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Abstract
Phosphatidic acid (PA) is an important lipid essential for several aspects of plant development and biotic and abiotic stress
responses. We previously suggested that submergence induces PA accumulation in Arabidopsis thaliana; however, the mo-
lecular mechanism underlying PA-mediated regulation of submergence-induced hypoxia signaling remains unknown. Here,
we showed that in Arabidopsis, loss of the phospholipase D (PLD) proteins PLDa1 and PLDd leads to hypersensitivity to
hypoxia, but increased tolerance to submergence. This enhanced tolerance is likely due to improvement of PA-mediated
membrane integrity. PA bound to the mitogen-activated protein kinase 3 (MPK3) and MPK6 in vitro and contributed to
hypoxia-induced phosphorylation of MPK3 and MPK6 in vivo. Moreover, mpk3 and mpk6 mutants were more sensitive to
hypoxia and submergence stress compared with wild type, and fully suppressed the submergence-tolerant phenotypes of
plda1 and pldd mutants. MPK3 and MPK6 interacted with and phosphorylated RELATED TO AP2.12, a master transcrip-
tion factor in the hypoxia signaling pathway, and modulated its activity. In addition, MPK3 and MPK6 formed a regulatory
feedback loop with PLDa1 and/or PLDd to regulate PLD stability and submergence-induced PA production. Thus, our find-
ings demonstrate that PA modulates plant tolerance to submergence via both membrane integrity and MPK3/6-mediated
hypoxia signaling in Arabidopsis.

Introduction
Terrestrial plants frequently experience low oxygen (O2) ten-
sion (hypoxia) caused by root waterlogging or complete sub-
mergence. Hypoxia leads to an energy crisis resulting from
the lack of O2 and the accumulation of toxic metabolites,
which impair plant growth and development. In response to

hypoxia, plants can alter their architecture to attempt
to rise above the water line; in addition, submerged plants
undergo reprogramming of gene expression and cellular me-
tabolism to improve their survival of hypoxia stress (Bailey-
Serres and Voesenek, 2008; Xie et al., 2021). Increasing
evidence indicates that multiple regulatory components,
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including plant hormones, transcription factors, and protein
kinases, are involved in plant responses to hypoxic stress
(Sasidharan et al., 2018; Schmidt et al., 2018).

Sensing O2 levels is important for the response to hypoxia.
Homeostatic oxygen sensing is tightly regulated by group VII
ethylene response factors (ERFs-VII), including RELATED TO
APETALA2.12 (RAP2.12), RAP2.2, RAP2.3, HYPOXIA-
RESPONSIVE ERF1 (HRE1), and HRE2, via the N-end rule
proteolysis pathway (Gibbs et al., 2011; Licausi et al., 2011;
Sasidharan and Mustroph, 2011). RAP2.12 associates with
the plasma membrane through its physical interaction with
the membrane-anchored proteins ACYL-CoA-BINDING
PROTEIN1 (ACBP1) and ACBP2 under normal air supply.
Upon hypoxic stress, RAP2.12 is released from the plasma
membrane and translocates to the nucleus, where it acti-
vates the transcription of downstream hypoxia-responsive
genes (Gibbs et al., 2011; Licausi et al., 2011; Sasidharan and
Mustroph, 2011). More recently, two independent studies
have suggested that unsaturated long-chain acyl-CoAs likely
act as signaling lipids that promote responses to hypoxia by
modulating the dynamics of the ACBP1/2–ERF-VII complex
(Schmidt et al., 2018; Zhou et al., 2020).

In plant cells, the plasma membrane is the site of stress
perception and signal transduction in response to various
abiotic and biotic stresses and lipid signaling is a key for the
response to these stresses. For example, diverse developmen-
tal and environmental cues activate phospholipase D (PLD),
which cleaves membrane phospholipids to generate phos-
phatidic acid (PA) and a free head group. PLDs are activated
in response to abscisic acid (ABA; Zhang et al., 2004; Mishra
et al., 2006; Zhang et al., 2009), high salt (Katagiri et al.,
2001; Bargmann et al., 2009a; Yu et al., 2010), freezing tem-
peratures (Li et al., 2004; Zhang et al., 2013), drought (Hong
et al., 2010), phosphate starvation (Cruz-Ramı́rez et al.,
2006), wounding (Bargmann et al., 2009b), and pathogen in-
fection (Pinosa et al., 2013; Zhao et al., 2013; Hyodo et al.,
2015). The induction of PLD activity, as well as the genera-
tion and abundance of PA under these conditions, indicates
a crucial function for PLD and PA in abiotic and biotic stress
tolerance in plants. Our findings demonstrated that submer-
gence leads to substantial accumulation of PA (Xie et al.,
2015a), suggesting that PA may have an important role in
plant responses to hypoxic stress. However, the molecular
mechanism by which plant PLDs function in response to
hypoxia is still unknown.

The Arabidopsis (Arabidopsis thaliana) PLD family com-
prises 12 members, which are grouped into six types: PLDa,
b, c, d, e, and f (Wang, 2005). The PLDa1 and PLDd iso-
forms are the two most abundant PLDs and are redundantly
required for resistance to high salinity and hyperosmotic
stress (Bargmann et al., 2009a). In contrast, these isoforms
have opposite roles during responses to cold stress (Welti
et al., 2002; Li et al., 2004), indicating that each PLD has a
distinct function in stress responses. Moreover, PLDa1 and
PLDd interact with a number of proteins, thereby playing
important roles in several cellular processes (Uraji et al.,

2012). In addition, PA itself binds to the Arabidopsis
NADPH oxidases respiratory burst oxidase homolog D
(RbohD) and RbohF, triggering NADPH oxidase activity in
response to the ABA-mediated production of reactive O2

species (ROS; Zhang et al., 2009). PA also interacts with and
stimulates mitogen-activated protein kinase 6 (MPK6),
which in turn promotes the phosphorylation of the Na + /
H + antiporter SALT OVERLY SENSITIVE1 (SOS1), thus con-
ferring salinity tolerance in Arabidopsis (Yu et al., 2010).

Arabidopsis mitogen-activated protein kinase (MAPK or
MPK) cascades convert the perception of environmental
and developmental cues into cellular responses, and typically
involve three protein kinases: a MAPK kinase kinase, a
MAPK kinase (MAPKK), and a MAPK. Signals are trans-
duced via a phosphorylation cascade from upstream kinases
to their downstream targets. Several well-studied plant
MAPKs, including MPK3, MPK6, and their orthologs, serve
as key regulators in response to a wide range of physiologi-
cal processes, such as development, innate immunity, and
phytohormone signaling (Colcombet and Hirt, 2008;
Rodriguez et al., 2010).

Increasing evidence suggests that MPK3 and MPK6 play a
positive role in plant responses to hypoxic stress (Chang
et al., 2012; Cho et al., 2016; Singh and Sinha, 2016). In par-
ticular, MPK3, MPK4, and MPK6 are activated by O2 depri-
vation, and transgenic Arabidopsis lines overexpressing
MPK6 showed enhanced tolerance to anoxia (Chang et al.,
2012). Moreover, rice (Oryza sativa) MPK3 interacts with
and phosphorylates the ERF-VII transcription factor
SUBMERGENCE 1A (SUB1A) to form a positive feedback
loop, thus contributing to submergence tolerance (Singh
and Sinha, 2016). However, to date the upstream regulators
controlling the MPK3/6–ERF-VII module remain obscure. In
this study, we discovered that submergence triggers PA ac-
cumulation through the activation of PLDa1 and PLDd.
Subsequently, PA activates MPK3 and MPK6 to phosphory-
late RAP2.12, which is likely a key step in the initiation of
hypoxia sensing and responses in Arabidopsis.

Results

Submergence induces PLDa1- and PLDd-mediated
PA production
We previously found that submergence causes a significant
increase in PA contents, but also a decrease in phosphatidyl-
choline (PC) and phosphatidylethanolamine (PE) contents
(Xie et al., 2015a). To investigate PA dynamics in response
to submergence, we analyzed the phospholipid profiles in
4-week-old wild-type (WT) Arabidopsis rosettes before and
after submergence for 10 min and 48 h, followed by recovery
for 10 min and 1 h, through electrospray ionization–tandem
mass spectrometry. As shown in Figure 1A, submergence
induced a rapid accumulation of PA, with a maximum
2.4-fold increase occurring 10 min after submergence com-
pared to control rosettes.

In contrast, total PC and PE levels showed a significant de-
crease in response to submergence for 48 h (Figure 1A).
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Phosphatidylserine (PS) also accumulated to significantly
higher levels upon submergence for 48 h (Figure 1A), consis-
tent with previous findings (Xie et al., 2015a). Finally, all

submergence-induced changes in PA, PC, PE, and PS con-
tents returned to normal levels upon reoxygenation for
10 min and 1 h (Figure 1A).

Figure 1 Submergence induces PLDa1- and PLDd-derived PA accumulation, which triggers the nuclear localization of RAP2.12. A, Amounts of
membrane lipids (PG, PC, PE, PI, PS, and PA) in the rosettes of 4-week-old WT Col-0 plants under light submergence treatment (Sub) and after re-
covery (R) for the indicated times. B, Various PA and PE species in the rosettes of 4-week-old WT, plda1, pldd, and plda1 pldd plants before light
submergence treatment (air) and after 2 days of submergence treatment (submergence). C, Exogenous application of PA, but not PC, PE, or PS,
induces the translocation of RAP2.12-GFP from the plasma membrane to the nucleus. Detached leaves of 3-week-old RAP2.12-GFP transgenic
plants were treated with 50-mM liposomes prepared from PA, PC, PE, or PS (natural lipid mixtures purified from soy, Avanti Polar Lipids) for 3 h.
Leaves similarly treated with dilution buffer were set as mock controls (Mock). The GFP fluorescence was detected by confocal microscopy. Red
arrows indicate nuclear signal induced by PA application. Bars, 20 lm. All experiments were performed on three biological replicates with similar
results. Values represent means ± SD (n = 4) of four independent technical replicates, and each replicate was collected from the rosettes of at least
seven plants. Asterisks with “H” or “L” indicate significantly higher or lower levels than in control plants (A) or in WT (B) at each time point
(*P5 0.05, **P5 0.01 by Student’s t test).
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Interestingly, we noticed that the increase in PA after sub-
mergence for 10 min was not accompanied by a reduction
in PC or PE levels (Figure 1A), indicating that the short-term
(10 min) and long-term (48 h) accumulation of PA may be
produced through distinct routes in planta. In Arabidopsis,
PLD-mediated hydrolysis of phospholipids and
DIACYLGLYCEROL (DAG) KINASE (DGK)-catalyzed phos-
phorylation of DAG are two major routes for PA production
(Wang et al., 2006; Arisz et al., 2009, 2013; Li-Beisson et al.,
2013; Wang et al., 2014; Li et al., 2019). The submergence-
induced expression of PLDs and DGKs appeared to be differ-
entially regulated, as determined by RT-quantitative PCR
(qPCR). Indeed, relative transcript levels of DGK1 and DGK5
were upregulated at 10 min after submergence, compared to
the later induction of PLDa1 and PLDd expression upon
submergence for 3 and 48 h (Supplemental Figure S1).

