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Submergence induces hypoxia in plants; exposure to oxygen following submergence, termed reoxygenation, produces a burst of
reactive oxygen species. The mechanisms of hypoxia sensing and signaling in plants have been well studied, but how plants
respond to reoxygenation remains unclear. Here, we show that reoxygenation in Arabidopsis (Arabidopsis thaliana) involves
rapid accumulation of jasmonates (JAs) and increased transcript levels of JA biosynthesis genes. Application of exogenous
methyl jasmonate improved tolerance to reoxygenation in wild-type Arabidopsis; also, mutants deficient in JA biosynthesis
and signaling were very sensitive to reoxygenation. Moreover, overexpression of the transcription factor gene MYC2 enhanced
tolerance to posthypoxic stress, and myc2 knockout mutants showed increased sensitivity to reoxygenation, indicating that
MYC2 functions as a key regulator in the JA-mediated reoxygenation response. MYC2 transcriptionally activates members of the
VITAMIN C DEFECTIVE (VTC) and GLUTATHIONE SYNTHETASE (GSH) gene families, which encode rate-limiting enzymes
in the ascorbate and glutathione synthesis pathways. Overexpression of VTC1 and GSH1 in the myc2-2 mutant suppressed the
posthypoxic hypersensitive phenotype. The JA-inducible accumulation of antioxidants may alleviate oxidative damage caused
by reoxygenation, improving plant survival after submergence. Taken together, our findings demonstrate that JA signaling
interacts with the antioxidant pathway to regulate reoxygenation responses in Arabidopsis.

Hypoxia, an abiotic stress caused by submergence or
waterlogged soils, can have serious detrimental effects
on the growth of plants and cause severe agricultural
losses. Plants have evolved various strategies to deal
with hypoxia, including the development of anatomical
and morphological traits, stimulation of ethanolic fer-
mentation, and alterations in transcription and metab-
olism (Bailey-Serres and Voesenek, 2008; Bailey-Serres
et al., 2012a, 2012b; Xie et al., 2015a). Most terrestrial

plants are hypersensitive to hypoxic stress, but some
plant species (e.g. rice) can survive for weeks in low-
oxygen environments (Sasidharan and Voesenek, 2015).

The gaseous phytohormone ethylene functions as a
key regulator in plant responses to hypoxic stress
(Bailey-Serres et al., 2012a, 2012b; Voesenek and Bailey-
Serres, 2013; Voesenek and Sasidharan, 2013; Sasidharan
and Voesenek, 2015). Under hypoxic conditions, the ac-
tivities of several ethylene biosynthetic enzymes are
stimulated, which causes an increase in ethylene levels
(Sasidharan and Voesenek, 2015). In terrestrial plants,
ethylene trapped in the plant due to submergence can
trigger cell elongation to facilitate escape from hypoxic
conditions. In contrast, plants that have adapted to
submergence use ethylene as a signal to sense the hy-
poxic environment and initiate adaptive responses
(Voesenek and Bailey-Serres, 2015). Previous studies
revealed that ethylene induces increases in the levels
of the transcripts of group VII ethylene response
factor (ERF) genes, including HYPOXIA RESPONSIVE
ERF1 and RELATED TO AP2.2 (RAP2.2) in Arabidopsis
(Arabidopsis thaliana; Hinz et al., 2010; Yang et al., 2011)
and SUBMERGENCE1A (SUB1A), SNORKEL1, and
SNORKEL2 in rice (Oryza sativa; Xu et al., 2006; Hattori
et al., 2009). Five group VII ERF genes have been identi-
fied in Arabidopsis, and their regulatory roles in hypoxia
sensing have been well characterized (Sasidharan and

1 This work was supported by the National Natural Science Foun-
dation of China (Projects 31670276, 31461143001,and 31370298 to S.X.),
Program for New Century Excellent Talents in University (Project
NCET-13-0614 to S.X.), Natural Science Foundation of Guangdong
Province, China (Project 2015A030313122 to Q.-F.C.), China Postdoc-
toral Science Foundation (Projects 2015M572400 and 2016T90809 to
L.-J.X.), and Sun Yat-sen University (start-up fund to S.X.).

2 These authors contributed equally to the article.
* Address correspondence to xiaoshi3@mail.sysu.edu.cn.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is: Shi
Xiao (xiaoshi3@mail.sysu.edu.cn).

S.X. designed the research; L.-B.Y., Y.-S.D., L.-J.X., Y.Z., Y.-X.L.,
Y.-C.Y., and L.X. carried out most of the experiments; S.X., L.-B.Y.,
L.-J.X., L.-J.Y., and Q.-F.C. analyzed the data; S.X., L.-B.Y., and L.-J.X.
wrote the manuscript.

www.plantphysiol.org/cgi/doi/10.1104/pp.16.01803

1864 Plant Physiology�, March 2017, Vol. 173, pp. 1864–1880, www.plantphysiol.org � 2017 American Society of Plant Biologists. All Rights Reserved.

http://orcid.org/0000-0001-5303-8676
http://orcid.org/0000-0002-6632-8952
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.16.01803&domain=pdf&date_stamp=2017-02-24
mailto:xiaoshi3@mail.sysu.edu.cn
http://www.plantphysiol.org
mailto:xiaoshi3@mail.sysu.edu.cn
http://www.plantphysiol.org/cgi/doi/10.1104/pp.16.01803


Mustroph, 2011; Bailey-Serres et al., 2012a, 2012b; van
Dongen and Licausi, 2015; Sasidharan and Voesenek,
2015). Thesefive ERFproteins have conservedN-terminal
motifs, which are targets for oxygen-dependent proteo-
lytic degradation through the N-end rule pathway (Gibbs
et al., 2011; Licausi et al., 2011). Moreover, constitutive
overexpression of these ERFs significantly improves plant
tolerance to flooding and/or hypoxic stress (Xu et al.,
2006; Fukao et al., 2006; Papdi et al., 2008;Hinz et al., 2010;
Jung et al., 2010; Licausi et al., 2010;Mustroph et al., 2010),
suggesting that this subgroup of ERFs have conserved
functions in mediating hypoxia signaling and hypoxia
tolerance in monocots and dicots.
Recent findings suggest that in most plant species,

re-exposure of the plants to normoxic conditions when
the water recedes, the posthypoxic period, termed
reoxygenation, causes more severe challenges than the
hypoxia itself (Subbaiah and Sachs, 2003). During
reoxygenation, many hypoxia-acclimated physiologi-
cal changes, such as energy shortages, cytoplasmic
acidification, and accumulation of toxins produced by
anaerobic respiration, are detrimental to plant survival
(Biemelt et al., 1998; Pavelic et al., 2000; Branco-Price
et al., 2008; Shingaki-Wells et al., 2014; Tamang et al.,
2014; Tamang and Fukao, 2015). Moreover, in response
to the high-energy demands of the reactivated metab-
olism in plant cells during reoxygenation, the increased
oxygen uptake and accelerated mitochondrial activities
are associated with accumulation of reactive oxygen
species (ROS; Biemelt et al., 1998; Pavelic et al., 2000;
Rawyler et al., 2002; Blokhina et al., 2003). This in-
creased ROS production causes lipid peroxidation and
increases membrane leakage, which can lead to exces-
sive water loss (Fukao et al., 2011). Amore recent report
revealed that in rice, SUB1A1 physically interacts
with and is phosphorylated by one member of the
MAPK cascade, MPK3 (Singh and Sinha, 2016). In
Arabidopsis, MPK3 associates with oxygen deprivation-
and reoxygenation-triggered ROS production (Chang
et al., 2012).
Reoxygenation activates the antioxidant defense

system, which includes enzymatic and nonenzymatic
antioxidants, to eliminate ROS-induced damage and
maintain cellular redox homeostasis (Monk et al., 1987;
Ushimaru et al., 1992; Biemelt et al., 1998; Skutnik and
Rychter, 2009). Ascorbate (AsA) and glutathione (GSH)
are two potent nonenzymatic antioxidants that can
detoxify ROS by the AsA-GSH cycle in plant cells
(Foyer and Noctor, 2011). The increased antioxidant
capacity to scavenge ROS improves plant tolerance
to environmental stresses including drought, salinity,
cold, heavy metals, and pathogen infection (Sharma
et al., 2012). In rice seedlings, total AsA and GSH levels
did not change significantly in submerged seedlings
compared to air-grown controls; however, AsA and
GSH levels increasedmarkedly upon re-exposure of the
submerged seedlings to normoxic conditions (Ushimaru
et al., 1992). In contrast, significant increases in the re-
duced forms of AsA and GSH were observed in the
roots of wheat seedlings under hypoxic conditions

(Biemelt et al., 1998). Two hours after hypoxia, the
contents of both antioxidants had declined rapidly and
were restored to high levels after 16 h of reoxygenation
(Biemelt et al., 1998). Different antioxidant defense
systems, i.e. the AsA-GSH and the alternative oxidase
systems, regulate ROS detoxification in the leaves and
roots, respectively, of barley subjected to anoxia and
postanoxia conditions (Skutnik and Rychter, 2009).
Although the essential role of antioxidant defense sys-
tems in plants for survival of reoxygenation has been
extensively studied, their upstream regulatory signal-
ing pathways remain unknown.

