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The ubiquitin E3 ligase SR1 modulates the
submergence response by degrading phosphorylated
WRKY33 in Arabidopsis
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Abstract

Oxygen deprivation caused by flooding activates acclimation responses to stress and restricts plant growth. After experienc-
ing flooding stress, plants must restore normal growth; however, which genes are dynamically and precisely controlled by
flooding stress remains largely unknown. Here, we show that the Arabidopsis thaliana ubiquitin E3 ligase SUBMERGENCE
RESISTANT1 (SR1) regulates the stability of the transcription factor WRKY33 to modulate the submergence response. SR1
physically interacts with WRKY33 in vivo and in vitro and controls its ubiquitination and proteasomal degradation. Both the
sr1 mutant and WRKY33 overexpressors exhibited enhanced submergence tolerance and enhanced expression of hypoxia-
responsive genes. Genetic experiments showed that WRKY33 functions downstream of SR1 during the submergence re-
sponse. Submergence induced the phosphorylation of WRKY33, which enhanced the activation of RAP2.2, a positive regula-
tor of hypoxia-response genes. Phosphorylated WRKY33 and RAP2.2 were degraded by SR1 and the N-degron pathway dur-
ing reoxygenation, respectively. Taken together, our findings reveal that the on-and-off module SR1-WRKY33-RAP2.2 is
connected to the well-known N-degron pathway to regulate acclimation to submergence in Arabidopsis. These two different
but related modulation cascades precisely balance submergence acclimation with normal plant growth.

Introduction strategies in order to adapt to flooding stress. Such adapta-

tions include internode elongation and adventitious root
Hypoxia stress caused by waterlogging or flooding restricts ~ formation (Hattori et al, 2009), petiole elongation (Bailey-
plant growth and decreases both productivity and quality ~ Serres et al, 2012a, 2012b), and secondary aerenchyma de-
(Bailey-Serres et al, 2012a, 2012). Plants must develop  velopment (Rhine et al, 2010). Gene expression and signal
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transduction are also critical for plant survival under flood-
ing stress. The plant hormone ethylene is a crucial early sig-
nal that initiates the flooding response (Sasidharan and
Voesenek, 2015; Sasidharan et al., 2018). The second messen-
gers nitric oxide (Igamberdiev and Hill, 2004; Zhan et al,
2018) and reactive oxygen species (ROS) (Yuan et al, 2017)
further amplify this stress signal. Transcription factors (TFs)
integrate these signals to activate hypoxia-related genes
(Hinz et al, 2010; Gibbs et al, 2011; Licausi et al, 2017;
Gasch et al, 2016 GiuntoLi et al, 2017, Gibbs and
Holdsworth, 2020).

The group VII ethylene response factors (ERF-VIIs), with
five members, are key TFs involved in the flooding response
in Arabidopsis thaliana (Hinz et al, 2010; Gibbs et al., 2011;
Licausi et al, 2011; GiuntoLi et al, 2017, Gibbs and
Holdsworth, 2020). For instance, the ERF-VII TF RAP2.2
increases the expression of hypoxia-related genes (e.g. ADH1
and PDCT) and enhances flooding tolerance (Hinz et al,
2010). These ERF-VII factors are subsequently oxidized, argi-
nylated, and ubiquitinated to target them for proteolysis in
order to turn off hypoxia responses by the N-degron path-
way, which acts as a canonical oxygen sensing mechanism
when plants are reoxygenating (Gibbs et al, 2011; Licausi
et al, 2011; Gibbs and Holdsworth, 2020). Further knowledge
is needed about how these ERF-VII TFs are regulated and
how these regulatory mechanisms are modulated during
reoxygenation.

During stress and subsequent recovery processes, TF pro-
teins may directly bind to their target genes and positively
or negatively regulate transcript expression via posttransla-
tional modifications, that is, phosphorylation or ubiquitina-
tion (Orosa et al, 2018; Gui et al, 2019). For example,
phosphorylated BASIC TRANSCRIPTION FACTOR3-LIKE
protein positively regulates the expression of C-repeat-bind-
ing factors (CBFs) in Arabidopsis, further activating the ex-
pression of cold-response genes and enhancing freezing
tolerance (Ding et al, 2018). These CBFs can also be nega-
tively regulated by phosphorylated ICE1, which plays a major
role in balancing the cold response and growth in plants (Li
et al, 2017). Similarly, the E3 ligases DEHYDRATION-
RESPONSIVE ELEMENT BINDING PROTEIN2A (DREB2A)-
INTERACTING PROTEINT (DRIP1) and DRIP2 participate in
plant drought stress responses by mediating the degradation
of DREB2A (Qin et al, 2008), while the U-box type E3 ubig-
uitin ligases PUB25 and PUB26 positively regulate the cold
stress response by negatively regulating MYB15 (Wang et al,
2019) in Arabidopsis.

Such ubiquitination is achieved by three types of enzymes:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating en-
zyme (E2), and E3 ubiquitin ligases. The ubiquitinated mole-
cules attach to the target proteins, which are distinguished
and recognized by the 26S proteasome for degradation
(Sadanandom et al,, 2012). Both phosphorylation and ubiq-
uitination modifications of TF proteins may occur simulta-
neously during stress tolerance and recovery. For instance,
phosphorylation of TF proteins may affect their
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susceptibility to E3 ligases for ubiquitination and degrada-
tion by the 26S proteasome (Spoel et al, 2009; Zhu et al,
2017; Min et al, 2019). This on-and-off regulatory process is
widely involved in many aspects of diverse plant stress re-
sponse (Stone et al,, 2005; Min et al, 2019). However, how
posttranslational modifications precisely and in a timely
manner control flooding-response genes remains largely un-
known, although the phosphorylation genes involved in this
process, MPK3/MPK6, positively regulate the hypoxia re-
sponse (Chang et al, 2012).

In this study, we reveal that the Arabidopsis protein
SUBMERGENCE RESISTANT1 (SR1), an E3 ligase containing
a REALLY INTERESTING GENE (RING)-HC type RING do-
main (Kosarev et al, 2002), negatively regulates the submer-
gence response by degrading the phosphorylated TF
WRKY33. The sr1 mutant is resistant to submergence stress
compared with the wild-type Columbia (Col), while intro-
ducing pSRT:SR1 into sr1 restored its submergence sensitiv-
ity. Experiments conducted both in vitro and in vivo
confirmed that SR1 physically interacts with WRKY33 and
modulates its stability. WRKY33 functions genetically down-
stream of SRT in the submergence tolerance pathway.
Furthermore, WRKY33, especially its phosphorylated form,
activates RAP2.2 directly to increase tolerance to submer-
gence treatment. Finally, this submergence response is
turned off via the degradation of phosphorylated WRKY33
by SR1 during the reoxygenation process. Overall, our study
sheds light on the on-and-off process of submergence accli-
mation through phosphorylation and ubiquitination and
provides valuable information for accelerating the breeding
of flooding-resistant crops.

Results

SR1 negatively regulates submergence tolerance
To gain a better understanding of the role of E3 ligases in
the submergence response, we examined homozygous T-
DNA insertion mutants of a number of genes encoding pu-
tative ubiquitin E3 ligases with submergence stress-
responsive expression (Supplemental Figure S1). One T-DNA
mutant (SALK_076386) that carries a T-DNA insertion in
the beginning of the last exon of AT2G47090 and leads to
fairly low expression of this gene (Supplemental Figure S2)
was identified; this mutant showed enhanced submergence
tolerance compared with wild-type plants (Figure 1A) and
was named sr1. To confirm the negative role of SR7 in sub-
mergence sensitivity, we performed genetic complementa-
tion by introducing pSR1:SR1 into sr1 plants (Supplemental
Figure S3, C and D) and also obtained 35S:SR71 over-
expressing plants (SRTOE) (Supplemental Figure 3, A and B).
Phenotypic comparisons (Figure 1A), including measure-
ments of survival rates (Figure 1B) and dry weights (DWs;
Figure 1C), among Col, sr1, pSR1:SR1/sr1, and SR10E plants
after dark submergence (DS) treatment suggested that SR1
is a negative regulator of submergence tolerance.

Next, we examined the role of SR7 in oxidative stress
responses during hypoxia. The plant membrane is damaged
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Figure 1 SR1 negatively regulates the DS response in Arabidopsis. (A) Phenotypic analysis of Col, sr1, pSR1:SR1/sr1, and SR10E plants treated
with DS for 60 or 72 h, followed by 5 days of recovery. (B) Survival rates of Col, sr1, pSR1:SR1/sr1, and SR10E plants treated with DS for 60 h,
followed by 5 days of recovery. (C) DWs of Col, sr1, pSR1:SR1/sr1, and SRTOE plants treated with DS for 60 h, followed by 5 days of recovery
and drying for 2 days. (D) MDA content of Col, sr1, pSR1:SR1/sr1, and SR10OE plants before submergence (Air) and after 2 days of DS (Sub)
and subsequent recovery for 24 or 72 h. FW: fresh weight. (E) ROS accumulation detected by DAB staining in Col, sr1, pSR1:SR1/sr1, and
SR1OE plants after treatment with or without DS for 2 or 20 h. Bar = 0.5 mm. (F-G) Total RNA was extracted from Col, sr1, and SR1OE plants
treated by DS for the time periods indicated. ADHT and PDCT transcript levels were detected in Col, sr1, and SR10E plants by qRT-PCR
analysis. Data are average values £SD (Standard Deviation) (n = 3) of three biological replicates (separate experiments). **P < 0.01 and

*P < 0.05 indicate significant differences from Col.

by submergence stress, and malondialdehyde (MDA) is one
of the main peroxidation products of membrane lipids; it
can therefore be used to measure the degree of membrane
damage. The content of ROS, especially hydrogen peroxide
(H,0,), is another important indicator that reflects the ex-
tent to which plants are damaged during hypoxia stress in-
duced by submergence. Excess ROS accumulation can injure
plants. We, therefore, measured MDA contents (Figure 1D),
H,O, contents (by DAB staining Figure 1E), ion leakage
(Supplemental  Figure S4A), and water loss rates
(Supplemental Figure S4B) among the plants described
above. The results support the conclusion that SR1 nega-
tively regulates submergence tolerance in Arabidopsis.