To verify whether PLDs contribute to PA accumulation
during the plant response to submergence, we identified
T-DNA insertional mutants in the two predominant
Arabidopsis PLD genes, PLDa1 and PLDd (Supplemental
Figure S2). Molecular characterization indicated that all
mutants are likely null mutants for the corresponding PLD
genes, as we failed to detect transcripts (Supplemental
Figure S2). We also generated the corresponding plda1 pld d
double mutant by genetic crossing for functional analysis.
Lipid profiling showed that the relative PA levels are signifi-
cantly lower in the plda1, pldd, and plda1 pldd mutants
compared to those of the WT under normoxic conditions
(Table 1), confirming previous findings (Bargmann et al.,
2009b). After submergence for 48 h, PA levels further de-
clined in all three mutants, with a reduction of 72%, 60%,
and 84% in the plda1, pldd, and plda1 pldd mutants, respec-
tively, compared to the submerged WT control (Table 1). In
particular, the levels of 34:3-, 34:2-, 36:6-, 36:5-, and 36:4-PA
species were much lower in the three pld mutants under
both normoxic and submergence conditions relative to the
WT (Figure 1B). In contrast, the total levels and different
molecular species of PE were significantly higher in the
plda1, pldd, and plda1 pldd mutants than in the WT
(Table 1 and Figure 1B), suggesting that PE is a primary sub-
strate for PLDa1 and PLDd to produce PA in response to
submergence. Taken together, these findings indicate that
PLDa1 and PLDd may contribute to submergence-induced
accumulation of PA in Arabidopsis.

To further explore the potential link between PA and
hypoxia signaling, we exposed detached leaves of 3-week-old
RAP2.12-GREEN FLUORESCENT PROTEIN (GFP) transgenic
plants expressing RAP2.12-GFP to 50 lM of liposomes con-
sisting of PA, PC, PE, or PS, for 3 h, and determined the
localization of the GFP fusion proteins by confocal micros-
copy. Compared to mock controls, application of PA, but
not PC, PE, or PS, resulted in the translocation of RAP2.12-
GFP from the plasma membrane to the nucleus (Figure 1C).
Thus, our results suggest that PLDa1- and PLDd-mediated
release of PA upon submergence may play a crucial role in
regulating hypoxia responses in Arabidopsis.T
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The plda1 and pldd mutants show distinct
phenotypes in response to hypoxia and
submergence
To delineate the functions of PLDa1 and PLDd in plant
responses to hypoxic stress, we performed phenotypic analy-
ses of plda1, pldd, and plda1 pldd mutants exposed to hyp-
oxia and submergence. We first analyzed the phenotypes of
plda1, pldd, and plda1 pldd mutants subjected to hypoxic
stress using seed germination and seedling damage assays.
The plda1, pldd, and plda1 pldd seeds germinated on
Murashige and Skoog (MS) solid medium for 10 days
(Figure 2A) or 6-day-old seedlings transferred to MS me-
dium for 5 days (Figure 2C) showed few morphological dif-
ferences relative to WT seedlings when maintained under
normoxic conditions (21% O2). In contrast, when O2 levels
were dropped to 3%, the percentage of seedlings with green
cotyledons was significantly lower in the plda1, pldd, and
plda1 pldd mutants relative to WT (Figure 2, A and B).
Indeed, hypoxia-induced leaf damage was more severe in
the plda1, pldd, and plda1 pldd mutants than in WT seed-
lings (Figure 2C), as evidenced by the significantly lower sur-
vival rates seen for the pld mutants upon reoxygenation
(Figure 2D). Furthermore, after submergence for 10 days, fol-
lowed by a 3-day recovery, all 4-week-old pld mutant plants
fared better than WT plants (Figure 2E). We validated the
enhanced tolerance to submergence exhibited by plda1,
pldd, and plda1 pldd mutants by measuring their dry
weights upon submergence, followed by a 7-day recovery
(Figure 2F).

In response to cold-induced dehydration stress, PA levels
decrease, resulting in enhanced freezing tolerance, likely by
preventing the PA-mediated formation of a destabilized hex-
agonal II (HII)-type lipid phase (Tan et al., 2018). We hypoth-
esized that the same mechanism may contribute to the
increased submergence tolerance of plda1, pldd, and plda1
pldd mutants (Figure 2, E and F). To test this hypothesis, we
determined membrane integrity by measuring electrolyte
leakage and water loss in WT, plda1, pldd, and plda1 pldd
rosettes at various time points during submergence or re-
covery. As shown in Figure 2G, the plda1, pldd, and plda1
pldd mutants exhibited significantly lower ionic leakage than
WT when submerged for 4–8 days. In agreement with this
result, the plda1, pldd, and plda1 pldd mutants also dis-
played significantly less water loss during postsubmergence
reoxygenation compared to WT (Figure 2H).

To examine whether the phenotypes of submerged pld
mutants were associated with ROS contents, we measured
hydrogen peroxide (H2O2) levels in the rosettes of 4-week-
old WT, plda1, pldd, and plda1 pldd plants upon submer-
gence using an Amplex Red-based fluorescence assay. After
submergence for 4 days and recovery for 6 h, the plda1,
pldd, and plda1 pldd mutants had significantly lower H2O2

levels than WT exposed to the same conditions
(Supplemental Figure S3A). We also determined malondial-
dehyde (MDA) levels as a measure of lipid peroxidation
resulting from the accumulation of free radicals (Yuan et al.,

2017). Under normal conditions, MDA levels were compara-
ble across all genotypes (Supplemental Figure S3B). After
submergence, however, MDA levels were lower in the plda1,
pldd, and plda1 pldd mutants relative to WT plants, in
agreement with the lower H2O2 levels reported above
(Supplemental Figure S3B).

PA binds to MPK3 and MPK6 and stimulates their
kinase activity
To unravel the molecular mechanism behind the
submergence-induced accumulation of PA, we set out to
identify potential PA targets in the hypoxia signaling path-
way. Previous studies have suggested that O2 deprivation
activates phosphorylation of MPK3 and MPK6 (Chang et al.,
2012; Cho et al., 2016), with MPK6 being a possible target of
PA (Yu et al., 2010). To establish a link between PA and the
function of MPK3 and MPK6, we first examined the in vitro
affinity of PA for recombinant MPK3 and MPK6 proteins by
lipid overlay assays. As shown in Figure 3A, glutathione
S-transferase (GST) alone did not bind the tested membrane
lipids, but recombinant GST-MPK3 and GST-MPK6 proteins
showed strong binding to PA and weak binding to PG in
membrane lipid binding assays. In contrast, neither GST-
MPK3 nor GST-MPK6 proteins showed any binding to PC,
PE, PI, or PS in vitro (Figure 3A).

We independently validated the association of PA with
MPK3 and MPK6 with in vitro pull-down assays using re-
combinant GST-MPK3 and GST-MPK6 proteins and PA
beads (Figure 3B; Supplemental Figure S4A). As the control,
PI beads failed to pull-down recombinant GST-MPK3 or
GST-MPK6 (Supplemental Figure S4A). In addition, a recom-
binant GST fusion to the ABA receptor PYRABACTIN
RESISTANCE1-LIKE4 (PYL4) showed no interaction with PA
beads, as expected (Figure 3B). We then turned to micro-
scale thermophoresis (MST) analysis, which showed that re-
combinant GST-MPK3 and GST-MPK6 bind PA with high
affinities, as reflected by their dissociation constants (Kd) of
0.50 lM and 0.11 lM, respectively (Figure 3C; Supplemental
S4B). However, neither recombinant protein was associated
with PC, PI, or PS in MST analysis (Figure 3C; Supplemental
S4B), suggesting that MPK3 and MPK6 specifically bind PA
in vitro.

