (23, 50). The current study
has shown that this central region interacts with phosphatidylser-
ine which contains part phosphoserine and phosphatidylserine
binding of ADA?2 is highly correlated to the functions of ADA2
(37). Phosphatidylserine contains a serine attached through a
phosphodiester linkage which is like a phosphoserine. We mu-
tated this conserved central region of rice ADA2b and found the
mutation on this region abolished ADA2b binding to SUB1A-1
but not GCN5.

The cooperation of the ADA2b-GCN5 acetyltransferase com-
plex with SUB1A-1 promoted transcription of ERF66 and ERF67
(Fig. 5). Likewise, coexpression of the ABA-responsive transcrip-
tion factor, AREB1, and ADA2b-GCN5 acetyltransferase complex
in Populus trichocarpa protoplasts highly induced downstream
drought-regulated genes (18). In fact, we found that the transcrip-
tion efficiency of ERF67 showed a similar pattern when SUB1A-1
and GCN5 were overexpressed with or without ADA2b (Fig. 5).
This may be due to the characteristics of ADA2b among the
SAGA complex, which acts as a scaffold for the HAT module to
interact with transcription factors (18, 28, 51). Thus, the endogen-
ous ADA2b may be sufficient for this mechanism in rice, resulting
in no significant difference when ADA2b was overexpressed.

One way that histone acetylation contributes to transcriptional
activation is by increasing the chromatin accessibility.
Acetylation of lysine residues in the histone N-terminal tail re-
duces the binding strength of the histone to DNA, which leads to
an open chromatin structure and results in an increase in chro-
matin accessibility to transcriptional machinery proteins, includ-
ing transcription factors (52). In plants, an increased histone
acetylation level is correlated with developmental and cellular
processes (16, 17, 53) and several abiotic stresses, such as drought,
cold, submergence, and hypoxia (15, 18-20). In P. trichocarpa, H3K9
acetylation was reported as an important marker of gene activa-
tion in response to drought stress (18). Hypoxia-responsive genes
in rice, such as ADH1 and PDC1, were found to have higher total
acetylation levels at H3K9 and K14 under submergence conditions
compared with aerobic conditions (20). In Arabidopsis, the 49 core
hypoxia-responsive genes are transcribed rapidly in response to
hypoxia, which is accompanied by higher H3K4me3 and H3K9ac
levels and a higher rate of H2A.Z eviction on these genes, suggest-
ing that epigenetic regulation is important for gene expression in
response to abiotic stresses (19). Similarly, we observed that the
local histone acetylation levels of H3K9 on ERF66 and ERF67 in
FR13Aincreased under submergence (Figs. 4B and S7). Under sub-
mergence stress, H3K9ac was used to mark the selected stress-
related genes; therefore, only submergence-responsive genes
were transcribed to conserve energy usage. Inhibition of GCN5
catalytic function affected the survivability of FR13A under sub-
mergence stress (Fig. 4C). This suggests that GCN5 may mediate
the recruitment of H3K9ac to the promoter of ERF66 and ERF67, in-
ducing a permissive chromatin structure for elevated gene ex-
pression leading to enhancement of FR13A tolerance to
submergence stress.

Materials and methods

Plant materials, growth conditions, and
submergence treatment

Rice (Oryza sativa) cultivar FR13A, IR29, Swarna, and Tainung67
(TNG67) were used in this study. Rice seeds were sterilized with
1.2% (v/v) sodium hypochlorite containing 0.1% (v/v) Tween 20
for 30 min and washed with sterilized water at least five times.
The sterilized seeds were placed in petri dishes with moist filter
paper, followed by incubation at 37°C in the dark for 4 days.
Next, uniformly germinated seeds were transplanted onto an
iron grid in a beaker containing Kimura B solution (quarter
strength, pH 5.6-5.8) and the Kimura B solution was renewed
every two days. The cultivated seedlings were cultured in a growth
chamber at 28°C under a 16-h-light (120-125umol-m=2-S7%)/
8-h-dark cycle for another 6 to 10 days. Submergence treatments
were conducted as described previously (11). For y-butyrolactone
(MB-3, M2449, Sigma-Aldrich) treatment (42), individual plants
were pretreated with 100 xM MB-3 or DMSO (mock control) for
24 h before submergence treatment. Next, the plants were trans-
ferred into a 3-L water tank (W:L:H, 10 x 10 x 50 cm) filled with water
to a height of 40 cm for phenotypic observation.

