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Heat stress often results in the generation of reactive oxygen species, such as hydrogen peroxide, which plays a vital role as a
secondary messenger in the process of abscisic acid (ABA)-mediated stomatal closure. Here, we characterized the rice (Oryza
sativa) HEAT TOLERANCE AT SEEDLING STAGE (OsHTAS) gene, which plays a positive role in heat tolerance at the seedling
stage. OsHTAS encodes a ubiquitin ligase localized to the nucleus and cytoplasm. OsHTAS expression was detected in all tissues
surveyed and peaked in leaf blade, in which the expression was concentrated in mesophyll cells. OsHTAS was responsive to
multiple stresses and was strongly induced by exogenous ABA. In yeast two-hybrid assays, OsHTAS interacted with
components of the ubiquitin/26S proteasome system and an isoform of rice ascorbate peroxidase. OsHTAS modulated
hydrogen peroxide accumulation in shoots, altered the stomatal aperture status of rice leaves, and promoted ABA
biosynthesis. The results suggested that the RING finger ubiquitin E3 ligase OsHTAS functions in leaf blade to enhance heat
tolerance through modulation of hydrogen peroxide-induced stomatal closure and is involved in both ABA-dependent and

DROUGHT AND SALT TOLERANCE-mediated pathways.

Heat stress affects plant growth, seed germination,
photosynthesis, respiration, water relation, and mem-
brane stability in plants (Wahid et al., 2007) and is often
accompanied by the generation of reactive oxygen
species (ROS), such as hydrogen peroxide (H,0,), hy-
droxyl radical, superoxide anion radicals, and singlet
oxygen (Liu and Huang, 2000; Mittler, 2002; Apel and
Hirt, 2004; Song et al., 2014). H,0, is a very stable ROS
with a long half-life (approximately 1 ms) and is also
more diffusive than other ROS (Levine et al., 1994), so it
can readily escape from the organelle in which it was
produced to the cytosol. H,O, plays a dual role in
plants: at low concentrations, it acts as a signal molecule
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involved in acclimatory signaling, triggering tolerance
to various biotic and abiotic stresses; and at high con-
centrations, it leads to programmed cell death (Quan
etal., 2008). H,O, also acts as a key regulator in a broad
range of physiological processes, such as senescence
(Peng et al., 2005), photorespiration and photosynthesis
(Noctor and Foyer, 1998), stomatal movement (Bright
et al., 2006), the cell cycle (Mittler et al., 2004), and growth
and development (Foreman et al., 2003). H,O, is begin-
ning to be accepted as a secondary messenger for signals
generated by ROS because of its relatively long life and
high permeability across membranes (Quan et al., 2008).
The major ROS-scavenging mechanisms include super-
oxide dismutase (SOD), ascorbate peroxidase (APX), and
catalase (CAT; Bowler et al., 1992; Willekens et al., 1997;
Noctor and Foyer, 1998). CAT does not need a reductant
to scavenge H,O,, while APX needs ascorbate to act as a
reductant. However, CAT has a lower affinity for H,O,
(millimolar range) than APX (micromolar range; Mittler,
2002). Hence, APX might function as a fine regulator of
intracellular ROS steady-state levels, possibly for signal-
ing purposes, whereas CAT might function as a bulk
remover of excess ROS production under stress condi-
tions (Willekens et al., 1997; Noctor and Foyer, 1998;
Mittler, 2002; Cruz de Carvalho, 2008).

It has been well established that the abscisic acid (ABA)
signaling pathway affects plant adaptation to stress by
controlling the internal water status in plants (Cutler
et al., 2010; Hauser and Horie, 2010; Raghavendra et al.,
2010; Joshi-Saha et al., 2011; Fujii and Zhu, 2012). Sig-
nificant ABA accumulation occurs in response to water-
deficient stress; the increased ABA content triggers
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stomatal closure, thus reducing water loss (Schroeder
et al, 2001; Hirayama and Shinozaki, 2007). ABA is
synthesized through the cleavage of a C40 carote-
noid originating from the 2-C-methyl-p-erythritol-
4-phosphate pathway, followed by the conversion of
zeaxanthin to neoxanthin via violaxanthin. Sub-
sequently, 9-cis-epoxycarotenoid dioxygenase (NCED)
cleaves violaxanthin and neoxanthin to xanthoxin, which
is then oxidized to abscisic aldehyde and converted to
ABA (Nambara and Marion-Poll, 2005). The cleavage
step catalyzed by NCED is generally thought to be the
rate-limiting step of ABA biosynthesis (Iuchi et al., 2000;
Xiong and Zhu, 2003), and this enzyme is involved in
both drought (Iuchi et al., 2001; Qin and Zeevaart, 2002)
and salt stress (Barrero et al., 2006) responses.

In the process of ABA-mediated stomatal closure,
H,0, plays a vital role as a secondary messenger by
elevating calcium levels in guard cells through the ac-
tivation of plasma membrane calcium channels (Pei
et al., 2000; Wang and Song, 2008). The ABA-activated
SnRK?2 protein kinase OPEN STOMATA1 phosphory-
lates NADP (NADPH) oxidase (AtrbohF), which func-
tions to produce ABA-induced ROS in guard cells
(Kwak et al., 2003; Sirichandra et al., 2009). The double
mutation of two NADPH oxidase genes (AtrbohD and
AtrbohF) impairs the ABA-induced H,O, production
and stomatal closure (Kwak et al., 2003). Recently, an
ABA-independent stomatal closure mechanism was
reported in rice (Oryza sativa). DROUGHT AND SALT
TOLERANCE (DST), a zinc finger transcription factor,
negatively regulates H,0O,-induced stomatal closure by
directly regulating the expression of genes related to
H,0, scavenging (Huang et al., 2009). OsSRO1c sup-
presses DST to positively regulate H,O,-induced sto-
matal closure (You et al., 2013).