To confirm a role for MPK3 and MPK6 in the response to
hypoxia, we tested the phosphorylation of MPK3 and MPK6
under light submergence or dark submergence conditions,
two treatments that lead to hypoxia around the submerged
plants (Chen et al., 2015). We established that under light
submergence, MPK3 and MPK6 activity rapidly rose within
0.5 h, peaked after 1 h, and then returned to basal levels
within 6 h after treatment (Figure 3, D and F). Consistent
with this result, the phosphorylation of MPK3 and MPK6
was also activated 0.5 h into dark submergence, but not by
dark treatment alone (Figure 3, E and F). In contrast, MPK3
and MPK6 protein levels did not change significantly under
either submergence condition (Figure 3, D and E).
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Figure 2 Knockouts in PLDa1 and PLDd result in increased sensitivity to hypoxia, but higher tolerance to submergence. A and B, Phenotypes (A)
and percentage of seedlings with green cotyledons (B) for WT, plda1, pldd, and plda1 pldd seeds germinated under normoxia (air, 21% O2) or hyp-
oxia (3% O2) conditions for 12 days. C and D, Phenotypes (C) and survival rates (D) of WT, plda1, pldd, and plda1 pldd seedlings grown under
hypoxia (0.1% O2) conditions. Six-day-old WT, plda1, pldd, and plda1 pldd seedlings grown on half-strength MS solid medium were transferred to
normoxia (air) or hypoxia (0.1% O2) for 5 days followed by recovery for 3 days under normal growth conditions. E and F, Phenotypes (E) and dry
weights (F) of 4-week-old submerged WT, plda1, pldd, and plda1 pldd plants under submergence treatment. Plants were photographed before
submergence (air) and after submergence treatment for 8 days, followed by 3 days recovery (submergence) under normal growth conditions. Dry
weights were determined after recovery for 7 days. Bars, 1.5 cm. G and H, Ion leakage (G) and water loss (H) in 4-week-old WT, plda1, pldd, and
plda1 pldd plants under light submergence treatment or after reoxygenation for the indicated times. All experiments were performed on three bi-
ological replicates. Data are means ± SD of three biological replicates. Asterisks indicate significant differences from WT (*P5 0.05, **P5 0.01 by
Student’s t test).
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Figure 3 PA binds to MPK3 and MPK6 and enhances submergence-induced MPK3 and MPK6 activity. A, Lipid binding specificity of recombinant
MPK3 and MPK6 proteins on membrane filters. About 50 lM of various lipids (PA, PC, PE, PI, PG, and PS dissolved in chloroform; natural lipid
mixtures purified from soy, Avanti Polar Lipids) were spotted onto nitrocellulose membrane and incubated with 10 lg of purified GST-MPK3,
GST-MPK6, or GST protein. Binding was detected by immunoblotting using an anti-GST antibody. Equal volume of chloroform was spotted as
negative control (Blank). B, Pull-down assay showing the physical interaction between PA and recombinant MPK3 and MPK6 proteins.
Recombinant proteins were incubated with PA beads, and the precipitated GST-MPK3 and GST-MPK6 were detected with anti-GST antibody.
GST-PYL4 was used as a negative control. C, Dissociation constant (Kd) for the binding of recombinant MPK3 and MPK6 proteins to liposomes of
PA, PC, PI, and PS (natural lipid mixtures purified from soy, Avanti Polar Lipids). A serial dilution of various liposomes ranging from 1.5 nM to
50 lM was prepared for mixing with the labeled proteins, and their binding affinities were measured by MST analysis. Kd, dissociation constant.
ND, not detected. D and E, MPK3 and MPK6 are activated by submergence. Ten-day-old WT seedlings were exposed to light submergence (LS, D)
or in the dark submergence (DS, E). MPK3/MPK6 kinase activities were detected with anti-pTEpY antibody. MPK3 and MPK6 proteins were
detected with anti-MPK3 and anti-MPK6 antibodies, respectively. Actin, detected with an anti-actin antibody, was used as loading control. F,
Quantification of MPK phosphorylation activity shown in (D) and (E). Data were calculated according to relative intensity from three indepen-
dent experiments and the average values ± SD are shown. G, MPK3 and MPK6 kinase activities in WT and plda1 pldd plants and following submer-
gence for 0.5, 1, 3, and 6 h. Total proteins were extracted and immunoblotting assays were performed using anti-pTEpY, anti-MPK3, and
anti-MPK6 antibodies, with Ponceau S-stained total protein as loading control. hpt, hour posttreatment. Relative intensity of each p-MPK3 or
pMPK6 band normalized to the loading control is shown below. H, PA induces MPK3 and MPK6 activity in planta. Ten-day-old WT seedlings
were treated without (Mock) or with 50 lM PA or PS liposomes (natural lipid mixtures purified from soy, Avanti Polar Lipids) for 0.5, 1, and 3 h,
and immunoblotting assays were performed using anti-pTEpY, anti-MPK3, anti-MPK6, and anti-actin antibodies, with actin as loading control.
Relative intensity of each p-MPK3 or pMPK6 band normalized to the loading control is shown below. All experiments were performed on three
biological replicates with similar results. Data in (C) and (F) are means ± SD of three biological replicates. Asterisks indicate significant differences
from WT at 0 h (*P5 0.05 by Student’s t test).
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To confirm the influence of PA deficiency on
submergence-activated phosphorylation of MPK3 and
MPK6, we measured MPK3 and MPK6 levels in 4-week-old
WT and plda1 pldd rosettes subjected to submergence for
0.5, 1, 3, or 6 h and compared them to protein levels in con-
trol plants that were not submerged. We observed signifi-
cantly lower phosphorylation of both MPK3 and MPK6 in
the plda1 pldd mutant compared to WT upon submergence
at both time points (Figure 3G). Furthermore, we detected
the phosphorylation of MPK3 and MPK6 in response to ex-
ogenous PA application. As shown in Figure 3H, compared
to the mock control, application of PA liposomes, but not
PS liposomes, activated MPK3 and MPK6 activities at 0.5, 1,
and 3 h after treatment. These findings suggest that the
submergence-induced accumulation of PA may be linked to
the phosphorylation of MPK3 and MPK6 in Arabidopsis.

MPK3 and MPK6 positively regulate hypoxia
responses
To further examine the physiological significance of MPK3
and MPK6 phosphorylation in hypoxia responses, we
obtained two knockout mutants, mpk3 (Yoo et al., 2008)
and mpk6 (Xu et al., 2008), for phenotypic analyses
(Supplemental Figure S5, A and B). Given that a true mpk3
mpk6 double loss-of-function mutation is embryo-lethal, we
used the chemically inducible line mpk3 mpk6-es (estradiol-
inducible silencing of MPK3 by RNA interference in the
mpk6 mutant background; Cheng et al., 2015). MPK3 and
MPK6 mRNA levels and MPK3 and MPK6 protein levels in
the mpk3 or mpk6 single mutants, as well as the mpk3
mpk6-es line, were significantly lower than in WT, as evi-
denced by PCR and immunoblot analyses (Supplemental
Figure S5, C and D).

A careful phenotypic analysis revealed that under hypoxic
(3% O2) conditions, seed germination of the mpk3 and
mpk6 single mutants and the mpk3 mpk6-es line on half-
strength MS medium containing 10 lM b-estradiol is se-
verely delayed relative to that of WT seeds (Figure 4A),
which was also supported by the significantly reduced per-
centage of seedlings with green cotyledons seen in the mu-
tant backgrounds (Figure 4B). In agreement with these
results, the extent of hypoxia-induced leaf damage in the
mpk3 and mpk6 single mutants and the mpk3 mpk6-es line
was more severe than in WT seedlings (Figure 4C), as illus-
trated by the significantly reduced survival rates of the mpk
plants upon reoxygenation (Figure 4D). Moreover, our sub-
mergence assays suggested that the mpk3 and mpk6 single
mutants and the mpk3 mpk6-es line are more sensitive to
submergence than WT (Figure 4E), as reflected by relative
dry weights determined after recovery from submergence
(Figure 4F). Compared to the mpk3 and mpk6 single
mutants, the mpk3 mpk6-es line appeared to be more sensi-
tive to both hypoxic and submergence stresses (Figure 4,
A–F). Indeed, upon submergence for 4–8 days, ion leakage
was measured for the rosettes of the mpk3 and mpk6 single
mutants and the mpk3 mpk6-es line was significantly higher

than that of WT (Figure 4G). In addition, the mpk3 and
mpk6 single mutants and the mpk3 mpk6-es line exhibited
higher H2O2 levels than the WT after submergence for
3 days and recovery for 3 or 6 h (Figure 4H).

MPK3 and MPK6 phosphorylate RAP2.12 to
enhance its transcription activity
Given that MPK3 and MPK6 may positively regulate hypoxia
responses, we considered the potential interaction between
MPK3 and MPK6 with members of ERF-VII family of tran-
scription factors, which serve as key regulators of O2 sensing
in Arabidopsis (Gibbs et al., 2011; Licausi et al., 2011).
Accordingly, we tested the potential association between
MPK3 and MPK6 with RAP2.12 by in planta co-
immunoprecipitation (Co-IP) assays. When HA-tagged
RAP2.12 (RAP2.12-HA) was transiently co-transfected with
FLAG-tagged MPK3 or MPK6 (MPK3-FLAG or MPK6-FLAG)
in WT Arabidopsis protoplasts, we successfully immunopre-
cipitated the RAP2.12-HA fusion protein with anti-FLAG
antibodies recognizing MPK3-FLAG and MPK6-FLAG pro-
teins, but not with anti-FLAG magnetic beads alone
(Figure 5A).

To determine whether MPK3 and MPK6 might regulate
RAP2.12 stability, we then examined RAP2.12 protein levels
in the same transient protoplast transfection assay.
Compared to control samples transfected with RAP2.12-HA
alone, we observed higher levels of the RAP2.12-HA fusion
protein in protoplasts co-transfected with RAP2.12-HA and
MPK3-FLAG or MPK6-FLAG (Figure 5B), suggesting that
MPK3 and MPK6 stabilize RAP2.12 in vivo. In contrast,
GFP-HA protein levels remained unchanged when GFP-HA
was co-transfected with MPK3-FLAG or MPK6-FLAG, provid-
ing an important negative control (Figure 5B).

