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Heme oxygenase (HO; EC 1.14.99.3) has recently been proposed as a novel component in mediating wide ranges of the plant
adaptive signaling processes. However, the physiological significance and molecular basis underlying Arabidopsis (Arabidopsis
thaliana) HO1 (HY1) functioning in drought tolerance remained unclear. Here, we report that mutation of HY1 promoted, but
overexpression of this gene impaired, Arabidopsis drought tolerance. This was attributed to the abscisic acid (ABA)-
hypersensitive or -hyposensitive phenotypes, with the regulation of stomatal closure in particular. However, comparative
transcriptomic profile analysis showed that the induction of numerous ABA/stress-dependent genes in dehydrated wild-type
plants was differentially impaired in the hy1 mutant. In agreement, ABA-induced ABSCISIC ACID-INSENSITIVE4 (ABI4)
transcript accumulation was strengthened in the hy1 mutant. Genetic analysis further identified that the hy1-associated ABA
hypersensitivity and drought tolerance were arrested in the abi4 background. Moreover, the promotion of ABA-triggered up-
regulation of RbohD abundance and reactive oxygen species (ROS) levels in the hy1 mutant was almost fully blocked by the
mutation of ABI4, suggesting that the HY1-ABI4 signaling in the wild type involved in stomatal closure was dependent on the
RbohD-derived ROS production. However, hy1-promoted stomatal closure was not affected by a nitric oxide scavenger.
Correspondingly, ABA-insensitive behaviors in rbohD stomata were not affected by either the mutation of HY1 or its ectopic
expression in the rbohD background, both of which responded significantly to exogenous ROS. These data indicate that HY1
functioned negatively and acted upstream of ABI4 in drought signaling, which was casually dependent on the RbohD-derived
ROS in the regulation of stomatal closure.

Drought stress has been considered a central topic of
plant stress physiology because it significantly reduces
plant growth and crop production (Skirycz and Inzé,
2010; Tester andLangridge, 2010). In response to drought
stress, terrestrial plants have developed a complex sig-
naling network to limit water loss by regulating the sto-
matal aperture. The movement of the stomatal pore
controls approximately 30% of the evaporation of total

rainfall and ismodulated precisely by the phytohormone
abscisic acid (ABA) and several other well-known small
molecules (reactive oxygen species [ROS] and nitric oxide
[NO]; García-Mata and Lamattina, 2013). When water
deficiency occurs, ABA is quickly synthesized, thereafter
causing the closing of the stomatal pores by switching on
a series of biochemical and physiological signaling cas-
cades. This is an effective strategy to reduce transpira-
tional water loss and critical for land plants to survive
(Lee et al., 2009; Sirichandra et al., 2009). Drought-caused
oxidative stress, which activates the plant’s defense re-
sponse, is dependent on the functioning of complex gene
networks (Pastori and Foyer, 2002; Munné-Bosch et al.,
2013; Noctor et al., 2014). ROS, enzymatically generated
via the NADPH oxidase isoforms AtrbohD and AtrbohF
(Kwak et al., 2003), were identified as key bioregulators
involved in ABA-induced stomatal signaling (Bright
et al., 2006; Jammes et al., 2009; Xie et al., 2014). This
deduction was confirmed by the observation that ABA-
induced ROS generation and stomatal closure were
largely impaired in the rbohD/F mutant (Hirayama and
Shinozaki, 2007; Zhang et al., 2009).

ABSCISIC ACID-INSENSITIVE4 (ABI4), a member
of the AP2-type transcription factor family, has been
identified as a vital intermediate in regulating the
ABA-dependent transcriptional profile that functions
especially during seed dormancy, germination, and
development (Finkelstein et al., 2002; Kerchev et al.,
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2011). Consistently, the ABI4 transcript level is re-
stricted to seed maturation and within a few days fol-
lowing germination, and its steady-state mRNA levels
drop sharply a few days thereafter (Wind et al., 2013).
Some studies questioned the function of this protein
and suggested its important roles in other aspects of
plant development and metabolism. These roles were
related to chloroplast-to-nucleus retrograde signal
pathways (Sun et al., 2011), rosette growth and lateral
root formation (Shkolnik-Inbar and Bar-Zvi, 2010), as
well as cross talk between ABA and jasmonate (Giraud
et al., 2009; Kerchev et al., 2011, 2013; Wind et al., 2013).
Molecular evidence demonstrated that ABI4 could re-
press the expression of several downstream compo-
nents of signaling cascades by directly binding to
corresponding promoters of related genes, such as
CYP707A1 and CYP707A2, as well as a subunit of the
heme activator proteins (Zhang et al., 2013). As a con-
sequence, the excellent studies cited above revealed
that ABI4 was a versatile factor that functions in diverse
pathways and was tightly regulated at the transcrip-
tional and posttranscriptional levels (Finkelstein et al.,
2011; Wind et al., 2013). Notwithstanding these in-
sights, the physiological relevance of the regulatory
mechanism of ABI4 in stomatal movement still requires
further elucidation.

Heme oxygenase (HO; EC 1.14.99.3) is a ubiquitous,
sensitive, and highly active enzyme that catalyzes the
stereospecific cleavage of heme to biliverdin with the
release of iron and carbon monoxide (Davis et al., 1999;
Emborg et al., 2006). Initially identified as mediating
phytochrome chromophore synthesis and retrograde
signaling (Muramoto et al., 1999), plant HOs have
gained increasing attention due to their indispensable
and positive roles in a wide array of cellular adaptation
and developmental processes (Shekhawat and Verma,
2010). Several casual links among HO activation,
the phytohormone ABA, and the second messengers
NO/ROS have been established (Cao et al., 2007; Xie
et al., 2008, 2011, 2013; Han et al., 2014). HY1, the most
highly expressed and inducible HO in Arabidopsis
(Arabidopsis thaliana), was confirmed to be involved in the
regulation of salt acclimation/tolerance in Arabidopsis
(Xie et al., 2011, 2013). Shen et al. (2006) discovered that
ABA normally induced stomatal closure in the hy1-1
mutant (CS67), and this mutant further showed open-
stomata and partial ABA-insensitive phenotypes
(Tomiyama et al., 2014). Therefore, it remains to be
demonstrated conclusively whether HY1 is involved in
plant drought tolerance.

In this investigation, we showed that disruption of
HY1 (hy1-100 mutant; CS236) enhanced, but over-
expression of this gene impaired, Arabidopsis drought
tolerance, which could be attributed to the promoted or
reduced sensitivity to ABA-induced stomatal closure
particularly. However, RNA sequencing (RNA-Seq)
experiments revealed that the transcriptional abun-
dance of several clusters of ABA/stress-dependent
genes induced by drought stress was lower in the
hy1-100mutant upon drought stress comparedwith the

wild type, with the exception of a cluster of transporter
genes. Further genetic analysis showed that abi4 almost
fully blocked the ABA-hypersensitive and drought-
tolerant phenotype of hy1-100. These results provided
conclusive evidence of a strong linear interrelationship
between HY1 and ABI4 involved in the regulation of a
subset of ABA responses that determined plant resis-
tance to water deficiency. By taking this genetic ap-
proach, we further clarified that the RbohD-dependent
ROS production could serve as a downstream compo-
nent of HY1-ABI4 signaling in controlling stomatal
movement in wild-type plants. The biological role of
the guard cell outward-rectifying K+ (GORK) channel
was also preliminarily investigated. Taken together,
this study established a signaling pathway leading to
hy1-promoted stomatal closure and drought tolerance
that involves ABI4 activated by RbohD-dependent ROS
generation.