Yeast two-hybrid assay

The yeast two-hybrid (Y2H) assays were performed using the
GAL4-based yeast two-hybrid system (Matchmaker Gold Yeast
Two-Hybrid System, Clontech). Full-length coding sequences
(CDSs) of SUB1A-1, SUB1A-1 single amino acid substitution
mutants (including S186E, S186D, S186R, S186A, and S186C),
SUB1A-2, ADA2b (LOC_Os03g55450), and GCN5 (LOC_0Os10g28040)
were cloned into the pGADT7-DEST and pGBKT7-DEST using the
Gateway system (Invitrogen). The pGADT7-AKIN10 (At3g01090.1)
and pGBKT7-At5g20700 plasmids were used as positive bait and
prey controls. The pGADT7-T and pGBKT7-Lam plasmids were
used as negative bait and prey controls. SD-WL (-Trp, -Leu) medium
was used to select for the presence of both bait and prey vectors, and
SD-WLH (-Trp, -Leu, and -His) medium was used to check the inter-
action between the bait and prey proteins.

Particle bombardment

Particle bombardment was conducted as described previously (11)
using Biolistic Particle Delivery System (Bio-Rad) PDS-1000. The
upper epidermal layer of the onion was peeled and placed on a
plate containing half-strength MS medium (0.25% sucrose). A total
of 3.5 ug of each plasmid DNA was used, and the gold particles size
was 1.0 um (Inbio Gold). There were a total of 0.3-0.4-mg particles
per shot, and the particles were accelerated with a pressure of
1,100 psi. The distance from the projectile source to the sample
was 6 cm. After bombardment, the onion epidermal layers were in-
cubated at room temperature in the dark for 16 h before observation.

Multicolor biomolecular fluorescence
complementation

The multicolor biomolecular fluorescence complementation
(BiFC) assays were conducted as described previously (33). The
bait protein was fused with the C-terminus of CFP (cCFP), and
prey proteins were fused with the nVenus or nCerulean. The inter-
action of nVenus-tagged protein and cCFP-tagged protein generates
yellow fluorescence, and the interaction of nCerulean-tagged protein
and cCFP-tagged protein generates blue fluorescence. pSAT1A-nVenus-
C (pE3288, ABRC stock number: CD3-1026), pSAT1A-nCerulean-
C (pE3415, ABRC stock number: CD3-1072), and pSAT1A-cCFP-N


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad229#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad229#supplementary-data

10 | PNAS Nexus, 2023, Vol. 2, No. 7

(pE3450, ABRC stock number: CD3-1063) were obtained from
ABRC, Ohio State University. Full-length CDSs of GCN5 and
ADA?2b were cloned into pSAT1A-nVenus-C and pSATIA-
cCFP-N, respectively. Full-length CDSs of SUB1A-1, SUBIA-1 single
amino acid-substituted mutants (namely, S186E, S186R, S186A,
and S186C), and SUB1A-2 were cloned into pSAT1A-nCerulean-C.
PSAT1A-nVenus-C, pSAT1A-nCerulean-C, and pSAT1A-cCFP-N were
used as the empty vector controls. pSAT6-mCherry-VirD2NLS, which
generate red fluorescence, was used to indicate the transfected
cells and subcellular structures. pSAT6-mCherry-VirD2NLS was
obtained from Professor Stanton Gelvin, Purdue University. The
plasmids for expressing SUB1A-1, ADA2b, and GCN5 together
with mCherry-VirD2NLS were cotransfected into onion epidermal
cells by particle bombardment. Fluorescence was detected by an
LSM 780 plus ELYRA confocal microscope. The objective lens
was a Plan-Apochromat 10x/0.45. Channel specifications were
as follows: (i) Venus track: Argon laser, 514 nm; (ii) Cerulean track:
Diode 440-16, 440nm; and (iii) mCherry track: DPSS 561-10,
561 nm.