RING (for really interesting new gene) finger proteins
harbor special zinc-binding domains defined by the
consensus sequence Cys-X,-Cys-X g.39-Cys-X; 5-His-X
(237 Cys/His-X,-Cys-X 4 45-Cys-X,-Cys, where X can be
any amino acid (Lovering et al., 1993). Depending on
the fifth conserved amino acid, RING fingers are mainly
classified as C3H2C3 (RING-H2) type or C3HC4
(RING-HC) type (Freemont, 2000; Jackson et al., 2000;
Lim et al., 2010, 2013b). In addition to the two canonical
RING types, additional types of modified RING do-
mains, named RING-V, RING-D, RING-S/T, RING-G,
and RING-C2, have been identified in Arabidopsis
(Arabidopsis thaliana; Kosarev et al., 2002; Stone et al.,
2005). Proteins harboring a RING domain are believed
to play a role as ubiquitin ligases (E3) for the recognition
and ubiquitylation of substrate proteins (Stone et al.,
2005; Lim et al., 2013a). A number of RING E3s have
been reported to play crucial roles in the posttransla-
tional regulation of plant hormone signaling pathways,
such as ABA and environmental stresses (Lim et al.,
2013b). The overexpression of the Arabidopsis RING-
H2 gene, XERICO, confers drought tolerance by in-
creasing ABA biosynthesis through the up-regulation
of a key ABA biosynthesis gene, AINCED3 (Ko et al.,
2006). In Arabidopsis, OSMOTICALLY RESPONSIVE
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GENE1 (HOS1), which harbors a RING-like do-
main, negatively regulates cold signal transduction
(Lee et al., 2001). Hot pepper (Capsicum annuum) RING
MEMBRANE-ANCHOR 1 HOMOLOGTI functions as
an E3 ligase, ubiquitinating the plasma membrane
aquaporin PIP2;1 under water-deficient conditions (Lee
et al., 2009). The C3HC4 RING finger E3 ligase OsDIS1,
which is predominantly localized in the nucleus, plays
a negative role in drought stress tolerance through
the transcriptional regulation of diverse stress-related
genes and possibly through the posttranslational reg-
ulation of OsNeké6 in rice (Ning et al., 2011). The rice
RING finger E3 ligase HEAT AND COLD INDUCED1
drives the nuclear export of multiple substrate proteins,
and its heterogenous overexpression enhances acquired
thermotolerance (Lim et al., 2013a). A novel membrane-
bound RING-V (C4HC3) protein from Brassica napus,
BnTRI, is likely to be involved in mediating Ca** dy-
namics by regulating the activity of calcium channels,
which further alters the transcription of heat shock
factors and heat shock proteins contributing to plant
thermotolerance (Liu et al., 2014).

In our previous study, we identified a local indica rice
cultivar, cv HT54, that is able to tolerate a high tem-
perature of 48°C for approximately 79 h at the seedling
stage, and we mapped this novel thermotolerant locus
between the molecular markers InDel5 and RM7364.
The physical distance of the two molecular markers is
420 kb and includes a gene (LOC_Os09g15430) possibly
involved in heat stress response, which was named rice
HEAT TOLERANCE AT SEEDLING STAGE (OsHTAS;
Wei et al., 2013). In this study, the molecular function of
OsHTAS in heat tolerance was reported. OsHTAS RNA
interference (RNAi) transgenic plants showed obvi-
ously reduced heat resistance, and the gain-of-function
mutant oshfas and OsHTAS-overexpressing (OE) trans-
genic plants displayed significantly improved heat
tolerance at the seedling stage. The OsHTAS gene en-
codes a ubiquitin E3 ligase, which is localized to both
the nucleus and the cytoplasm, and was induced
strongly by exogenous ABA. The results demonstrated
that the E3 ubiquitin ligase OsHTAS enhanced heat
tolerance by promoting H,O, accumulation-induced
stomatal closing in rice.

RESULTS

OsHTAS Plays a Positive Role in Heat Tolerance at the
Seedling Stage

To survey the potential function of OsHTAS in the
heat stress responses of rice, OsHTAS RNAI rice plants
were produced with a 312-bp open reading frame re-
gion of OsHTAS as the target interference region (Fig.
1A; Supplemental Fig. S1A). Two independent RNAi
lines (Ri-3 and Ri-15), in which the OsHTAS expression
level was approximately one-tenth of that in wild-type
cv Nipponbare (Fig. 1B), were selected for heat toler-
ance testing (45°C for 48 h at the 3.5- to 4.5-leaf stage).
Both Ri-3 and Ri-15 plants were more sensitive to heat
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Figure 1. OsHTAS plays a positive role in heat tolerance at the seedling stage. A, Schematic diagram of the OsHTAS gene and the
predicted OsHTAS protein. In the genomic DNA, exons, introns, and untranslated regions are indicated by black boxes, lines
between boxes, and white boxes, respectively. The T-DNA insertion site is located in the promoter, 53 bp upstream of the
transcription initiation site. LB, Left border of the T-DNA; RB, right border of the T-DNA. Arrows a, b, and c represent the primers
used in the genotyping of the oshtas mutant. In the coding sequence (CDS), the black bar under the sequence indicates the target
RNAI region (312 bp). In the protein sequence, four dark gray regions indicate the N-terminal transmembrane domains (TM),
while the hatched bar shows the C-terminal RING finger domain. B, Expression analysis of OsHTAS in the RNAi lines (Ri-3 and
Ri-15), the overexpressing lines (OE-2 and OE-8), and the oshtas mutant detected by quantitative real-time (qRT)-PCR. Nip, cv
Nipponbare. Error bars indicate the st based on three technical replicates. C, Heat tolerance tests of the wild type, the oshtas
mutant, and several transgenic lines. Seedlings (3.5- to 4.5-leaf stage) grown in Yoshida solution were treated with a high-tem-
perature (45°C) environment for the corresponding times (48 h for RNAi lines and 72 h for the oshtas mutant and overexpression
lines), followed by culturing in normal conditions for 10 d. Survival rates were determined after 10 d of recovery. D, Water loss
from detached leaves of cv Nipponbare, RNAI lines (Ri-3 and Ri-15), cv Zhonghua 11 (ZH11), and the oshtas mutant at the
indicated time points. FW, Fresh weight. Error bars indicate the se based on three technical replicates. *, P< 0.05 and **, P< 0.01,
by Student’s t test.