RESULTS

Disruption of HY1 Enhances, But Overexpression of This
Gene Reduces, Arabidopsis Drought Tolerance

Our previous results showed that HY1 is an essential
component of the salt acclimation signaling pathway.
For example, the hy1-100 mutant displayed hypersen-
sitivity to salinity, whereas overexpressing HY1 led to
salt tolerance characteristics (Xie et al., 2011, 2013).
Since salinity and drought signaling share a common
cascade in the ABA-dependent pathway, we hypothe-
sized that HY1 may also function as a key positive
regulator of Arabidopsis drought tolerance. Surpris-
ingly, after a 17-d water-withholding period, the rosette
leaves of twoHY1 gain-of-functionmutants (35S:HY1-3
and 35S:HY1-4) wilted more severely compared with
the wild type, with most leaves becoming darker
and dying. By contrast, the HY1-loss mutant plants,
hy1-100, which possessed much lower HO activity
(measured as the production rate of biliverdin, one of
the products of HO; Supplemental Table S1), almost
remained turgid (Fig. 1A). The survival phenotypes
after rewatering reconfirmed that the mutation of HY1
enhanced, but overexpression of this gene reduced,
Arabidopsis drought tolerance. Similarly, compared
with the ecotype Landsberg erecta as background, a
second mutant allele of HY1 (hy1-1; CS67) also dis-
played a drought-tolerant phenotype (Supplemental
Fig. S1). As such, the results above suggested that HY1
might function as an important negative regulator in
the plant adaptation to drought stress.

Expression Profiling Analysis of the Wild Type and the hy1
Loss-of-Function Mutant under Well-Watered and Drought
Stress Conditions

Sustained free heme status is critical for plant drought
tolerance (Phung et al., 2011; Nagahatenna et al., 2015).
Therefore, we quantified total noncovalently bound
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heme, a substrate of HO, in wild-type and hy1-100
seedlings. As shown in Supplemental Table S1,we found
reduced levels of noncovalently bound heme in hy1-100
seedlings (3.17 6 0.23 nmol g21 fresh weight in the
wild type versus 2.06 6 0.24 nmol g21 fresh weight in
hy1-100), which would be expected to result from a
feedback mechanism in the inhibition of the tetrapyr-
role biosynthesis pathway (Terry and Kendrick, 1999).
To further elucidate themolecularmechanism of how

and why HY1, a positive regulator of high-salinity
signaling, negatively regulated Arabidopsis drought
tolerance, a genome-wide transcriptional analysis was
performed by determining the differentially expressed
genes (DEGs) between wild-type and hy1-100 plants
under both well-watered and desiccated conditions.
The results of the RNA-Seq analyses are available in
Supplemental Table S2. Upon drought treatment, 916

activated genes and 948 repressed genes were found in
the wild type (fold change 2 or greater or 0.5 or less,
respectively; Fig. 1B). In hy1-100, the number of genes
activated or repressed as a consequence of drought
stress was reduced to 529 or 772, respectively. A Venn
diagram of the results also indicated that 384 up-
regulated and 434 down-regulated DEGs overlapped
between the wild type and hy1-100. In addition, cluster
analysis revealed that the expression pattern for all
genes upon drought stress in the wild type did not fully
overlap with that of hy1-100 (Fig. 1C; Supplemental Fig.
S2; Supplemental Table S2).

GO categories in biological processes consistently
showed that genes in a broad range of pathways known
to be associated with abiotic and biotic stress responses
were enriched in the wild type upon drought stress but
not in the hy1-100 mutant. These categories of genes

Figure 1. Phenotypes and tran-
scriptional profiles ofHY1 loss- and
gain-of-function mutants upon
drought stress. A, Four-week-old
plants, including the wild type
(Columbia-0 [Col-0]), hy1-100,
35S:HY1-3, and 35S:HY1-4 in
the Col-0 ecotype background,
were cultured in pots before
stopping irrigation. The images il-
lustrate plant phenotypes at day 0
and at day 17 after the application of
drought stress. The pots were then
rewatered, and the wilted leaves
were analyzed after another 5 d.
Values are means 6 SE from at least
three independent experiments. B,
Venn diagram for the proportions of
genes showing significant changes in
transcript levels in response to des-
iccation (3 h) in the detached leaves
of 4-week-old hy1-100 relative to
the wild type (WT) according to the
set thresholds (drought stress relative
to control [Con], q # 0.05, fold
change 2 or greater or 0.5 or less). C,
Enriched Gene Ontology (GO) cat-
egories of the biological processes of
genes specifically up-regulated in
the wild type (532 genes) and the
hy1-100 mutant (145 genes) upon
drought stress (P , 0.05). Numbers
below each bar indicate counts of
each GO category that appeared in
the total specific up-regulated genes
in the wild type and the hy1-100
mutant.
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included response to stress, response to chemical stimu-
lus, response to abiotic stimulus, and response to en-
dogenous stimulus (Fig. 1C). It was noteworthy that a
large proportion of these enriched genes were ABA de-
pendent, such as GLUTATHIONE S-TRANSFERASE11
(GST11; At1g02920) and DESICCATION-RESPONSIVE
PROTEIN29A (RD29A; At5g52310; Supplemental Table
S2). By contrast, the most strongly enriched GO category
in hy1-100was transport-related genes. To confirm these
results, six stress/ABA-responsive genes, which belong
to the response to stress and transport GO categories,
were selected for real-time reverse transcription-PCR
(Q-PCR) validation. The expression of these genes in
the wild type and the hy1-100 mutant showed a similar
pattern of expression when comparing RNA-Seq with
Q-PCR results (Supplemental Fig. S3). Therefore, these
results revealed that HY1 had a significant impact on
the global gene expression profile of Arabidopsis
upon drought stress and was indeed required for the
modulation of the most stress/ABA-responsive gene

expression. It was also indicated that other critical
factor(s) might act as definitive and available strate-
gies accounting for hy1-enhanced Arabidopsis drought
tolerance.

HY1 Negatively Regulates ABA Responses in Germination
and Stomatal Movement But Not in Primary Root Growth

Plants can respond to drought stress in either an
ABA-dependent or ABA-independent manner. There-
fore, ABA contents in HY1-loss and -gain mutants un-
der drought stress were analyzed. As expected,
compared with the corresponding wild type, the
drought-induced ABA contents weremore pronounced
in hy1-100 and hy1-1mutants but attenuated in theHY1
transgenic overexpressing line 35S:HY1-3 (Fig. 2A;
Supplemental Fig. S1). The altered expression of rep-
resentative ABA-responsive genes (Supplemental Fig.
S2; such asRD22 andRAB18, etc.) in the hy1-100mutant
upon drought stress strongly suggested that HY1 may

Figure 2. Loss-of-functionmutation inHY1 strengthens, but overexpression ofHY1 blocks, drought-inducedABA content as well
as ABA-induced stomatal closure and germination inhibition. A, ABA contents in 5-d-old seedlings of the wild type, the hy1-100
mutant, and HY1-overexpressing line 35S:HY1-3 in response to drought stress for the indicated times. FW, Fresh weight. B,
Primary root growth for each genotype 7 d after transfer toMurashige and Skoog (MS) mediumwith or without 10mM ABA (n = 15
from three independent experiments). C, ABA-induced stomatal closure (top) and inhibition of stomatal opening (bottom; n = 50
from three independent experiments). D, Darkness; L, cold light. D, Radicle protrusion and green and open cotyledon rate (%) of
each genotype grown on MS medium containing the indicated ABA concentrations for 5 d (n = 50 from three independent ex-
periments). The plot key illustrates the genotypes for each bar shown in A to D. Data are means 6 SE from at least three inde-
pendent experiments. Differences among treatments were analyzed by one-way ANOVA, taking P , 0.05 as significant
according to Tukey’s multiple range test. E, Photographs from the 0.4 mM ABA treatment. Bar = 1 cm.
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play an unexpected role in ABA responses. Actually,
ABA has been reported to inhibit primary root growth,
germination, and postgermination processes as well as
to regulate stomatal movement (Gimeno-Gilles et al.,
2009; Cutler et al., 2010; Zhang et al., 2010). In the
presence of ABA, primary root growth was markedly
inhibited in the hy1-100 mutant (51% of the relative
inhibition; Fig. 2B). Similar results were found in the
hy1-1 mutant (Supplemental Fig. S1). However, this
inhibited tendency was essentially parallel to that ob-
served in wild-type plants (46.3% of the relative inhi-
bition) while being strengthened in 35S:HY1-3 (63% of
the relative inhibition). These results indicated thatHY1
might not have much impact on ABA-inhibited pri-
mary root growth.
Regarding ABA-promoted stomatal closure and