To further confirm the results of our submergence toler-
ance analysis, we examined the expression levels of several
hypoxia-responsive marker genes in Col, sr1, and SR10OE

plants during DS treatment. In response to 2 or 20 h of DS,
the anaerobic respiration genes ADH1 (Figure 1F), PDC1
(Figure 1G), and SUS4 (Supplemental Figure S5D); the
hypoxia-responsive  genes PCO2, LBD41, and HB1
(Supplemental Figure S5, A-C), and the ethylene precursor
biosynthetic gene ACS2 (Supplemental Figure S5E) were all
up-regulated in Col, sr1 and SR10E plants compared to the
0h time point, indicating that the submergence treatment
affected these plants. However, in most cases, the transcript
levels of these genes were higher in sr1 and to lower in
SR10OE compared to wild-type plants in response to 2 and
20h of submergence (Figure 1, F-G; Supplemental Figure
S5). In some cases, the transcript levels were similar in WT
and SRTOE plants, for example, PCO2 at 2h and HBT at 2
and 20h (Figure 1, F-G; Supplemental Figure S5). The in-
creased upregulation of these genes in the sr1 mutant and
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Figure 2 Expression profile of SR7 and its ubiquitin E3 ligase activity. (A) qPCR analysis showing that SR1 is repressed by DS but induced by reoxy-
genation compared with DA or LA treatment controls. Total RNA was extracted from Col and treated by submergence or reoxygenation (Re) after
submergence for the time periods indicated. Three independent biological replicates were analyzed, and similar results were obtained. Data are av-
erage values +SD (n = 3) of three biological replicates. **P < 0.01 and *P < 0.05 indicate significant differences from the control. (B) Subcellular lo-
calization analysis of SR1. SR1-GFP and GFP (control) constructs were transformed into Arabidopsis protoplasts. GFP fluorescence was detected
under a laser-scanning confocal microscope. DAPI was used as a nuclear marker. At least 10 cells were observed, and they all showed similar ex-
pression patterns. Bars = 10 um. (C) Schematic diagram showing the key domains (RING-type zinc finger and C2H2-like zinc finger) of SR1 protein.
(D, E) Assays of in vitro self-ubiquitination of SR1. “+” and “-” denote the presence or absence of the components of each reaction mixture. The
molecular weight of GST-SR1N is ~62 kDa. Protein ubiquitination bands generated by GST-SR1N are indicated on the right, and protein molecular
mass markers are labeled on the left. Anti:HIS (D) and anti:GST (E) antibodies were used for immunoblot analysis. The band at 72 kDa (E) is an

unspecific band.

reduced upregulation in SRTOE plants appears to be associ-
ated with their submergence resistant and hypersensitive
phenotypes, respectively.

SR1 Is repressed by submergence and encodes a
ubiquitin E3 ligase

Having shown that SR7 plays a negative role in the submer-
gence response, we examined the detailed timeline of SR1
expression during DS treatment and the reoxygenation pro-
cess. As shown in Figure 2A, SR1 expression was repressed
by DS treatment, which peaked at 24h after treatment,
while it was gradually up-regulated during reoxygenation,
hinting at a possible role for SR7 in this process. Notably,
since a homolog of SR1 (which we named SR1
HOMOLOGOUS GENET (SRHT) (AT3G62240)) is present in
Arabidopsis (Supplemental Figure S6A), we also examined
the expression pattern of SRHT upon DS treatment. As
shown in Supplemental Figure S6B, SRH1 expression was not
induced or repressed by DS treatment or during the reoxy-
genation process compared to the dark air (DA) control
(grown in the dark without submergence), indicating that
SR1H is not regulated in a similar manner to SR71 during
submergence and reoxygenation.

We generated a construct consisting of the GUS gene
driven by a 1kb fragment of the SR1 promoter and intro-
duced it into the Arabidopsis Col ecotype to further study
the expression pattern of SR7 under hypoxia. Hypoxic condi-
tions (1% oxygen) were achieved by constantly bubbling
99.999% nitrogen into the culture chamber for 12h. Weak

GUS staining was observed mainly in the shoot, whereas the
root still showed substantial GUS staining. However, weak
GUS staining was detected after hypoxia treatment
(Supplemental Figure S7), supporting our observation that
SR1 was repressed by hypoxia resulting from submergence
treatment (Figure 2A).

A subcellular localization experiment showed that SR1 co-
localized with the nuclear dye DAPI and is therefore local-
ized to the nucleus (Figure 2B), hinting at a possible role for
the putative E3 ligase SR1 in regulating protein stability in
the nucleus. We also investigated the expression patterns of
SR1 in different tissues. SRT was constitutively expressed in
all tissues examined, including roots, shoots, rosette leaves,
flowers, and fruit pods (Supplemental Figure S8). SR1 enco-
des a 766 amino acid (AA) protein that contains a RING-HC
type RING domain (Kosarev et al., 2002) near the N-terminal
region (Figure 2C), suggesting that it likely has E3 ligase ac-
tivity (Kraft et al, 2005; Stone et al, 2005). We, therefore,
performed in vitro ubiquitination assays using purified SR1
protein. A GST-fusion protein (with 383 AAs from the N-
terminal region of SR1 containing the RING domain) was
purified, because we failed to obtain the full-length SR1 fu-
sion protein. The GST-SR1N383 protein (GST-SR1N) was in-
cubated with E1, E2, and His-ubiquitin (His-ubi) proteins,
and the reaction products were analyzed by immunoblot-
ting using anti-His and anti-GST antibodies (Figure 2, D and
E). The formation of at least two high molecular mass bands
was detected only when all reaction components were
added, whereas reactions lacking any one of the components
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Figure 3 SR1 interacts with WRKY33 both in vivo and in vitro. (A) Schematic diagram showing the various constructs used in the Y2H analysis.
Different numbers indicate the full-length or truncated SR1 and WRKY33 proteins. (B) Y2H analysis of the interaction between SR1 and WRKY33.
The full-length SR1 protein and its C-terminal and N-terminal regions were each fused with the GAL4-transcription AD. The full-length WRKY33
protein and its C-terminal and N-terminal regions were each fused with the GAL4-DNA BD. Transformants were plated on synthetic dropout
(SD) medium without leucine or tryptophan (-LW) and transferred to SD medium without leucine, tryptophan, histidine, or alanine (-LWHA) to
detect interactions. Here, 107", 1072 and 10”2 indicate dilution concentrations of 10, 100, and 1000 times, respectively. (C) BiFC assay of the inter-
action between SR1 and WRKY33. WRKY33-nVENUS and SR1-cGFP or WRKY33-nVENUS and cCFP or SR1-cGFP and nVENUS constructs were
co-transformed into Arabidopsis protoplasts to detect the interaction between SR1 and WRKY33 in vivo. YFP fluorescence was detected under a
laser-scanning confocal microscope. At least 10 cells were observed, and similar results were obtained. Bars = 10 um. (D) Co-IP to examine the in-
teraction between SR1 and WRKY33. Proteins were isolated from N. benthamiana leaves expressing 35S:MYC-SRIN and 35S:FLAG-WRKY33 for
3 days. Anti:FLAG beads were used for the IP experiment. Anti:MYC and anti:FLAG antibodies were used for immunoblot analysis. (E) In vitro
pull-down assay to examine the interaction between SR1 and WRKY33. Purified proteins (GST-SR1N, MBP-WRKY33, and MBP) were used. MBP
affinity beads were used for the pull-down assay. Anti:MBP and anti:GST antibodies.

E1, E2, His-ubi, or GST-SR1N failed to produce a positive re-
sult (Figure 2, D and E). These results demonstrate that SR1
functions as a RING-type E3 ligase in vitro and can mediate
self-ubiquitination and form a polyubiquitinated chain.

SR1 physically interacts with WRKY33 both in vivo
and in vitro

We thus far demonstrated that SR1 participates in the
submergence-induced hypoxia response and functions as an
E3 ligase. E3 ligases commonly facilitate protein degradation
via physical interactions with their target substrate proteins.
We, therefore, looked for targets of SR1 during the submer-
gence process. We performed Yeast two-hybrid (Y2H)
screening using the full-length SR1 protein fused with GAL4-
BD as a bait and screened a cDNA library constructed from
24 h-dark-submergence-treated leaves of 2-week-old Col
plants. WRKY33, a key factor in biotic and abiotic defense
pathways (Zheng et al, 2006; Lai et al, 2017; Liu et al, 2015;
Liao et al, 2016), was identified as a putative partner of SR1.