treatment than the wild type. The survival rates ranged survival rates for Ri-3, Ri-15, and the wild type were
from 76% to 70% for the OsHTAS RNAI lines and 92% 30%, 19%, and 57%, respectively (Supplemental Fig.
to 100% for wild-type plants after 10 d of recovery (Fig. 52). Furthermore, the water loss rates of detached
1C). To verify the result, we prolonged the treatment leaves from Ri-3, Ri-15, and cv Nipponbare were mea-
time to 72 h, and all the survival rates decreased. The sured. The results showed that the detached leaves of
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both RNAI lines, especially Ri-15, lost water faster than
the wild-type leaves (Fig. 1D). This increased water loss
of the RNAI lines might lead to an increased sensitivity
to high temperature.

To further confirm the OsHTAS function in heat tol-
erance, we searched the Rice Mutant Database (http://
rmd.ncpgr.cn/) and found a transfer DNA (T-DNA)
mutant (RMD_047Z11LZ47) corresponding to the OsH-
TAS gene (Wu et al., 2003; Zhang et al., 2006). Genotype
analysis of the mutant indicated that the T-DNA tag
was inserted into the promoter region, 53 bp upstream of
the transcription initiation site (Fig. 1A; Supplemental
Fig. S3). The oshtas mutant seedlings showed increased
(approximately 5-fold) OsHTAS expression compared
with wild-type cv ZH11; thus, this mutant was used as a
gain-of-function mutant for further studies (Fig. 1B).
Under normal growth conditions, the mutant oshtas
appeared to have no obvious differences compared with
the wild-type. Under heat stress (45°C for 72 or 96 h at the
3.5- to 4.5-leaf stage), the oshtas seedlings showed a
strongly enhanced tolerance to heat stress, which was
consistent with the behavior of the RNAi lines in heat
treatment (Fig. 1C; Supplemental Fig. S2). The water loss
rates of the detached leaves from oshtas were obviously
lower than those of cv ZH11 (Fig. 1D), which was also
consistent with the behavior of the RNAI lines.

In addition, we transformed the full-length coding
sequence of OsHTAS under the control of the ACTIN1
promoter into cv Nipponbare to produce the OsHTAS-
OE lines (Supplemental Fig. S1B). Although OsHTAS
expression in these overexpression lines was up-
regulated to approximately twice that of the wild-type
plants, the OE-2 and OE-8 lines were more resistant to
high temperature (45°C for 72 h at the 3.5- to 4.5-leaf
stage) than the wild-type lines (Fig. 1, B and C). Taken
together, all of these results suggested that OsHTAS
plays a positive role in heat tolerance in rice.

OsHTAS Encodes a RING-H2 Finger Protein with
Ubiquitin Ligase Activity in Vitro

The OsHTAS gene is composed of five exons and four
introns (Fig. 1A), which was verified by the full-length
complementary DNA (cDNA) sequence (Kikuchi et al.,
2003; Satoh et al., 2007, Kawahara et al., 2013). The
deduced protein consisting of 414 amino acids was
predicted to be a zinc finger family protein by a
BLASTP search of the Michigan State University data-
base (http://rice.plantbiology.msu.edu/). InterProScan
(http:/ /www.ebi.ac.uk/Tools/InterProScan/) iden-
tified four transmembrane helices in the N terminus
and a RING-H2-type finger domain at the C terminus of
the OsHTAS protein, which implied that it has E3 ligase
activity (Fig. 1A).

To test whether OsHTAS has ubiquitin ligase activ-
ity, we performed an in vitro ubiquitination assay. The
attachment of ubiquitin (a small 76-amino acid protein)
molecules to target substrates mediates a variety of
cellular functions via the ubiquitin/26S proteasome
system in higher plants (Lim et al.,, 2013b). In this
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pathway, the conjugation cascade requires three classes
of enzymes: El1 (ubiquitin-activating enzyme), E2
(ubiquitin-conjugating enzyme), and E3 (ubiquitin li-
gase; Vierstra, 2009). The 142 amino acids of the C ter-
minus of OsHTAS were expressed with a MALTOSE
BINDING PROTEIN (MBP) tag and purified from
Escherichia coli, and the self-ubiquitination activity of
the protein was probed. The protein was incubated
with wheat (Triticum aestivum) E1, human (Homo
sapiens) E2 (UBCh5b), and ubiquitin, followed by im-
munoblot analysis. In the absence of E2 or MBP-RING,
no polyubiquitination conjugates could be observed,
whereas clear polyubiquitinated MBP-RING conju-
gates could be observed when all reagents were present
(Fig. 2). These results were doubly confirmed by im-
munoblot analysis with anti-ubiquitin (Fig. 2A) and
anti-MBP (tagged to RING; Fig. 2B; Supplemental Fig.
S4) antibodies. These results also indicated that OsH-
TAS is a functional E3 ligase in vitro.

Subcellular Localization of OsHTAS

To study the subcellular localization of the OsHTAS
protein, we fused the coding sequence of OsHTAS to
yellow fluorescent protein (YFP) driven by the cauli-
flower mosaic virus 355 promoter (355:YFP-OsHTAS)
and delivered the construct into the epidermis of Nico-
tiana benthamiana by agroinfiltration (Supplemental Fig.
S1C). The transgenic recipient was a nuclear marker
N. benthamiana line expressing red fluorescent protein
(RFP) fused with histone 2B (H2B; Martin et al., 2009).
According to the YFP signal, the OsHTAS protein was
localized to the nucleus and the cytoplasm (Fig. 3A).