ABA-inhibited stomatal opening, loss of function in
HY1 caused ABA-hypersensitive phenotypes, while
gain of function in HY1 resulted in hyposensitive phe-
notypes (Fig. 2C; Supplemental Fig. S1). Subsequently,
the ABA response was examined by germination and
postgermination assays. In medium supplemented
with increasing concentrations of ABA, the germination
rate of hy1-100 or hy1-1 seeds was more severely re-
duced than that of the wild type. In comparison, two
HY1-overexpressing lines exhibited ABA-insensitive
phenotypes (Fig. 2D; Supplemental Figs. S1 and S4).
The parameters of seedling cotyledon opening and
greening showed similar tendencies (Fig. 2, D and E).
Interestingly, a hypersensitive or hyposensitive re-
sponse to osmotic stress caused by the mutation or
overexpression ofHY1was also observed, as evaluated
by radicle protrusion, primary root growth, stomatal
aperture, and green and open cotyledons of seedlings
(Supplemental Fig. S5, A, C, and D). Furthermore, a
functional redundancy was exhibited between HY1
and HO4 in terms of green and open cotyledons of
seedlings (Supplemental Fig. S5B). Overall, the above
results clearly indicated that HY1 negatively regulates
the ABA responses during the germination and post-
germination stages as well as stomatal movement.

ABI4 Acts Downstream of HY1 in Mediating a Subset of
ABA Responses

ABI4 was a versatile activator or repressor in ABA
signaling, particularly in the germination process and
retrograde signaling (Penfield et al., 2006; Zhang et al.,
2013). To verify whether ABI4 might functionally as-
sociate, at least in part, with HY1 for the regulation of a
subset of ABA responses, we crossed hy1-100 with the
abi4 mutant and identified plants with homozygous
mutations in both HY1 and ABI4 genes by performing
genotyping and phenotypic analysis. Since both ABI4
and HY1 were involved in Arabidopsis chloroplast-to-
nucleus retrograde signaling, we further investigated
whether retrograde signaling was altered in the hy1-
100/abi4 mutant. In our experimental conditions, the
addition of norflurazon (an inhibitor of carotenoid and
ABA biosynthesis; Supplemental Fig. S6; Bartels and

Watson, 1978; Feldman and Sun, 1986) and lincomycin
(an inhibitor of plastid protein synthesis; Supplemental
Fig. S7; Sullivan and Gray, 1999) to wide-type plants
induced the retrograde signaling pathway by decreas-
ing the accumulation of transcripts of nuclear genes
encoding photosynthesis-related proteins, such as
LHCB, CA, and CP (Supplemental Fig. S8). Therefore,
the possibility that ABA was related to norflurazon-
influenced HY1-ABI4 retrograde signaling could be
partially excluded. By contrast, the repression of the
above transcripts by these inhibitors was impaired in
both hy1-100 and abi4 mutants to a certain extent. The
additive impairment of repression for some of these
marker genes (CP in particular) in hy1-100/abi4 plants
suggested that there might exist a potent relationship
between ABI4 andHY1 in the regulation of chloroplast-
to-nucleus retrograde signaling.

To further examine the interrelationship between
ABI4 and HY1 in ABA responses, two approaches were
adopted. First, seeds were sown directly in the ABA-
containing medium to investigate the responses of
germination and seedling growth to ABA. As expected,
compared with the wild type, the hy1-100 or abi4 mu-
tant showed hypersensitive or hyposensitive behaviors
with regard to ABA-inhibited seed germination and
seedling establishment (Fig. 3, A and B). These pheno-
types in the hy1-100/abi4 mutant were much more
comparable to its parent line abi4 than to hy1-100.
Compared with the hy1-100 mutant, seedlings of hy1-
100/abi4 exhibited an ABA-insensitive phenotype, since
the inhibition of seedling germination and the devel-
opment of hy1-100 were largely impaired by the mu-
tation of ABI4. However, on the mediumwithout ABA,
no obvious difference was observed between hy1-100
and hy1-100/abi4. Second, 5-d-old seedlings were
transferred to ABA-containing medium to investigate
the responses of primary root growth (Fig. 3, C and D).
However, no distinguishable differenceswere observed
among all genotypes, indicating that HY1 and ABI4 did
not directly affect the ABA-triggered inhibition of pri-
mary root growth.

Stomatal closure and density are two important fac-
tors in the regulation of leaf water loss. With regard to
stomatal movement, Finkelstein (1994) reported that
the abi4 mutants showed no difference from the wild
type in stomatal closure (data not shown). However, in
this study, ABA-promoted stomatal closure and the
inhibition of stomatal opening were largely impaired in
the abi4 mutant (Fig. 3E). Regardless of these points,
most importantly, the mutation of ABI4 was able to
abolish the ABA-hypersensitive phenotypes of hy1-100,
manifested in the reduced sensitivity to ABA-promoted
stomatal closure and the inhibition of stomatal opening
(Fig. 3E). Thus, these data place ABI4 linearly down-
stream of HY1 in the regulation of a subset of ABA re-
sponses, but not including primary root growth.
Interestingly, in the hy1-100mutant, the stomatal density
was reduced, and the stomatal size was increased at the
vegetative growth stage (Supplemental Figs. S9 and S10).
However, these parameters returned to an approximately
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similar level to that of the wild type by the mutation of
ABI4, further indicating that the guard cell developmental
process might be regulated by HY1 and ABI4. To verify
this hypothesis, the ostiole length-stoma length ratio in all
genotypes was measured. An ostiole length:stoma length
ratio higher than 1:3 was regarded as mature stoma
(Merlot et al., 2001). As expected, themutation ofHY1had
no significant impact on the percentage ofmature stomata

in Arabidopsis leaves (the values of both the wild
type and hy1-100 were approximately above 90%;
Supplemental Fig. S11). By contrast, this value was de-
creasedby approximately 50% in the abi4 and hy1-100/abi4
mutants. Interestingly, the pore sizes of mature stoma of
abi4 and hy1-100/abi4 mutants were smaller than that of
the wild type or the hy1-100 mutant, further suggesting
that ABI4 had an impact on stomata pore size

Figure 3. ABA and drought responsiveness of the wild type, hy1-100, abi4, and hy1-100/abi4. A and B, Germination and
postgermination assays (n = 50 from three independent experiments). Seeds of each ecotype were sown on MS medium with or
without the indicated concentrations of ABA (1mM for A). Plates were placed horizontally (A, left) or vertically (A, right, and B) for
7 d. Germination rate and primary root (PR) length of seedlings grown vertically were then measured (B). Bar = 2 cm. C and D,
Primary root growth (n = 15 from three independent experiments). Five-day-old seedlings of each ecotype were transferred to MS
medium with or without the indicated concentrations of ABA (10 mM for C). Relative primary root elongation was measured 7 d
after treatments, taking the elongation rate of each ecotype in ABA-freeMSmedium as 100%. Bar = 1 cm. E, ABA-induced (10mM)
stomatal closure and inhibition of stomatal opening of each genotype (n = 50 from three independent experiments). Leaves
of each ecotype were floated on buffer containing 50 mM KCl and 10 mM MES-Tris (pH 6.15) in the dark (D) or cold light
(L; 200 mmol m22 s21) alone for 2 h or followed by the cold light or dark condition for another 2 h in the presence of 10 mM ABA,
and then apertures were recorded. F, ABA-induced (100 mM) ABI4 expression in wild-type and hy1-100 mutant leaves. G, GUS
staining of 1-week-old ABI4:GUS plants. ABI4:GUS seedlings were treated with or without ABA (10 mM) for 2 h after 2 h of
pretreatment with ZnPPIX (a specific inhibitor of HO1; 100 mM). Bar = 2mm.H, Phenotypes of each ecotype upon drought stress.
Four-week-old plants were cultured in pots before stopping irrigation. The photographs show plants at days 21 and 25 after the
application of drought stress. Data are means 6 SE from at least three independent experiments. Differences among treatments
were analyzed by one-way ANOVA, taking P , 0.05 as significant according to Tukey’s multiple range test.
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(Supplemental Fig. S12). Taken together, these results
indicate that the premature stoma observed under our
experimental conditions resulted mainly from the ABI4
mutation.
The fact that abi4 almost fully arrested the ABA hy-