Jasmonates (JAs), a family of lipid-derived phyto-
hormones, function in diverse biological activities in-
cluding plant growth, development, and defense
(Farmer et al., 2003; Browse, 2009; Kazan and Manners,
2012; Wasternack and Hause, 2013; Song et al., 2014).
Previous findings indicated that JA may serve as an
upstream signal to regulate plant oxidative stress tol-
erance, possibly by modulating the biosynthesis of
antioxidant compounds (Xiang and Oliver, 1998;
Sasaki-Sekimoto et al., 2005; Wolucka et al., 2005;
Dombrecht et al., 2007; Shan and Liang, 2010; Guo et al.,
2012), though how JA regulates the antioxidant defense
system remains unknown. Here, we show that in Ara-
bidopsis leaves, the levels of endogenous JA and JA-Ile
decreased during submergence but increased rapidly
during reoxygenation. We also demonstrate that the
application of exogenous methyl jasmonate (MeJA)
improved the tolerance of Arabidopsis to reoxygena-
tion stress, while mutants deficient in JA biosynthesis
and signaling showed increased sensitivities to reox-
ygenation. The transcription factor MYC2 is a key reg-
ulator of the JA-mediated reoxygenation response. By
transcriptomic, biochemical, and genetic analyses, we
further confirmed that MYC2 contributes to plant
tolerance to reoxygenation by directly activating the
expression of VTCs and GSHs, which encode the rate-
limiting enzymes of the AsA and GSH biosynthesis
pathways. Thus, our findings demonstrate that JA
signaling interacts with the antioxidant defense path-
way to regulate the response to reoxygenation in
Arabidopsis.

RESULTS

Reoxygenation Causes an Increase in Endogenous Levels
of JAs and Induces the Expression of JA
Biosynthesis Genes

The defense phytohormones ethylene, JA, salicylic
acid (SA), and abscisic acid (ABA), play key roles
in plant responses to hypoxia and reoxygenation
(Voesenek et al., 2003; Tsai et al., 2014; Chen et al., 2015).
To investigate the exact mechanisms by which phyto-
hormones regulate plant responses to reoxygenation,
we measured the endogenous levels of JA, SA, and
ABA at various time points during submergence
(Supplemental Fig. S2, A and B) and reoxygenation
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(Fig. 1A; Supplemental Figs. S1A and S2C) in the wild
type and/or the JA-deficient mutant aos, which is de-
fective in the ALLENE OXIDE SYNTHASE (AOS) gene
encoding one of the key enzymes in the JA biosynthesis
(von Malek et al., 2002). To distinguish the reoxygena-
tion response from that of hypoxia or dark treatment,
we also measured these phytohormones in the wild
type and aos mutant plants under constant darkness
(Fig. 1A; Supplemental Figs. S1A and S2A). During
submergence, the levels of JA and JA-Ile increased
slightly in the wild-type plants at the early stages (1, 3,
and 6 h) but significantly declined at the late stages (12,
24, and 36 h) in comparison to the dark-treated, non-
submerged wild-type controls (Supplemental Fig.
S2A). As expected, the aos mutant showed consis-
tently low levels of JA and JA-Ile at all time points

(Supplemental Fig. S2A). We also observed that
submergence significantly reduced the levels of SA at
1, 3, 6, 12, and 24 h, and ABA at 3, 6, 12, 24, and 36 h of
submergence (Supplemental Fig. S2B). The decreases
in SA under dark submergence were consistent with
our previous findings (Chen et al., 2015) in which
we measured SA levels upon submergence in nor-
mal light/dark conditions. By contrast, measure-
ments made during postsubmergence reoxygenation
showed increases in JA, JA-Ile, SA, and ABA at dif-
fering levels (Fig. 1A; Supplemental Figs. S1A and
S2C). In particular, the levels of JA and JA-Ile rapidly
increased at 0.5 h and peaked at 6 h of reoxygenation
(Fig. 1A; Supplemental Fig. S1A).

To further understand the reoxygenation-induced
accumulation of JA, we examined the transcript levels

Figure 1. Induction of JA biosynthesis by reoxygenation. A, The endogenous JA levels in the wild type (WT) and aos mutant in
response to submersion and reoxygenation. Four-week-old WT and aos mutant plants were treated with dark only or dark sub-
mergence for 24 h followed by reoxygenation. Rosette leaf samples were collected for JA extraction at 0 and 24 h of dark or dark
submergence as well as 0.5, 1, 3, 6, 12, and 24 h of reoxygenation and then analyzed by liquid chromatography/mass spec-
trometry. H2-JAwas added as an internal quantitative standard. Two biological replicateswere conductedwith similar results, and
the representative data from one replicate is shown. The data are means 6 SD (n = 8 technical replicates; 200 mg of leaves
harvested from three independent plants were pooled for each technical replicate). B, Quantitative PCR analyses showing the
reoxygenation-inducible expression of JA biosynthetic genes (LOX1, LOX2, LOX3, LOX4, LOX5, LOX6, AOS, AOC1, AOC2,
AOC3, AOC4,OPR3,OPCL1, and JAR1). Total RNAwas isolated from rosettes of 4-week-old soil-grown plants at 0 and 24 h of
dark or dark submergence at 0.5, 1, 3, 6, and 12 h of reoxygenation. Transcript levels relative to 0 h (prior to treatment) for each
time point were normalized to the levels of TUB3. Three biological replicates were conducted with similar results, and the
representative data from one replicate is shown. The data are means 6 SD (n = 3 technical replicates). Asterisks with “H” or “L”
indicate significant higher or lower than that of WT (*P , 0.05; **P , 0.01 by Student’s t test).
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of genes involved in the JA biosynthesis pathway, in-
cluding LIPOXYGENASE1 (LOX1), LOX2, LOX3,
LOX4, LOX5, LOX6, AOS, ALLENE OXIDE CYCLASE1
(AOC1), AOC2, AOC3, AOC4, 12-OXOPHYTODIENOATE
REDUCTASE3 (OPR3), OPC-8:0-CoA LIGASE1 (OPCL1),
and JASMONATE RESISTANT1 (JAR1). As expected,
all of these genes were upregulated during reoxyge-
nation (Fig. 1B; Supplemental Fig. S1B). Consistent with
the JA response to submergence, the transcript levels of
most JA biosynthesis genes increased slightly at 1 h of
submergence but significantly declined thereafter
(Supplemental Fig. S3). These results suggest that
reoxygenation triggers the production of endogenous
JAs in Arabidopsis.

Exogenous Application of MeJA Enhances Plant Tolerance
to Postsubmergence Reoxygenation

To further explore the role of JAs in the reoxygenation
response, we next examined the effect of exogenous
application of MeJA on plant tolerance to reoxygenation
following submergence. Four-week-oldwild-type plants
were pretreated with 100 mM MeJA or water control for

24 h and subsequently submerged and maintained in
darkness for 48 h followed by reoxygenation for various
times. As shown in Figure 2A, the plants displayed few
phenotypic differences before or immediately after the
submergence treatment. However, following reoxyge-
nation for 2, 3, and 4 d, the MeJA-treated plants showed
enhanced tolerance in comparison to the mock-treated
controls (Fig. 2A), and had significantly higher survival
rates (Fig. 2B) and dry weights (Fig. 2C) than the water-
treated controls. As controls, the MeJA-treated and
mock-treated plants showed no significant differences
upon 48-h darkness followed by 2- and 4-d recovery
(Supplemental Fig. S4A). These results suggest that ex-
ogenous MeJA improves plant tolerance to post-
submergence reoxygenation.