We also assayed the localization using rice proto-
plasts. The full-length OsHTAS coding sequence was
fused to the GFP-coding sequence under the control of
the 355 promoter (355:0sHTAS-GFP), which was
transiently expressed with the endoplasmic reticulum
marker RFP-HDEL (Nelson et al., 2007; De Caroli et al.,
2011) in rice protoplasts (Supplemental Fig. S1D). The
endoplasmic reticulum is contiguous with the nuclear
envelope and surrounds the nucleus on all sides; the flu-
orescence indicated that the fusion protein was localized
mainly to the nucleus and partially to the cytoplasm (Fig.
3B). At the same time, we used the rice nuclear protein
RPL1 fused with cyan fluorescent protein (CFP) as a nu-
clear marker (Zhang et al., 2012) and cotransformed it into
rice protoplasts with 355:0sHTAS-GFP. The cyan fluo-
rescence overlapped with the green fluorescence (Fig. 3B).
Thus, both results showed that the OsHTAS protein has
nuclear and cytoplasmic localization.

Expression Pattern of OsHTAS

Samples, including root and shoot, stem, blade and
sheath of flag leaf, and panicle, were prepared from cv
Nipponbare plants. The mRNA abundance of OsHTAS
was detected using qRT-PCR. OsHTAS transcripts were
detected in all tissues surveyed and peaked in the blade
of the flag leaf (Fig. 4A).
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Figure 2. Ubiquitin ligase activity of OsHTAS in vitro. The MBP-RING
(amino acids 273-414 of OsHTAS) fusion protein was assayed for
ubiquitin ligase activity in the presence of wheat E1, human E2, and
ubiquitin (Ub). The numbers on the left denote the molecular masses of
marker proteins in kD. MBP was used as a negative control. Samples
were resolved by 10% (w/v) SDS-PAGE. An antibody against ubiquitin
was used to detect ubiquitin (A). An antibody against MBP was used to
detect MBP fusion proteins (B). Ubn, Ubiquitin conjugates.

To further confirm the expression pattern of OsH-
TAS, we generated transgenic rice lines using the GUS
reporter gene, which was under the control of the
OsHTAS promoter (Supplemental Fig. S1E). DNA-blot
hybridization analysis of five T, transgenic plants
identified four plants harboring a single copy of the
transgene, from which two transformants were chosen
for histochemical staining to detect GUS activity
(Supplemental Fig. S5). GUS expression was observed
in the seedling root and shoot, leaf blade and sheath,
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and floret (Fig. 4B). In the seedling root, the GUS signal
appeared in the vascular cylinders of both the adven-
titious and the lateral roots (Fig. 4B, images 1 and 2). In
leaf blade and sheath, the GUS signal was concentrated
in the mesophyll cells (Fig. 4B, images 3-6). In the floret,
strong GUS expression was detected in the nerves and
the margin of the lemma, the middle nerve of the palea,
the vascular bundles of anthers, and the pistil, and
weak GUS expression was detected in pollen grains
(Fig. 4B, images 7-9).

To reveal the physiological and functional relevance
of the OsHTAS gene, we further examined the expres-
sion level of OsHTAS under heat stress and other
treatments, including cold, salt, polyethylene glycol
(PEG), H,0O,, and ABA, at the seedling stage. As shown
in Figure 4C, after heat treatment, the OsHTAS tran-
scripts decreased at 0.5 h and increased gradually to
peak at 6 h, after which a gradual decrease occurred. In
the cold and salt treatments, the situation was similar to
the heat treatment, but the peaks for both treatments
appeared at 12 h. After the PEG treatment, which
mimicked drought stress, the transcript abundance of
OsHTAS was nearly unchanged, with a slight increase
at 24 h (1.8-fold). In the H,O, treatment, the OsHTAS
expression was reduced at most time points, except for
an increase at 3 h. The abundance of OsHTAS tran-
scripts changed very little until 12 h after ABA treat-
ment but was dramatically induced to approximately
22-fold at 12 h and then decreased to 4-fold at 24 h.
Taken together, OsHTAS was strongly induced by ex-
ogenous ABA but only slightly induced (2- to 4-fold) by
heat, cold, salt, PEG, and H,O, treatments (Fig. 4C).
These results indicated that OsHTAS is responsive to
multiple stresses.

OsHTAS-Interacting Proteins Detected by Yeast
Two-Hybrid Assays

Different from the known DNA-binding zinc finger
domains, the RING domain appears to function as a
protein-protein interaction domain (Lovering et al., 1993;
Borden, 2000). Because of this, we investigated the
OsHTAS-interacting proteins in the yeast (Saccharomyces
cerevisiae) system. Three baits represented the full-length
OsHTAS (BK-OsHTASF; amino acids 1-414), the RING
finger domain at the C terminus (BK-RING; amino acids
338-414), and the remaining N-terminal domain (BK-
OsHTASN; amino acids 1-337), and these baits were
constructed to screen a prey cDNA library prepared
from cv Nipponbare callus. BK-OsHTASF screening
resulted in no positive interactions with any proteins,
while BK-OsHTASN screening obtained the rice
OsAPX8 (LOC_0s02g34810; Fig. 5A).

BK-RING screening identified four positive inter-
acting proteins: a ubiquitin extension protein (S27a;
LOC_0Os05g06770), a ribosomal protein (40SRPS;
LOC_0s07g42450), and two ubiquitin-conjugating en-
zymes (E2; LOC_Os01g46926 and LOC_Os02g16040;
Fig. 5, B and C). The RING finger domains of E3s con-
tain two zinc ions and serve as the catalytic core (Lorick
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Figure 3. Subcellular localization of OsHTAS. A,
Subcellular localization of OsHTAS in N. benthamiana
epidermal cells. 35S5:YFP-OsHTAS was deliv-
ered into the epidermis of N. benthamiana leaves
expressing 35S:RFP-H2B (nuclear marker) by
agroinfiltration. 35S:YFP was transformed using
the same method as the control. Confocal images
of the epidermal cells are shown. Bars =20 um. B,
Subcellular localization of OsHTAS in rice proto-
plasts (cv ZH11 background). 35S:0sHTAS-GFP
was cotransformed with 35S:RFP-HDEL (endo-
plasmic reticulum marker) or 355:RPL1-CFP (nu-
clear marker) into rice etiolated shoot protoplasts.
35S:GFP was transformed as a control. Bars =5 um.