persensitivity of the hy1-100 mutant led us to investi-
gate whether HY1 could regulate ABI4. The transcript
level of ABI4 was time-dependently enhanced by ABA
in wild-type plants, while this enhancement was more
pronounced in the hy1-100 mutant, after 30 min of
treatment (Fig. 3F). To address whether there was any
tissue-specific regulation of ABI4 transcription by HY1,
an Arabidopsis line containing an ABI4 promoter-
driven GUS gene was applied. This line could clearly
establish the sites of ABI4 transcription and help dem-
onstrate its biological relevance in ABA responses. As
reported previously (Finkelstein et al., 2011), GUS ac-
tivity was detected in cotyledons and hypocotyls but
was less evident in roots (Fig. 3G). The GUS activity
was activated byABA andwasmoderately increased in
cotyledons and hypocotyls by the addition of ZnPPIX, a
potent HY1 inhibitor (Xie et al., 2011). An additive effect
for ABA and ZnPPIX was also observed.
To further clarify the contributions of HY1 and ABI4

in the stomatal movement in response to drought stress
in Arabidopsis, water-deficient assays of the above-
mentioned mutant plants were performed. Although
hy1-100 showed enhanced resistance to drought, the

susceptible phenotypes of both abi4 and hy1-100/abi4
were not discernibly different from that of the wild type
(day 25; Fig. 3H).

Participation of RbohD-Dependent ROS in hy1- and
ABI4-Regulated Stomatal Movement

Since both NO and ROS are key signaling molecules
involved in ABA-triggered stomatal closure (Bright
et al., 2006), whether NO and ROS play any roles in the
HY1- and ABI4-mediated signaling cascade was in-
vestigated. As expected, Figure 4 shows that cPTIO, a
NO scavenger, could partially reverse ABA-induced
stomatal closure in wild-type plants, while the stomatal
aperture of hy1-100 (in particular), abi4, and hy1-100/
abi4 was not much altered.

Meanwhile, the application of SNP or diethylamine
NONOate sodium salt hydrate (NONOate), two well-
known NO-releasing compounds as positive controls,
was found to trigger a similar level of stomatal closure
in all genotypes. By contrast, treatments with Old SNP
and Old NONOate, which were used as negative con-
trols of SNP and NONOate, respectively (Tossi et al.,
2009; Xie et al., 2013), had no significant impact on the
stomatal aperture of the wild type, abi4, hy1-100, and
hy1-100/abi4. These results thus confirmed that NO, but
not the degradation products of SNP and NONOate,
contributed to the stomatal closure under our experi-
mental conditions.

Laser scanning confocal microscopy was applied to
measure ROS levels, taking relative ROS production of
the wild type at 0 h as 100% (Kwak et al., 2003; Jannat
et al., 2011). Subsequent data showed that, upon ABA
treatment, the ROS levels in the stomata of hy1-100,
abi4, and hy1-100/abi4 plants were generated differen-
tially with respect to that of the wild type. As shown in
Figure 5A, a basal level of ROS accumulation in all
mutant stomata was close to the wild-type level (0 min;
constitutive ROS production). In the wild type, ABA
treatment boosted inducible ROS production, which
was increased to a greater extent in ABA-treated
hy1-100 stomata. By contrast, ROS production re-
mained relatively constant in the guard cells of abi4 and
hy1-100/abi4 stomata. Combined with the observed al-
ternation of the stomatal aperture (Fig. 5D), these
results indicated that ABA-inducible cytosolic ROS
elevation, but not constitutive ROS production, func-
tions in ABA-, HY1-, and ABI4-regulated stomatal
closure (Jannat et al., 2011). However, these promoted
or decreased inducible ROS levels were less pro-
nounced as detected by nitroblue tetrazolium (NBT) or
3,39-diaminobenzidine (DAB) staining. These results
may be due to the tissue-specific modulation of en-
dogenous ROS production in the guard cells or to the
low specificity and resolution of histochemical staining
(Fig. 5B).

The discrepancies of stomatal behaviors among these
mutants were further compared. Stomatal bioassay
experiments revealed that themature stomatal aperture
of the ABA-treated hy1-100 mutant decreased to a

Figure 4. Effects of ABA, sodium nitroprusside (SNP), NONOate, and
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(cPTIO) treatments on the stomatal aperture of the wild type and hy1-
100, abi4, and hy1-100/abi4 mutants. Arabidopsis leaves of each
ecotype were treated with or without ABA (10 mM) or SNP (50 mM),
NONOate (50mM), Old SNP (50mM), or OldNONOate (50mM) inMES-
KCl buffer for 2 h after 0.5 h of pretreatment with cPTIO (400 mM).
Photographs were immediately taken with a microscope. Stomatal
apertures were then measured (n = 50 from three independent experi-
ments). Seedlings without chemical treatments were regarded as con-
trols (Con). Data are means 6 SE from at least three independent
experiments. Differences among treatments were analyzed by one-way
ANOVA, taking P , 0.05 as significant according to Tukey’s multiple
range test.
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greater degree, with respect to the wild type, whereas it
decreased to a much lesser extent in the abi4 and hy1-
100/abi4 mutants upon ABA (Fig. 5, C and D). The pa-
rameter of pore size also displayed similar tendencies
(Supplemental Fig. S12). The confirmation and poten-
tial sources of hy1-induced ROS generation were eval-
uated using CAT, AsA, or DPI, which either remove
H2O2 or reduce ROS production by the inhibition of
NADPHoxidase (Zhang et al., 2001). Pretreatmentwith
all the above-mentioned compounds individually had
no significant impact on ABA-induced stomatal closure
in the abi4 and hy1-100/abi4 plants, whereas it greatly
abolished that of hy1-100 to approximately the same
level as the wild type. As a positive control, the stomata
of all mutants were significantly closed by exogenous
H2O2 to approximately the same degree as the wild
type, as evaluated by the stomatal aperture and pore
size (Fig. 5, C and D; Supplemental Fig. S12).

NADPH oxidase is mainly responsible for ABA-
induced ROS generation and stomatal closure (Torres

and Dangl, 2005), and the interrelationship between
RbohD and HY1 involved in salt acclimation was
reported previously (Xie et al., 2013). To characterize
the involvement of RbohD in HY1/ABI4-mediated
ABA signaling, we examined the time-course changes
of RbohD transcripts in HY1-null and/or ABI4-null
mutants upon ABA treatment for 120 min. The ABA-
induced RbohD transcripts were strengthened in the
hy1-100 mutant but largely attenuated in abi4 and hy1-
100/abi4 (Fig. 6A). IfRbohD is a downstream component
of HY1/ABI4 signaling, we deduced that over-
expression or mutation of HY1 may not change the re-
duced ABA sensitivity of the rbohD mutant in terms
of stomatal movement. Therefore, the HY1 over-
expression or HY1-null mutant in the rbohD mutant
background was generated. In the presence of ABA,
overexpression or mutation of HY1 in the rbohD back-
ground (35S:HY1/rbohD or hy1-100/rbohD) did not alter
its ABA-insensitive phenotype with regard to stomatal
closure (Fig. 6B). However, exogenously applied H2O2