Protein expression and purification

To express the tag-fused recombinant SUB1A-1, SUB1A-15%8%F
ADA2b, and MPK3 proteins, full-length CDS of SUB1A-1,
SUB1A-15"°E GFP, and 2HA-ADA2b fragment (which was amplifi-
cated from pUbiP-2HA-ADA2b-NosT) were cloned into pET32a (re-
moval of the Trx and S tags was by PCR amplification using the
back-to-back positions of the forward and reverse primers which
are located outside the nucleic acid sequence of the Trx and S
tags) using the NEBuilder HiFi DNA Assembly Cloning Kit
(M5520, NEB) to generate the pET32a-SUB1A-1-GFP-6His and
pET32a-SUB1A-15'8¢E.GFP-6His, pET32a-GFP-6His, and pET32a-
2HA-ADA2b-6His plasmids, respectively. The pET32a-Trx-S-
MPK3-6His was generated by Gibson assembly of the MPK3 CDS
and pET32a. These plasmids were transformed into Escherichia
coli Roseta (DE3) for recombinant protein production. The trans-
formed cells were cultured in a LB medium containing 100 xg/mL
ampicillin at 37°C; then, the cells were induced at an optical density
of 1 by adding 1 mM IPTG at 16°C for 16 h. After centrifugation, the
harvested cells were resuspended in lysis buffer (1x PBS at pH 7.4
plus with 10 mM imidazole, 1 mM PMSF, and DNase) and then lysed
by sonication. After centrifugation at 20,000g and 4°C for 20 min, the
supernatant was loaded onto a column containing NiNTA resin pre-
equilibrated with lysis buffer. The column was washed with 10 col-
umn volumes of wash buffer I (Ix PBS at pH 7.4 plus with 20 mM
imidazole), then with 10 column volumes of wash buffer II (1x PBS
at pH 7.4 plus with 50 mM imidazole) in order. Proteins were eluted
with elution buffer (1x PBS at pH 7.4 plus 500 mM imidazole).

In vitro phosphorylation and pull-down assay

The in vitro phosphorylation assays were conducted as described
previously with minor modifications (54). Recombinant
SUB1A-1-GFP (2 ug) or GFP only (2ug) were coincubated with
2HA-ADA2D (2 ug) and MPK3 proteins (0.2 ug) in a reaction buffer
(20 mM HEPES at pH7.4, 150 mM NaCl, 10 mM MgCl,) supplied
with 100 uM ATP or not. The total volume of each reaction mixture
was 500 uL. The reaction mixtures were gently mixed at room
temperature on a rotor, 12 rpm for 30 min, and 10% of each mix-
ture was set aside as input. Next, each mixture was supplemented
with 20 uL anti-HA magnetic beads (88836, Pierce) which were pre-
equilibrated with 1x PBS at pH 7.4 plus with 0.2% BSA and mixed
on a rotor 1 h. Beads were washed three times with reaction buf-
fer, followed by elution in reaction buffer plus with 5x SDS sample

buffer at 95°C for 5 min. After 10% SDS-PAGE separation followed
by electroblotting, the SUB1A-1-GFP/GFP only and 2HA-ADA2b
proteins were detected with anti-GFP and anti-HA antibodies,
respectively.

In vitro pull-down assay

The in vitro pull-down assays were conducted as described previ-
ously with minor modifications (55). Recombinant 2HA-ADA2b
(2 ug) was coincubated with SUB1A-1-GFP or SUB1A-158¢E.GFP
at three different mass ratios (1:1, 1:0.5, and 1:0.25) in binding buf-
fer (25 mM Tris-HCl at pH 8, 300 mM Nacl, 0.1% NP-40, 0.1 mg/mL
BSA, 1 mM PMSF, and protease inhibitor cocktail) in a total volume
of 500 pL. The reaction mixtures were gently mixed at 4°C on a ro-
tor, 12 rpm for 10-15 min, and 3% of each mixture was set aside as
input. Next, each mixture was supplemented with 20 uL anti-HA
magnetic beads which were pre-equilibrated with binding buffer
and mixed on a rotor for another 6 h. Beads were washed three
times with binding buffer, followed by elution in 1.5x SDS sample
buffer at 95°C for 5 min. After 10% SDS-PAGE separation followed
by electroblotting, the SUB1A-1-GFP/SUB1A-15'%¢E-GFP, and
2HA-ADA?b proteins were detected with anti-GFP and anti-HA
antibodies, respectively.