A Deficiency of JA Biosynthesis and Signaling Confers
Hypersensitivity to Postsubmergence Stress

To further investigate the role of JA signaling in plant
responses to reoxygenation, mutants deficient in JA
biosynthesis (lox2-S and aos) and signaling (jar1; jar1-1
and coronatine insensitive1 [coi1]; coi1-2) were subjected

Figure 2. Involvement of JA biosynthesis in the
plant response to reoxygenation. A to C, pheno-
types (A), survival rates (B), and dry weights (C) of
wild-type plants treatedwith exogenousMeJA and
then subjected to submergence and reoxygena-
tion. Four-week-old wild-type plants were pre-
treated with 100 mM MeJA or mock solution (0.1%
ethanol in water) for 24 h. Images were photo-
graphed before submergence (Air) and after 48 h
dark submergence (Submergence) followed by
reoxygenation for 1, 2, 3, and 4 d (R1, R2, R3, and
R4). D to F, phenotypes (D), survival rates (E), and
dry weights (F) of lox-S and aos mutants and their
corresponding controls (lox2-AS and Col-0;
4-week-old) before submergence (Air) and after
48 h dark submergence (Submergence) followed
by reoxygenation for 1, 2, 3, and 4 d (R1, R2, R3,
and R4). The data in B, C, E, and F are means6 SD

(n = 3 independent experiments). For each exper-
iment, at least 15 plants were used for each gen-
otype. Asterisks indicate significant differences
from the mock treatment or wild-type control
(*P , 0.05; **P , 0.01 by Student’s t test).
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to submergence for 48 h in darkness, and their pheno-
types were observed during reoxygenation. The
4-week-old JA-deficient mutants displayed few mor-
phological differences compared to the wild type either
prior to and immediately after submergence (Figs. 2D
and 3A) or upon dark treatment alone (Supplemental
Figs. S4B and S5A). However, following reoxygenation
for 2 and 4 d, the JA-deficient mutants exhibited sig-
nificantly increased sensitivity in comparison to their
respective wild-type controls (Figs. 2D and 3A). The JA-
deficient mutants had significantly lower survival rates
and dry weights than those of the wild type after 2, 3,

and 4 d of reoxygenation (Figs. 2, E and F, and 3B).
These results indicate that JA deficiency compromises
the plant’s tolerance to posthypoxic stress.

To test whether the protein stability of jasmonate-
ZIM domain (JAZ) proteins was affected by submer-
gence and reoxygenation, histochemical staining was
carried out to detect the levels of JAZ1-GUS fusion
proteins in the wild type and coi1 backgrounds (Thines
et al., 2007). As shown in Figure 3C, the JAZ1-GUS
protein levels increased in the roots of the wild-type
plants during both dark and light submergence; how-
ever, when the plants were exposed to oxygen for 24 h
after submergence, the JAZ1-GUS protein levels di-
minished in the root tissues of the wild-type plants but
remained in the coi1 mutant (Fig. 3C), suggesting that
reoxygenation promotes COI1-dependent degradation
of JAZ1 proteins.

MYC2 Is a Key Regulator in Plant Responses
to Reoxygenation

To understand how JA modulates the plant’s re-
sponse to reoxygenation, we further tested the tolerance
to reoxygenation after submergence of overexpression
(MYC2-OE) and loss-of-function (jin1-9 and myc2-2)
lines of MYC2, which encodes a key transcription factor
essential for JA signaling (Boter et al., 2004; Lorenzo
et al., 2004). Phenotypic analyses revealed that, similar to
the other JA-defective mutants, the MYC2-OE, jin1-9,
and myc2-2 lines showed no significant differences
compared to the wild type either prior to and immedi-
ately after submersion (Fig. 4A) or upon 48-h dark
treatment (Supplemental Fig. S5, C and D). However,
after 4 d of reoxygenation, theMYC2-OE line displayed
less damage while the jin1-9 and myc2-2 mutants dis-
played more damage compared to the wild type (Fig.
4A). The enhanced tolerance of MYC2-OE and attenu-
ated tolerance of jin1-9/myc2-2 to reoxygenation were
further confirmed by the survival rates and dryweights
of the plants following reoxygenation (Fig. 4B).

To further investigate the genome-wide regulation of
MYC2 during reoxygenation, leaves of 4-week-old
wild-type and myc2-2 mutant plants from the non-
submerged control and the reoxygenation conditions
were subjected to transcriptome sequencing. In the
plants reoxygenated for 3 h, we identified 1883 genes
that were differentially expressed by more than 2-fold,
of which 1715 genes were upregulated and 168 genes
were downregulated in the myc2-2 mutant in compar-
ison with the wild type (Supplemental Table S1). Fur-
ther analyses of the differentially expressed genes
(DEGs; more than 2-fold and false discovery rate
[FDR] , 0.01) revealed that the transcripts of 24 genes
involved in either JA biosynthesis or signaling path-
ways, including OPR3, AOS, DEFECTIVE IN ANTHER
DEHISCENCE1, JAR1, and most of the JAZs, were ac-
tivated by reoxygenation in the wild-type plants,
while the levels of these transcripts were significantly
lower in the myc2-2 mutant (Fig. 4C). In contrast, the

Figure 3. Essential role of JA signaling in the plant response to reox-
ygenation. A, phenotypes of wild type (WT), jar1-1, and coi1-2 before
submergence (Air) and after 48 h dark submergence (Submergence)
followed by reoxygenation 4 d (Reoxygenation). B, Survival rates (top)
and dry weights (bottom) of WT, jar1-1, and coi1-2 after 2 d dark sub-
mergence followed by a 4 d reoxygenation period. The data are
means 6 SD (n = 3 independent experiments). For each experiment, at
least 15 plants were used for each genotype. Asterisks indicate signifi-
cant differences from the untreated or WT control (**P , 0.01 by Stu-
dent’s t test). C, Analysis of JAZ1-GUS protein stability before
submergence (Air), after dark or light submergence (DS or LS), and
during reoxygenation (R1). Ten-day-old transgenic lines expressing
JAZ1-GUS in WT and coi1-1 mutant backgrounds were untreated or
treated with DS or LS for 24 h followed by a 24 h reoxygenation period.
The seedlings were collected and were subsequently stained with
X-Gluc.
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reoxygenation-induced transcripts of 14 SA-associated
genes, such as ENHANCEDDISEASE SUSCEPTIBILITY1,
PHYTOALEXINDEFICIENT4 (PAD4),NONEXPRESSOR
OF PR1, ENHANCEDDISEASE SUSCEPTIBILITY16, and
WRKY59, were significantly higher in the myc2-2 mutant
than in the wild type (Fig. 4D). Moreover, we observed
that nine genes involved in antioxidant synthesis were
differentially regulated in the reoxygenated wild-type
plants (Supplemental Table S2). These genes encoding
key enzymes for the synthesis of AsA and GSH, in-
cluding VITAMIN C DEFECTIVE2 (VTC2), VTC5, and
GLUTATHIONE SYNTHETASE1 (GSH1), were mark-
edly upregulated, but the levels of these transcripts were
significantly reduced in the reoxygenated myc2-2mutant
plants (Fig. 4E).
To confirm the transcriptional regulation of antioxi-

dant synthesis by JA signaling, we further analyzed the
expression levels of several genes essential for antioxi-
dant homeostasis, includingVTC1,VTC2,VTC5,GSH1,

GSH2, ASCORBATE PEROXIDASE2 (APX2), DEHY-
DROASCORBATE REDUCTASE1 (DHAR1), MONO-
DEHYDROASCORBATE REDUCTASE3 (MDHAR3),
and GLUTATHIONE-DISULFIDE REDUCTASE1 (GR1),
in response to reoxygenation in the wild-type, coi1-2,
myc2-2, andMYC2-OE plants. As shown in Figure 5 and
Supplemental Figure S6A, the expression levels of these
genes were significantly higher in the MYC2-OE line
than in thewild type under untreated and submergence
conditions. This up-regulation was further enhanced in
the MYC2-OE line in response to reoxygenation for
1 and 3 h (Fig. 5). In contrast, this activation was not
observed in the dark-treated wild-type and MYC2-OE
plants (Supplemental Fig. S6B). During reoxygenation,
the expression levels of these antioxidant genes were
reduced in the coi1-2 and myc2-2 mutants compared to
those in the wild-type plants (Fig. 5). Taken together,
these findings indicate that MYC2 is a key regulator
in the JA-mediated plant response to reoxygenation,

Figure 4. MYC2 is a key transcription factor in
the regulation of plant tolerance to reoxyge-
nation and antioxidant synthesis gene expres-
sion. A, Phenotypes of wild type (WT),
MYC2-OE, jin1-9, and myc2-2 before sub-
mergence (Air) and after 2 d dark submergence
(Submergence) followed by 4 d of reoxygena-
tion (Reoxygenation). B, Survival rates (top)
and dry weights (bottom) of WT, MYC2-OE,
jin1-9, andmyc2-2 after 2 d dark submergence
followed by a 4 d reoxygenation period. The
data are means 6 SD (n = 3 independent ex-
periments). For each experiment, 15 plants
were used for each genotype. Asterisks indi-
cate significant differences from WT (*P ,
0.05 by Student’s t test). “H” and “L” indicate
significantly higher or lower values, respec-
tively, than in the WT. C to E, Hierarchical
cluster analyses applied to the 24 DEGs (more
than 2-fold and FDR, 0.01) in the JA pathway
(C), 14 DEGs in the SA pathway (D), and nine
DEGs of the antioxidant syntheses (E) inmyc2-
2 mutant in comparison with WT before
treatment (Air) and upon 3 h of reoxygenation
(Reoxygenation). The transcriptional profiles of
relative gene expression values were analyzed
using the heatmap 2.0 command of the R
language. Red and blue colors represent
upregulated and downregulated genes, re-
spectively. The log2 fold change values from
pairwise comparison of myc2-2 mutant with
WTunder air or upon reoxygenation are shown
in Supplemental Tables S1 and S2.
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possibly through its transcriptional regulation of genes
involved in antioxidant defense responses.