Figure 5. ROS generation is required for the hy1- and ABI4-mediated Arabidopsis stomatal closure. A, Confocal analysis of ROS
production in the stomata of the wild type and hy1-100, abi4, and hy1-100/abi4 mutants upon 10 mM ABA for 20 min. ROS
production of the wild type at 0 min was regarded as 100%. B, Histochemical detection of ABA-induced hydrogen peroxide
(H2O2) and superoxide radical production. Four-week-old seedling leaves of each ecotype were treated with 10 mM ABA for 2 h
and stained with DAB or NBT (left). Bar = 1 cm. Randomly selected leaves were used for quantification (right), separately taking
values of corresponding untreated control lines (2ABA) as 100%. C, Stomatal aperture (n = 50 from three independent exper-
iments). Arabidopsis leaves of each ecotype were treated with ABA (10 mM) or H2O2 (100 mM) in MES-KCl buffer for 2 h after 0.5 h
of pretreatment with diphenyleneiodonium (DPI; 50 mM), catalase (CAT; 60 units mL21), or ascorbic acid (AsA; 100 mM). Data are
means 6 SE from at least three independent experiments. Differences among treatments were analyzed by one-way ANOVA,
taking P , 0.05 as significant according to Tukey’s multiple range test. D, Representative images are shown. Bar = 10 mm.
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could efficiently induce stomatal closure in rbohD, 35S:
HY1/rbohD, and hy1-100/rbohD mutant lines as well as
in the hy1-100 mutant.
In concordance with the Q-PCR results obtained from

the desiccation experiment (Supplemental Fig. S2), ABA-
inducedGORK activationwas pronounced in the hy1-100
mutant compared with that of the wild type. In contrast,
it was abolished by abi4 (Supplemental Fig. S13). Com-
pared with the wild type, the stomatal closure of the gork
mutant was greatly impaired when ABA or H2O2 was
applied exogenously, individually or simultaneously
(Supplemental Fig. S14). Taken together, the above re-
sults place RbohD-derived ROS as a downstream com-
ponent of HY1/ABI4 signaling, subsequently activating
GORK in ABA-induced stomatal closure and drought
tolerance.

DISCUSSION

The increasing evidence of HO mediating a wide
array of plant physiological processes contrasts with
our limited knowledge about the identification of
downstream components of its intrinsic signaling cas-
cade (Shekhawat and Verma, 2010). In this study, by
using genetic, pharmacological, and physiological
approaches, we showed the biological functions of HY1
during drought stress responses, in which HY1 nega-
tively regulated ABI4 in ABA-induced stomatal closure
driven by the RbohD-derived ROS. By investigating the
consequences of loss and gain of function ofHY1 on the
drought stress adaptation of Arabidopsis plants, we
found that hy1 mutants were tolerant to drought stress
(Fig. 1A). In agreement with the loss-of-function study,
overexpression of HY1 consequently impaired the
drought tolerance of transgenic plants. These results

clearly demonstrated that HY1 can act as a negative
regulator in drought stress signaling in Arabidopsis
(Fig. 6C).

A subsequent question was, how did a positive reg-
ulator of salinity signaling (Xie et al., 2011) negatively
regulate Arabidopsis drought tolerance? In an attempt
to explain this phenomenon at the molecular level,
we performed RNA-Seq analysis, which revealed an
impaired expression of multiple stress- and/or ABA-
inducible genes in the hy1-100 mutant upon water
deficiency (Fig. 1, B and C). Some of these genes
had functions in ABA-dependent pathways, including
GST11 and RD29A, whose overexpression enhanced
drought tolerance (Supplemental Table S1; Umezawa
et al., 2006; Valliyodan and Nguyen, 2006; Seki et al.,
2007). The transcriptomic results showed that HY1
might function upstream of these ABA-inducible genes
and positively control the ABA signaling pathway by
the induction of multiple stress-responsive genes.
However, it was observed that the expression of these
stress-inducible genes was enriched in the wild type,
which seemed to contradict the drought-tolerant phe-
notype of hy1-100. Furthermore, it was noteworthy that
a group of genes belonging to the GO transport cate-
gory were strongly up-regulated in the hy1-100 mutant
upon drought stress, in comparison with the wild type
(Fig. 1C). These genes encode important transmem-
brane transporters that function to move ions or anions
across the plasma membrane, such as AtHAK5, MATE
efflux family proteins, as well as GORK (Supplemental
Table S1). It is possible that the observed enhanced
expression of the transporters could result in an in-
creased ion flux across the membranes, with guard cell
potassium efflux in particular, which may in turn reg-
ulate the cell osmolarity and degree of stomatal

Figure 6. RbohD functions down-
stream of hy1 and ABI4 in ABA-in-
duced stomatal closure. A, Time
course of Q-PCR analysis of RbohD
expression in 4-week-old leaves of
each ecotype in response to ABA
(10 mM) for 2 h. The expression of
RbohD is presented relative to that
of the corresponding samples at 0 h.
B, Stomatal aperture (n = 50 from
three independent experiments).
Arabidopsis leaves of each ecotype
were treated with ABA (10 mM) or
H2O2 (100 mM) in MES-KCl buffer for
2 h. Values are means6 SE of at least
three independent experiments. C,
Schematic model describing the
hy1-mediated, drought-induced ABA
responsiveness. The T-bar denotes
inhibition.ABRE,ABA response element.
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apertures, subsequently leading to drought tolerance.
Accordingly, it was reported that Arabidopsis plants
with impaired K+ efflux ability presented impaired
ABA-mediated stomatal closing and reduced survival
of drought stress (Osakabe et al., 2013). We will discuss
and verify this point in detail in the following section.

It is well known that ABA regulates plant drought
adaptation mainly through its functions in cellular de-
hydration tolerance and by conserving a higher water
status (Lee and Luan, 2012). The former role has been
attributed mainly to the induction of dehydration-
responsive genes, and the latter trait was associated
with the regulation of guard cell movement (Pierik and
Testerink, 2014). Our examination of several physio-
logical aspects demonstrated that the hy1-dependent
Arabidopsis drought tolerance was ascribed to the
function of HY1 in the regulation of ABA contents and
responses, with guard cell movement in particular (Fig.
2; Supplemental Fig. S1). For example, compared with
the wild type, seed germination, early seedling devel-
opment and growth (except primary root growth), as
well as stomatal closure were hypersensitive to ABA in
the hy1-100 and hy1-1 mutant alleles but ABA insensi-
tive in HY1-overexpressed transgenic plants. In partic-
ular, our stomata results illustrated that HY1 negatively
affected ABA signaling in guard cells, thereafter mod-
ulating Arabidopsis drought tolerance. In comparison,
Shen et al. (2006) and Tomiyama et al. (2014) showed
normal or partial ABA-insensitive phenotypes in the
genome uncoupled2 (gun2)/hy1 mutant, respectively.
Combined with our findings, these results added more
complex features to the control of guard cell signaling,
and further investigation will be needed to fully clarify
the direct target of HY1 involved in ABA signaling in
guard cells. Meanwhile, one possible explanation of the
above-mentioned impairment of the up-regulation of
stress/ABA-inducible genes in drought-stressed hy1-
100 plants might be its hypersensitivity in terms of
stomatal closure. This, in turn, would conserve a higher
water status, thereby resulting in down-regulation
feedback on the induced genes. It was noteworthy
that the ABA-induced responses, such as radicle pro-
trusion (Fig. 2D) and stomatal movement (Fig. 2C),
were greatly impaired but not fully eliminated when
HY1 was overexpressed, indicating that some ABA
signaling cascades remain. We deduced that additional
factors may retain sufficient activity to trigger the ob-
served residual response. Another possibility was
that there was an HY1-independent, ABA-responsive
pathway that controls these responses. It was also ob-
served that disruption or overexpression ofHY1 did not
cause significant alternation of the ABA-inhibited pri-
mary root growth. These results implied the functional
segregation of HY1 in the regulation of multiple ABA
responses. Similar segregated behavior was found be-
tween Arabidopsis SnRK2.6 and SnRK2.2/2.3, sug-
gesting that SnRK2.6 functions in guard cells, whereas
SnRK2.2/2.3 specializes in seed germination and
seedling growth (Fujii and Zhu, 2009). Taken together,
the improved performance of the hy1-100mutant plants

under limiting water conditions was associated with its
enhanced ABA content and increased ABA sensitivity,
thus leading to the promotion of the ABA-induced
stomatal closure.