To validate their interaction, we fused full-length SR1, 383
AAs of the N-terminus (SR1N), and 383 AAs of the C-termi-
nus of SR1 (SR1C) to the activation domain (AD) of GAL4
and full-length WRKY33, 240 AAs of the N-terminus
(WRKY33N), and 279 AAs of the C-terminus of WRKY33
(WRKY33C) to the DNA binding domain (BD) of GAL4
(Figure 3A) to examine the interaction between SR1 and
WRKY33. A Y2H experiment showed that WRKY33N
had self-activation activity whereas WRKY33C did not.
Meanwhile, SR1 interacted with the C-terminal region (279
AAs) of WRKY33 (WRKY33C), and WRKY33C interacted
with the N-terminal region of SR1 including 383 AAs con-
taining the RING domain (SR1N) (Figure 3B).

We also examined this interaction by performing a Y2H
assay between the product of the homologous gene
SRH1 and WRKY33. These two proteins failed to interact
with each other (Supplemental Figure S9), pointing to
functional differentiation between SR1 and its homolog SRH1
(AT3G62240). We performed bimolecular fluorescence
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Figure 4 SR1 Promotes the degradation of WRKY33. (A) Nuclear protein levels of SR1 examined using 35S:FLAG-SR1 plants subjected to dark sub-
mergence treatment and during the reoxygenation process for the time periods indicated. (B) Nuclear protein levels of WRKY33 examined using
35S:FLAG-WRKY33 plants subjected to dark submergence treatment and during the reoxygenation process for the time periods indicated. (C)
Nuclear protein levels of WRKY33 examined in 355:FLAG-WRKY33 and 35S:FLAG-WRKY33 sr1 plants. (D) Effects of MG132, a chemical inhibitor of
the 26S proteasome, on the stability of WRKY33. WRKY33 protein levels were examined in 35S:FLAG-WRKY33 and 35S:FLAG-WRKY33 sr1 plants
supplied with or without 50 uM MG132 for 24 h. (E) WRKY33 showed a decrease in turnover rate in sr1 compared to Col plants. Two-week-old
35S:FLAG-WRKY33 and 35S:FLAG-WRKY33 sr1 plants were treated with 100 mM CHX for the time periods indicated. Nuclear proteins were iso-
lated and analyzed by immunoblotting. (F) Nuclear proteins were isolated from N. benthamiana leaves after expressing 35S:FLAG-WRKY33 alone,
or 35S:FLAG-WRKY33 and 355:MYC-SR1N together for 3 days following 20 h dark submergence treatment or control treatment (dark air was used
as the control(-)). Anti:FLAG and anti:MYC antibodies were used for detection. (A-F) Nuclear proteins were extracted from rosette leaves of 3-
week-old transgenic plants and histone H3 was used as the internal control. The molecular weight of FLAG-SR1 is 84 kDa, FLAG-WRKY33 is
58 kDa and MYC-SR1N is 52 kDa. (G) Levels of WRKY33 ubiquitination detected in vivo by an IP experiment. N. benthamiana leaves after express-
ing 35S:FLAG-WRKY33 and HA empty vector or 35S:FLAG-WRKY33 and 35S:HA-ubi for 3 days were used for the IP experiment. Anti:HA and
anti:FLAG antibodies were used for immunoblot analysis. The empty HA vector was used as a negative control. Protein molecular mass markers
are labeled on the right. (H) Levels of WRKY33 ubiquitination detected in 355:FLAG-WRKY33 and 35S:FLAG-WRKY33 sr1 plants. Nuclear proteins
were isolated from rosette leaves of 3-week-old 35S:FLAG-WRKY33 and 35S:FLAG-WRKY33 sr1 plants followed by a FLAG-IP experiment. The levels
of FLAG-WRKY33 ubiquitination were examined using an anti:ubi antibody. (1) Nuclear proteins were isolated from N. benthamiana leaves after
expressing 35S:FLAG-WRKY33 without treatment, or expressing 35S:FLAG-WRKY33 and 355:MYC-SR1N together and carrying out a 20 h dark sub-
mergence treatment or control treatment (dark air was used as the control(-)), and used in a FLAG-IP experiment. The levels of FLAG-WRKY33
ubiquitination were examined using an anti:ubi antibody.

complementation (BiFC), Co-immunoprecipitation (IP) and
pull-down experiments to further validate the interaction
between SR1 and WRKY33. As shown in Figure 3C, SR1
interacted with WRKY33 in the nucleus in the BiFC experi-
ment. The Co-IP experiment showed that SRIN interacts
with WRKY33 in vivo (Figure 3D). The pull-down experiment
using MBP-affinity beads showed that GST-SRIN interacts
with MBP-WRKY33 in vitro (Figure 3E).

SR1 ubiquitinates WRKY33 and facilitates its
degradation

The physical interaction between SR1 and WRKY33 led us
to examine whether SR1 can ubiquitinate WRKY33 for deg-
radation during the reoxygenation process after

submergence treatment. First, we examined their expression
patterns during DS treatment and during reoxygenation us-
ing  transgenic  lines  overexpressing  35S:FLAG-SR1
(Supplemental  Figure S10) and  35S:FLAG-WRKY33
(WRKY330E) (Supplemental Figure S11) in the Col back-
ground. As shown in Figure 4, A and B, the level of SR1 de-
creased upon DS and increased during the reoxygenation
process. By contrast, the level of WRKY33 increased upon
DS and declined during reoxygenation. To determine
whether the changes in protein levels were caused by
changes in mRNA expression, we examined the mRNA levels
of FLAG-SRT and FLAG-WRKY33 upon DS treatment. The
expression of these genes was not affected by this treatment
(Supplemental Figure S12). The repressed expression of SR1
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mRNA (Figure 2A) and SR1 protein (Figure 4A) upon DS
treatment suggested that DS might lead to both down-
regulation of SR7 at the mRNA level and a concomitant in-
crease in protein degradation.

To investigate this notion, we examined the SR1 level
upon DS in the presence or absence of MG132, a chemical
inhibitor of the 26S proteasome. As shown in Supplemental
Figure S13, MG132 treatment indeed prevented the degra-
dation of SR1 during DS, confirming our hypothesis. The op-
posite expression patterns were observed during the
submergence treatment and reoxygenation, suggesting that
SR1 might mediate the degradation of WRKY33 during
these processes. To further confirm this notion, we obtained
35S:FLAG-WRKY33 sr1 plants by genetic crossing. To exclude
the possibility of gene silencing during crossing, we exam-
ined the transcript levels of FLAG-WRKY33. FLAG-WRKY33
transcript levels were similar in 35S:FLAG-WRKY33 and
35S:FLAG-WRKY33 sr1 plants (Supplemental Figure S14).

We also examined WRKY33 protein levels in 35S:FLAG-
WRKY33 and 35S:FLAG-WRKY33 sr1 plants by immunoblot
analysis. WRKY33 abundance was considerably elevated in
rosette leaves of 35S:FLAG-WRKY33 sr1 plants compared to
35S:FLAG-WRKY33 plants (Figure 4C). To confirm that the
degradation of WRKY33 is mediated by SR1 via the 26S pro-
teasome, we examined the effect of MG132 on the stability
of WRKY33. Immunoblot analysis showed that WRKY33
abundance was considerably elevated upon MG132 treatment
(Figure 4D), suggesting that the 26S proteasome pathway
modulates WRKY33 homeostasis. To further test the stability
of WRKY33, we employed cycloheximide (CHX) to block new
protein synthesis. WRKY33 showed a decreased turnover rate
in the sr1 mutant compared to Col plants (Figure 4E).

We performed transient expression in Nicotiana benthami-
ana leaves to test the possibility that WRKY33 levels are
modulated by SR1. The expression of WRKY33 was clearly
repressed when 35S:FLAG-WRKY33 and 35S:MYC-SRTN were
co-expressed compared to the expression of 35S:FLAG-
WRKY33 alone in N. benthamiana leaves, while this was
blocked by 20h DS treatment, which inhibited the expres-
sion of SRIN protein (Figure 4F; Supplemental Figure S15).
Collectively, these results suggest that SR1 mediates the deg-
radation of WRKY33, likely via the 26S proteasome pathway.
Interestingly, the WRKY33 level was also elevated in the sr1
background (Figure 4D), suggesting that WRKY33 is not tar-
geted for degradation solely by SR1.

To further confirm that SR1 can ubiquitinate WRKY33
and facilitate its degradation, we performed IP experiments.
358:FLAG-WRKY33, 355:HA-ubi as well as 35S:FLAG-WRKY33
and the control vector 355:HA were co-expressed in N. ben-
thamiana leaves. IP was carried out using the anti-FLAG an-
tibody conjugated agarose beads. Ubiquitinated WRKY33
proteins were detected as expected (Figure 4G). To examine
whether the ubiquitination of WRKY33 is mediated via SR1,
we performed another IP experiment in rosette leaves
among 35S:FLAG-WRKY33 and 35S:FLAG-WRKY33 sr1 plants,
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again using anti-FLAG antibody conjugated agarose beads.
Immunoblot analysis showed that knocking out SR1 partially
blocked the ubiquitination of WRKY33 (Figure 4H), suggest-
ing that the ubiquitination of WRKY33 occurs via SR1. We
also examined whether submergence treatment would affect
the ubiquitination of WRKY33. 35S:FLAG-WRKY33 and
355:MYC-SRIN were co-expressed in N. benthamiana leaves
for 3 days, followed by 20 h of DS vs. the control. A FLAG-IP
experiment showed that the ubiquitination of WRKY33 was
greatly weakened under DS (Figure 4l), perhaps due to a de-
crease in mMRNA levels as well as the destabilization of SR1
protein under these conditions. Taken together, these results
suggest that submergence suppresses SR1 via an unknown
mechanism, but promotes WRKY33 accumulation by sup-
pressing 26S proteasome mediated, ubiquitin-associated deg-
radation via SR1. Thus, we confirmed that WRKY33 is a
target of the E3 ligase SR1 and can be degraded by SR1 via
26S proteasome-mediated degradation.