35S:YFP-OsHTAS

35S:GFP

35S8:0sHTAS-GFP

35S:0sHTAS-GFP

etal., 1999; Zheng et al., 2000). To test whether the intact
RING finger domain (amino acids 338-378) of OsHTAS
was indispensable to these interactions, two mutant
constructs, BK-RING (H358Y) and AD-RING (H358Y),
in which His-358 was changed to Tyr-358 (H358Y) to
destroy the catalytic core, were used in the yeast two-
hybrid assays (Supplemental Fig. S6). The interactions
between RING and S27a and the two E2s disappeared,
but the interaction between RING and 40SRPS was not
affected, suggesting that RING interacted with S27a
and the two E2s in the yeast two-hybrid assays and that
the intact RING finger domain was critical for these
interactions (Fig. 5, B and C).

We further investigated the expression levels of the
interacting genes by qRT-PCR. All five OsHTAS-
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355:RFP-H2B Bright field

Bright field

35S8:RFP-HDEL Merged

356S:RPL1-CFP Merged
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interacting genes were down-regulated in Ri-3, while
they were up-regulated in oshtas plants (Fig. 5D). The
above results indicated that the expression levels of
these interacting genes were positively correlated with
the expression level of OsHTAS.

OsHTAS Modulates ROS Homeostasis and Alters the
Stomatal Aperture Status of Rice Seedlings

ROS are continuously produced as the by-products
of various metabolic pathways and are scavenged by
different antioxidative defense components in plants.
The equilibrium between ROS production and scav-
enging may be perturbed by adverse environmental
factors, such as heat stress (Apel and Hirt, 2004). As
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Figure 4. Expression pattern of OsHTAS. A, Expression analysis of OsHTAS in different tissues containing root, shoot, stem, blade
and sheath of flag leaf, and panicle by qRT-PCR. Error bars indicate the st based on three technical replicates. B, P45 GUS
expression patterns in transgenic rice plants (cv Nipponbare background). GUS staining is shown in a 5-d-old seedling (1), root
(2), and transverse sections of leaf blade, sheath, and floret (3, 4, and 9, respectively). 5 and 6 are magnified images of parts of 4
and 3, respectively. Black arrows indicate the mesophyll cells. 7 shows a floret, and 8 show pistils and stamens. Bars = 1 cm (1),
1mm (2, 5, and 6-8), and 0.1 mm (3, 4, and 9). C, Expression of OsHTAS under abiotic stress conditions. Seedlings (3.5- to 4.5-
leaf stage) were subjected to heat (45°C), cold (4°C), salt (250 mm NaCl), PEG (20% [w/v] PEG 4000), H,O, (100 mm), and ABA
(100 um). Relative expression levels of OsHTAS were examined by qRT-PCR. Error bars indicate the st based on three technical

replicates.

H,0, is a very stable ROS with a long half-life (Levine
et al., 1994), we measured the H,O, content in seedling
shoots with or without heat treatment (45°C at the 3.5-
to 4.5-leaf stage) to investigate the ROS balance. The
oshtas mutant accumulated less H,O, before treatment
than did the wild type, and H,O, contents increased
greatly in oshtas, while they increased only slightly in
the wild type after treatment (Fig. 6A). Thus, ROS ho-
meostasis in oshtas seedlings was perturbed and more
greatly disturbed by heat stress than in the wild type.
To survey whether the mutant phenotype resulted
from enzymatic ROS-scavenging mechanisms, we
tested the activities of APX and CAT, which detoxify
H,0, to water (Willekens et al., 1997). After a 24-h ex-
posure to high temperatures, the APX activities in-
creased, while the CAT activities decreased in both the
oshtas mutant and wild-type plants (Fig. 6B). However,

Plant Physiol. Vol. 170, 2016

the oshtas mutant had lower APX and CAT activities than
the wild type both before and after heat stress. Thus, the
reduced activities of APX and CAT in oshtas might ac-
count for the higher H,O, content of oshtas seedlings.

The H,O, content and the APX and CAT activities
were also measured in the OsHTAS RNAI lines (Ri-3 and
Ri-15). Obvious decreases of H,O, content were detected
in both RN Ai lines under both heat stress (45°C for 24 h at
the 3.5- to 4.5-leaf stage) and normal conditions (Fig. 6C).
Furthermore, we found that both RNAi lines had sig-
nificantly higher APX and CAT activity levels than the
wild-type plants under normal conditions (Fig. 6D).

The stomatal apertures of the oshtas mutant, the
OsHTAS RNAI lines (Ri-3 and Ri-15), and the wild-type
plants were investigated by scanning electron micros-
copy. No significant differences between the mutant
and the wild type were detected before heat treatment
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Figure 5. OsHTAS-interacting proteins identified by yeast two-hybrid analysis. A, Identification of the interaction between the N
terminus of OsHTAS and OsAPX8. AD-T cells cotransformed with BK-53 or the BK-Lam vector were used as positive or negative
controls. B, Identification of the interaction between the RING finger domain of OsHTAS and S27a. H—Y indicates that the 358th
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protein (40SRPS; LOC_Os07g42450). SD, Synthetic dextrose. D, Expression levels of all five OsHTAS-interacting genes in Ri-3
and oshtas. Error bars indicate the se based on three technical replicates. Nip, cv Nipponbare.

(45°C for 24 h at the 3.5- to 4.5-leaf stage; Fig. 6, E and F).
After the treatment, 53.8% of stomata were completely
closed in the mutant plants, whereas 21% were com-
pletely closed in the wild-type plants. The rates of com-
pletely opened stomata were 11.5% and 48% in the oshtas
and wild-type plants, respectively (Fig. 6F). Either before
or after heat stress (45°C for 24 h at the 3.5- to 4.5-leaf
stage), both RNAi lines had higher percentages of com-
pletely opened stomata than the wild type (before, 22.6%
for Ri-3, 30.7% for Ri-15, and 18.1% for the wild type;
after, 43.8% for Ri-3, 32.5% for Ri-15, and 21.3% for the
wild type), while the percentages of completely closed
stomata were lower in both compared with the wild-type
(before, 31.2% for Ri-3, 19.3% for Ri-15, and 44.4% for the
wild type; after, 12.5% for Ri-3, 11.7% for Ri-15, and
29.5% for the wild type; Fig. 6G). These results suggested
that OsHTAS could promote stomatal closure.