MYC2 Regulates Reoxygenation-Induced Production
of Antioxidants

Given that the transcripts of AsA and GSH synthesis-
associated genes were down-regulated in response to
reoxygenation in the myc2 mutant and upregulated in
MYC2-OE plants (Fig. 5), we investigated whether
MYC2 contributes to the maintenance of AsA and GSH
levels in plant cells by comparing the contents of AsA
and GSH in the wild-type, coi1-2, myc2-2, and MYC2-
OE plants under untreated, submerged, and reoxy-
genated conditions. Consistent with the transcriptome
data, our analyses showed that reoxygenation, but not
dark recovery, elevated the levels of both AsA andGSH
in the wild-type plants (Fig. 6; Supplemental Figs. S7, A
and B). In the untreated plants, the levels of AsA and
GSH were lower in the coi1-2 and myc2-2 mutants and
higher in the MYC2-OE plants than in the wild type,
and these differences were further enhanced by reox-
ygenation (Fig. 6).

To examine the effect of JA-regulated antioxidants on
the reoxygenation-induced accumulation of ROS, we
detected in situ hydrogen peroxide (H2O2) levels in the
leaves of treated and untreatedwild-type, coi1-2,myc2-2,
and MYC-OE plants using diaminobenzidine (DAB)
staining. In thewild-type leaves, both submergence and
reoxygenation triggered the production of H2O2 as in-
dicated by the yellow-brown color (Fig. 7A). However,
much higher levels of H2O2 were detected in the leaves
of the coi1-2 and myc2-2 mutants in the submergence

and reoxygenation treatments in comparison with
those of the wild type and untreated or dark-treated
controls (Fig. 7A; Supplemental Fig. S9). In contrast,
only faint signals were detected in theMYC2-OE leaves
from the submergence and reoxygenation treatments
(Fig. 7A). The DAB staining results were further con-
firmed by quantitative measurements of H2O2 and
malondialdehyde (MDA) using an Amplex Red-
coupled fluorescence assay and a thiobarbituric acid
reactive assay, respectively. After 3, 6, and 12 h of
reoxygenation, the coi1-2 and myc2-2 mutants con-
tained higher levels of H2O2 and MDA, while the
MYC2-OE plants contained lower levels than the wild
type (Fig. 7, B and C; Supplemental Fig. S8).

Given that the enhanced ROS scavenging capability
produced by overexpression of SUB1A improved plant
tolerance to rapid dehydration following submergence
(Fukao et al., 2011), we further evaluated membrane
integrity by measuring electrolyte leakage and water
loss in leaves of the wild-type, coi1-2, myc2-2, and
MYC2-OE plants before and during reoxygenation. As
shown in Figure 7D, reoxygenation significantly in-
duced ionic leakage in the wild-type leaves, which
could be the direct result of the lipid peroxidation
detected by MDA assay. After 1, 3, 6, and 12 h of
reoxygenation, the leaves of the coi1-2 and myc2-2
mutants showed significantly higher ionic leakage than
the wild-type leaves (Fig. 7D; Supplemental Fig. S8C).
In contrast, ionic leakage in the leaves of the MYC2-OE
lines was significantly lower than in the wild type (Fig.
7D; Supplemental Fig. S8C). After 20 to 180 min of
reoxygenation, the MYC2-OE lines showed less water
loss, and the coi1-2 and myc2-2 mutants showed severe

Figure 5. Relative transcript levels
of antioxidant defense-related genes
in the wild type (WT), coi1-2,myc2-
2, and MYC2-OE lines during reox-
ygenation. Total RNA was extracted
from 4-week-old plants before sub-
mergence (Air) and after 24 h dark
submergence (Sub) followed by
1 and 3 h reoxygenation (R1 and R3).
The relative expression levels of an-
tioxidant synthesis-related genes
(VTC1, VTC2, VTC5, GSH1, and
GSH2) and genes encoding en-
zymes involved in ROS detoxification
(APX2 , DHAR1 , MDHAR3 , and
GR1) were determined by qPCR.
Transcript levels relative to theWTat
0 hwere normalized to that of TUB3.
Three biological replicates were
conducted with similar results. The
data are means6 SD (n = 3 technical
replicates). Asterisks with “H” or “L”
indicate significantly higher or lower
expression level than that of WT of
each time point (*P , 0.05; **P ,
0.01 by Student’s t test).
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water loss in comparisonwith thewild-type leaves (Fig.
7E; Supplemental Fig. S8D).

VTC1, VTC2, VTC5, GSH1, and GSH2 Are Direct Targets of
MYC2 In Vivo

Previous studies have revealed that MYC2 binds to
the G-box motif in the promoters of JA-responsive
genes to directly regulate their transcription
(Dombrecht et al., 2007; Chen et al., 2011; Kazan and
Manners, 2013; Qi et al., 2015).We investigatedwhether
MYC2 directly binds to the promoters of the GSH1,
GSH2, VTC1, VTC2, and VTC5 genes in vivo and
in vitro. First, we analyzed the promoter sequences of
these genes and found several G-box or G-box-like
motifs in all five promoters (Fig. 8A; Supplemental
Fig. S10A). We therefore performed chromatin
immunoprecipitation-quantitative PCR (ChIP-qPCR)
analysis to determine the in vivo interaction between
MYC2 and the potential G-box motifs, using theMYC2-

OE line. Our results showed that one DNA fragment of
each promoter, particularly P2 in VTC1, VTC2, and
GSH1, and P3 in VTC5 and GSH2, was enriched in the
DNA immunoprecipitated using the anti-MYC2 anti-
body (Fig. 8B; Supplemental Fig. S10B).

To validate the ChIP-qPCR data, we analyzed the
interaction between MYC2 and G-box-like motifs in the
VTC1 and GSH1 promoters using electrophoretic mo-
bility shift assays (EMSA). When the P2 fragments
of the VTC1 and GSH1 promoters were labeled as
probes, the mobility of each fragment significantly
decreased in the presence of nuclear proteins from
MYC2-OE plants (Fig. 8C, lane 2). Moreover, the cold
competitors (50-, 100-, and 200-fold of the same frag-
ments, not labeled) were sufficient to reduce the bind-
ing of MYC2 to the labeled P2 fragments (Fig. 8C, lanes
3, 4, and 5). When the core G-box sequence (CATGTG
or CACATG) of the P2 fragment was mutated to
TTTTTT or AAAAAA, the interactions of VTC1 and
GSH1 promoters with the MYC2 protein were signifi-
cantly impaired in the same assay (Fig. 8C, lane 6).
Taken together, our results revealed that the antioxi-
dant synthesis genes VTC1, VTC2, VTC5, GSH1, and
GSH2 are direct targets of MYC2 in vivo and in vitro.

Overexpression of VTC1 and GSH1 Overcomes the
Hypersensitivity to Reoxygenation of the myc2 Mutant

To further investigate the roles of AsA and GSH in
plant responses to reoxygenation, we next evaluated
the phenotypes of the loss-of-function and over-
expression lines of VTC1 and GSH1 to post-
submergence reoxygenation. When the plants were
submerged for 48 h under dark conditions or subjected
to dark treatment for 48 h followed by recovery, the
vtc1-1 and GSH-depleted pad2 (pad2-1) mutants
(Glazebrook and Ausubel, 1994; Conklin et al., 1996) as
well as the VTC1 and GSH1 overexpression lines
(VTC1-OE and GSH1-OE; Hatano-Iwasaki and Ogawa,
2012; Wang et al., 2013) displayed no visible differences
compared to the wild type (Fig. 9A; Supplemental Fig.
S11). However, after 4 d of reoxygenation, both the
vtc1-1 and pad2-1mutants displayed increased sensitivity
to reoxygenation while the VTC1-OE and GSH1-OE
lines displayed a level of tolerance comparable to the
wild type (Fig. 9, A and B).