WRKY33 positively regulates the submergence
response and is epistatic to SR1
Having confirmed that SR1 negatively regulates the submer-
gence response in Arabidopsis and that WRKY33 is a direct
target of SR1, we hypothesized that WRKY33 might also
participate in the submergence response together with SR1.
To validate this notion, we obtained a wrky33 mutant
(SALK_006603) (Liao et al, 2016) and WRKY33 overexpress-
ing lines (WRKY330E). Phenotypic analysis showed that
WRKY330E plants were more tolerant, while wrky33 mutant
was hypersensitive, to DS compared to the wild-type
(Supplemental Figure S16A). Further experiments measuring
survival  rates  (Supplemental  Figure S16B), DW:s
(Supplemental Figure S16C), MDA contents (Supplemental
Figure S16D), ion leakage (Supplemental Figure S16E), and
water loss (Supplemental Figure S16F) all confirmed that
WRKY33 is a positive regulator of the submergence response.
We examined the expression of several hypoxia-responsive
marker genes in Col, wrky33, and WRKY330E plants upon
DS treatment by qRT-PCR (Quantitative Reverse
Transcription-PCR). The expression of genes related to an-
aerobic respiration, including ADH1, PDC1, and SUS4
(Supplemental Figure S17), was repressed in the wrky33 mu-
tant and activated in WRKY33OE plants in response to 2 or
20h of DS treatment. Other hypoxia-responsive marker
genes, such as PCO2 and HB1, as well as the ethylene biosyn-
thesis gene ACS2, showed similar expression patterns
(Supplemental Figure S17). The downregulation of these
genes in the wrky33 mutant and upregulation in WRKY330E
plants appeared to be associated with their respective sub-
mergence hypersensitive and resistant phenotypes. Different
WRKY330E transgenic lines were used in this work compared
to our recent study (Tang et al, 2020), while similar results
were obtained, further confirming the notion that WRKY33 is
a positive regulator of the submergence response.
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Figure 5 WRKY33 functions downstream of SR1 to positively regulate the dark submergence response in Arabidopsis. (A) Phenotypic analysis of
Col, sr1, wrky33, and sr1 wrky33 plants treated with dark submergence for 60 h, followed by 5 days of recovery. (B) Survival rates of Col, sr1,
wrky33, and sr1 wrky33 plants treated with dark submergence for 60 h, followed by 5 days of recovery. (C) DWs of Col, sr1, wrky33, and sr1 wrky33
plants treated with dark submergence for 60 h, followed by 5 days of recovery and drying for 2 days. (D) ROS accumulation detected in Col, sr1,
wrky33, and sr1 wrky33 plants by DAB staining after treatment with or without dark submergence for 2 or 20 h. Bar = 0.5 mm. Data are average
values +£SD (n = 3) of three independent biological replicates. **P < 0.01 indicates significant differences from Col.

To confirm the genetic hierarchy between SR7 and
WRKY33, we crossed the sr1 mutant with the wrky33 mu-
tant. As shown in Figure 5A, the sr1 mutant is tolerant to
DS, whereas wrky33 exhibited enhanced sensitivity to this
treatment compared to the wild-type. The appearance of
the double mutant sr1 wrky33 was comparable to that of
wrky33, and it also exhibited enhanced sensitivity to DS
treatment (Figure 5A). Further experiments, including sur-
vival rate (Figure 5B), DW (Figure 5C), and DAB staining
(Figure 5D) analyses also confirmed that sr1 wrky33 showed
enhanced sensitivity to DS treatment. We then examined
the expression of the anaerobic respiration genes ADH1 and
PDC1 by qRT-PCR . The expression of both genes was re-
pressed in sr1 wrky33 plants upon 2 or 20-h DS treatment
(Supplemental Figure S18), as also observed for wrky33
(Supplemental Figure S18). All of these experiments provide
further evidence that WRKY33 functions downstream of SR1
and that they act in the same genetic pathway to partici-
pate in the submergence response.

WRKY33 directly activates RAP2.2 to participate in
the submergence response

WRKY33, a WRKY family protein containing a WRKY do-
main, regulates the expression of downstream genes via its
W box element (Mao et al, 2011). To further explore the
molecular mechanism underlying the role of WRKY33 in the
submergence response, we screened for possible down-
stream target genes of WRKY33 by qRT-PCR. ERF-VII family
genes are key regulators of the submergence response (Hinz
et al, 2010; Gibbs et al, 2011; Licausi et al, 2011; GiuntoLi
et al, 2017; Gibbs and Holdsworth, 2020). The promoters of
four members (RAP2.2, RAP2.12, HRET, and HRE2) of the
ERF-VII family contain a W box cis-element, which is a puta-
tive binding site for WRKY33. We performed qRT-PCR to
examine the expression patterns of these four genes in Col,
wrky33, and WRKY330E plants during DS. Only RAP2.2 tran-
script levels were positively correlated with the expression
levels of WRKY33 upon 2 or 20h DS treatment
(Supplemental Figure S19), suggesting that WRKY33 might
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Figure 6 SD but Not SA overexpression enhances tolerance to dark submergence. (A) Dark submergence treatment induces the accumulation of
phosphorylated WRKY33, while reoxygenation removes it (top panel shows a short exposure, middle panel shows a long exposure).
Phosphorylated and non-phosphorylated WRKY33 proteins were separated using a phos-tag gel. Histone H3 was used as the internal nuclear pro-
tein loading control. The molecular weight of FLAG-WRKY33 is 58 kDa, H3 is 15 kDa. (B) Phosphorylated and non-phosphorylated WRKY33 pro-
teins quantified using Image) software with the value for the first lane set as 1. The middle panel (long exposure) in Figure 6A was used to
quantify protein levels. (C) WRKY33 expression levels in SDOET, SDOE2, SAOE1, and SAOE2 plants are determined by qPCR. Total RNA was
extracted from 3-week-old SDOE1, SDOE2, SAOET1, and SAOE2 plants. (D) Phenotypic analysis of Col, SDOE1, SDOE2, SAOET, and SAOE2 plants after
dark submergence treatment for 72 h, followed by 5 days of recovery. (E) Survival rates of Col, SDOE1, SDOE2, SAOE1, and SAOE2 plants deter-
mined after dark submergence treatment for 72 h, followed by 5 days of recovery. (F) DWs of Col, SDOE1, SDOE2, SAOET, and SAOE2 plants mea-
sured after dark submergence treatment for 72 h, followed by 5 days of recovery and drying for 2 days. Data are average values +SD (n = 3) of

independent biological replicates. **P < 0.01 indicates significant differences from Col.

positively regulate RAP2.2 expression. Furthermore, we ex-
amined the expression of RAP2.2, RAP2.12, HRE1, and HRE2
in Col, sr1, and SRTOE plants treated with DS and again,
only RAP2.2 transcript levels were elevated (Supplemental
Figure S20) in the sr1 mutant, which showed an increase in
WRKY33 protein levels (Figure 4C). The RAP2.2 transcript
level in the sr1 wrky33 double mutant was comparable to
that in the wrky33 mutant (Supplemental Figure S21), sug-
gesting that RAP2.2 might be regulated by WRKY33. We also
analyzed the expression patterns of WRKY33 and RAP2.2 in
response to submergence treatment and the reoxygenation
process. WRKY33 expression was induced at 20 min, whereas
RAP2.2 expression was not induced until 40 min upon sub-
mergence treatment (Supplemental Figure S22), again point-
ing to the possible regulation of RAP2.2 by WRKY33.

To further confirm that WRKY33 directly regulates
RAP2.2, we performed ChIP-qPCR experiments using
WRKY330E plants under normal and DS conditions.
WRKY33 directly bound to the P2 fragment containing a W
box in the promoter of RAP2.2 in vivo under normal condi-
tions (Supplemental Figure S23, A-C). Interestingly, a 20 h-
dark-submergence treatment clearly increased the binding
of WRKY33 to the P2 fragment of RAP2.2 (Supplemental

Figure S23D), suggesting that the stabilization and accumula-
tion of WRKY33 were induced by submergence treatment
(Supplemental Figure S23B). In an Electrophoretic Mobility
Shift Assay (EMSA), purified MBP-WRKY33 protein directly
bound to the W box in the RAP2.2 promoter, but the mu-
tant probe did not (Supplemental Figure S23F). MBP alone
did not bind to the probe (Supplemental Figure S23E). In a
dual-luciferase experiment, WRKY33 activated the expres-
sion of RAP2.2 in vivo, whereas mutating the W box or add-
ing SR1 protein blocked this activation (Supplemental Figure
S23, G-1). Taken together, these results indicate that RAP2.2
is directly up-regulated by WRKY33 via its W-box element.