RAP2.12 is a core transcription factor involved in hypoxia
signaling that activates the expression of hypoxia-responsive
genes, including ALCOHOL DEHYDROGENASE1 (ADH1)
(Fukao et al., 2006; Xu et al., 2006). To determine the effects
of MPK3 and MPK6 on the transcriptional activity of
RAP2.12, we performed a dual-luciferase (LUC) reporter as-
say in Arabidopsis protoplasts. We placed the firefly LUC re-
porter gene under the control of the ADH1 promoter to
generate the ADH1pro:LUC reporter (Supplemental Figure
S6). We also constructed a series of effector constructs using
the UBIQUITIN10 (UBQ10) promoter to drive the expression
of RAP2.12 or MPK3 (Supplemental Figure S6). When appro-
priate combinations of these plasmids were co-transfected
into Arabidopsis protoplasts, LUC activity measured from
the ADH1pro:LUC reporter was significantly higher relative to
control samples (CK) when co-transfected with
UBQ10pro:RAP2.12, but much lower when ADH1pro:LUC was
co-transfected with UBQ10pro:MPK3 (Figure 5C). Co-
transfecting ADH1pro:LUC with UBQ10pro:RAP2.12 and
UBQ10pro:MPK3 resulted in intermediate LUC activity be-
tween that seen with transfection of either effector con-
struct. However, exogenous application of PA to protoplasts
co-transfected with both effectors increased LUC activity
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Figure 4 MPK3 and MPK6 are required for the regulation of plant tolerance to hypoxia and submergence. A and B, Phenotypes (A) and ratios of
seedlings with green cotyledons (B) for WT, mpk3, mpk6, and mpk3 mpk6-es (mpk3,6-es) seedlings grown under 3% O2 conditions. Seeds of WT,
mpk3, mpk6, and mpk3,6-es were sown on half-strength MS medium with 10 lM b-estradiol and germinated under normoxia (air) or hypoxia (3%
O2) for 10 days. C and D, Phenotypes (C) and survival rates (D) for WT, mpk3, mpk6, and mpk3,6-es seedlings grown under 0.1% O2 exposure. Six-
day-old WT, mpk3, mpk6, and mpk3,6-es seedlings grown on MS solid medium were transferred to MS medium containing 10 lM estradiol, and
continued to grow under normoxia (air) or hypoxia (0.1% O2) for 5 days followed by recovery for 3 days. E and F, Phenotypes (E) and dry weights
(F) of 4-week-old submergence-treated WT, mpk3, mpk6, and mpk3,6-es plants. Plants were photographed before submergence (air) and after sub-
mergence for 8 days, followed by 3 days recovery (submergence). Dry weights were calculated after recovery for 7 days. Bars: 1.5 cm. G and H, Ion
leakage (G) and H2O2 levels (H) in 4-week-old WT, mpk3, mpk6, and mpk3,6-es plants before submergence (Day 0) and after LS treatment fol-
lowed by recovery (R) for the indicated times. All experiments were performed on three biological replicates with similar results, and average data
calculated from three biological replicates are shown. Data are means ± SD of three independent biological replicates. Asterisks indicate significant
differences from WT (*P5 0.05, **P5 0.01 by Student’s t test).
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Figure 5 PA enhances MPK3- and MPK6-mediated phosphorylation of RAP2.12 to activate its transcriptional activity. A, Co-IP assay showing the interac-
tion between MPK3/MPK6 and RAP2.12. Constructs encoding MPK3-FLAG and MPK6-FLAG, and RAP2.12-HA were transiently transfected in WT
Arabidopsis protoplasts and immunoprecipitated with anti-FLAG beads. B, Immunoblot analyses showing RAP2.12 protein levels when co-expressed with
MPK3 or MPK6. RAP2.12-HA was co-transfected with or without MPK3-FLAG or MPK6-FLAG in WT Arabidopsis protoplasts overnight. pUC119-eGFP-HA
was co-transfected to determine transfection efficiency for each sample. Anti-HA and anti-FLAG antibodies were used for immunoblotting. Relative inten-
sity of each protein band normalized to the GFP-HA control is shown below. C, Dual-LUC reporter assay showing RAP2.12-activated transcription of
ADH1 in the absence (mock) or presence of PA. When indicated, protoplasts were treated with 10-lM PA liposomes (natural lipid mixture purified from
soy, Avanti Polar Lipids) for 16 h. “a” indicates significantly higher or lower levels than in control; “b” indicates significantly higher or lower levels than with
RAP2.12 alone; “c” indicates significantly higher or lower levels than in mock-treated protoplasts. D, Dual-LUC reporter assays showing RAP2.12-activated
transcription of ADH1 in WT and plda1 pldd protoplasts. “a” indicates significantly higher or lower levels than controls not co-transfected with RAP2.12
(CK), “b” indicates significantly higher or lower levels than RAP2.12 in WT. E, Activated MPK3 and MPK6 phosphorylate RAP2.12 in vitro. Phosphorylated
recombinant MPK3, MPK6, MKK5DD, as well as RAP2.12 were detected with anti-thiophosphate ester rabbit monoclonal antibodies after gel electrophore-
sis (top), recombinant MKK5DD, MPK3, and MPK6 were detected with anti-His antibody (middle), and recombinant RAP2.12 was detected with anti-GST
antibody (bottom). Reactions lacking the specified components (–) were used as controls. Recombinant proteins were separated by 10% SDS–PAGE after
incubation in protein kinase buffer containing ATPcS and PNBM. F, MPK6-mediated RAP2.12 phosphorylation is enhanced by the application of PA.
Phosphorylated recombinant MPK6 and MKK5DD, as well as RAP2.12 were detected with anti-thiophosphate ester rabbit monoclonal antibodies after gel
electrophoresis (top), recombinant MKK5DD and MPK6 were detected with anti-His antibody (middle), and recombinant RAP2.12 was detected with anti-
GST antibody (bottom). Reactions lacking the specified components (–) were used as controls. Recombinant proteins were separated by 10% SDS–PAGE
after incubation in protein kinase buffer containing ATPcS and PNBM. Relative intensity of phosphorylated proteins normalized to the control is shown
below. G, Phosphorylation of RAP2.12 by MPK6 in vivo. Constructs encoding MKK5DD-HA and MPK6-HA, and RAP2.12-FLAG were transiently transfected
in Arabidopsis protoplasts. Proteins were extracted 16 h after incubationto allow protein accumulation. The phosphorylation of RAP2.12 was confirmed
by incubation with phosphatase and phosphatase inhibitor, and the immunoblots were probed with anti-HA and anti-FLAG antibodies. All experiments
were performed on three biological replicates with similar results. For all blots, numbers on the left indicate the molecular weight (kDa) of each band. For
the LUC reporter assay, data are means± SD of three independent experiments. Asterisks indicate significant differences from WT (**P5 0.01 by Student’s
t test).
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compared to the mock control (Figure 5C). To obtain an in-
dependent validation of PA regulating RAP2.12-mediated in-
duction of ADH1 transcription, we repeated the co-
transfection assays in plda1 pldd mutant protoplasts. As
shown in Figure 5D, LUC activity derived from the
ADH1pro:LUC reporter was about half that of the activity
measured in WT protoplasts. These results indicate that
transcriptional control of ADH1 by RAP2.12 is dependent on
PA-activated MPK3 and/or MPK6.

Because MPK3 and MPK6 activity was rapidly activated
upon submergence (Figure 3), we next tested whether
RAP2.12 might be a substrate for phosphorylation by MPK3
and MPK6. As shown in Supplemental Figure S7A, both
MPK3 and MPK6 phosphorylated RAP2.12 in the presence
of ATPcS and p-nitrobenzyl mesylate (PNBM) in vitro.
MKK5 is an upstream MAPKK associated with MPK3 and
MPK6 to form the well-studied MKK5–MPK3/MPK6 cas-
cade, which is implicated in plant response to diverse envi-
ronmental stresses (Meng and Zhang, 2013). To investigate
the possible requirement for a MAPKK in the MPK3/MPK6-
mediated phosphorylation of RAP2.12, we included the con-
stitutively active MKK5DD (Zhao et al., 2017) in the in vitro
phosphorylation assay. As shown in Figure 5E, recombinant
MBP–MPK3 and MBP–MPK6 phosphorylated RAP2.12 more
in the presence of MKK5DD than in the samples lacking
MKK5DD. The pMPK3 signal is much less than the
pMKK5DD signal (Figure 5E; upper), likely due to the overlap
between the pMPK3 and MKK5DD bands. As positive and
negative controls (Meng et al., 2013; Zhou et al., 2020),
MBP–MPK6 protein phosphorylated ERF6, but did not
phosphorylate ACBP1 in vitro, as expected (Supplemental
Figure S7, B and C).

We next analyzed the amino acid sequence of RAP2.12
and found six potential MAPK phosphorylation sites (Thr-
86, Ser-87, Thr-88, Ser-210, Thr-280, and Thr-313)
(Supplemental Figure S8A). When all six Thr/Ser residues
were mutated to Ala (RAP2.126A), RAP2.12 failed to be
phosphorylated by the MKK5–MPK3/MPK6 cascade
(Supplemental Figure S8B).

To further test the role of PA in the MKK5–MPK3/MPK6-
mediated phosphorylation of RAP2.12, we included PA in
the in vitro phosphorylation assay. Our data showed that
PA enhanced the activity of MPK6 to phosphorylate
RAP2.12 (Figure 5F). Intriguingly, we observed that PA also
activated MKK5 in vitro (Figure 5F), suggesting that PA may
affect multiple steps in this phosphorylation cascade. To test
the specific effect of PA on the phosphorylation of RAP2.12,
we performed an in vitro phosphorylation assay by first
phosphorylating MPK6 by MKK5DD in the presence of only
unlabeled (“cold”) ATP for 1 h to ensure activation of MPK6
by MKK5DD. Then, we added PA, ATPcS, and PNBM to fin-
ish the protein kinase reaction and separated the proteins
by 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS–PAGE). Compared to the reaction without
PA, the presence of PA stimulated MPK6-mediated phos-
phorylation of RAP2.12 in vitro (Supplemental Figure S8C).

To examine whether MPK3 and MPK6 phosphorylate
RAP2.12 in vivo, we co-transfected the HA-tagged MKK5DD

and MPK6 (MKK5DD-HA, MPK6-HA), and FLAG-tagged
RAP2.12 (RAP2.12-FLAG) constructs into Arabidopsis proto-
plasts. Immunoblot analyses suggested that the activation of
MPK6-HA by MKK5DD-HA resulted in RAP2.12 shifting to a
higher molecular weight band, and this shift was completely
abolished by the addition of a phosphatase (Figure 5G), sug-
gesting that MPK3 and MPK6 phosphorylate RAP2.12
in vivo.

MPK3 and MPK6 feedback regulate PLDa1 and
PLDd stability and submergence-induced PA
production
To determine whether MPK3 and MPK6 may be involved in
feedback regulation of PLDa1 and PLDd in response to hyp-
oxia, we tested their protein–protein interactions using CoIP
and bimolecular fluorescence complementation (BiFC)
assays. As shown in Figure 6A, HA-tagged MPK3 and MPK6
(MPK3-HA and MPK6-HA) were co-immunoprecipitated by
FLAG-tagged PLDa1 and PLDd (FLAG-PLDa1 and FLAG-
PLDd) in vivo. Moreover, we detected an interaction be-
tween the kinases (MPK3 and MPK6) and the phospholi-
pases (PLDa1 and PLDd) by BiFC in Arabidopsis protoplasts
(Figure 6B). When MPK3-nYELLOW FLUORESCENT PROTEIN
(YFP) or MPK6-nYFP and PLDa1-cYFP or PLDd-cYFP were
transiently co-transfected in WT protoplasts, we observed
YFP fluorescence, which is evidence of BiFC, in the cyto-
plasm and at the plasma membrane (Figure 6B). In contrast,
co-transfection of the negative controls MPK3-nYFP/cYFP,
MPK6-nYFP/cYFP, and PLDa1-nYFP/CPK12-cYFP, MPK9-nYFP/
PLDd-cYFP failed to reconstitute intact YFP in Arabidopsis
leaf protoplasts and yielded no detectable fluorescence
(Supplemental Figure S9).

Since MPK3/MPK6 and PLDa1/PLDd interact, we hypoth-
esized that PLDa1 and PLDd might themselves be substrates
for MPK3- and MPK6-mediated phosphorylation. To test
this hypothesis, we purified recombinant GST-MPK3, GST-
MPK6, GST-PLDa1, and GST-PLDd proteins, and performed
in vitro phosphorylation assays. As shown in Figure 6C, GST-
MPK3 and GST-MPK6 phosphorylated GST-PLDa1 and
GST-PLDd in the presence of ATPcS and PNBM. To identify
the phosphorylation sites of PLDa1, we enriched the FLAG-
PLDa1 proteins from 2-week-old UBQ10pro:FLAG-PLDa1
transgenic plants by IP followed by mass spectrometry. We
identified the two residues Ser-481 and Ser-776 as potential
in vivo MAPK phosphorylation sites in PLDa1
(Supplemental Figure S10).