To investigate the genetic interaction between JA
signaling and antioxidant defense pathways, the myc2-
2 mutant was crossed to the VTC1-OE and GSH1-OE
lines and the resulting myc2-2 VTC1-OE and myc2-2
GSH1-OE lines were characterized. As shown in Fig-
ure 9, when the plants were treated with dark sub-
mergence for 48 h followed by 4 d of reoxygenation, the
hypersensitivity of myc2-2 was rescued by over-
expression of either VTC1 or GSH1 (Fig. 9C), as indi-
cated by the improved survival rates and dryweights of
the myc2-2 VTC1-OE and myc2-2 GSH1-OE lines in
comparison with the myc2-2 single mutant (Fig. 9D).
These results indicate that JA-mediated antioxidant

Figure 6. MYC2 is required for regulation of reoxygenation-induced
accumulation of AsA and GSH. Total AsA and GSH contents were
measured in 4-week-old wild-type (WT), coi1-2, myc2-2, and MYC2-
OE plants before submergence (Air) and after 24 h dark submergence
(Sub) followed by 12 h reoxygenation (R12). Two biological replicates
were conducted with similar results. The data are means 6 SD (n =
5 technical replicates). Asterisks indicate significant differences from
WT (*P , 0.05; **P , 0.01 by Student’s t test). “H” and “L” indicate
significantly higher or lower contents, respectively, of AsA and GSH in
the mutants or transgenic lines than in the WT.
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accumulation in response to reoxygenation occurs
through transcriptional regulation of VTC1 and GSH1
by the MYC2 transcription factor.

DISCUSSION

Postsubmergence reoxygenation involves a burst of
ROS, which causes oxidative stress in plant cells
(Biemelt et al., 1998; Pavelic et al., 2000; Rawyler et al.,

2002; Blokhina et al., 2003). To cope with the increased
levels of ROS, the cells activate the antioxidant defense
systems, including the AsA-GSH cycle and antioxidant
enzymes, to maintain cellular redox homeostasis
(Monk et al., 1987; Ushimaru et al., 1992; Biemelt et al.,
1998; Skutnik and Rychter, 2009). Although the role of
antioxidants in the plant response to reoxygenation has
been well documented, the regulatory mechanism of
the low oxygen-dependent activation of antioxidant
defenses is still unclear. Here, we demonstrated that JA

Figure 7. Analyses of ROS contents in wild-type
(WT), coi1-2, myc2-2, and MYC2-OE plants in
response to reoxygenation. A, DAB staining
showing the accumulation of ROS in the leaves of
4-week-old WT, coi1-2, myc2-2, and MYC2-OE
plants before submergence (Air) and after 24 h
dark submergence (Submergence) followed by 6 h
reoxygenation (Reoxygenation). In contrast to the
WT leaves, a weak ROS signal was observed in the
MYC2-OE plants while strong ROS accumulation
was detected in the coi1-2 and myc2-2 mutants
during reoxygenation. Bars = 500 mm. B and C,
Contents of H2O2 (B) and MDA (C) in the 4-week-
old WT, coi1-2, myc2-2, and MYC2-OE plants
before submergence (Air) and after 24 h dark
submergence (Sub) followed by 3, 6, and 12 h
reoxygenation (R3, R6, and R12). D, Electrolyte
leakage in the 4-week-old WT, coi1-2, myc2-2,
andMYC2-OE plants after 24 h dark submergence
(Sub) and reoxygenation for 1, 3, 6, and 12 h (R1,
R3, R6, and R12). E, Water loss in the 4-week-old
WT, coi1-2, myc2-2, and MYC2-OE leaves im-
mediately after 24 h dark submergence (which
was set to 0 min) and reoxygenation for 20, 40, 60,
80, 100, 120, 140, 160, and 180 min. All of the
experiments were performed in triplicate with
similar results. The data are means 6 SD (n =
6 technical replicates). Asterisks indicate signifi-
cant differences from WT (*P , 0.05; **P , 0.01
by Student’s t test). “H” and “L” indicate values
that are significantly higher or lower, respectively,
in the mutants or transgenic lines than in the WT.
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is a dominant signaling molecule that is specifically
involved in the regulation of antioxidant defense in
response to postsubmergence reoxygenation. First, the
transcripts of JA biosynthesis genes and the levels of JA
and JA-Ile in Arabidopsis leaves were significantly in-
duced by reoxygenation (Fig. 1). Second, the mutants
deficient in either JA synthesis or signaling pathways,
including aos, lox2-S, jar1, coi1, and myc2, showed hy-
persensitivity to reoxygenation and the exogenous ap-
plication of MeJA and overexpression of MYC2
enhanced plant tolerance to reoxygenation (Figs. 2–4).
Third, the attenuated and improved tolerance pheno-
types of the myc2-2 mutant and MYC2-OE line, re-
spectively, were consistent with the expression levels of
antioxidant defense genes and the cellular contents of
antioxidant compounds (Figs. 4–6). Fourth, MYC2 was
observed to bind to the promoters of VTC and GSH
gene family members, to activate their transcription
(Fig. 8). Finally, the sensitivity to reoxygenation in the

myc2-2 mutant was completely rescued by constitutive
overexpression of the VTC1 and GSH1 genes in the
myc2 VTC1-OE and myc2 GSH1-OE lines (Fig. 9).
Overall, these findings demonstrate that JA is essential
for protection from reoxygenation-induced oxidative
injuries through direct activation of the antioxidant
defense system in Arabidopsis.

Under natural conditions, submergence involves
three distinct stages, hypoxia, anoxia, and reoxygena-
tion when the water is removed, as determined by the
progressive changes in oxygen levels in plant cells
(Blokhina et al., 2003). Increasing evidence suggests
that in shoot and root tissues, increased ROS produc-
tion occurs in plant responses to these stresses, espe-
cially to reoxygenation (Blokhina et al., 2003; Fukao et al.,
2011; Chang et al., 2012; Voesenek and Sasidharan, 2013;
Shingaki-Wells et al., 2014; Campbell et al., 2015). In
plants, low levels of ROS serve as signaling molecules
to sense low-oxygen environments and to stimulate

Figure 8. MYC2 directly binds to the promoters of
VTC1 and GSH1. A, Schematic diagram of the
potential G-box and G-box-like motifs in the
promoter sequences of theVTC1 andGSH1 genes.
Numbers indicate the nucleotide positions relative
to their corresponding translational start site
(ATG), which is shown as +1. B, ChIP-qPCR
analyses showing the in vivo interaction of MYC2
with the DNA fragments in the promoters of VTC1
and GSH1. The protein/DNA complexes isolated
from 2-week-old MYC2-OE plants were immu-
noprecipitated with or without the anti-MYC2
antibodies. For each promoter, three DNA frag-
ments (P1, P2, and P3) were used to determine the
enrichment of the DNA fragment containing the
G-box and G-box-like motifs. The ACTIN2 pro-
moter fragment was used as a negative control.
The data are means 6 SD (n = 3 independent ex-
periments). C, EMSA analyses showing the binding
of MYC2 to the DNA probes of VTC1 and GSH1
promoters in vitro. Biotin-labeled probes were
incubated with nucleoproteins extracted from
2-week-old MYC2-OE seedlings. The free and
bound DNAs (arrows) were separated in an ac-
rylamide gel. The excess cold, unlabeled probes
were used as competitors (lanes 3, 4, and 5), and
the mutated probes (lane 6) were produced by
replacing the G-box-like motifs.
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adaptive processes (Fukao and Bailey-Serres, 2004;
Voesenek and Sasidharan, 2013). For example, the most
stable ROS, H2O2, is an important signal that controls
the activity of ADH1, which subsequently regulates the
rates of anaerobic respiration for energy supply under
hypoxic conditions (Baxter-Burrell et al., 2002; Yang,
2014). However, excessive ROS may cause irreversible
oxidative damage to macromolecules such as lipids,
proteins, and nucleic acids, and ultimately lead to
programmed cell death and cellular dysfunction
(Pérez-Pérez et al., 2012). Therefore, the delicate balance
between ROS production and scavenging may deter-
mine the damaging or signaling role of ROS and

consequently, determine plant survival under post-
hypoxia reoxygenation (Sharma et al., 2012).