To confirm the genetic hierarchy of RAP2.2 and WRKY33,
we obtained 35S:RAP2.2 (RAP2.20E) plants and crossed
them with the wrky33 mutant (Supplemental Figure S24A).
As shown in Supplemental Figure S24B, overexpressing
RAP2.2 in the wrky33 background rescued the submergence
hypersensitive phenotype of wrky33, which was also verified
by survival rate (Supplemental Figure S24C) and DW meas-
urements (Supplemental Figure S24D). In brief, these find-
ings suggest that RAP2.2 functions downstream of WRKY33
and that they act in the same genetic pathway to control
the submergence response of Arabidopsis.
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Figure 7 SD but not SA induces RAP2.2 expression. (A) qPCR analysis showing RAP2.2 expression levels in Col, SDOET, SDOE2, SAOE1, and SAOE2
plants. (B, C) ChIP-qPCR analysis showing that the binding ability of FLAG-SD to the RAP2.2 promoter is comparable to that of FLAG-SA in vivo.
DNA/protein complexes were isolated from 35S:FLAG-WRKY33SD/SA transgenic plants line2#. Relative enrichment of RAP2.2 promoter was deter-
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WRKY33SD (SD) but not WRKY33SA (SA)
overexpression induces RAP2.2 expression and
enhances tolerance to DS

WRKY33 plays a key role in defense pathways, acting via
MPK3/MPK6-mediated phosphorylation (Mao et al, 2011; Li
et al, 2012). Since the mitogen-activated kinases MPK3/MPK6
positively regulate the hypoxia response (Chang et al, 2012),
together with our finding that WRKY33 also positively partici-
pates in the submergence response and the possibility that
submergence treatment induces the posttranscriptional modi-
fication of WRKY33, we investigated whether submergence
would alter the phosphorylation level of WRKY33 and if so,
whether this is mediated by MPK3/MPK6. First, using a gel
containing phos-tag, we separated phosphorylated WRKY33

from non-phosphorylated WRKY33 isolated from WRKY330E
plants subjected to DS treatment and during the reoxygena-
tion process (Figure 6A). Immunoblotting showed that phos-
phorylated WRKY33 started to accumulate at 2h, which
continued up to 20h of DS treatment but gradually de-
creased during the reoxygenation process (Figure 6, A-B), sug-
gesting that phosphorylated WRKY33 may participate in the
submergence response. Second, to determine whether MPK3/
MPK6 phosphorylate  WRKY33, we generated 35S:FLAG-
WRKY33SA overexpressing transgenic plants (SAOE) (created
by changing Ser54, Ser59, Ser65, Ser72, and Ser85 to alanine,
which blocks the phosphorylation of WRKY33 (WRKY33-P)
by MPK3/MPK6 (Mao et al, 2011)) and 35S:FLAG-WRKY33SD
overexpressing transgenic plants (SDOE) (in which Ser54,
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Figure 8 Phosphorylation stimulates WRKY33 turnover and is dependent on SR1. (A) FLAG-IP experiment to examine the interaction between
SR1 and SA or SD. Nuclear proteins were isolated from N. benthamiana leaves after expressing 355:MYC-SR1N and 35S:FLAG-SA or 355:MYC-SRTIN
and 35S:FLAG-SD for 3 days. Anti:FLAG antibody conjugated agarose beads were used for the IP experiment. Anti:MYC and anti:FLAG antibodies
were used for immunoblot analysis. (B) Effects of MG132 on the stability of the phosphorylated form of WRKY33. Nuclear proteins were isolated
from leaves of 3-week-old 35S:FLAG-WRKY33 seedlings after treatment with or without 50 uM MG132 for 24 h and detected using a 7.5% phos-
tag gel. Anti:FLAG and anti:H3 antibodies were used for immunoblot analysis. (C) Ubiquitination levels of SD and SA proteins detected in vivo.
Anti:FLAG antibody-conjugated agarose beads were used for the IP experiment. Anti:ubi antibody was used to detect the levels of WRKY33 ubig-
uitination. Anti:FLAG antibody was used to check loading levels. (D) Nuclear proteins were extracted from 3-week-old seedlings of 35S:FLAG-SD
and 35S:FLAG-SA in a buffer supporting proteasome activity. Extracts were incubated at room temperature for the time periods indicated.
Immunoblot analysis was then performed using anti:FLAG antibody. (E) The levels of phosphorylated WRKY33 protein detected following dark
submergence treatment. Nuclear proteins were extracted from 3-week-old seedlings of 35S:FLAG-WRKY33 and 35S:FLAG-WRKY33 sr1 plants after
dark submergence treatment for 20 h (dark air was used as the control(-)). Phosphorylated proteins were detected using a 7.5% phos-tag gel.
Anti:FLAG and anti:H3 antibodies were used for immunoblot analysis. (F) WRKY33 protein levels were examined after 2 h dark submergence treat-
ment and reoxygenation for 14 h. Nuclear proteins were extracted from 3-week-old rosette leaves of 35S:FLAG-WRKY33 and 35S:FLAG-WRKY33
sr1 plants. Phosphorylated proteins were detected using a 7.5% phos-tag gel. Anti:FLAG and anti:H3 antibodies were used for immunoblot analysis.
The molecular weight of FLAG-WRKY33, FLAG-SA or FLAG-SD is 58 kDa, MYC-SR1N is 52 kDa.

Ser59, Ser65, Ser72, and Ser85 were changed to aspartic acid,  submergence tolerance compared to wild-type Col
which mimics the constitutive WRKY33-P by MPK3/MPK6;  (Figure 6D). This result was further verified by measuring sur-
Figure 6C). Phenotypic analysis showed that SDOF plants  vival rates (Figure 6E) and DWs (Figure 6F).

exhibited significantly enhanced tolerance of DS treatment, Since WRKY33 may directly up-regulate RAP2.2 via its W
whereas SAOE plants did not exhibit any difference in ~ box, we examined the expression of RAP2.2 in SDOE and
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Figure 9 Working model for the role of SR1 in regulating the dark submergence response by modulating the stability of WRKY33. Under nor-
moxia, SR1 is constitutively expressed and SR1 is stable. WRKY33 undergoes partial degradation by SR1 to maintain dynamic equilibrium;
WRKY33 can bind to the RAP2.2 promoter to maintain its constitutive expression. RAP2.2 and other members of the ERF-VII family are normally
localized to the plasma membrane where they interact with the membrane-associated ACBP1 and ACBP2. Upon exposure to hypoxia induced by
dark submergence, ERF-VII proteins dissociate from the membrane and are translocated into the nucleus to activate the expression of hypoxia-re-
sponse genes. WRKY33 is simultaneously phosphorylated, possibly by MPK3/MPK6 (MPK3/6), and translocated into the nucleus to strongly acti-
vate RAP2.2 expression. In addition, SRT is repressed and SR1 protein is degraded by an unknown mechanism, ensuring the stabilization of
WRKY33-P. After dark submergence is replaced by reoxygenation, ERF-VII proteins are degraded via the N-degron pathway while WRKY33-P is si-

multaneously degraded by the rapidly accumulated SR1.

SAOE plants as well as the ability of SD and SA proteins to
bind to the RAP22 promoter. RAP2.2 was significantly up-
regulated in SDOE plants, as revealed by qRT-PCR (Figure 7A),
whereas overexpression of SA had no effect on RAP2.2 expres-
sion compared to wild-type Col plants (Figure 7A). ChIP-
gPCR analysis showed that SD could bind to the W box in
the RAP2.2 promoter at levels comparable to SA in vivo
(Figure 7, B-C; Supplemental Figure S25). This result was sup-
ported by an EMSA (Figure 7, D-F) in which equal amounts
of purified MBP-SD and MBP-SA proteins were loaded
(Supplemental Figure S26). In addition, a dual-luciferase exper-
iment showed that the ability of SD to activate LUC driven
by the RAP2.2 promoter was abolished when SR1 was added,
whereas we did not detect the activation of RAP2.2 by SA
(Figure 7G-H; Supplemental Figure S27). Collectively, these
results indicate that submergence induces the WRKY33-P,
likely via the mitogen-activated kinases MPK3/MPK6, which
might affect the transactivation activity rather than the DNA
binding activity of WRKY33 and confer submergence resis-
tance, at least in part by directly up-regulating RAP2.2.

Phosphorylation stimulates WRKY33 turnover and
is dependent on SR1

As WRKY33 can be degraded by the 26S proteasome via
SR1, we investigated whether this was also the case for the
phosphorylation-blocked form SA and the phosphorylation

mimic form SD. First, to examine the effect of phosphoryla-
tion on the interaction between WRKY33 and SR1, we per-
formed an IP experiment. The constitutively phosphorylated
form SD interacted with SR1 more strongly compared to SA
(Figure 8A). E3 ligase facilitated the degradation of its tar-
gets, and SD had a stronger interaction with SR1, suggestion
that the rate of degradation of SD might be faster than that
of SA. To confirm this notion, we employed MG132, finding
that the degradation of WRKY33-P was blocked by MG132
treatment (Figure 8B). Polyubiquitination of FLAG-SA pro-
tein was markedly reduced compared to FLAG-SD in the IP
assay (Figure 8C). Moreover, in a cell-free degradation assay,
the FLAG-SD protein showed an increased degradation rate
compared to FLAG-SA (Figure 8D). Thus, we suggest that
WRKY33-P may be the major form of this protein regulated
by the E3 ligase SR1.