Histone extraction

The histone extraction was conducted as described previously
with minor modifications (56). One gram of shoot tissues of rice
seedling was collected and ground into fine powder with liquid ni-
trogen. The powder samples were resuspended in 30 mL of cold
extraction buffer 1 (0.4 M sucrose, 10 mM Tris-HCl; pH 8.0,
10mM MgCl,, 10mM sodium butyrate, 5mM B-ME, 0.1 mM
PMSF, and protease inhibitor cocktail). After ice bathing for
5 min, the extraction mixture was filtered through a 40-um cell
strainer (352340, Falcon). The filtrate was centrifuged at 3,000g,
4°C for 20 min. After centrifugation, the supernatant was re-
moved and the pellet was resuspended in 1 mL of cold extraction
buffer 2 (0.25M sucrose, 10 mM Tris-HCI; pH 8.0, 10 mM MgCl,,
5 mM B-ME,0.1% Triton X-100, 0.1 mM PMSF, and protease inhibi-
tor cocktail). The resuspended mixture was centrifuged at
12,000g, 4°C for 10 min to collect the cell nuclei. After centrifuga-
tion, the supernatant was removed and the pellet was resus-
pended in 300 L of nuclei lysis buffer (50 mM Tirs-HCl; pH 8.0,
10mM EDTA, 1% SDS, and protease inhibitor cocktail). The cell
nuclei were lysed by repeated freezing with liquid nitrogen and
thawing in a 37°C water bath three times. The lysate was centri-
fuged at 12,0009 and 4°C for 5 min, and then, the supernatant con-
taining histone protein was transferred into a new tube. After 12%
SDS-PAGE separation followed by electroblotting, the histone 3
proteins were detected with anti-H3, H3K9ac, H3Kl4ac,
H3K18ac, and H3K23ac antibodies, respectively.

Western blot analysis and antibodies

The protein extraction was conducted as described previously
(11). Proteins resolved by SDS-PAGE were transferred to PVDF us-
ing a MiniTrans-Blot electrophoretic transfer cell (Bio-Rad).
Membranes were probed with primary antibodies at the following
titers: anti-H3 (AS10710, Agrisera; 1:20,000), anti-H3K9ac (07-352,
Sigma-Aldrich; 1:2,500), anti-H3K14ac (07-353, Sigma-Aldrich;
1:2,500), anti-H3K18ac (07-354, Sigma-Aldrich; 1:2,500), anti-H3K23Ac
(07-355, Sigma-Aldrich; 1:2,500), anti-HA (H3663, Sigma-Aldrich,
1:1000), and ant-GFP (11814460001, Roche, 1:3000). HRP-conjugated
anti-mouse (NEF822001EA, PerkinElmer)/rabbit (DCO3L, Calbiochem)
secondary antibody was used at a titer of 1:3,000. Immunoblots were



Linetal | 11

visualized with enhanced chemiluminescence reagent (SuperSignal
West Pico/Dura, Thermo Scientific). The relative image intensities
were quantified by ImageJ (https:/imagej.nih.gov/ij/).

Chromatin immunoprecipitation quantitative PCR
The ChIP-gqPCR assays were conducted as described (11). Briefly,
after transformation and 4-h of incubation, the transformed pro-
toplasts (1.6 x 10° cells per transformation) were collected by cen-
trifugation at 200g for 2 min. After removing the supernatants, the
collected protoplasts were subjected to cross-linking with 1% for-
maldehyde in 1.5 mL W5 solution and gently mixed at room tem-
perature on a rotor (Intelli Mixer ERM-2L, ELMI) at 12 rpm for
10 min. To quench the cross-linking reaction, 80 uL of 2M glycine
was added and the sample was mixed on a rotor for another
5 min. After centrifugation and removal of supernatant, the pro-
toplasts were rinsed with 1 mL of ice-cold 1x PBS (137 mM NaCl,
2.7 mMKCl, 10 mM Na,HPOy, and 1.8 mM KH,PO,4). Chromatin ex-
traction, MNase digestion, sonication, immunoprecipitation, re-
verse cross-linking, DNA recovery, and gPCR were performed by
using the Pierce Magnetic ChIP kit (26157, Thermo Scientific) ac-
cording to the manufacturer’s instructions. A total of 5ug of
anti-H3K9ac antibody (C15210015, Diagenode) was used for each
IP. The bound DNA fragments were then reversed DNA cross-
linked and eluted, followed by qPCR with the specific primers.
The full-length MPK3 CDS was cloned into the pUC18-UbiP-NosT
vector to generate the pUC18-UbiP-MPK3-NosT plasmid. To ob-
serve the occupancy of SUB1A-1 on the ERF66/67 promoters, the
pUbiP-2HA-SUB1A-1-NosT and/or pUC18-UbiP-MPK3-NosT plas-
mids were used for protoplast transformation. Anti-MYC magnet-
ic beads (88843, Pierce) and anti-HA magnetic beads (88336,
Pierce) were used for protein pull-down. The sodium sulfite
(Na,S0s3) used for hypoxia treatment was 0.5 g/L (38). The working
concentration of NA-PP1 (1-Naphthyl PP1, ab1506, Abcam) is
10 M (57). The primers used in ChIP-gPCR are listed in Table S1.