Using immunoblot analysis with anti-PLDa1-specific anti-
bodies, we then determined that before submergence and
after submergence for 1, 3, or 6 h, PLDa1 proteins accumu-
late in seedlings from the mpk3 mpk6-es line to higher levels
than in WT seedlings (Figure 6D). Furthermore, there were
few differences in the levels of phospholipids including PC,
PE, and PA, between WT and mpk3 mpk6-es mutant plants
under normoxic conditions, as determined by lipid profiling
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Figure 6 MPK3 and MPK6 feedback-regulate PLDa1 and PLDd to modulate submergence-induced PA accumulation. A, Co-IP assay showing the in-
teraction between MPKs (MPK3 and MPK6) and PLDs (PLDa1 and PLDd) in vivo. Constructs encoding MPK3-HA and MPK6-HA and FLAG-PLDa1
and FLAG-PLDd were transiently co-transfected in WT Arabidopsis protoplasts and immunoprecipitated with anti-FLAG beads. B, BiFC assay of
MPKs (MPK3 and MPK6) and PLDs (PLDa1 and PLDd) in Arabidopsis. Constructs encoding split YFP, nYFP and cYFP fusions MPKs-nYFP (MPK3-
nYFP and MPK6-nYFP) and PLDs-cYFP (PLDa1-cYFP and PLDd-cYFP) were co-transfected in WT Arabidopsis protoplasts for 16 h under normal
light–dark conditions. Confocal images for yellow fluorescent protein (YFP), chlorophyll autofluorescence, and bright field are shown. Bars, 10 lm.
C, MPK3 and MPK6 phosphorylate PLDa1 and PLDd in vitro. Phosphorylated PLD was detected with anti-thiophosphate ester rabbit monoclonal
antibody after gel electrophoresis (top), recombinant MPK3, MPK6, and PLDa1 and PLDd were detected with anti-GST antibody (bottom).
Reactions lacking the specified components (–) were used as controls. Recombinant proteins were separated by 10% SDS–PAGE after incubation
in protein kinase buffer containing ATPcS and PNBM. D, MPK3 and MPK6 negatively regulate PLDa1 protein levels in response to submergence.
Ten-day-old WT and mpk3,6-es seedlings were subjected to submergence for the indicated times. The immunoblots were probed with PLDa1-spe-
cific antibodies, with Ponceau S-stained total protein as loading control. E and F, The loss of MPK3 and MPK6 results in PA accumulation in re-
sponse to submergence. Levels of total PA (E) and various PA species (F) were measured from the rosettes of 4-week-old WT and mpk3,6-es plants
before submergence (air) and after 48-h submergence treatment (submergence). a, indicates significant differences when compared to that of 0 h;
b indicates significant differences when compared to that of WT, respectively. Lipid profiling analyses were performed on three biological replicates
with similar results. Values represent means± SD (n = 4) of four independent biological replicates, and each replicate was collected from the rosettes
of at least seven plants. Asterisks with “H” indicate significantly higher than WT for each PA species (*P5 0.05, **P5 0.01 by Student’s t test).

900 | THE PLANT CELL 2022: 34: 889–909 Y. Zhou et al.



(Figure 6E; Supplemental Figure S11). However, we found
that total PA levels were significantly higher in the mpk3
mpk6-es line than in WT after submergence for 48 h
(Figure 6E). In particular, the levels of 34:6-, 34:3-, 34:2-, 34:1-,
36:6-, 36:5-, 36:4-, 36:3-, and 36:2-PA species were higher in
the mpk3 mpk6-es line relative to WT (Figure 6F). In con-
trast, the total levels of PC and some species of PC and PE
were significantly lower in the mpk3 mpk6-es line compared
to WT under submergence (Supplemental Figure S11).

To determine the genetic relationship between PLDs
(PLDa1 and PLDd) and MPKs (MPK3 and MPK6) in plant
responses to hypoxia, we generated the double mutants
plda1 mpk3, plda1 mpk6, pldd mpk3, and pldd mpk6 by
crossing the plda1 or pldd single mutants with the mpk3 or
mpk6 single mutants. Four-week-old plda1 and pldd single
mutants showed higher tolerance to light submergence for
8 days when compared to WT (Figure 7A). In contrast, the
plda1 mpk3, plda1 mpk6, pldd mpk3, and pldd mpk6 double
mutants were hypersensitive to submergence (Figure 7A),
thus recapitulating the phenotypes seen in the mpk3 and
mpk6 single mutants (Figure 4). This result was further sup-
ported by the survival rates and dry weights of all genotypes
after submergence (Figure 7, B and C). These findings sug-
gest that PLDa1- and PLDd-mediated PA signaling acts up-
stream of MPK3 and MPK6 during plant responses to
submergence. Taken together, our findings suggest that
MPK3 and MPK6 interact with and phosphorylate PLDa1
and PLDd, which may contribute to feedback inhibition of
PA production under submergence.

Discussion
Increasing evidence suggests that PA is a key lipid messenger
in plant responses to multiple biotic and abiotic stresses, in-
cluding pathogen infections, cold, wounding, high salt, and
heat stress (Katagiri et al., 2001; Li et al., 2004; Zhang et al.,
2009, 2013, 2017; Bargmann et al., 2009a, 2009b; Yu et al.,
2010; Pinosa et al., 2013; Hyodo et al., 2015; Yao and Xue,
2018). We and other groups have recently demonstrated in
various species that PA accumulates in submerged plants
(Xie et al., 2015a; Wang et al., 2016; Xu et al., 2020), support-
ing the notion that PA may share a conserved function in
hypoxia responses across the plant kingdom. However, the
molecular mechanism behind the regulation of
submergence-induced hypoxia signaling by PA remains
unknown.

In this study, we present several lines of evidence to show
that PA regulates plant tolerance to submergence by modu-
lating both membrane integrity and MPK3/6-mediated hyp-
oxia signaling. First, the accumulation of PA in response to
PLDa1- and PLDd-mediated hydrolysis of PE was induced by
submergence, and returned to basal levels during postsub-
mergence reoxygenation (Figure 1). Second, phenotypic
analyses showed that the plda1 and pldd single mutants
and the plda1 pldd double mutant exhibit attenuated toler-
ance to a low O2 environment, but enhanced resistance to
submergence, the latter likely due to improved membrane
integrity in these PA-deficient mutants (Figure 2). Third, we
determined that PA can bind to recombinant MPK3 and
MPK6 proteins in vitro and can modulate their activity

Figure 7 Loss of MPK3 or MPK6 suppresses the submergence-tolerant phenotypes of plda1 and pldd mutants. Phenotypes (A), survival rates (B),
and dry weights (C) of WT, plda1, pldd, plda1 mpk3 (a1 mpk3), plda1 mpk6 (a1 mpk6), pldd mpk3 (d mpk3), and pldd mpk6 (d mpk6) plants
upon submergence treatment. Four-week-old plants were photographed before submergence (air) and after 8 days submergence, followed by
3 days recovery (submergence). Survival rates and dry weights were calculated after recovery for 7 days. Bars, 1.5 cm. All experiments were per-
formed on three biological replicates with similar results. Data in (B) and (C) are means ± SD of three biological replicates. Asterisks indicate signifi-
cant differences from WT (*P5 0.05, **P5 0.01 by Student’s t test).

Roles of PA in hypoxia signaling THE PLANT CELL 2022: 34: 889–909 | 901

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab289#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab289#supplementary-data


in vivo (Figure 3). Fourth, MPK3 and MPK6 phosphorylated
the key transcription factor RAP2.12 and activated its
PA-dependent transcriptional activity (Figure 5). Finally,
MPK3 and MPK6 interacted with PLDa1 and PLDd and
formed a regulatory feedback loop that modulated their sta-
bility (Figure 6). Consistent with this last result, we discov-
ered that the mpk3 and mpk6 single mutants are
hypersensitive to hypoxia and completely suppress the
submergence-tolerant phenotypes of plda1 and pldd
mutants (Figures 4 and 7). Thus, our findings reveal a PA–
MPK3/6–RAP2.12 regulatory module that is required for
plant hypoxia responses.

PA is a polar lipid lacking a head group and may affect
cell membrane properties due to its unique chemical struc-
ture. For instance, when plants experience cold/freezing
temperatures, they accumulate PA, as well as lipid
molecules with a small head group such as monogalactosyl-
diacylglycerol or DAG. These lipids tend to form a destabi-
lized HII-type lipid phase, which results in the shrinkage of
membrane structures and ionic leakage, and further attenu-
ates plant tolerance to the imposed stress (Kuiper, 1970;
Verkleij et al., 1982; Thomashow, 1999; Welti et al., 2002;
Moellering et al., 2010; Moellering and Benning, 2011; Tan
et al., 2018). Consistent with this notion, the plda1 mutants
show enhanced tolerance to freezing temperatures and the
PLDa1-overexpressing lines are more sensitive to freezing
temperatures (Welti et al., 2002; Rajashekar et al., 2006).
Conversely, removal of these lipids in mutants such as dgk2,
dgk3, and dgk5, confers improved freezing tolerance and de-
creased PA production (Tan et al., 2018).

Our current findings suggest that the PA-deficient
mutants plda1, pldd, and their double mutant plda1 pldd
exhibit increased sensitivity to hypoxia, but enhanced toler-
ance to submergence, along with significantly lower water
loss, ionic leakage, and ROS accumulation when submerged
(Figure 2; Supplemental Figure S3). It is therefore conceivable
that, similar to its role in plant response to cold/freezing
stress, PA is involved in regulating submergence tolerance
by determining cell membrane structures or ROS-induced
cell death. Previous studies have suggested that through the
downregulation of genes involved in cuticular lipid biosyn-
thesis, the land plant Arabidopsis increases the permeability
of its cuticle under submergence conditions, thus helping
plants cope with the lack of O2 (Kim et al., 2017). More re-
cent findings indicate that in addition to its role in modulat-
ing Group VII ethylene response factor (ERF-VII) signaling,
the long-chain acyl-CoA synthetase LACS2 confers tolerance
to submergence by affecting cuticle surface structures in
Arabidopsis (Xie et al., 2020; Zhou et al., 2020). Taken to-
gether, these observations provide strong evidence to sup-
port the idea that lipid molecules (including PA) are critical
for regulating plant acclimation to hypoxia, including mor-
phological and anatomical changes that improve the survival
of submerged plants. Given that PA can also be synthesized
by DGK by phosphorylating DAG outside of the PLD path-
way (Gómez-Merino et al., 2004; Arisz et al., 2009; Tan et al.,

2018), determining whether DGKs and the pool of PA de-
rived from DGKs are involved in plant hypoxia responses
will deepen our understanding of the role of PA in plant
hypoxia acclimation. Interestingly, transcript levels of DGK1
and DGK5 were rapidly upregulated within 10 min after sub-
mergence, in contrast to the lagging induction of PLDa1
and PLDd upon submergence after 3 and 48 h
(Supplemental Figure S1), suggesting that the short-term ac-
cumulation of PA is likely derived from PA catalyzed by
DGKs, although their biological significance remains to be
further investigated.