Finally, as showed that reoxygenation after DS treat-
ment increased the protein level of SR1 (Figure 4A) and
decreased the protein level of WRKY33 (Figure 4B), we
performed immunoblot analysis to examine the roles of
these proteins in the reoxygenation process. As shown in
Figure 8, E and F, submergence treatment induced the
accumulation of WRKY33-P, especially in the sr1 mutant
in which SR1 was barely expressed (Figure 8E). WRKY33-
P was clearly degraded during the reoxygenation process
in Col but not in the sr1 mutant (Figure 8F). These
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findings suggest that SR1 is responsible for the degrada-
tion of WRKY33-P both in response to submergence
treatment and during the reoxygenation process.
Overall, our results suggest that the submergence re-
sponse, which restricts plant growth, is abolished by the
degradation of WRKY33-P, a process mediated (at least
in part) by the E3 ligase SR1.

Discussion

Oxygen is critical for the survival of plants, which depend
on molecular oxygen to produce respiratory energy. When
oxygen is limited due to waterlogging or flooding, various
acclimation mechanisms exist to reduce hypoxia damage.
ERF-VII TFs are master regulators that activate hypoxia-
response genes in Arabidopsis (Hinz et al, 2010; Gibbs et al,
2017; Licausi et al, 2011; GiuntolLi et al, 2017; Gibbs and
Holdsworth, 2020). In this study, we found that the ERF-VII
family member RAP2.2 is strongly activated by a phosphory-
lated form of WRKY33 that binds to the W box cis-element
present in its promoter. We demonstrated that the ubiqui-
tin E3 ligase SR1 negatively regulates the submergence re-
sponse by degrading phosphorylated WRKY33 during
reoxygenation. These findings indicate that the on-and-off
module SR1-WRKY33-RAP2.2 replenishes and is connected
with the well-known N-degron pathway based on ERFVII
family members that function in the plant submergence re-
sponse (Figure 9).

WRKY33 is a positive regulator of plant defense responses
(Zheng et al, 2006; Lai et al, 2017; Liu et al, 2015) and is
also involved in responses to various abiotic stresses (Jiang
and Deyholos, 2009; Datta et al, 2015 Zhou et al, 2015;
Liao et al, 2016; Tang et al, 2020). WRKY33 is also induced
after hypoxia treatment or submergence in Arabidopsis
(Klok et al, 2002; Tang et al, 2020; Supplemental Figure
$16). In the current study, we found that submergence in-
duced the WRKY33-P, which then conferred enhanced sub-
mergence tolerance by strongly activating the ERF-VII family
gene RAP2.2 (Figure 7). The WRKY33-P may be carried out
by the mitogen-activated kinases MPK3/MPK6 in
Arabidopsis, as has been observed in other abiotic stress
responses (Mao et al, 2011; Chang et al, 2012), although it
remains unknown whether other phosphorylation sites are
activated by other kinases. Nonetheless, our study also sup-
ports the previous finding that WRKY33 is a core positive
regulator of responses to diverse stresses (Zheng et al, 2006;
Lai et al, 2011; Mao et al,, 2011; Chang et al, 2012; Liu et al,,
2015; Tang et al, 2020). However, the genes targeted and the
modes of regulation with or without posttranslational modifi-
cation vary greatly, depending on the nature of the stress.

E3 ligases are important posttranslational ubiquitination
enzymes that function in various stress responses, such as
the abscisic acid signaling pathway (Ding et al, 2015a,
2015b; Lee and Seo, 2016) and the cold stress response path-
way (Ding et al, 2015a, 2015b; Li et al, 2017; Wang et al,
2019). For example, the N-degron pathway E3 ligase
PROTEOLYSIS6 and two E3 ligases, the RING domain-
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containing proteins SEVEN IN ABSENTIA of ARABIDOPSIS1
(SINAT1) and SINAT?2, participate in the hypoxia response
by regulating the stability of RAP2.12 (Gibbs et al, 2011;
Licausi et al, 2011; Papdi et al, 2015; Gibbs and Holdsworth,
2020). In this study, we provide evidence that an additional
E3 ligase, SR1, directly interacts with and degrades
WRKY33-P to negatively regulate the submergence response
(Figure 8). The N terminal region of this SR1, which contains
a zinc-finger domain, might interact with the C terminal re-
gion of WRKY33 (Figure 3) during the submergence-
reoxygenation response, although the precise identification
of functional sites and other potential targeted regions
requires further study. The expression of SR1 was negatively
correlated with that of WRKY33-P during submergence-
reoxygenation, but with a delay (Figure 4, A and B). This
delayed expression suggests that additional partners or mod-
ifications may be needed for SR1 to remove WRKY33-P. The
degradation of WRKY3-P (Figure 4 Supplemental Figure
S16) suggests the existence of another pathway for sensing
oxygen during reoxygenation. We showed that WRKY33-P is
degraded by the rapidly accumulated E3 ligase SR1, acting as
a non-canonical oxygen sensing mechanism. This differs
from the removal of ERF-VIls during aerobic restoration
through the oxygen sensing and N-degron pathways (Gibbs
et al, 2017; Licausi et al, 2011; Gibbs and Holdsworth, 2020).
However, it remains unknown how SR1 senses oxygen to
initialize ubiquitination of WRKY33-P and how it is itself re-
moved when submergence ends.

Overall, we identified a submergence resistant mutant, sr7,
and clarified the role played by SR1 as a negative regulator of
the submergence response via degradation of WRKY33-P.
Our findings indicate that the PA-MPK3/MPK6 (Yu et al,
2010; Chang et al,, 2012; Xie et al,, 2020) and N-degron path-
ways (Gibbs et al, 2011; Licausi et al, 2011; Gibbs and
Holdsworth, 2020) are connected via WRKY33-P to trigger a
high expression level of RAP2.2 during hypoxia acclimation
(Figure 9). Under normoxia, SR1, WRKY33, and RAP2.2 are
constitutively expressed to maintain dynamic equilibrium.
RAP2.2 and other ERF-VII proteins are localized to the
plasma membrane where they interact with the membrane-
associated proteins ACYL-COA BINDING PROTEIN1 (ACBP1)
and ACBP2 (Licausi et al, 2011; Bailey-Serres et al, 2012a,
2012b; Xie et al, 2020). Upon exposure to hypoxia, WRKY33
is phosphorylated by PA-MPK3/MPK®6, and RAP2.2 expression
is enhanced to promote acclimation. However, both
WRKY33-P and RAP2.2 are simultaneously degraded by SR1
and the N-degron pathway during reoxygenation. This SR1-
WRKY33-RAP2.2 regulatory module connects the known oxy-
gen sensing and N-degron pathways but represents another
signal transduction pathway that operates during submer-
gence acclimation in Arabidopsis. Such rapid and precise acti-
vation and removal of submergence-response proteins can
effectively balance plant growth and stress acclimation. These
findings suggest that the submergence response and oxygen
perception in plants may be even more interesting than pre-
viously believed; further studies of this topic are needed. In
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addition, our identification of SR1 and WRKY33 as two key
submergence-resistant targets provides a basis for genetic
manipulation for biotechnology-based breeding of crops with
improved flooding tolerance.

Materials and methods

Plant materials and growth conditions

To generate A. thaliana 35S:FLAG-WRKY33, 35S:FLAG-SA,
35S:FLAG-SD, 35S:SR1, 35S:FLAG-SR1, and 35S:RAP2.2 overex-
pressing transgenic plants, the WRKY33, SA, SD, SR1, and
RAP2.2 coding sequences (CDS) were amplified and cloned
into the pCAMBIA1300 or pCAMBIA1300-FLAG vector
through the Xbal and Kpnl sites using a ClonExpress Il One
Step Cloning Kit (C112-01; Vazyme, Nanjing, China). To gen-
erate pSR1:SR1/sr1 and pSR1:GUS transgenic plants, the 1kb
promoter sequence of SR1 (Maher et al, 2018) together with
the full-length CDS of SR1 was amplified and cloned into the
pBIB-BASTA-355-GWR-GFP and pCXGUS-P vectors through
the Kpnl and BamHI sites using the same cloning kit (C112-
01, Vazyme). All primers used in this study are listed in
Supplemental Table S1, and all transgenic plants used are
listed in Supplemental Table S2. Agrobacterium carrying
35S:FLAG-WRKY33,  35S:FLAG-SA, 35S:FLAG-SD,  35S:SR1,
35S:FLAG-SR1, 355:RAP2.2, pSR1:SR1, and pSR1:GUS constructs
was transformed into Arabidopsis ecotype Col-0 or the sr1
background via the floral dip method (Zhang et al, 2006)
and identified by hygromycin screening followed by qRT-PCR
analysis of the expression levels of the relevant genes. The T-
DNA insertional mutants of genes, including AT1G14770
(SALK_038318), AT4G09110 (CS55893), AT3G45480
(SALK_093138, (CS927049), AT5G36001 (SALK_012983),
AT5G22920 (CS424220), wrky33 (SALK_006603), and sr1
(SALK_076386), were obtained from the Arabidopsis
Biological Resource Center (ABRC). sr1 wrky33 and
RAP2.20E wrky33 plants were generated by genetic cross-
ing, followed by genomic identification. F3 populations of
the crossed lines were used in all experiments.

Seeds were surface-sterilized with 10% NaClO for 10 min
and washed 6 times with sterilized distilled water. Surface-
sterilized seeds were sown on half-strength Murashige and
Skoog medium (Sigma-Aldrich, St. Louis, MO, USA ) plates
with 2% sucrose solidified with 0.75% agar (pH 5.85) and
grown in a growth chamber under a 16 h light/8 h dark (22°C)
cycle with fluorescent white light at 13,700 lux (Philips F17T8/
TL841 17W). Seedlings were transplanted into soil at the two-
leaf stage for subsequent growth under the same conditions.