OsHTAS Regulates ABA Biosynthesis

ABA regulates adaptive stress responses in plants
(Cutler et al., 2010). NCEDs are known to be the key
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genes in controlling ABA biosynthesis; there are five
OsNCED genes reported in rice (Saika et al., 2007; Zhu
etal., 2009). The overexpression of STRESS-RESPONSIVE
NAC1 (SNACI) enhanced the drought resistance of
transgenic plants, partly due to ABA sensitivity to prevent
water loss (Hu et al., 2006). OsbZIP23 is a major player in
the bZIP family in rice and confers ABA-dependent
drought and salinity tolerance (Xiang et al.,, 2008). To
determine if the function of OsHTAS in heat stress is in-
volved with ABA, the transcript levels of three well-
characterized ABA-related genes, OsNCED4 (Zhu et al.,
2009), SNAC1, and OsbZIP23, were checked in OsHTAS-
related materials and their wild-type plants. By compar-
ing Ri-3, OE-2, and oshtas with their wild-type cv
Nipponbare and cv ZH11 lines, we found that the tran-
script abundance levels for all three tested genes were
positively correlated with the OsHTAS expression level
(Fig. 7, A=C). Therefore, these results suggested that OsH-
TAS may be involved in ABA-dependent stress tolerance.

The abundance levels of OsNCED#4 transcripts were
significantly increased in OE-2 (more than 60-fold) and
oshtas (more than 550-fold; Fig. 7, B and C). Thus, we
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measured the amounts of ABA in the shoots of the
oshtas mutant and wild-type plants. The level of ABA in
the oshtas mutant was approximately twice that in the
wild-type plants (Fig. 7D). In Ri-3, OsNCED4 expres-
sion was suppressed to half of that in cv Nipponbare.
Therefore, we also measured the ABA contents in Ri-3
and Ri-15 and found that both RNAi lines had slightly
reduced ABA contents compared with wild-type plants
(Fig. 7D). These results indicated that OsHTAS plays a
positive role in ABA biosynthesis.

DISCUSSION

The OsHTAS Gene Functions in Leaf Blade to Modulate
H,0, Content and Thus Enhances Basal Thermotolerance

Thermotolerance is the capacity of organisms to cope
with excessively high temperatures and consists of basal
and acquired thermotolerance (Song et al., 2012). Basal
thermotolerance refers to the inherent capacity of an
organism to survive exposure to temperatures above
those optimal for growth, and acquired thermotolerance
is induced by a short acclimation period at moder-
ately high (but survivable) temperatures or by treatment

with some other nonlethal stress prior to heat stress
(Larkindale et al., 2005; Liu et al., 2015). In this study,
OsHTAS was proven to promote the basal thermotolerance
of rice seedlings (Fig. 1; Supplemental Fig. 52).

In yeast two-hybrid assays, the N terminus of OsH-
TAS interacted with OsAPX8 (Fig. 5A), which is puta-
tively localized in the thylakoid (Teixeira et al., 2004).
Additionally, OsHTAS was simultaneously localized to
the nucleus and cytoplasm (Fig. 3). Taken together, it is
possible that OsHTAS links chloroplasts with the nu-
cleus, and the four transmembrane helices in the N
terminus of OsHTAS may facilitate it passing through
the membranes. The subcellular localization of plant
RING E3 ligases can be changed by specific conditions
(von Arnim and Deng, 1994). The Arabidopsis HOS1
protein resides in the cytoplasm at normal growth
temperatures, but it accumulates in the nucleus in re-
sponse to low temperature (Lee et al., 2001). Lim et al.
(2014) found that 1 um ABA treatment affects the
translocation of OsCTR1 from chloroplasts to the cy-
tosol. In our case, OsHTAS might alter its subcellular
localization in response to heat stress. More research
will be required to address this hypothesis. Chloro-
plasts are proposed to be heat sensors and are

Figure 6. (Continued.)

(Ri-3 and Ri-15) under normal conditions. FW, Fresh weight. Error bars indicate the st based on three biological replicates. *, P <
0.05 and **, P < 0.01, by Student’s ttest. E, Scanning electron microscopy images of three levels of stomatal opening. Bars =
2 um. F, Percentages of three levels of stomatal opening in cv ZH11 and oshtas mutant plants under normal and heat stress con-
ditions (50 stomata for cv ZH11 under normal conditions; 40 stomata for oshtas under normal conditions; 29 stomata forcv ZH11
under heat conditions; and 26 stomata for oshtas under heat conditions). G, Percentages of three levels of stomatal opening in cv
Nipponbare, Ri-3, and Ri-15 plants under normal and heat stress conditions (72 stomata for cv Nipponbare under normal
conditions; 93 stomata for Ri-3 under normal conditions; 88 stomata for Ri-15 under normal conditions; 61 stomata for cv
Nipponbare under heat stress conditions; 80 stomata for Ri-3 under heat stress conditions; and 120 stomata for Ri-15 under heat

stress conditions).
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massively distributed in mesophyll cells (Liu et al.,
2015). OsHTAS expression peaked in the blade of flag
leaf at the booting stage (Fig. 4A), and it was noted that
the GUS signal of OsHTAS was especially concentrated
in the mesophyll cells in leaf blade and sheath, while the
signal localized on vascular bundles in all other organs
(Fig. 4B).