PC and PE are known substrates for PLD hydrolysis and
PA production in Arabidopsis (Wang et al., 2006); however,
our data suggested that upon submergence, only PE levels
were significantly higher in the pld mutants relative to WT
(Table 1 and Figure 1B), but PC and PE levels were reduced
in submerged WT after 48 h (Figure 1A; Xie et al., 2015a,
2015b). These findings indicate that PE, but not PC, is likely
a PLDa1/PLDd substrate in the response to plant submer-
gence. Consistent with this, a previous kinetic study showed
that Arabidopsis PLDd prefers PE rather than PC with Vmax/
Km values 50 and 7.7, respectively (Qin et al., 2002).
Alternatively, de novo biosynthesis of PC and PE may mask
the hydrolysis of these two phospholipids, which may thus
compensate for their decrease, particularly at the short-term
submergence stages within minutes to hours. Moreover,
given that PLDs can transphosphatidylate ethanol to pro-
duce phosphatidylethanol (Wang et al., 2006), the accumula-
tion of ethanol through anaerobic respiration may also
contribute to PE production under long-term submergence
conditions.

Previous studies have revealed that PA primarily acts as a
signaling molecule by targeting substrate proteins such as
ABA INSENSITIVE 1, RbohD/F, MONOGALACTOSYL
DIACYLGLYCEROL SYNTHASE 1, SPHINGOSINE KINASE1/2,
CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), and MPK6 to
regulate their various activities (Zhang et al., 2004, 2009;
Testerink et al., 2007; Dubots et al., 2010; Yu et al., 2010;
Guo et al., 2011; McLoughlin and Testerink, 2013). In partic-
ular, PA binds to the kinase domain of CTR1 in vitro and
inhibits its kinase activity in vivo (Testerink et al., 2007; Xie
et al., 2015a), indicating that PA may participate in hypoxia
responses by modulating CTR1 activity along the ethylene
signaling pathway (Xie et al., 2015a). Moreover, the PA–
CTR1 interaction promotes the processing and nuclear
translocation of ETHYLENE INSENSITIVE2 (EIN2), whose ac-
tivity is directly regulated by CTR1 in ethylene signaling (Xie
et al., 2015a). Moreover, PA interacts with and stimulates
MPK6, which in turn mediates the phosphorylation of the
downstream target Na+ /H + antiporter SOS1, thereby con-
ferring salinity tolerance to Arabidopsis (Yu et al., 2010).
Here, we further observed that PA might function in hyp-
oxia signaling by interacting with MPK3 and MPK6 to acti-
vate their kinase activity as well as their downstream signal
transduction cascades (Figure 3). Given that CTR1 blocks
MPK3 and MPK6 activation and simultaneously promotes
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EIN3 degradation by distinct MPK phosphorylation (Yoo
et al., 2008), it is therefore possible that PA may function ei-
ther as an adaptor or an integrator in maintaining the dy-
namics of the CTR1–MPK3/6 complex during plant
responses to hypoxia. Moreover, we observed that MKK5
is likely an important upstream regulator that enhances
phosphorylation of RAP2.12 by MPK3 and MPK6
(Figure 5E). In addition to MPK3 and MPK6, PA also acti-
vated MKK5 in vitro (Figure 5F), suggesting that PA may
have multiple regulatory roles in the hypoxia signaling cas-
cade in plants.

The importance of MPK3 and MPK6 in hypoxia signaling
has been previously reported in Arabidopsis and rice (Chang
et al., 2012; Singh and Sinha, 2016). In rice, MPK3 specifically
interacts with the ERF-like protein SUB1A to form a positive
feedback loop, thus contributing to submergence tolerance
(Singh and Sinha, 2016). In Arabidopsis, the activity of
MPK3, MPK4, and MPK6 is rapidly induced upon O2 depri-
vation as well as during reoxygenation (Chang et al., 2012).
Overexpression of Arabidopsis MPKs (MPK3, MPK4, and
MPK6) confers tolerance to hypoxic stress. However, the
transient activation of MPK6 triggered by O2 deprivation
does not lead to a significant induction of the core mRNAs
associated with hypoxia responses (Chang et al., 2012). Our
results presented herein further extend the significance of
MPK3 and MPK6 to the regulation of hypoxia tolerance in
plants. We observed that MPK3 and MPK6 directly inter-
acted with the ERF-VII transcription factor RAP2.12 to acti-
vate its transcriptional activity (Figure 5), suggesting that
MPK3 and MPK6 redundantly function as conserved up-
stream regulators in modulating the stability and activity of
ERF-VII transcription factors in both monocot and dicot
plant species.

Previous findings have revealed that besides PLDa1-de-
rived PA, PLDa1 itself physically associates with MPKs (Yu
et al., 2010; Vadovi�c et al., 2019), although the physiological
significance of this interaction remains unclear. We observed
that the hypoxia-triggered activity of MPK3 and MPK6 was
suppressed in the plda1 pldd double mutant (Figure 3), sug-
gesting that PA derived from PLD activity is required for
hypoxia-induced MPK3/6 activation. Moreover, upon sub-
mergence, we noticed that PLDa1 protein levels were signifi-
cantly higher in the mpk3 mpk6-es inducible line relative to
WT plants (Figure 6D). Biochemical analyses showed that
MPK3 and MPK6 directly interact with and phosphorylate
PLDa1 and PLDd (Figure 6, A–C), suggesting that MPK3/6
form a regulatory feedback loop with PLDa1 and/or PLDd
to suppress their activity, which may play an important role
in maintaining PA production at a proper level, especially
when the plant is experiencing long-term submergence.
Consistent with this, the mpk3,6-es double mutant accumu-
lated PA levels during submergence due to the feedback
suppression of PLDs by MPK3 and MPK6 (Figure 6). This ac-
cumulated PA may further disturb membrane integrity and
result in the mpk3,6-es double mutants being hypersensitive
to both hypoxia and submergence (Figure 4). Notably, in

mammalian cells, the protein kinase Ca phosphorylates
PLD1 and in turn suppresses its activity (Hu and Exton,
2003), indicating that this regulatory mechanism may be
conserved across animal and plant species.

In summary, our observations present strong evidence to
support the dual roles of PA in the regulation of membrane
integrity and the MPK3/6–RAP2.12 module in plant
responses to submergence (Figure 8). Submergence activates
PLDa1 and PLDd to hydrolyze PE for generating PA
(Figure 8; Xie et al., 2015a). Furthermore, PA binds to MPK3
and MPK6 proteins and enhances their activities; in turn,
these kinases phosphorylate ERF-VII-type transcription fac-
tors, such as RAP2.12, to promote their transcriptional activ-
ity (Figure 8), which may represent a key step in stimulating
hypoxia signaling. At the same time, the accumulation of
PA leads to enhanced ROS levels, premature cell death, and
destruction of membrane integrity, which negatively affects
plant survival upon recovery from submergence (Figure 8).
Thus, the MPK3 and MPK6 kinases form a regulatory feed-
back loop with PLDa1 and PLDd to reduce their protein lev-
els, thus serving as a protective mechanism for maintaining

Figure 8 A working model of the role of PLDs and PA in plant
responses to submergence-induced hypoxia. Submergence activates
the two PLDs, PLDa1 and PLDd, which results in PA production. PA
then acts as a signaling molecule, enhancing the activities of MPK3
and MPK6 and thus regulating ERF-VII-mediated hypoxia signaling.
However, accumulation of PA also leads to higher levels of ROS, cell
death, and destruction of membrane integrity under long-term sub-
mergence. MPK3 and MPK6 regulate PLDa1 and PLDd protein levels
through a regulatory feedback mechanism to inhibit PA production,
thus maintaining PA content and cellular homeostasis at an appropri-
ate level under hypoxia.
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PA at proper physiological levels under long-term hypoxia
conditions.

Materials and methods

Plant materials and growth conditions
All WT and mutant Arabidopsis (A. thaliana) plants used in
this study were in the Columbia-0 (Col-0) background. The
T-DNA insertional mutants of PLDa1 (At3g15730), PLDd
(At4g35790), MPK3 (At3g45640), and MPK6 (At2g43790)
were identified from The Arabidopsis Information Resource
website (http://www.arabidopsis.org) and are referred to as
plda1 (SALK_053785), pldd (SALK_023247), mpk3
(CS466883), and mpk6 (SALK_062471C), respectively. The
mpk3 mpk6-es line (estradiol-inducible silencing of MPK3 by
RNA interference in the mpk6 mutant background) was de-
scribed previously (Cheng et al., 2015). The plda1, pldd,
mpk3, and mpk6 mutants were crossed to generate plda1
pldd, plda1 mpk3, plda1 mpk6, pldd mpk3, and pldd mpk6
double mutants. The RAP2.12-GFP transgenic lines were
generated as described previously (Zhou et al., 2020). The
primers used to genotype all mutants are listed in
Supplemental Data Set S1.

All seeds were surface-sterilized with 20% bleach contain-
ing 0.1% Tween-20 for 15 min followed by at least five
washes with sterile water. Seeds were then sown on half-
strength MS medium (Sigma-Aldrich, St Louis, MO, USA)
with 1% sucrose, 0.8% agar, and adjusted to pH 5.8, and
stratified for 3 days in the dark at 4�C. After germination for
7 days, seedlings were transplanted to soil and grown in a
plant growth room with a 16-h light (170 lmol m–2 s–1 us-
ing Philips F17T8/TL841 17W bulbs)/8-h dark photoperiod
at 22�C.