The formation of biliverdin catalyzed by HY1 plays a
fundamental role in phytochrome chromophore bio-
synthesis. Biliverdin is coordinated with phytochrome
apoprotein biosynthesis pathways to synthesize pho-
tochemically active phytochrome, an essential step
for proper photomorphogenesis in plants (Muramoto
et al., 1999). The cytosol-synthesized PHYTOCHROME
(PHY) apoproteins are encoded by small families of
nuclear genes (PHYA–PHYE in Arabidopsis; Sharrock
and Quail, 1989). It has been reported that PHYB in-
creases drought tolerance by enhancing ABA sensitiv-
ity in Arabidopsis (González et al., 2012). It should be
noted that hy1 is a phytochromobilin-deficient mutant
(Muramoto et al., 1999). Therefore, the hypersensitive
closed-stomata phenotype in hy1might be unlikely due
to the PHY-associated light signaling.

HY1 was identified through the characterization of
gun2 mutants that block the chloroplast-to-nucleus
retrograde signaling (Muramoto et al., 1999; Mochizuki
et al., 2001). ABI4 has been proposed as the master
switch that controls the expression of a large number of
nuclear genes in response to plastid-derived signals
(Wind et al., 2013). Ample evidence implies that
plastid-to-nucleus signaling and ABA signaling may be
interconnected (Voigt et al., 2010). For example, the
chloroplast protein PTM connects the plastid GUN1
pathway with the nuclear ABI4 pathway (Sun et al.,
2011), while downstream components of ABI4 are
CYP707A1 and CYP707A2 as well as a cluster of the
heme activator proteins (Zhang et al., 2013). Our results
suggested a potent coordination between HY1 and
ABI4 involved in chloroplast-to-nucleus retrograde
signaling (Supplemental Fig. S8). It was further dem-
onstrated that ABI4 appears to be a downstream com-
ponent of HY1 in controlling a subset of ABA
responses. First, ABA-induced ABI4mRNA abundance
was more pronounced in the hy1-100 mutant seedling,
suggesting the processing role of hy1 in the activation of
ABI4 (Fig. 3F). Second, ABI4 promoter-derived GUS
activities were moderately higher when HY1 activity
was blocked by ZnPPIX in the presence or absence of
ABA (Fig. 3G). Therefore, the promotion of ABA-
induced ABI4 is most likely caused by the loss of
function of HY1 in the hy1-100mutant. Third, the ABA-
hypersensitive phenotype of hy1-100, in terms of
ABA-inhibited seed germination and postgermination
development, as well as the guard cell movement but
not primary root growth, could be almost fully abol-
ished by the mutation of ABI4 (Fig. 3, A–E). Finally,
guard cell developmental processeswere also regulated
by HY1 and ABI4, as evaluated by stoma size and
number (Supplemental Figs. S9 and S10). Importantly,
the drought-tolerant phenotype of hy1-100 was mark-
edly blocked by the mutation of ABI4, while a single
mutation of ABI4 did not significantly alter the plant
response to drought stress compared with that of the
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wild type (Fig. 3H). Similarly, the abi4 mutant showed
weaker drought tolerance after norflurazon treatment
(Zhang et al., 2013). These results all supported the
view that tetrapyrrole and ABI4 signaling were coor-
dinated and indicated the biological significance of
retrograde signaling associated with plant drought
tolerance. In contrast, Finkelstein (1994) reported that
the abi4 mutants showed no difference from the wild
type in stomatal closure (data not shown). These dis-
crepancies indicated the complex signaling network of
guard cells and plant drought tolerance.
Previous studies have reported the linearity existing

among ABA, H2O2, and NO signaling in the control of
stomatal closure and drought tolerance (Bright et al.,
2006; Wilkinson and Davies, 2010). Previous investi-
gations have also showed that ABI4 was activated to
regulate redox signaling in mature plants (Kerchev
et al., 2011, 2013). In this study, a genetic approach was
adopted to characterize the downstream module of the
HY1-ABI4-mediated ABA response with respect to
stomatal closure and drought tolerance. Our assess-
ment of stomatal aperture has clarified that the HY1-
ABI4-controlled guard cell movement was associated
with RbohD-dependent ROS production (Fig. 5). Re-
markably, ROS production in guard cells or leaves in
hy1-100 plants was promoted, as monitored using a
ROS fluorescence probe. The concomitant stomatal
closure was largely impaired by abi4 compared with
the wild type (Fig. 5, A and C). Stomatal closure of the
ABA-treated hy1-100mutant could be attenuated by the
removal of H2O2. In a number of physiological re-
sponses, especially guard movement, NO production
was dependent on ROS generation (especially H2O2
synthesis; Bright et al., 2006). The data in this study
demonstrated that ABA-induced stomatal closure in
wild-type plants was greatly reduced in the presence of
the NO scavenger cPTIO but was not so strongly af-
fected in the hy1-100, abi4, and hy1-100/abi4mutant lines
(Fig. 4). These data implied that endogenous NO may
not be involved in hy1-promoted ABA hypersensitivity
in stomatal closure, at least under our experimental
conditions. By contrast, all mutants responded signifi-
cantly to SNP and NONOate, two NO-releasing com-
pounds, as well as in the wild type. Our data thus
provide evidence that the ABA-induced HY1-ABI4-
ROS guard cell signaling propagation remains diver-
gent from NO signaling at some points and may relate
to a mechanism that is independent of de novo NO
biosynthesis (Lozano-Juste and León, 2010).
It has been demonstrated that ROS mainly produced

by NADPH oxidases are crucial for mediating ion ho-
meostasis in Arabidopsis roots (Ma et al., 2012). In this
study, we present evidence of a positive function for
RbohD in HY1-ABI4 signal propagation and the acti-
vation of stomatal closure. The increasing tendencies of
ABA-induced RbohD expression in the wild type were
accelerated in hy1-100 but depressed in abi4 and hy1-
100/abi4 mutants (Fig. 6A). These results implied a pu-
tative role of hy1 and ABI4 in the activation of RbohD
expression, which would be important for controlling

guard cell movement. Moreover, either overexpression
or null mutation of HY1 could not alter the ABA hy-
posensitivity of rbohD in terms of stomatal closure (Fig.
6B), further placing RbohD as a downstream compo-
nent of HY1-ABI4 signaling in the wild type. However,
compared with wild-type plants, all mutant lines
responded strongly to exogenous H2O2, which was
similar to the behavior of SNP and NONOate (Fig. 4).
Taken together, these results identified the requirement
for RbohD-related ROS generation in the propagation
of ABA-activated HY1-ABI4 signaling to control sto-
matal closure in wild-type plants. Our previous inves-
tigations reported the participation of RbohD-derived
ROS in relaying HY1-mediated salt acclimation sig-
naling (Xie et al., 2011). RbohDwas also required for the
pathogen response and systemic signaling (Marino
et al., 2012). Therefore, in order to adapt to the contin-
ually exposed changes of living conditions, the differ-
ential organic localization (root or leaf, etc.) of RbohD
appears to facilitate its broad-range functions in the
spatiotemporal control of ROS production and deliv-
ering complex signaling processes.