H,0, is an essential signaling molecule involved in
the regulation of stomatal movement (Wang and Song,
2008; Yao et al., 2013). In the rice dst mutant, which
confers drought, salt, and heat tolerance, H,O, accu-
mulation in guard cells led to stomatal closure (Huang
et al, 2009; Shang, 2011). In this study, after heat
treatment, the oshtas mutant closed more stomata,
while RNAI lines opened more stomata compared with
the wild type (Fig. 6, F and G). Additionally, the oshtas
mutant had significantly lower H,O, content before the
heat treatment but had significantly higher H,O, con-
tent after the treatment as compared with the wild-type
plants (Fig. 6A). In addition, the oshtas mutant had
lower APX activity than the wild type both before and
after heat stress, and RNAi seedlings had higher APX
activities than the wild type under normal conditions
(Fig. 6, B and D). APX may function as a fine regulator
of intracellular ROS steady-state levels for signaling
purposes (Mittler, 2002; Cruz de Carvalho, 2008). Al-
together, these data yield the hypothesis that OsHTAS
may function in leaf blade, which is rich in mesophyll
cells and stomatal pores, to modulate H,O, content via
APX during heat stress, thus enhancing the heat toler-
ance of rice.

OsHTAS Has E3 Ubiquitin Ligase Activity and Is Involved
in Both ABA-Dependent and DST-Mediated
Stomatal Closure

Ubiquitin extension proteins are composed of a sin-
gle ubiquitin monomer fused to a carboxyl extension
protein, which becomes associated with ribosomes
(Callis and Vierstra, 1989; Finley et al., 1989; Chronis
et al., 2013). The yeast two-hybrid assays revealed that
the RING finger domain of OsHTAS interacted with a
ribosomal protein, 40SRPS, a ubiquitin extension pro-
tein, S27a, and two E2s (Fig. 5, B and C). When the
RING domain was changed via a point mutation,
which disrupted the binding of zinc ions, the interac-
tions of OsHTAS with S27a and two E2s disappeared
(Fig. 5, B and C; Supplemental Fig. S6). In addition,
we observed the subcellular localization of 527a in
rice protoplasts through a CFP fusion with S27a
(Supplemental Fig. S1F). These results demonstrated
that CFP signal was in the nucleus overlapping with
GFP representing OsHTAS (Supplemental Fig. S7). The
subcellular distributions of the interacting proteins
should be, at least partially, in common. These results
also suggested that OsHTAS is an E3 ubiquitin ligase,
which was already confirmed in the in vitro ubiquiti-
nation assay (Fig. 2). E3 ubiquitin ligases participate in
plant responses to abiotic stress (Lee and Kim, 2011;
Guo et al., 2013; Stone, 2014). The RING finger E3 ligase
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HOS1 medjiates the ubiquitination and degradation of a
MYC transcription factor (substrate of HOS1), which
regulates the expression of cold-responsive genes to
negatively regulate the cold response in Arabidopsis
(Dong et al., 2006). The RING finger ubiquitin E3 ligase
SDIR1 targets SDIRI-INTERACTING PROTEIN1
(substrate of SDIR1) for degradation, which selectively
regulates the expression of the downstream basic
region/Leu zipper motif transcription factor gene ABA-
INSENSITIVES to positively regulate ABA-mediated
seed germination and the salt response in Arabidopsis
(Zhang et al., 2015). Thus, it will be very helpful for the
interpretation of the function of OsHTAS to find its
substrate. By screening a callus prey library in the yeast
two-hybrid assays, we found that OsAPX8 interacts
with the N terminus of OsHTAS. Thus, it is necessary to
test if OsHTAS can ubiquitinate OsAPX8, and if the
interaction occurs in chloroplast in vivo, and thus reg-
ulate the H,O, content. Furthermore, it makes sense to
screen a prey library prepared from rice leaves treated
with high temperatures.

A large number of ubiquitin ligases are involved with
stress hormones; for example, at least 14 E3s have been
linked to the regulation of ABA synthesis and signaling
(Stone, 2014). The RING E3 ligase gene, OsCTR1, was
strongly induced at 24 h under ABA treatment (Lim
et al,, 2014). In this study, OsHTAS expression was
dramatically induced by exogenous ABA at 12 h (Fig.
4C), showing that OsHTAS responds to ABA slowly,
which is similar to OsCTR1. The gain-of-function mu-
tant oshtas dramatically increased OsNCED4 expression
and thus resulted in a higher level of ABA (Fig. 7, C and
D), while Ri-3 had slightly lower ABA contents with
decreased OsNCED4 expression (Fig. 7, A and D).
Previous studies indicated that ABA enhances cellular
H,O, production, which results in stomatal closure
(Song et al., 2014). Accordingly, the reduced ABA was
accountable for the lower H,O, content and, hence,
more open stomata in RNAI lines. Thus, OsHTAS reg-
ulates the ABA biosynthesis pathway and modulates
H,0O,-induced stomatal closure via the ABA signaling
pathway.

The DST gene negatively regulates stomatal closure
by inhibiting the accumulation of H,O, content in rice
leaves (Huang et al., 2009), and the loss-of-function
mutant dst displayed more tolerance to heat stress
(day/night, 42°C/37°C, 13 h/11 h; relative humidity,
30%; 3 d) than the wild-type cv ZH11 (Shang, 2011).
OsSROIc, a direct target gene of the transcription factor
SNAC1, promoted stomatal closure through DST sup-
pression and H,0, accumulation in guard cells (You
et al., 2013), and the mutant ossrolc-1 with defective
OsSRO1c showed greater sensitivity to heat stress (42°C
for 48 h) compared with the wild type (J. You, personal
communication). Closing stomata might be an effective
method to prevent water loss from osmotic stress caused
by high temperature. Nevertheless, our Ri-3 seedlings, in
which the SNACI expression level was approximately
one-third of that in the wild type, had more opened and
fewer closed stomata (Fig. 6F). This result is consistent
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with a previous study in which there were significantly
(P < 0.01) more stomatal pores that were closed in
SNACI-overexpressing transgenic rice than in the wild-
type line under normal conditions (Hu et al., 2006). DST
expression levels in the RNA] line Ri-3 and the gain-of-
function mutant oshtas were also determined. DST ex-
pression was insignificantly increased in the Ri-3 line
and obviously decreased in oshtas (Supplemental Fig.
S8). Thus, OsHTAS may also be involved in DST-
mediated H,O,-induced stomatal closure.