Plasmid construction
All plasmids used in this study were generated using an In-
Fusion method. Primers for all constructs are listed in
Supplemental Data Set S1. To generate constructs for tran-
sient expression, the full-length coding regions of MPK3,
MPK6, and RAP2.12 were inserted into BamHI- and StuI-
digested pUC119 plasmids to obtain MPK3-HA, MPK6-HA,
RAP2.12-HA, MPK3-FLAG, and MPK6-FLAG constructs.
Similarly, full-length coding regions of PLDa1 and PLDd
sequences were cloned into BamHI- and PtuI-digested
pUC119 to generate FLAG-PLDa1 and FLAG-PLDd con-
structs. To generate plasmids for BiFC analysis, full-length
coding sequence fragments of MPK3, MPK6, MPK9, CPK12,
PLDa1, and PLDd were amplified and inserted into pHBT-
YN or pHBT-YC vectors digested by BamHI. To generate
plasmids for recombinant protein expression, the vectors
pGEX6p-1 and pMAL-MBP-His were used. The full-length
coding regions of MPK3, MPK6, RAP2.12, PLDa1, PLDd, ERF6,
and ACBP1 were inserted into BamHI-digested pGEX6p-1
plasmids, and the full-length coding regions of MPK3, MPK6,
and MKK5DD were inserted into BamHI-digested pMAL-
MBP-His plasmids.

Treatments
For hypoxia germination assays, following stratification for
3 days, seeds sown on half-strength MS medium were trans-
ferred to an enclosed hypoxic workstation (Anaerobic
System model 1025; Forma Scientific, http://www.thermo.
com) with 3% O2 and a 16-h light (125 lmol m–2 s–1)/8-h
dark photoperiod at 22�C for 10 days. Plates were photo-
graphed and the proportion of seedlings with green cotyle-
dons was calculated.

For hypoxia-induced leaf damage assays, 6-day-old seed-
lings were transferred onto half-strength MS plates without
sucrose. Seedlings were treated in a hypoxia workstation
with 0.1% O2 in the dark for 5 days and allowed to recover
in a growth room for 3 days under normal light/dark
conditions.

Submergence treatments were carried out as described
previously (Xie et al., 2015b). Briefly, 4-week-old plants were
submerged to a final depth of 5–10 cm beneath the water
surface for 8 days under normal light–dark conditions. Plant
samples were photographed after 3 days of recovery. Dry
weights and survival rates were recorded after 7 days of re-
covery. Aboveground Arabidopsis tissues were harvested,
heated overnight to 65�C to dry, and weighed again to ob-
tain dry weights. The survival rates were calculated based on
the numbers of plants that produced new leaves and con-
tinued to grow after recovery from submergence.

For hypoxia germination assays, seeds of the WT, mpk3,
mpk6, and mpk3 mpk6-es line sown on half-strength MS
medium containing 10 lM estradiol (Sigma, 50 mM stock in
DMSO), were transferred to an enclosed hypoxic worksta-
tion (3% O2). Similarly, 6-day-old WT, mpk3, mpk6, and
mpk3 mpk6-es seedlings grown on half-strength MS medium
were transferred onto half-strength MS plates containing
10 lM estradiol, and placed into an enclosed hypoxic work-
station (0.1% O2). For submergence treatments, 4-week-old
adult plants of the WT, mpk3, mpk6, and mpk3 mpk6-es
grown under normal growth conditions were sprayed with
10 lM estradiol for 3 days before submergence.

For phospholipid treatments, liposomes were produced
according to Zhang et al. (2009) with minor revisions.
Briefly, natural lipid mixtures purified from soybean (Glycine
max) (PA [Cat #840074], PC [Cat #441601], PE [Cat
#840024], PS [Cat #870336]; Avanti Polar Lipids; stored at –
20�C in the dark) were dissolved in chloroform and dried
under nitrogen flow. The lipid films were rehydrated in ice-
cold optimized buffer (50 mM Tris–HCl pH 7.4, 150 mM
NaCl, 10 mM MgCl2, 0.05% [v/v] Tween-20) and then proc-
essed by five cycles of 10-s sonication, generating a final lipo-
some concentration of 50 lM. An equal volume of
chloroform was processed in the same manner and used as
mock control. The detached leaves of 3-week-old RAP2.12-
GFP transgenic plants were treated with 50 lM liposomes
prepared from PA, PC, PE, or PS for 3 h. The leaves similarly
treated with dilution buffer were set as mock controls. GFP
fluorescence was detected at 488 nm by confocal
microscopy.
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Lipid profiling
Total lipid extraction was performed as described previously
(Welti et al., 2002; Xie et al., 2015a). Briefly, Arabidopsis
leaves were immersed in isopropanol preheated to 75�C
with 0.01% butylated hydroxytoluene (phospholipase inhibi-
tor) immediately after sampling and incubated at 75�C for
another 15 min to inhibit lipolytic enzymes, particularly PLD,
in plant tissues (Welti et al., 2002). The profiles of mem-
brane lipids were determined by automated electrospray
ionization–tandem mass spectrometry as previously de-
scribed (Devaiah et al., 2006). Extracts were dried under ni-
trogen flow, dissolved in 1 mL of chloroform, and analyzed
on a triple TOF 5600 MS/MS system (AB SCIEX, Vaughan,
Canada). Separations were accomplished on a Phenomenex
Kinetex C18 column (150 � 2.1 mm, 2.6 lm). Phospholipid
standards were purchased from Avanti Polar Lipids.
Quantification was performed by normalizing the peak areas
to the internal standards.

Measurement of electrolyte leakage and water loss
Electrolyte leakage was measured as previously described
(Chen et al., 2015). Briefly, ion leakage was measured using a
conductivity meter (Mettler Toledo S220-USP/EP).
Conductivity was measured from the water used to soak ex-
cised whole leaves with gentle shaking at room temperature
for 1 h. Subsequently, the solution (with leaves) was heated
to 100�C in a water bath for 10 min and cooled down to
room temperature to determine total ion strength. Ion leak-
age values were calculated by comparing leaked ion strength
to the corresponding total ion strength.

Water loss was determined following Zhang et al. (2012).
Arabidopsis rosettes were collected after submergence,
placed in empty Petri dishes under normal conditions and,
weighed every 20 min for 2 h. Relative loss of fresh weight
(%) was used to represent water loss.

Measurement of H2O2 and MDA
H2O2 contents were measured using the Amplex Red H2O2/
Peroxidase Assay Kit (Molecular Probes, Eugene, OR, USA)
according to Pucciariello et al. (2012). In brief, 30 mg of
rosettes was ground to a fine powder in liquid nitrogen and
dissolved in 200 lL of reaction buffer. After centrifugation at
12,000 g for 10 min at 4�C, 50 lL of supernatant was mixed
with 50 lL of the 3% H2O2 working solution provided by
the kit, followed by incubation for 30 min at room tempera-
ture in the dark. Absorbance was measured at 560 nm with
a microplate reader (Tecan, Männedorf, Switzerland). H2O2

concentration was determined using a standard curve,
according to the manufacturer’s instructions.

MDA levels were determined with the Lipid Peroxidation
MDA Assay Kit (Beyotime, Shanghai, China) with minor
modifications. Briefly, leaves were homogenized in 150 lL
buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) pH 7.4, 150 mM NaCl, 2 mM EDTA, and 10%
[v/v] glycerol) followed by centrifugation at 12,000 g for
10 min at 4�C. Then, 100 lL of supernatant was mixed with
200-lL MDA working solution supplied with the kit. After

boiling at 100�C for 15 min, the mixtures were quickly
cooled down on ice, followed by centrifugation at 12,000 g
for 10 min at 4�C. Absorbance was recorded at 532 nm using
a microplate reader (Tecan). MDA concentrations were de-
termined using a standard curve following the manufac-
turer’s instructions.

Total RNA extraction and real-time quantitative
PCR (qPCR) analysis
Total RNA was extracted with the HiPure plant RNA mini kit
and reverse-transcribed using the HiScript II Q RT SuperMix
kit with gDNA Wiper (Vazyme, Nanjing, China) according to
the manufacturer’s instructions. qPCR was performed using
the ChamQ SYBR color qPCR master mix (Vazyme) on a
StepOne Plus Real-Time PCR system (Applied Biosystems,
Waltham, MA, USA). ACTIN2 was used as the reference gene
for normalization. Three technical replicates were performed
for each sample. Gene-specific primers for qPCR analysis are
listed in Supplemental Data Set S1.

Protein extraction and immunoblot analysis
For total protein extraction, Arabidopsis samples were
ground in liquid nitrogen and homogenized in ice-cold ex-
traction buffer (50-mM sodium phosphate, pH 7.0, 200-mM
NaCl, 10-mM MgCl2, 0.2% [v/v] b-mercaptoethanol, and
10% [v/v] glycerol) containing 1� protease inhibitor cock-
tail (Roche Basel, Switzerland; 04693132001). The samples
were incubated on ice for 30 min and centrifuged for 30 min
at 12,000 g at 4�C. The supernatant was transferred to a
new microcentrifuge tube for electrophoresis.

For immunoblot analysis, total proteins were subjected to
SDS–PAGE and transferred to a Hybond-C membrane
(Amersham Biosciences, Amersham, UK). Anti-HA (Sigma-
Aldrich; cat. No. H6533, 1:5,000), anti-FLAG (Sigma-Aldrich;
cat. No. A8592, 1:5,000), anti-GST (Abcam, Cambridge, UK;
ab3416, 1:5,000), anti-His (Cell Signaling Technology,
Danvers, MA, USA; cat. No. 2366, 1:3,000), anti-PLDa1
(Agrisera, Vaesterbotten, Sweden; cat. No. AS09558, 1:1,000),
anti-MPK3 (Agrisera; cat. No. AS164024, 1:1,000), anti-MPK6
(Agrisera; cat. No. AS122633, 1:1,000), anti-phospho-p44/42-
ERK (anti-pTEpY) (Cell Signaling Technology; cat. No. 9101,
1:1,000), Anti-Thiophosphate ester (Abcam; ab92570,
1:5,000), and anti-Plant Actin (Abbkine, Wuhan, China; cat.
No. A01050, 1:5,000) antibodies were used for
immunoblotting.

For in vivo MPK3 and MPK6 phosphorylation activity
assays, 10-day-old WT seedlings grown on solid MS medium
were then transferred to liquid MS medium containing
50 lM liposomes of PA or PS (natural lipid mixtures purified
from soy; Avanti Polar Lipids), and harvested at the indi-
cated times. Total proteins were extracted for immunoblot
analyses using specific antibodies.