Protoplast preparation and transformation

Rice protoplast preparation and transformation were conducted
as described previously (11). Briefly, the 11- to 14-day-old TNG67
rice seedlings were used for protoplast preparation. The stem
and sheath of rice seedlings were diced and incubated in an en-
zyme solution (2% Cellulase RS [Yakult], 1% Macerozyme R10
[Yakult], 0.1% MES at pH 5.6, 0.6 M mannitol, 0.1% CaCl, and 1%
BSA) for 3.5h. The digestion mixture was filtered through a
40-um cell strainer and then centrifuged at 200g for 3 min to pellet
the protoplasts. Then, the protoplasts were washed with W5 solu-
tion (154 mM NacCl, 125 mM CacCl,, 5 mM KCl, 5 mM glucose, and
2mM MES at pH5.7) twice. About 4 x 10° protoplasts were used
for transformation. After transformation, the protoplasts were in-
cubated in the dark at room temperature for further analyses.

Transcription activation assay

To test the effect of SUB1A-1/2, ADA2b, and GCNS on endogenous
ERF66 and ERF67 gene expression, the rice protoplast system was
adopted. The CDSs of SUB1A-1/2 and ADA2b were cloned into
pUbIP-2HA-ccdB-NosT, the CDS of GCN5 was cloned into pGWB520,
and the CDS of MPK3 was cloned into pUBiP-ccdB-NosT using
the Gateway system. TNG67 rice protoplasts were cotransformed
with SUB1A-1, ADA2b, and GCN5 in various combinations (10 ug of
each construct in each experiment) as shown in Figs. 3C and
SC. After transformation, the protoplasts were incubated for 4 h
in the dark at room temperature. Protoplast samples were

collected by centrifugation followed by RNA extraction and
gRT-PCR analyses.

RNA extraction and qRT-PCR

Total RNA was isolated from the treated samples using TRIzol
(Invitrogen) following the manufacturer’s instructions. DNase
treatment, reverse transcription, and gqRT-PCR were conducted
as described previously (11). Briefly, 0.5 ug total RNA from shoot
tissues and 0.1 ug total RNA from protoplasts were used as tem-
plate for the first-strand cDNA synthesis by M-MLV reverse tran-
scriptase (Invitrogen). The synthesized cDNAs were 5-times
diluted. gRT-PCR was conducted using 1 uL diluted cDNA, 0.2 uM
each primer, and SYBR Green PCR Master Mix (Applied
Biosystems) on an ABI 7500 real-time PCR system using the de-
fault settings (Applied Biosystems). Tubulin (LOC_0s07g38730)
was used as the reference gene for normalization. The primer se-
quences are listed in Table S1.

Electrophoretic mobility shift assay

The electrophoretic mobility shift assays (EMSAs) were conducted
as described previously (11). Briefly, fluorescein amidite (FAM)-la-
beled DNA probes were synthesized by Purigo Biotechnology. Each
DNA-protein binding reaction mixture contained 0.05uM
FAM-labeled probe, 0.5 uM recombinant proteins, 17 mM HEPES
atpH7.9,60 mMKCl, 7.5 mM MgCl,, 0.12 mM EDTA, 17% glycerol,
1.2 mM dithiothreitol, and 0.5 ug poly(dI-dC). The mixture was in-
cubated at room temperature for 20 min and followed by separ-
ation on a 6% native polyacrylamide gel. After electrophoresis,
the FAM signal was detected using a Typhoon Scanner (GE
Healthcare). The probe sequences are listed in Table S2.

Promoter transient assay

The promoter transient assays were conducted as described pre-
viously with minor modifications (11). Briefly, TNG67 rice proto-
plasts were cotransformed with the effector, reporter, and
internal control plasmids at a mass ratio of 1:1:0.5. After incuba-
tion, the protoplasts were collected and analyzed using the
Dual-Luciferase Reporter Assay System (Promega) and the
Cytation 5 cell imaging multimode reader equipped with a dual-
reagent injector (BioTek).
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