There are several potential mechanisms for plant cells
to remove hypoxia-induced ROS or oxidative-damaged
organelles. In Arabidopsis, the Rho-like small G protein
of plant (ROP) protein is required for the response to
oxygen deprivation, and ROP functions to promote
ROS generation and ethanolic fermentation (Baxter-
Burrell et al., 2002; Fukao and Bailey-Serres, 2004).
Fine-tuning of the negative feedback loop of Rop-
mediated hypoxia signaling may occur by activating
the expression of the GTPase-activating protein Rop-
GAP4 to balance carbohydrate consumption and

Figure 9. Overexpression of VTC1 or GSH1 rescued the hypersensitivity of myc2-2 mutant to reoxygenation. A, Phenotypes of
4-week-old wild-type (WT), vtc1-1, VTC1-OE, pad2-1, and GSH1-OE plants before submergence (Air) and after 48 h dark
submergence (Submergence) followed by a 4 d reoxygenation (Reoxygenation). B, Survival rates (top) and dry weights (bottom) of
the WT, vtc1-1, VTC1-OE, pad2-1, and GSH1-OE plants shown in A, following 4 d of reoxygenation. C, Phenotypes of 4-week-
oldWT,myc2-2,myc2-2 VTC1-OE, VTC1-OE,myc2-2 GSH1-OE, andGSH1-OE plants before submergence (Air) and after 48 h
dark submergence (Submergence) followed by a 4 d reoxygenation (Reoxygenation). D, Survival rates (top) and dry weights
(bottom) of the WT, myc2-2, myc2-2 VTC1-OE, VTC1-OE, myc2-2 GSH1-OE, and GSH1-OE plants shown in C following 4 d of
reoxygenation. The data in B and D are means6 SD (n = 3 independent experiments). For each experiment, 15 plants were used for
each genotype. Asterisks indicate significant differences fromWT (*P, 0.05; **P, 0.01 by Student’s t test). The differences between
myc2-2 andmyc2-2 VTC1-OE ormyc2-2 GSH1-OE are also significant (**P, 0.01 by Student’s t test). “H” and “L” indicate values
that are significantly higher or lower, respectively, in the mutants, double mutants, or transgenic lines than in the WT.
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ROS-induced oxidative damage (Baxter-Burrell et al.,
2002; Fukao and Bailey-Serres, 2004). A recent investi-
gation indicated that the submergence-inducible ex-
pression of HYPOXIA RESPONSIVE UNIVERSAL
STRESS PROTEIN1 (HRU1) is controlled by the ERF-VII
transcription factor RAP2.12 and contributes to mod-
ulation of ROS production in response to anoxic stress
(Gonzali et al., 2015). Further, the HRU1 proteins
physically interacts with the GTPase ROP2 and the
NADPH oxidase RbohD proteins, suggesting that the
HRU1-mediated anoxia-inducible ROS production
is controlled by the N-end rule pathway (Gonzali et al.,
2015). Our recent findings revealed that Arabidopsis
autophagy contributes to hypoxia-induced ROS ho-
meostasis during prolonged submergence, possibly by
removing oxidative-damaged cellular components
(Chen et al., 2015). The impaired tolerance to sub-
mergence and ROS levels of autophagy-defective
mutants (atg5 and atg7) were suppressed by the in-
troduction of SA-defective mutants salicylic acid in-
duction deficient2 and nonexpressor of PR1, which suggests
that SA is an upstream signal required for the feedback
regulation of autophagy-mediated ROS production and
sensitivity to hypoxia (Chen et al., 2015).
Several physiological analyses suggested that upon hy-

poxia/anoxia and reoxygenation, two well-characterized,
low-mass antioxidants, AsA and GSH, play major roles
in the detoxification of ROS in both leaves and roots of
plants (Monk et al., 1987; Ushimaru et al., 1992; Biemelt
et al., 1998; Skutnik and Rychter, 2009). In Arabidopsis,
VTC1 and GSH1 are representatives of two gene fami-
lies that encode rate-limiting enzymes for the biosyn-
thesis of AsA and GSH, respectively (Smirnoff and
Wheeler, 2000; Noctor et al., 2012). Knockouts of VTC1
and GSH1 in the vtc1-1 and pad2-1 mutants result in
significant reductions of AsA or GSH contents (Pavet
et al., 2005; Schlaeppi et al., 2008). By phenotypic and
genetic analyses, we provided further evidence to show
that deletions of VTC1 and GSH1 reduced plant sur-
vival after submergence and postsubmergence reox-
ygenation (Fig. 9). Significant increases of AsA or GSH
contents in the VTC1- or GSH1-overexpression lines
(Hatano-Iwasaki and Ogawa, 2012; Wang et al., 2013)
improved plant tolerance to hypoxic stress and post-
hypoxia reoxygenation (Fig. 9), suggesting that en-
hancement of the antioxidant defense system by
expressing key genes involved in AsA and GSH
metabolism is an efficient way to elevate tolerance to
hypoxic stress in plants. The VTC1 and GSH1 over-
expression lines have increased tolerance to salt, chill-
ing, and heavy metal stresses in various plant species
(Guo et al., 2008; Hatano-Iwasaki and Ogawa, 2012;
Wang et al., 2013; Chen et al., 2016). Our observations
strengthen previous findings that genetic manipulation
of these two gene families in crops has potential ap-
plications for improving plant tolerance to stresses, in-
cluding submergence.
Despite extensive investigations showing the physi-

ological significance of antioxidant defense in plant
response to environment cues, little is known about the

molecular mechanisms that regulate the AsA and GSH
biosynthesis pathways. Increasing evidence indicates
that the defense phytohormone JA plays an important
role in signaling stress-induced AsA and GSH metab-
olism (Sasaki-Sekimoto et al., 2005;Wolucka et al., 2005;
Shan and Liang, 2010). Moreover, the JA-inducible ex-
pression of genes in antioxidant defenses is down-
regulated in themyc2mutant, andMYC2 overexpression
imparts enhanced tolerance to oxidative stress
(Dombrecht et al., 2007), indicating that MYC2 is a key
regulator in mediating antioxidant metabolism. In
agreement with these findings, our results showed that
MYC2 positively regulates the plant response to sub-
mergence, the increase in transcripts of genes in anti-
oxidant metabolism, and the levels of AsA and GSH
(Figs. 4–6). In comparison to the phenotypes of ropgap4,
rop2, and atg mutants, which differed during oxygen
deprivation or submergence treatments (Baxter-Burrell
et al., 2002; Chen et al., 2015), all of the phenotypic
differences in the JA-, AsA-, and GSH-associated lines
occurred during reoxygenation, but not during sub-
mergence/hypoxia. Based on the data from ChIP-
qPCR, EMSA, and genetic analyses, we conclude that
as the core transcriptional factor in JA signaling, MYC2
functions in the regulation of reoxygenation-responsive
antioxidant metabolism by directly binding to the
promoters of VTC1 and GSH1 genes and activating
their transcription (Figs. 8 and 9). Thus, our results
established a direct link between JA signaling and an-
tioxidant defense pathways, which may coordinately
contribute to regulating multiple stress responses.
Several independent investigations suggested that both
JA and antioxidants are crucial for plant tolerance to
diverse ROS-generated stresses (Sharma et al., 2012;
Kazan, 2015). These findings support the idea that, at
least in Arabidopsis, the stress-responsive antioxidant
defense system is likely to be positively regulated by the
MYC2 transcription factor in JA signaling. Future in-
vestigations on the response of different MYC2 geno-
types to the above stresses and their genetic link to the
VTC1 and GSH1 will further our understanding of the
physiological significance between the JA and antioxi-
dant interactions.

In addition to oxidative stress, dehydration is another
challenge that limits plant recovery following submer-
gence (Fukao et al., 2011; Fukao and Xiong, 2013).
Overexpression of rice SUB1A up-regulates the ex-
pression of genes involved in the acclimation to dehy-
dration and confers enhanced tolerance to both
reoxygenation and drought stresses (Fukao et al., 2011).
It is still unclear how SUB1A regulates the transcripts of
dehydration-acclimated genes. Nonetheless, one mem-
ber of the AP-family ERFs, RAP2.4, can bind to both the
ethylene-responsive GCC-box and the dehydration-
responsive element (DRE), which positively affects
ethylene signaling and drought tolerance in Arabi-
dopsis (Lin et al., 2008). Thus, it is likely that in response
to reoxygenation, ethylene signaling may directly reg-
ulate the acclimation of dehydration in plants and that
the DREB genes are potential targets of SUB1A. Upon
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hypoxia and reoxygenation, antagonism between
ethylene and ABA has been frequently observed
(Bailey-Serres et al., 2012a; 2012b; Tsai et al., 2014).
Transcriptomic analyses showed that the ABA-
regulated dehydration genes, such as RD20, RD22,
KIN1, KIN2, MYB102, MYB121, and P5CS1, are signif-
icantly up-regulated in the ethylene-deficient mutants
ein2-5 and ein3 eil1 during reoxygenation (Tsai et al.,
2014). In contrast, the transcripts of some ABA-
independent dehydration genes, including DREB1A,
DREB1B, DREB2A, and DREB2B, show pronounced
down-regulation in the ein2-5 and ein3 eil1 mutants
relative to the wild-type plants (Tsai et al., 2014), sug-
gesting that ethylene is important for the regulation of
dehydration response caused by reoxygenation. It is
worth mentioning that for the duration of reoxygena-
tion in our study, leaf desiccation was negatively cor-
related with stress tolerance in the MYC2 genotypes as
reflected by measurements of water losses and ion
leakage (Fig. 6, D and E), which is indicative of the in-
volvement of JA in regulating dehydration during
reoxygenation. Given the various interplays among the
ethylene, JA, and ABA signaling pathways, it is of in-
terest to find out how these three plant hormones are
coordinately balanced to maintain the cellular homeo-
stasis in response to reoxygenation.