Unequivocally, the GORK channel is highly ex-
pressed in guard cells and thought to provide the
main barrier for K+ loss to drive stomatal closure, which
is important for plant adaptation to environmental
changes (Ache et al., 2000; Imes et al., 2013; Osakabe
et al., 2013). Our transcriptomic and Q-PCR data
showed that a subset of transporter transcripts were
strongly up-regulated in the hy1-100 mutant upon
drought stress, including GORK (Supplemental Table
S2; Supplemental Fig. S1). Preliminary molecular,
physiological, and genetic experiments illustrated that
Arabidopsis lacking functional GORK displays im-
paired stomatal closure in response to ABA and H2O2
(Supplemental Fig. S14). These results implied the po-
tential role of GORK activation (K+ homeostasis) for
HY1-ABI4-RbohD-mediated ABA signaling in the
induction of stomatal closure and drought stress re-
sponses. In addition, the differential cell part locali-
zation of HY1 (plastid; Muramoto et al., 1999), ABI4
(nucleus; Sun et al., 2011; Zhang et al., 2013), and
GORK (guard cell; Ache et al., 2000; Osakabe et al.,
2013) suggested that we still do not know what de-
termines the relay of this observed cascade, directly or
indirectly.

HY1 is involved in the tetrapyrrole biosynthetic path-
way. Recently, the significance of tetrapyrrole-based
drought stress signaling was addressed, and this signal-
ing was favored toward free heme production owing to
drought-induced secondary events, including chloroplast-
localized oxidative stress (Nagahatenna et al., 2015).
Therefore, it was reasonable to hypothesize that the hy1-
promoted drought tolerance may result from the sus-
tained free heme status (Phung et al., 2011). Free heme
was proposed to activate a series of drought-responsive
and ROS detoxification genes that could also be utilized
to generate heme-derived antioxidant biomolecules for
defense. However, noncovalently bound heme in
hy1-100 seedlings was lower than that in the wild type
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(Supplemental Table S1). More importantly, the tran-
scriptomic data showed that a broad range of genes re-
lated to abiotic/biotic stress responses appeared in the
wild type upon drought stress, but not in the hy1-100
mutant (Fig. 1C). It was also observed that ROS pro-
duction was more pronounced upon ABA treatment in
hy1-100 leaves (Fig. 5, A and B). Therefore, these results
indicated that free heme status does not account for the
drought-tolerant phenotype of the hy1mutant, indicating
that other factors may be responsible for hy1-promoted
Arabidopsis drought tolerance. Supporting this notion
was the finding that Arabidopsis ferrochelatase1 mutants
produced significantly less total heme upon oxidative
stress when compared with wild-type plants (Nagai
et al., 2007), whereas no expected hypersensitive mutant
phenotype was observed (Scharfenberg et al., 2015).
Thus, future investigations should unravel the interrela-
tionship between the biological function of HY1 and free
heme-associated ROS detoxification.

In conclusion, we have identified, to our knowledge, a
novel pathway linking the mutation of HY1 with ABA
biosynthesis, several ABA responses, and drought toler-
ance. Disruption of HY1 expression leads to the activa-
tion of ABI4, thereby increasing the RbohD enzyme with
consequently elevated levels of ROSproduction (Fig. 6C).
Thereafter, the increased ROS induce stomatal closure, as
reflected in ABA-promoted drought tolerance. It is pos-
sible that ion channels such as GORK participate in this
signal propagation and also function in the stomatal re-
sponse, thus enhancing drought tolerance (Osakabe et al.,
2013). These findings extend our knowledge of the gene
expression regulation network to stress conditions. They
also open the possibility to engineer transgenic plants
with enhanced drought tolerance by reducingHY1 levels
using a guard cell-specific approach.

MATERIALS AND METHODS

Plant Material and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) mutants hy1-100 (CS236; Col-0), ho2
(SALK_025840), ho3 (SALK_034321), ho4 (SALK_044934), and abi4 (CS8104;
Col-0) were obtained from the Arabidopsis Biological Resource Center (http://
www.arabidopsis.org/abrc), and the homogenous HY1 overexpression lines
35S:HY1-3 and 35S:HY1-4 (Col-0) were constructed previously and used (Xie
et al., 2011, 2012; Jayakannan et al., 2013). The rbohD and hy1-1 (CS67; Landsberg
erecta) homozygous mutants were a generous gift from W.H. Zhang
(Department of Plant Science, Nanjing Agricultural University) and L.X. Zhu
(College of Plant Science and Technology, Huazhong Agricultural University).
The transgenic 35S:HY1/rbohD line was generated by overexpressingHY1 in the
rbohDmutant background. The double mutant lines hy1-100/ho4, hy1-100/abi4,
and hy1-100/rbohD were obtained by crossing ho4, abi4, and rbohD with hy1-100.
Homozygous hy1-related mutants were identified by sequencing, combined with
PCR-based genotyping and corresponding phenotypes (including yellow cotyle-
dons and ABA hypersensitivity; Xie et al., 2013). Seeds were surface sterilized and
washed three times with sterile water for 20 min, then cultured in petri dishes on
solidMSmedium (pH 5.8). Plants were grown in a growth chamber with a 16/8-h
(23°C/18°C) day/night regime at 120 mmol m22 s21 irradiation.

Drought Tolerance and Phenotypic Analysis

For the drought stress survival assays, 4-week-old plants were grown in
potting soil saturated with water. Drought stress was then conducted over the
17 d by withholding water, followed by a further 5 d of rewatering (21 and

25 d for hy1-100- and abi4-related plants). All experimentswere repeated at least
three times, and representative photographs were taken.

For phenotypic analysis, stratified seedswere germinatedon theMSmedium
with or without ABA at the indicated concentrations for the indicated times.
Alternatively, 5-d-old seedlings of each genotype were cultured in MSmedium
with or without the indicated concentrations of ABA for the indicated times.
The phenotypes, including the primary root length, green and open cotyledons,
germination rate, and primary root elongation, were then measured (Xie et al.,
2011, 2013). Meanwhile, representative images were made.

For the stomatal bioassay, the experimental details are described in thefigure
legends. At the indicated times, stomatal apertures were captured using a light
microscope equippedwith an imaging camera (model Stemi 2000-C; Carl Zeiss)
and analyzed with ImageJ software (supplied by the National Center for Bio-
technology Information and available at http://rsb.info.nih.gov/ij) to measure
apertures. Within each time point or treatment, 30 stomata were randomly
selected and recorded in six independent replicates.

RNA-Seq Analysis

Detached leaves of wild-type and hy1-100 plants were sampled for RNA-Seq
experiments. The process of RNA-Seq analysis was performed according to the
standardprocedure of the SOLEXAhigh-throughput sequencing service (Oebiotech).
Data were extracted and normalized according to the manufacturer’s standard
protocol. Log-fold changes of DEGs (up- or down-regulated) between the
mutant and wild-type plants were selected with a significance threshold of P,
0.05. The biological process pathways annotation was conducted using the
Database for Annotation, Visualization, and Integrated Discovery (Huang
et al., 2009) and TheArabidopsis Information Resource database (http://www.
Arabidopsis.org). The RNA-Seq results were then confirmed by Q-PCR.

Q-PCR Analysis

Q-PCR analysis was performed as described (Xie et al., 2014). The specific
primers used for PCR are listed in Supplemental Table S3.

Analysis of ABA Content

The ABA concentration of leaves was measured by the Phytodetek com-
petitive ELISA kit (Agdia). All plant leaves were detached and sampled at the
indicated times, followed by an overnight extraction in 80% acetone (Artsaenko
et al., 1995). ABA was quantified according to the manufacturer’s instructions.

Detection of GUS Activity

Arabidopsis plants containing the ABI4::GUS construct were grown on plates
with one-half-strengthMSmedium at 22°C. To test the induction ofABI4 promoter
activity, 1-week-old seedlings were subjected to different treatments. Afterward,
the seedlings were immersed in staining buffer (50 mM sodium phosphate, 10 mM

Na2EDTA, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide, and
0.1% Triton X-100, pH 7), stained with 5-bromo-4-chloro-3-indolyl-b-glucuronidic
acid at 37°C for 48 h, and cleared in 70% ethanol for 48 h at 37°C (Jefferson et al.,
1987; Söderman et al., 2000). Photographs of the decolorized tissues were recorded
using a stereomicroscope (model Stemi 2000-C; Carl Zeiss).