Submergence stress and hypoxia treatment

For submergence treatment, 3-week-old plants were dark-
submerged in deionized water (with leaves 10cm below the
water surface) in the same dark plastic box for the times in-
dicated. All submergence treatments began at 9:00 a.m,
which was the start of the 16h light/8h dark (22°C) cycle.
After dark-submergence treatment, water was removed and
plants were returned to normal growth conditions (16/8 h
light/dark cycles; 22°C) for the times indicated. Flooding
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tolerance was assayed using at least two independent lines
of each transgenic genotype, and similar results were
obtained, so representative results obtained with only one
line are presented here. Then 12-30 plants per genotype
were used each time, and three repetitions were done.

For hypoxia treatment, 10-20 1-week-old seedlings were
placed in an enclosed anaerobic workstation in the dark,
and hypoxic conditions (1% oxygen) were achieved by con-
stantly bubbling 99.999% nitrogen into the chamber for
12 h. GUS staining was carried out after hypoxia treatment.
For comparison, 10-20 1-week-old seedlings without hyp-
oxia treatment were also subjected to GUS staining.

Dry weight, ion leakage assays, and MDA
measurements

For DW measurements, above-ground tissues of 3-week-old
plants were weighed after heating at 65°C for 2 days. The
DW of 10-20 plants after submergence treatment followed
by 5 days of reoxygenation was recorded.

For ion leakage measurements, 3-week-old rosette leaves
of 10-20 plants subjected to different treatments were col-
lected into 15mL tubes, each containing 10mL deionized
water, and shaken for 1h at room temperature. Initial con-
ductivity (S1) of the samples was measured with a conduc-
tivity meter. The samples were boiled for 10 min, cooled to
room temperature, and incubated with shaking for another
10min before measuring the final conductivity (S2). lon
leakage was calculated as $1/S2.

For MDA measurements, 3-week-old rosette leaves of 10—
20 plants exposed to different treatments were weighed and
pulverized in 5% trichloroacetic acid buffer, and the super-
natant was mixed with 6.7% thiobarbituric acid and 5% tri-
chloroacetic acid buffer. After 30 min incubation at 100°C,
the samples were cooled to room temperature, and absor-
bance was measured at 532, 450, and 600 nm with a spec-
trophotometer plate reader.

Subcellular localization

The 35S:SR1-GFP and 35S:GFP plasmids were transformed
into Arabidopsis protoplasts, which were prepared from 2-
week-old wild-type (Col-0) Arabidopsis rosette leaves.
Arabidopsis protoplasts were isolated and transfected using
10 pg of each plasmid DNA at a concentration of 1 pug/ulL as
previously described (Liu et al,, 2014). GFP fluorescence was
visualized under a laser-scanning confocal microscope (Leica
TCS SP5) 24h after transfection. At least 10 cells were ob-
served for each experiment, and they all showed a similar
expression pattern.

Phylogenetic analysis

Protein homology searches were performed with the
Phytozome program (http://www.phytozome.net/). Selected
AA sequences from Arabidopsis, rice (Oryza sativa), maize
(Zea mays), soybean (Glycine max), and poplar (Populus)
were aligned using ClustalW. The alignment is available as
Supplemental File S1. Phylogenetic trees were generated us-
ing the neighbor-joining method with the MEGA version
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5.10 software package. Bootstrap values were supported by
10,000 replicates. Branch length indicates divergence dis-
tance. Numbers on the branches indicate percentage boot-
strap support.

Y2H screening and assays

A cDNA library was constructed from the leaves of 2-week-
old Col treated with 24h of DS following the
Matchmaker™ Gold Y2H System procedure (Clontech,
Mountain View, CA, USA). Y2H screening was performed 3
times, and WRKY33 was identified twice as a putative inter-
action partner of SR1. Five cDNA clones encoding WRKY33
(among the 3 times) were identified in the Y2H screening.
Other proteins (such as those encoded by AT5G58410,
AT3G11280, AT5G39360, AT1G01720, and AT5G13810)
were also identified as candidate partners during the screen-
ing. Y2H analysis was performed to verify the interaction be-
tween SR1 and the candidate, WRKY33. Full- or partial-
length cDNAs from WRKY33 or SR1 genes were fused into,
respectively, the GAL4 AD vector (pGADT7) or the GAL4
BD vector (pGBKT7), to obtain the constructs BD-WRKY33,
BD-SA, BD-SD, BD-WRKY33N, BD-WRKY33C, AD-SR1, AD-
SRIN, and AD-SR1C. Two constructs (using 4L of each
plasmid DNA at a concentration of 500 ng/pL) were co-
transformed into yeast strain AH109, and transformants
were selected based on growth on selective dropout me-
dium SD-LTHA (lacking leucine, tryptophan, histidine, and
alanine) to determine their growth status.

gqRT-PCR analysis

Total RNA was extracted from rosette leaves of 3-week-old
plants using TRIzol reagent (BioFit Bowling Green, OH, USA;
Cat# RN33). About 2 jig of RNA was reverse transcribed us-
ing a PrimeScript RT reagent kit (Takara, Kyoto, Japan; Cat#
RRO47A). The Arabidopsis ACTIN gene was used as the in-
ternal reference. A QuantiNova SYBR Green PCR Kit was
used for gqRT-PCR with specific primers (Supplemental Table
S1). A Bio-Rad CFX96 Real-Time System was used for analy-
sis. The relative expression levels were calculated as de-
scribed previously (Miura et al, 2007).

GUS and DAB staining

Plant material produced under the same growth conditions
but different treatments (with or without DS treatment for
20h) was stained in 50mM GUS staining solution at 37°C
for 3h and immersed in absolute ethanol overnight to re-
move the chlorophyll and staining solution prior to photog-
raphy. GUS staining solution (Solarbio, Beijing China;
G3061) was used in this assay.

For DAB staining, 3-week-old rosette leaves subjected to 2
or 20h DS, or without DS treatment, were collected and
stained in 1mg/mL DAB staining solution in the dark for
3h and immersed in absolute ethanol overnight prior to
photography. DAB (BOSTER, Pleasanton, CA, USA; AR1000)
was used in this assay.
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Nuclear protein extraction and immunoblotting
Rosette leaves of 3-week-old Arabidopsis plants grown in
soil were ground and incubated in nuclear extraction buffer
(20mM HEPES PH 75, 40mM KCl, 10mM MgCl,, 1%
TritonX-100, TmM EDTA, 10% glycerin, TmM PMSF,
1x Cocktail, 10uM MG132) (Zhang et al, 2012), filtered
through three layers of Miracloth (Calbiochem, San Diego,
CA, USA), and centrifuged at 4,000g for 5min at 4°C. The
supernatant was discarded, and the precipitate (containing
nuclear protein) was retained for further experimentation.

Immunoblotting was performed according to the
Molecular Cloning manual. Proteins were boiled in SDS sam-
ple buffer at 95°C for 5-10 min. Samples were cooled on ice
for 1-2min and centrifuged for 1min at 12,000g. Twelve
percentage SDS-PAGE gels were used in most cases, while
15% SDS-PAGE gels were used to detect histone H3. Anti:H3
(Abbkine, CA, USA; cat#: ABP53164), anti:FLAG (Sigma-
Aldrich; F9291), anti:ubi ((P4D1): sc-8017; Santa Cruz
Biotech, Dallas, TX, USA), antiMBP (New England Biolabs,
Ipswich, MA, USA), anti:GST (Sangon Biotech, Shanghai,
China), anti:His (Sangon Biotech), anti:MYC (9E10; Abcam,
Cambridge, UK) and anti:HA (ab9110; Abcam) antibodies
were used.

Protein degradation assays

For the cell-free degradation assays (Spoel et al,, 2009), nu-
clear protein was extracted from 3-week-old seedlings in
buffer containing 25mM Tris—HCI pH 7.5, 10mM MgCl,,
10mM NaCl, and 10mM ATP. After centrifugation
(14,000g, 10 min, 4°C), the supernatants were incubated at
25°C and the reactions terminated by adding SDS sample
buffer and boiling at 95°C for 10 min.

Pull-down and BiFC assays

For pull-down assays, the SRT N terminal and WRKY33 full-
length coding regions were cloned into the pGEX4T-1 (con-
taining a GST tag) and pMAL-p4x (containing an MBP tag)
vectors, respectively. The recombinant GST-SR1N and MBP-
WRKY33 proteins were purified using Glutathione-
Sepharose beads (GE) and amylose resin (New England
Biolabs), respectively. MBP-WRKY33 or the MBP protein
alone was immobilized with amylose resin (New England
Biolabs) and incubated with GST-SR1N in incubation buffer
(25mM Tris—Cl, 150 mM NaCl, TmM EDTA; pH 7.4) with
gentle agitation (4°C; 3 h). After washing 5 times, 1 x SDS
loading buffer was added to the bead-retained proteins, and
the samples were boiled for 5min, separated by 12% SDS-
PAGE, and visualized by immunoblot analysis with anti:MBP
(New England Biolabs) and anti:GST (Sangon Biotech)
antibodies.