CONCLUSION

In summary, our findings demonstrated that JA acts
as a dominant upstream signaling molecule essential
for plant responses to postsubmergence reoxygenation
by activating the antioxidant defense system, which in
turn contributes to alleviation of oxidative damages
caused by reoxygenation and subsequently improves
plant tolerance to reoxygenation stress.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and Treatments

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 (Col-0) was used in
this study unless otherwise indicated. The following mutants and transgenic
lines were obtained from the Arabidopsis Information Resource (TAIR; www.
arabidopsis.org) and named lox2-S (CS3748; a knockdown line of LOX2; Bell
et al., 1995), lox2-AS (CS3749; control of lox2-S; Bell et al., 1995), aos (CS65993;
dde2-2; von Malek et al., 2002), jar1-1 (CS8072; Staswick et al., 2002), jin1-9
(SALK_017005; Anderson et al., 2004),myc2-2 (SALK_083483; Boter et al., 2004),
vtc1-1 (CS8326; Conklin et al., 1996), and pad2-1 (CS3804; Glazebrook and
Ausubel, 1994). Some of the plant materials were described previously: coi1-2
(Xiao et al., 2004), JAZ1-GUS/WT and JAZ1-GUS/coi1 (Thines et al., 2007),
MYC2-OE (Chen et al., 2011), VTC1-OE (VTC1-GFP; Wang et al., 2013), and
GSH1-OE (Hatano-Iwasaki and Ogawa, 2012). Themyc2-2 VTC1-OE andmyc2-
2 GSH1-OE lines were generated by crosses of myc2-2 to VTC1-OE and GSH1-
OE plants, and the resulting lines were characterized by PCR-based genotyping
of the F2 population.

Arabidopsis seeds were surface-sterilized with 20% bleach and 0.1% Tween
20 for 15min andwashedwith sterilewater, then sownonMurashige andSkoog
medium (Sigma-Aldrich) with 1% Suc and 0.8% agar (pH 5.8). After chilling at
4°C for 3 d, the plates were transferred to a growth room under a 16-h light/8-h
dark (22°C) photoperiod. The 7-d-old seedlings were transplanted into soil in
plastic pots for continuous growth under the same conditions.

Submergence treatments were performed under darkness as described
previously (Vashisht et al., 2011; Xie et al., 2015a). Briefly, the 4-week-old whole

plants with soil were gently submerged under continuous darkness. Control
plants were placed in the dark in the same growth room. Plant leaves were
10 cm under the surface of the water. To control the oxygen levels in the sub-
merged leaves and make sure that the environment around the underwater
leaves was hypoxic, the levels of dissolved oxygen around the underwater
leaves were regularly determined throughout the experiments using a portable
dissolved oxygen meter (JPBJ-608, Rex). As previously described (Chen et al.,
2015), the oxygen concentration in the water was kept at approximately 8 to
9 mg/L21 before treatment, but it decreased strongly to approximately;2 mg/L21

within 48 h after dark submergence treatment. After treatment for the indicated
times, the water was removed and the plants were re-exposed to normal air for
reoxygenation assays. To rule out a possible effect of the circadian clock on the
treatments, plants were subjected to submergence or darkness at 9:00 a.m. for all
of the experiments and subsequently reoxygenated under normal growth con-
ditions for the indicated times (16-h light [6:00 a.m.–22:00 p.m.]/8-h dark [22:00
p.m.–6:00 a.m.]). For exogenous MeJA application, 4-week-old wild-type Arabi-
dopsis plants were sprayed with 100 mM MeJA (Sigma-Aldrich) or mock solution
(0.1% ethanol in water) for 24 h, followed by submergence and reoxygenation for
the indicated times.

To calculate the survival rates and dry weights after reoxygenation,
15 plants per genotype were treated with dark submergence for the indicated
times followed by exposure to air for the indicated duration, and the average
values of three independent experiments were recorded. The survival rates
were determined based on the numbers of plants that could produce new
leaves and continue to grow after recovery from submergence. The above-
ground tissues were collected, heated overnight at 105°C, and weighed to
obtain dry weight.

Measurements of Phytohormones

Phytohormones were extracted following the method in Pan et al. (2010).
Briefly, fresh leaf tissues were collected and homogenized in liquid nitrogen.
The powdered samples (;200 mg)were sealed in 2-mL tubes containing 0.8 mL
extraction buffer (isopropanol:water:concentrated HCl; 2:1:0.002; v/v/v) with
internal standards (10 ng D4-SA [OlChemim], H2-JA [Cerilliant], and D6-ABA
[OlChemim]). The mixtures were gently agitated for 30 min at 4°C followed by
addition of 1 mL CH2Cl2 and agitated for another 30 min. The samples were
then centrifuged at 13,000g for 10 min. The 900 mL of solvent from the lower
phase was collected and concentrated using a nitrogen evaporator. The samples
were dissolved in 100mL of solution (60mLmethanol and 40mL distilledwater).
Ten microliters of each sample was injected into a C18 column and analyzed
with the AB Sciex Q-TOF 5600+ system as described previously (Chen et al.,
2015).

RNA Extraction, RT-PCR, and qPCR Analysis

Total RNA was extracted with TRIzol reagent (Invitrogen) and reverse
transcribed using the PrimeScript RT reagent Kit with gDNA Eraser (Takara)
according to the manufacturer’s instructions. Quantitative PCR analyses were
performed using the StepOne Plus real-time PCR system (Applied Biosystems)
with the SYBR Premix ExTaqMix (Takara) as described previously (Chen et al.,
2015). TUB3was used as a reference gene. Three technical replicates were used
for each reaction. The gene-specific primers for the qPCR analysis are listed in
Supplemental Table S3.

Histochemical Staining

For GUS staining, whole seedlings (10-d-old) of JAZ1-GUS transgenic lines
in Col-0 and coi1 backgrounds (Thines et al., 2007) were harvested after
treatment with submergence or reoxygenation at the indicated times. GUS
staining was carried out according to Chen et al. (2015). In brief, samples in
the GUS staining buffer (100 mM sodium phosphate buffer, pH 7.0, 0.1%
Triton X-100, 2 mM potassium ferricyanide, and 2 mM potassium ferrocya-
nide) containing 1 mg mL21 5-bromo-4-chloro-3-indolyl b-D-glucuronide
(Sigma) were vacuum infiltrated for 5 min followed by incubation at 37°C in
the dark for 1 h. The samples were washed with 75% ethanol several times to
remove the staining buffer and chlorophyll. The GUS activities in roots were
observed and photographed.

DAB staining was performed as described previously (Xie et al., 2015b).
Leaveswere excised and placed in 1mgmL21 DAB (Sigma) solution, pH 3.8, for
3 h at room temperature under darkness. The samples were cleared by placing
into boiling ethanol (95%) for 10 min.
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Measurement of H2O2 and MDA

The H2O2 content was determined using the Amplex Red Hydrogen Per-
oxide/Peroxidase Assay Kit (Molecular Probes) as described previously
(Pucciariello et al., 2012) with minor modifications. Briefly, 30 mg of leaves was
ground in liquid nitrogen and diluted in a 200 mL reaction buffer. After cen-
trifugation at 10,000g for 10 min at 4°C, 50 mL of supernatant was mixed with
50 mL H2O2 working solution supplied by the kit, followed by incubation for
30 min at room temperature under darkness. Absorbance was detected at
560 nm using a microplate reader (Tecan). The H2O2 concentration was deter-
mined using a standard curve generated following the manufacturer’s in-
structions.