In vitro lipid–protein binding and pull-down assays
Lipid–protein membrane binding assays were performed as
described previously (Xiao et al., 2010). Briefly, recombinant
GST-MPK3 and GST-MPK6 proteins were produced in
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Escherichia coli and purified using glutathione beads (GE
Healthcare, Chicago, IL, USA). Various natural lipid mixtures
purified from soy (PA, PC, PE, PI [Cat #840044], PG [Cat
#841148], and PS; Avanti Polar Lipids; 50 lM) were spotted
onto nitrocellulose membranes, followed by incubation at
room temperature for 1 h in the dark. The lipid-bound
membrane was blocked in Tris-buffered saline (TBS) with
1% (w/v) nonfat milk for 1 h and then incubated with 5 lg
GST, GST-MPK3 or GST-MPK6, respectively, in blocking
buffer for 3 h at 4�C. The membrane was then gently
washed 3 times for 10 min each with TBST (TBS plus 0.1%
Tween-20). After incubation with the GST antibodies for 2 h
at room temperature, the filter was again washed 3 times
for 10 min each with TBST. Proteins were detected by im-
munoblotting with anti-GST antibody as described above.

For the protein-PA binding assays on beads, 10 lg of re-
combinant GST-MPK3, GST-MPK6, GST-PYL4, or GST, was
diluted in 500 lL binding buffer (10 mM HEPES, pH 7.4,
150 mM NaCl, 0.25% [v/v] Igepal), to which 50 lL of PA
beads or PI beads were added, followed by incubation for
3 h at 4�C. After three washes with wash buffer (10 mM
HEPES, pH 7.4, 150 mM NaCl, 0.25% [v/v] Igepal), the beads
were detected by immunoblotting with anti-GST antibody.

MST assay
For MST analysis, protein labeling was performed with reac-
tive dyes using the Monolith NT Protein Labeling Kit RED
(Mo-L011). The concentration of labeled proteins was ad-
justed to 10 nM using the labeling buffer 1� phosphate
buffer saline (pH 7.6) containing 0.05% (v/v) Tween-20. A se-
rial dilution of various liposomes of PA, PC, PI, and PS (natu-
ral lipid mixtures purified from soy; Avanti Polar Lipids)
ranging from 1.5 nM to 50 lM was prepared for mixing with
the labeled proteins, followed by incubation for 5 min in the
dark. The combined solutions of labeled proteins and lipo-
somes were filled into standard treated capillaries via capil-
lary force. Fluorescence scans were carried out on a Nano
Temper Monolith NT.115 (40% LED power; 50% laser
power), to determine binding affinities.

Co-IP and BiFC assays
Plasmids for transient transfection were extracted from the
relevant E. coli cultures using a Maxi Kit (Omega, Bienne,
Switzerland; D6922-02). Arabidopsis mesophyll protoplasts
were prepared and transfected as described previously by
Yoo et al. (2007). Protoplasts were isolated from the rosettes
of 4-week-old plants and transfected with the indicated
plasmids, followed by culture for 16 h to allow protein accu-
mulation. For Co-IP assays, total proteins were extracted
with IP buffer (10-mM HEPES, pH 7.4, 150-mM NaCl, 2-mM
EDTA, and 10% [v/v] glycerol) with 0.25% (v/v) Triton
X-100. A portion of the total lysate (10%) was set aside as
input, while the remaining supernatant was incubated with
anti-FLAG beads or anti-HA beads for 4 h at 4�C. Beads
were washed 5 times with IP buffer containing 0.1% (v/v)
Triton X-100, followed by elution in IP buffer at 95�C for
5 min before immunoblot analysis.

For BiFC assays, the pairs of split nYFP and cYFP plasmids
MPK3-nYFP/PLDa1-cYFP, MPK6-nYFP/PLDa1-cYFP, MPK3-
nYFP/PLDd-cYFP, MPK6-nYFP/PLDd-cYFP, CPK12-nYFP/
PLDa1-cYFP, MPK9-nYFP/PLDd-cYFP, or nYFP/cYFP were
co-transfected into leaf protoplasts. Fluorescence was
detected after incubation for 16 h under normal conditions
by confocal microscopy.

Phosphorylation assays
In vitro phosphorylation assays were performed as described
previously (Hertz et al., 2010). Recombinant GST-MPK3,
GST-MPK6, MBP-MPK3-His, MBP-MPK6-His, or MBP-
MKK5DD-His (0.5 lg) were incubated with the substrate
proteins GST-PLDa1 or GST-PLDd, GST-RAP2.12 or GST-
RAP2.126A (1 lg), respectively, in reaction buffer (20-mM
HEPES pH 7.4, 0.15 M NaCl, 10 mM MgCl2 and 3 lL of
10 mM N6-substituted ATPcS) at room temperature for
30 min, then supplemented with 1.5 lL of 50 mM PNBM at
room temperature for 1 h. The reactions were stopped by
the addition of 5 � SDS sample buffer. Phosphorylated sub-
strate proteins were detected with a thiophosphate ester-
specific antibody (Abcam; ab92570, 1:5,000) after separation
by 10% SDS–PAGE.

To detect the specific effect of PA on MKK5–MPK6-medi-
ated phosphorylation of RAP2.12, recombinant MBP-MPK6-
His and MBP-MKK5DD-His (0.5 lg) were incubated in
reaction buffer (20 mM HEPES pH 7.4, 0.15 M NaCl, 10 mM
MgCl2, and 3 lL of 10 mM unlabeled ATP) at room temper-
ature for 1 h to ensure prior phosphorylation and activation
of MPK6 by MKK5DD. Subsequently, GST-RAP2.12 protein,
3 lL of 10 mM N6-substituted ATPcS, and 50 lM PA (natu-
ral lipid mixture purified from soy; Avanti Polar Lipids) lipo-
somes were added to the reaction and incubated for
another 30 min at room temperature. The reaction was
then supplemented with 1.5 lL of 50 mM PNBM and incu-
bated at room temperature for 1 h.

For in vivo dephosphorylation assays, protoplasts were
prepared from 4-week-old WT plants and the relevant plas-
mids were co-transfected as above. After a 16-h incubation,
proteins were extracted from transfected protoplasts in IP
buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 2 mM EDTA,
and 10% [v/v] glycerol) with 0.25% (v/v) Triton X-100 and
Protease inhibitor cocktails (Roche). An aliquot of each ex-
tract was then incubated with k-PPase (New England
Biolabs, Ipswich, MA, USA), and 1� phosphatase inhibitor
(Roche) at 30�C for 30 min. The reaction mixtures were ter-
minated by adding 5� SDS loading buffer and boiling at
95�C for 5 min. Immunoblot analyses were performed with
anti-FLAG and anti-HA antibodies.

Measurement of LUC activity
All reporter constructs used in this study were generated in
the pGreen II 0800-LUC vector according to Hellens et al.
(2005), and the effector constructs were generated using the
pUC119 construct driven by the UBQ10 promoter. The pri-
mers for all constructs are listed in Supplemental Data Set
S1. WT or plda1 pldd protoplasts were prepared and
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transfected as described previously (Yoo et al., 2007). Firefly
LUC and Renilla LUC (REN) activities were determined using
the Dual-LUC Reporter Assay System (Promega, Madison,
WI, USA) and the SpecturaMax i3x Multi-Mode detection
Platform (Molecular Devices). Relative LUC activity was
expressed as the ratio of LUC activity to REN activity.

Identification of in vivo phosphorylation sites by
mass spectrometry
To identify the phosphorylation sites of PLDa1, frozen tis-
sues from 2-week-old UBQ10pro:FLAG-PLDa1 transgenic seed-
lings (10 g fresh weight) were ground in a chilled mortar.
After addition of 10 mL IP buffer (10 mM HEPES, pH 7.4,
150 mM NaCl, 2 mM EDTA, and 10% [v/v] glycerol) with
0.1% (v/v) Triton X-100, phosphatase inhibitor cocktails, and
protease inhibitor cocktail (Roche), the crude extract was
placed on ice for 30 min and centrifuged at 10,000 g for
30 min at 4�C twice. The supernatant was subsequently
transferred to a new microcentrifuge tube, and incubated
with 100 lL anti-FLAG beads at 4�C overnight. Beads were
then washed 10–20 times using IP buffer containing 0.2%
(v/v) Triton X-100, followed by elution in IP buffer at 95�C
for 5 min before immunoblot analysis. The protein band cor-
responding to PLDa1 was visualized by Coomassie brilliant
blue staining, and the gel slice was subjected to mass spec-
trometric analysis at the APTBIO company (Shanghai,
China).

Statistical analysis
Data reported in this study are means± SD of three indepen-
dent experiments unless otherwise indicated. The signifi-
cance of the differences between groups was determined by
a two-tailed Student’s t test (Supplemental Data Set S2).
P5 0.05 or 50.01 were considered significant. The relative
intensities of each band on immunoblots were quantified
using ImageJ.

Accession numbers
Sequence data used in this article can be found in the
Arabidopsis Genome Initiative database under the following
accession numbers: PLDa1 (AT3G15730), PLDd (AT4G35790),
RAP2.12 (AT1G53910), MPK3 (AT3G45640), MPK6 (AT2
G43790), MKK5 (AT3G21220), MPK9 (AT3G18040), CPK12
(AT5G23580), DGK1 (AT5G07920), DGK5 (AT2G20900),
ADH1 (AT1G77120), PYL4 (AT2G38310), ERF6 (AT4G17490),
and ACBP1 (AT5G53470).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. RT-qPCR analysis showing the
expression of PLDs and DGKs in response to submergence.

Supplemental Figure S2. Characterization of T-DNA in-
sertional mutants in PLDa1 and PLDd.

Supplemental Figure S3. PLDa1/d-mediated submer-
gence tolerance is related to H2O2 production and MDA
contents.

Supplemental Figure S4. Recombinant MPK3 and MPK6
proteins bind PA in vitro.

Supplemental Figure S5. Characterization of the mpk3,
mpk6 single mutants, and the mpk3 mpk6-es line.

Supplemental Figure S6. Schematic diagrams of effector
and reporter constructs used in LUC assays.

Supplemental Figure S7. MPK3 and MPK6 phosphorylate
RAP2.1 2 in vitro.

Supplemental Figure S8. Identification of phosphoryla-
tion sites in the RAP2.12 protein.

Supplemental Figure S9. Controls for the BiFC assay of
PLDa1 or PLDd and CPK12 or MPK9 in Arabidopsis.

Supplemental Figure S10. Identification of PLDa1 phos-
phorylation sites.

Supplemental Figure S11. PC and PE contents in WT
and mpk3,6-es plants in response to submergence.

Supplemental Data Set S1. Primers used in this study.
Supplemental Data Set S2. Details of the t test analysis

in this study.
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