Measurement of Leaf Stomatal Density and
Stomatal Dimension

For themeasurements of stomatal density, dimension, and pore size, epidermal
strips from4-week-plant leaveswere used. At the indicated times, all sampleswere
captured using a light microscope (2003) equipped with a digital camera (model
Stemi 2000-C; Carl Zeiss). The number of stomata was determined on both the
adaxial and abaxial sides of five leaves and then converted into a stomatal density
value (Kondo et al., 2010). Relative stomatal area, stomatal length, width, dimen-
sion, and pore size were analyzed with ImageJ software (supplied by the National
Center for Biotechnology Information and available at http://rsb.info.nih.gov/ij)
tomeasure apertures. Onlymature stomata, whose ostiole length was greater than
one-third of the length of stoma, were taken into account (Merlot et al., 2001).

Stomatal Bioassay

To study the effects of ABA and light on stomatal closure, Arabidopsis
leaves of each ecotype were floated on MES-KCl buffer, which contained
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50mMKCl and10mMMES-Tris (pH6.15), in thedarkor cold light (200mmolm22 s21)
alone for 2 h or followed by the cold light or dark condition for another 2 h in the
presence of ABA at the indicated concentrations. To investigate the effects of DPI,
CAT, AsA, and H2O2 on ABA-induced stomatal closure, Arabidopsis leaves of each
ecotype were treated with ABA (10 mM), H2O2 (100 mM), or their combination
in MES-Tris buffer for 2 h after 0.5 h of pretreatment with DPI (50 mM), CAT
(60 units mL21), or AsA (100 mM; Zhang et al., 2001; Bright et al., 2006).

In our experimental conditions, theOld SNP/NONOate solutionswere used as
negative controls of SNP/NONOate by maintaining the SNP/NONOate solution
(50 mM) for at least 10 d in the light in an open tube to eliminate NO (Tossi et al.,
2009; Xie et al., 2013). Therefore, theOld SNP/NONOate solution contains only the
degradation product of SNP/NONOate except NO. To investigate the effect of
NO on ABA-induced stomatal closure, Arabidopsis leaves of each ecotype were
treated with or without ABA (10 mM), SNP (50 mM), NONOate (50 mM), Old SNP
(50 mM), or Old NONOate (50 mM) in MES-Tris buffer for 2 h after 0.5 h of pre-
treatmentwith 400mM cPTIO. The chemical concentrations used in this studywere
determined from previous reports (Bright et al., 2006; Xie et al., 2013). Stomatal
apertures were randomly selected for three independent repeats (n = 50) and
measured with a microscope equipped with an imaging camera (model Stemi
2000-C; Carl Zeiss). Stomatal apertures were analyzed with ImageJ software.

Confocal Laser Scanning Microscopy

Endogenous ROS production was examined with 29,79-dichlorodihydro-
fluorescein diacetate (Sigma) as described previously (Bright et al., 2006; Xie
et al., 2011, 2014). Epidermal fragments from 4-week-old plants were loaded
with 50 mM 29,79-dichlorodihydrofluorescein diacetate for 15 min before
washing in MES-KCl buffer three times for 5 min each. Fragments were then
treated with various reagents as indicated in the figure legends. All manipu-
lations were performed at 25°C6 1°C. At each sampling time, at least 50 guard
cells in three independent epidermal strips were observed using a TCS-SP2 con-
focal laser scanningmicroscope (excitation at 488 nm and emission at 500–530 nm).
Tomeasure the relative fluorescence intensity in guard cells, images acquiredwere
analyzed via the Leica software (Sieberer et al., 2009; Liesche and Schulz, 2012).
Data were calculated as means 6 SE of pixel intensities.

Histochemical Staining

The generation of H2O2 or superoxide radical was detected by DAB or NBT
staining, respectively (Lv et al., 2011). Four-week-old plant leaves were im-
mersed in freshly prepared 0.1% (w/v) DAB solution (pH 3.8), vacuum infil-
trated, and then incubated overnight in darkness at 22°C. Alternatively, leaves
were stained with 0.1% NBT solution in 10 mM potassium phosphate buffer
(pH 7.8) containing 10 mM NaN3, vacuum infiltrated, and then incubated in
darkness at 22°C for 1 h. Afterward, the stained leaves were placed in a solution
containing acetic acid:glycerol:ethanol (1:1:3, v/v/v) at 95°C for 10 min and then
stored in 95% ethanol until photographed (model Stemi 2000-C; Carl Zeiss).

Chloroplast-to-Nucleus Retrograde Signaling

Norflurazon and lincomycin treatments were performed to determine the
retrograde signaling (Kerchev et al., 2011; Sun et al., 2011). Seedlings were
treated as indicated in the figure legends, collected, and then frozen in liquid
nitrogen, and total RNA was isolated. LHCB, CA, and CP transcript levels
were determined with Q-PCR.

Statistical Analysis

Data are means 6 SE from at least three independent experiments. For sta-
tistical analysis, Tukey’s multiple range test (P , 0.05) was chosen.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers ABI4(At2g40220), Actin2/7 (NM_121018),
CA(At3g01500), CP(At3g62410), Gork (At5g37500), LHCB(At1g29910),
RAB18(At5g66400), RbohD (At5g47910), RD22(At5g25610), RD29a(At5g52310),
WRKY45(At3g01970).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phenotypes and ABA levels of the hy1-1 mutant
in response to drought or ABA treatment.

Supplemental Figure S2. Hierarchical cluster of all DEGs in the RNA-Seq
experiment.

Supplemental Figure S3. Q-PCR validation for the fold change of repre-
sentative genes of wild-type and HY1-loss mutant detached leaves in
response to drought stress desiccation for 3 h.

Supplemental Figure S4. Time-course analysis of the radicle protrusion of
the wild type and HY1 loss- and gain-of-function mutants in response to
1 mM ABA.

Supplemental Figure S5. Osmotic phenotypic analyses of the wild type,
hy1-100, ho2, ho3, and ho4 mutants, hy1-100/ho4, and the HY1 overex-
pression lines 35S:HY1-3/4.

Supplemental Figure S6. ABA contents in wild-type and hy1-100 mutant
seedlings treated with or without norflurazon for 5 d.

Supplemental Figure S7. Impact of lincomycin treatment on gene expres-
sion in wild-type and hy1-100 seedlings.

Supplemental Figure S8. Impact of norflurazon and lincomycin treatments
on LHCB, CA, and CP transcript levels in wild-type, hy1-100, abi4, and
hy1-100/abi4 seedlings.

Supplemental Figure S9. Comparisons of stomatal and cell density and
relative stomatal area in adaxial epidermis of the wild type and hy1-100,
abi4, and hy1-100/abi4 mutants.

Supplemental Figure S10. Comparisons of stomatal length, stomatal
width, and stomatal dimension in adaxial epidermis of the wild type
and hy1-100, abi4, and hy1-100/abi4 mutants.

Supplemental Figure S11. Comparisons of the percentage of mature stoma
in leaves of the wild type and hy1-100, abi4, and hy1-100/abi4 mutants.

Supplemental Figure S12. Comparisons of stomatal pore size in leaves of
the wild type and hy1-100, abi4, and hy1-100/abi4 mutants.

Supplemental Figure S13. ABA-induced GORK gene expression in 4-
week-old wild-type, hy1-100, abi4, and hy1-100/abi4 mutant leaves.

Supplemental Figure S14. Relative stomatal aperture of gorkmutant plants
in response to ABA or H2O2.

Supplemental Table S1. Quantification of noncovalently bound heme and
HO activity in wild-type and hy1-100 seedlings.

Supplemental Table S2. DEGs in hy1-100 relative to the wild type under
both well-watered and desiccated conditions.

Supplemental Table S3. Sequences of PCR primers for Q-PCR.
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