BiFC assays were performed as previously described (Lee
et al, 2008). Full-length WRKY33 or SR1 ¢cDNA was cloned
and fused with the N-terminus of YFP (WRKY33-nVenus) or
the C-terminus of YFP (SR1-cCFP). Arabidopsis protoplasts
were isolated and transfected (using 10 g of each plasmid
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DNA at a concentration of 1pg/lL) as previously described
(Liu et al, 2014). YFP fluorescence was visualized under a
laser-scanning confocal microscope (Leica TCS SP5) 24h af-
ter transfection.

IP assay

For Co-IP analysis, Agrobacterium carrying the 35S:MYC-
SR1N and 35S:FLAG-WRKY33 constructs was introduced into
3-week-old N. benthamiana leaves. After incubating the
leaves for 2 days in darkness and 1day under normal growth
conditions (a 16h light/8 h dark [22°C] cycle with fluores-
cent white light at 13,700 lux [Philips F17T8/TL841 17 W]),
nuclear protein was isolated (Zhang et al, 2012) in nuclear
extraction buffer (20 mM HEPES pH 7.5, 40 mM KCl, 10 mM
MgCly, 1% TritonX-100, TmM EDTA, 10% glycerin, TmM
PMSF, 1 x Cocktail, 10 uM MG132).

For IP analysis alone, nuclear protein was isolated from
plant material (Zhang et al, 2012) in nuclear extraction
buffer. After isolation, the protein was centrifuged at
12,000 rpm for 10 min and resuspended in 70 L nuclear lysis
buffer (50 mM Tris—HCI pH 8.0, 10mM EDTA, 0.1% SDS) for
10 min at 4°C prior to the addition of 600 pL dilution buffer
(167 mM Tris—HCl pH 8.0, 16.7 mM NaCl, 1.2 mM EDTA,
0.01% SDS). An ultrasonicator was used to release nuclear
protein with a cycle of 8s sonication, 30s rest, repeated 8
times, at 4°C. Released nuclear proteins were mixed with
20 pL anti:FLAG beads (ab1240; Abcam) and incubated at
4°C for 2h. After washing the IP products were boiled at
95°C for 10 min. Samples were separated by 12% SDS-PAGE
and subjected to immunoblot analysis.

In vitro ubiquitination assays

Equal amounts of GST-SR1N, His-UBI, UBCH5C (E2), and E1
(R&D Systems, E-300-050) were added to each reaction.
GST-SR1IN and His-UBI were expressed in Escherichia coli
Rosetta2 (DE3) strain BL27 induced with 0.5mM isopropyl
[3-D-1-thiogalactopyranoside (IPTG) by incubation at 16°C
for 15h. The reactions were performed in buffer containing
50mM  TrissHCl (pH 7.5), 10mM phosphocreatine
(Solarbio), 5 mM MgCl,, 5mM ATP, TmM DTT, and 1 unit
of creatine kinase (Solarbio), incubated at 30°C for 2 h. The
reactions were stopped by adding 5x SDS loading buffer
and incubating at 95°C for 5min and analyzed by 12% SDS-
PAGE. Anti:His (Sangon Biotech) and anti:GST (Sangon
Biotech) antibodies were used in the immunoblot assays.

In vivo phosphorylation assay

Nuclear proteins were extracted from the leaves of 3-week-
old 35S:FLAG-WRKY33 seedlings. And 7.5% phos-tag gel
(WAKO, Richmond, VA, USA; 198-17981) was used to sepa-
rate the phosphorylated and non-phosphorylated forms of
WRKY33. Samples from different treatments were sus-
pended in 1x SDS sampling buffer with 1x phosphatase
inhibitor cocktail (Bimake, Houston, TX, USA; b15001) and
1x protease inhibitor cocktail, EDTA-free (Bimake; b14001).
Electrophoresis was performed in running buffer (25 mM
Tris, pH 8.8, 20 mM Glycine, 0.1% SDS) at 120V for 1h. The
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gel was soaked in transfer buffer (25mM Tris, 20mM
Glycine) with 10mM EDTA for 20 min 3 times with gentle
agitation, washed in transfer buffer without EDTA for an-
other 10 min, and the proteins from the gel transferred to a
membrane at 120 mA for 2h. Anti:FLAG (1:1000, Sigma-
Aldrich; F1084) antibody was used in the immunoblot assay.

EMSA

Different forms of WRKY33 were introduced into the
PET28a vector to obtain His-WRKY33, His-WRKY33SA, and
His-WRKY33SD proteins. All proteins were expressed in E.
coli Rosetta2 (DE3) strain BL21 induced with 0.5 mM IPTG
by incubation at 16°C for 15 h. Biotin-labeled fragments (5'-
ATTTCTAAGGACAGTCAAATATGACAACAT-3' with one
W box element and 5-ATTTCTAAGGACAAAAAAATA
TGACAACAT-3' with mutations in the W box element)
were used as the biotin probes. Un-labeled fragments were
used as cold probes. The biotin-labeled probes were synthe-
sized at Sangon Biotech. EMSAs were performed using a
LightShift Chemiluminescent EMSA kit (Thermo Fisher,
Waltham, MA, USA).

Dual-luciferase assays

A dual-luc activity assay was performed using young N. ben-
thamiana leaves (Hellens et al, 2005). Then 1kb of the
RAP2.2 promoter was inserted into the pGreen-0800-LUC
vector to use as a reporter. The Renilla luciferase (REN) gene
was used as the internal control, and 35S:FLAG-WRKY33,
35S:FLAG-WRKY33SA, 35S:FLAG-WRKY33SD, and 35S:FLAG-
SR1 were the effectors. Equal amounts of A. tumefaciens
strain GV3101 carrying different constructs were co-injected
into 3-week-old N. benthamiana leaves. Luciferase and
Renilla luciferase activities were measured with a Dual-
luciferase Reporter Assay System (Promega, Madison, WI,
USA) after 2 days of incubation in the dark and 1day of cul-
tivation under normal growth conditions.

ChIP-gPCR analysis

DNA-protein complexes were extracted from rosette leaves of
3-week-old 35S:FLAG-WRKY33, 35S:FLAG-WRKY33SA, and
35S:FLAG-WRKY33SD transgenic plants, and pulled down using
anti:FLAG antibody and protein A Agarose beads following the
ChIP protocol (Bowler et al, 2004). Amounts of the DNA-
protein complexes that were pulled down were calculated rela-
tive to 10% of the total DNA and protein complexes before
the pull-down experiment. The immunoprecipitated DNA
fragments were detected by qRT-PCR as previously described
(Liu et al, 2014). The specific primers used for ChIP-gPCR are
listed in Supplemental Table S1. A fragment in the CDS of
RAP2.2 was used as a negative control.

Statistical analysis

The data in this study are expressed as +SD of three inde-
pendent biological replicates unless otherwise indicated. The
two-tailed Student’s t-test method was used to calculate the
significance of differences between groups. P-values < 0.05
or <0.01 were considered significant.
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Sequence data from this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases
under the following accession numbers: SR1 (AT2G47090),
WRKY33 (AT2G38470), ADH1 (AT1G77120), PDC1 (AT4G33070),
SUS4 (AT3G43190), PCO2 (AT5G39890), LBD41 (AT3G02550),
HBT (AT2G16060), ACS2 (AT1G01480), SRH1 (AT3G62240),
RAP2.2 (AT3G14230), RAP2.12 (AT1G53910), HRET (AT1G72360),
and HRE2 (AT1G72360).
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Supplemental Figure S1. Relative expression levels of
hypoxia-responsive genes encoding potential E3 ligases.

Supplemental Figure S2. Identification of the sr1 mutant.

Supplemental Figure S3. Identification of SR7-overex-
pressing transgenic plants and pSR1: SR1/sr1 transgenic lines.

Supplemental Figure S4. Electrolyte leakage and water
loss of Col, sr1, pSR1:SR1/sr1, and SR1OE plants.

Supplemental Figure S5. Relative expression levels of
hypoxia-responsive marker genes.

Supplemental Figure S6. Phylogenetic analysis of SRT and
expression analysis of the homolog of SR1 (SRHT) in re-
sponse to DS and re-oxygenation treatment.

Supplemental Figure S7. SR1 expression analysis by GUS
staining.

Supplemental Figure S8. Expression patterns of SRT in
different tissues analyzed by qRT-PCR.

Supplemental Figure S9. SRH1 does not interact with
WRKY33 in a Y2H assay.

Supplemental Figure S10. Identification of 35S:FLAG-SR1-
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Supplemental Figure S11. Identification of 35S:FLAG-
WRKY33-overexpressing transgenic plants.

Supplemental Figure S12. FLAG-SR1 and FLAG-WRKY33
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the degradation of SR1 during DS.
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Supplemental Figure S19. Relative expression levels of
RAP2.12, HRE1, HRE2, RAP2.2 in Col, wrky33, and WRKY330E
plants.

Supplemental Figure S20. Relative expression levels of
RAP2.2, RAP2.12, HRE1, HRE2 in Col, sr1, and SR10E plants.

Supplemental Figure S21. Relative expression levels of
RAP2.2 in Col, sr1, wrky33, and sr1 wrky33 plants.
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Supplemental Figure $23. RAP2.2 functions downstream
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Supplemental Figure S25. SD/SA protein levels in SDOE-2
and SAOE-2 plants used for the ChIP experiment examined
by immunoblotting.

Supplemental Figure S$26. Quantification of the purified
MBP-SD and MBP-SA proteins used in the EMSAs by
immunoblotting.

Supplemental Figure S27. SD/SA protein levels in the
transient expression assays shown in Figure 7H examined by
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