MDA levels were measured by the thiobarbituric acid reaction according
to Zhang et al. (2012a). In brief, leaves were homogenized in 1 mL tri-
chloroacetic acid buffer (0.1%, w/v) followed by centrifuging at 10,000g for
10 min at 4°C. The supernatant was further mixed with 4 mL concentrated
trichloroacetic acid (20%, w/v) containing 0.5% thiobarbituric acid. After
boiling at 95°C for 15 min, the mixtures were quickly cooled on ice. Following
centrifugation at 10,000g for 5 min at 4°C, the MDA contents were detected at
532 and 600 nm using a microplate reader (Tecan) and calculated accordingly
(Zhang et al., 2012a).

Measurement of Electrolyte Leakage and Water Loss

Electrolyte leakage was measured as previously described (Chen et al.,
2015). Water loss was detected following Zhang et al. (2012b) with minor
modifications. Briefly, Arabidopsis rosettes were collected after dark sub-
mergence treatment for 24 h and placed on plates for various times under
normal air conditions. Weights were measured accordingly and the relative
loss of fresh weight (%) was used to represent water loss.

RNA Sequencing Analysis

TotalRNAwasextractedusingTRIzol reagent (Invitrogen) fromArabidopsis
rosettes following the manufacturer’s instructions. Illumina library construc-
tion, sequencing, and sequence analysis were conducted as previously de-
scribed (Yu et al., 2012; van Veen et al., 2016). Four-week-old wild-type and
myc2-2 mutant plants were submergence-treated in the dark for 24 h, and ro-
settes were harvested at 0 and 24 h after reoxygenation. For each genotype, the
leaf sample collected from six independent plants was used for RNA se-
quencing, and the RNA-seq data were further validated by qRT-PCR analysis
with three independent technical replicates. The depths of sequencing are as
follows: wild type under air (air), 31,591,599 reads; myc2 air, 32,928,175 reads;
wild type after 3-h reoxygenation (R3), 30,556,114 reads; and myc2 R3,
25,582,939 reads. Gene expression levels were normalized with the values of
gene read counts per kilobase of exon model per million reads (RPKM) data.
The FDR was used to correct the P value for multiple hypotheses testing with
the Benjamini-Hochberg method. The Z-score was determined based on the
RPKM according to the following formula: Z = (X – m)/s, where X is the RPKM
of a gene for a specific time point, and m and s are the mean transcript ex-
pression and SD of a gene across all samples, respectively (Yu et al., 2012). The
calculations and figures were produced using the R language. Specifically, the
RPKM values of the DEGs in the JA, SA, and antioxidant synthesis pathways
(Fig. 4, C–E) were compared between themyc2-2mutant andwild type air or R3
samples, respectively. For the calculation of log2 fold changes (Supplemental
Tables 1 and 2), we performed four pairwise comparisons, i.e. wild type R3 to
wild type air,myc2 R3 tomyc2 air,myc2 air to wild type air, andmyc2 R3 to wild
type R3. The original data set was deposited in the NCBI GEO database (access
no. GSE93393).

ChIP and EMSA Assays

ChIP assays were performed according to published protocols
(Yamaguchi et al., 2014) using 2-week-old MYC2-OE seedlings grown on
Murashige and Skoog medium. After coating with anti-MYC2 antibodies
(Abiocode) or anti-IgG (CST), the MYC2 protein/DNA complexes were
immunoprecipitated by Dynabeads Protein G (Invitrogen) for at least 4 h at
4°C. The precipitated DNA was purified using a DNA purification kit
(Qiagen) and the enriched DNA fragments were determined by qPCR using
the specific primers listed in Supplemental Table S3. The promoter of
ACTIN2 was used as a negative control. All ChIP assays were biologically
repeated three times.

Nuclear proteins were extracted using a Plant Nuclei Isolation/Extraction
Kit (Sigma) from 10 g of 2-week-oldMYC2-OE seedlings. Nuclear proteins were
isolated following the manufacturer’s instructions. All probes were labeled
with biotin using the Biotin 39 End DNA Labeling Kit (Pierce). The unlabeled
oligonucleotides were used as competitors in the binding assay. The oligonu-
cleotide sequences of the probes are listed in Supplemental Table S4.

The EMSA reactions were performed using a LightShift Chemiluminescent
EMSAKit (Pierce) according to themanufacturer’s instructions. An appropriate
amount of enriched MYC2 nuclei protein was incubated in the binding buffer
(50 ng mL21 Poly (dI cdC), 2.5% glycerol, 0.05% NP-40, 10 mM EDTA, 0.5 mM

DTT, and probes) in a total volume of 20 mL for 30 min at room temperature.
After incubation, the binding reactions were loaded onto the 6% polyacryla-
mide gel and separated by 0.53 Tris-Borate-EDTA buffer at 4°C. The
DNA-protein complex was transferred to a nylon membrane (Pierce). After
cross-linking, the biotin activities were detected according to the manufac-
turer’s instructions (Pierce).

Determination of AsA and GSH

The extraction and determination of AsA and GSH were carried out as
previously described with modifications (Wang et al., 2013). Briefly, leaf sam-
ples (;0.1 g) were harvested and immediately homogenized in liquid nitrogen.
After adding 1 mL ice-cold 6% (w/v) meta-phosphoric acid, the samples were
agitated for 30min at 4°C and then centrifuged at 12,000g for 15 min at 4°C. The
supernatants were collected and diluted 1:3 in mobile phase before injection.
AsA and GSH determination was carried out on reverse-phase high perfor-
mance liquid chromatography by the Waters ACQUITY Arc system. The
samples were separated at 40°C over a reverse-phase type C-18 columnwith an
isocratic flow of 1.0 mLmin21 of the mobile phase (25 mM KH2PO4, pH 2.4) and
detection occurred between 192 nm and 254 nm via a diode array. Quantifi-
cation was conducted using the corresponding AsA and GSH standard curves.

Accession Numbers

Sequence data discussed in this article can be found in the Arabidopsis Genome
Initiative database under the following accession numbers: LOX1 (AT1G55020), LOX2
(AT3G45140), LOX3 (AT1G17420), LOX4 (AT1G72520), LOX5 (AT3G22400), LOX6
(AT1G67560), AOS (AT5G42650), AOC1 (AT3G25760), AOC2 (AT3G25770), AOC3
(AT3G25780), AOC4 (AT1G13280), OPR3 (AT2G06050), OPCL1 (AT1G20510), JAR1
(AT2G46370), JAZ1 (AT1G19180), MYC2 (AT1G32640), VTC1 (AT2G39770), VTC2
(AT4G26850), VTC5 (AT5G55120), GSH1 (AT4G23100), GSH2 (AT5G27380), APX2
(AT3G09640), DHAR1 (AT1G19570), MDHAR3 (AT3G09940), GR1 (AT3G24170),
TUB3 (AT5G62700), and ACTIN2 (AT3G18780). The original data set for RNA se-
quencing was deposited in the NCBI GEO database (access no. GSE93393).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. A second biological repeat showing the induc-
tion of JA biosynthesis in wild-type leaves during recovery after dark or
dark submergence.

Supplemental Figure S2. Measurement of JA, JA-Ile, SA, and ABA during
submergence or postsubmergence reoxygenation.

Supplemental Figure S3. The expression of JA biosynthetic genes in wild-
type leaves during submergence treatment.

Supplemental Figure S4. The control plants for JA biosynthesis showing
no difference between each group before and after 48-h dark treatment
followed by recovery.

Supplemental Figure S5. The control plants for JA signaling showing no
difference between each group before and after 48-h dark treatment
followed by recovery.

Supplemental Figure S6. Expression of antioxidant defense-related genes
in response to reoxygenation or dark recovery.

Supplemental Figure S7. Measurements of AsA and GSH in response to
reoxygenation or dark recovery.

Supplemental Figure S8. A second biological repeat showing the accumu-
lation of ROS in wild-type, coi1-2, myc2-2, and MYC2-OE plants in re-
sponse to reoxygenation.
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Supplemental Figure S9. ROS contents in wild-type, coi1-2, myc2-2, and
MYC2-OE plants in response to dark recovery.

Supplemental Figure S10. MYC2 interacts with the VTC2, VTC5, and
GSH2 promoters in vivo.

Supplemental Figure S11. The control plants showing no significant
difference among wild type, VTC1- and GSH1-deficient mutants
(vtc1-1 and pad2-1), VTC1- and GSH1-overexpressors (VTC1-OE and
GSH1-OE), as well as myc2-2 VTC1-OE and myc2-2 GSH1-OE lines in
response to dark treatment and dark recovery.

Supplemental Table S1. DEGs in the myc2-2 mutant in response to reox-
ygenation.

Supplemental Table S2. JA-, SA-, and antioxidant-associated DEGs in the
myc2-2 mutant in response to reoxygenation.

Supplemental Table S3. Sequences of primers used in this study.

Supplemental Table S4. Oligonucleotide probes used in EMSA.
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