In conclusion, the ubiquitin E3 ligase OsHTAS func-
tions in leaf blade to promote H,O, production to induce
stomatal closure during heat stress, thus enhancing rice
heat tolerance. OsHTAS not only regulates the ABA-
mediated H,O,-induced stomatal closure pathway but is
also involved in DST-mediated stomatal closure, which
is ABA independent and negatively regulates stomatal
closure by inhibiting H,O, production. This study in-
creases our insights into the molecular mechanisms of
rice responses to heat stress and may ultimately be
helpful for the breeding of rice with heat adaptability.

MATERIALS AND METHODS
Plant Materials and Stress Treatments

RNAI transgenic plants were based on the rice (Oryza sativa ssp. japonica)
‘Nipponbare” background. Overexpression and promoter-GUS fusion trans-
genic plants were based on the cv Nipponbare background. Mutant oshtas was
in the cv ZH11 background.

To check the expression levels of the OsHTAS gene under various abiotic stresses
or phytohormone treatment, cv Nipponbare rice plants were grown in Yoshida
solution (Yoshida et al., 1976) for approximately 3 weeks under normal conditions.
The seedlings at the 3.5- to 4.5-leaf stage were treated with abiotic stresses, in-
cluding heat stress (exposing plants to 45°C), cold stress (seedlings were transferred
to a growth chamber at 4°C), salt stress (treated with 250 mm NaCl), drought stress
(treated with 20% [w/v] PEG 4000), oxidative stress (treated with 100 mm H,0,),
and ABA treatment (100 um ABA), followed by sampling at the designated times.
We prepared each RNA sample with shoots from four seedlings and ensured that
every sampled seedling was of the same growth stage.

For heat stress treatment, seeds were placed for 1 week or more at 42°C to
break any possible dormancy, soaked in water for 3 or 5 d at 35°C, and then
germinated for 1 d at 37°C. The uniformly germinated seeds were sown on 96-
well plates whose bottoms were removed or in plastic boxes with blotting pa-
per. Each plate or box was soaked in the Yoshida culture solution, which was
then cultured in a growth chamber with a 13-h-light (25°C)/11-h-dark (25°C)
photoperiod, 70% to 80% humidity, and 6,800 to 7,000 Ix light intensity.
Approximately d later, the seedlings were transferred into the freshly prepared
Yoshida culture solution. The 3.5- to 4.5-leaf stage seedlings were transferred to
a growth chamber with a 13-h-light (45°C)/11-h-dark (45°C) photoperiod, 70%
to 80% humidity, and 23,800 Ix light intensity for 2 to 4 d. The treated seedlings
were placed back into the previous growth conditions for recovery, and seed-
lings with newly growing leaf blades were then counted as surviving plants.

Vector Construction and Plant Transformation

To construct the overexpression vector, the full-length coding sequence of
OsHTAS was obtained from the cDNA of cv Nipponbare and inserted into the
pMDI18T vector (Takara). The resulting construct, called pMD18T-OsHTAS,
was then confirmed by sequencing with M13F and MI3R primers. The
sequence-confirmed clone containing the coding sequence of OsHTAS was
digested with Pstl and Smal and subsequently subcloned into the modified
pCAMBIA1300 vector (target gene driven by a rice ACTINI promoter). To
construct the RNAi vector, the PCR products that were amplified from
pMDI18T-OsHTAS using the primers OsHTAS RNAI-F and OsHTAS RNAi-R
(Supplemental Table S1) were digested with two pairs of restriction enzymes:
Kpnl/BamHI and Spel/Sacl, respectively. The differently digested fragments
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were then successively cloned into pTCK303 vector to produce the RNAi
construct. To construct the Py 45:GUS vector, the PCR products that were
amplified from cv Nipponbare genomic DNA using the primers GUS-F and
GUS-R (Supplemental Table S1) were digested with the restriction enzymes
HindIII and Sall. The fragments were then cloned into DX2181 vector to pro-
duce the promoter-GUS fusion construct.

The resulting constructs were introduced into cv Nipponbare by Agro-
bacterium tumefaciens-mediated transformation. The transformants were then
screened by PCR amplification using primers specific for the HYGROMYCIN B
PHOSPHOTRANSFERASE gene (Supplemental Table S1).

Subcellular Localization of OsHTAS

Coding sequences of the target genes were amplified by PCR and directionally
inserted into pCAMBIA1300-35S: YFP-NOS and/or the transient expression vector
PM999-GFP or pM999-CFP. The cultures of the A. tumefaciens strain EHA105
harboring pPCAMBIA1300-35S:YFP-NOS constructs were used to infect the healthy
leaves of Nicotiana benthamiana (4 weeks old) expressing 355:RFP-H2B (nuclear
marker). The constructs of the pM999 series were transferred into rice protoplasts
using the procedures described by Yoo et al. (2007). The fluorescence signals were
observed using a confocal microscope (Leica TCS SP5 or Zeiss LSM710).

RNA Extraction and qRT-PCR Analysis

Fresh plant tissues were harvested and immediately ground into fine powder
in liquid nitrogen. Total RN As were extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. The DNase-treated RNA was
reverse transcribed using SuperScript III reverse transcriptase (Invitrogen)
according to the manufacturer’s instructions. gRT-PCR was performed on an
optical 96-well plate with a CFX96 Real-Time PCR Detection System (Bio-Rad)
or a LightCycler 96 Real-Time PCR System (Roche) using SYBR Premix Ex Taq
(Takara). The PCR thermal cycling protocol was as follows: 95°C for 10 s, fol-
lowed by 40 cycles at 95°C for 5 s and 60°C for 30 s. Primers for OsAPX8 were
from Chao et al. (2010). Primers for OsNCED4, OsbZIP23, and SNACI were
from Luo et al. (2014). Primers for other target genes were designed using the
Roche Web site (Roche Applied Science). The rice ACTIN1 gene was used as the
internal reference (Zhang et al., 2012), and data analyses with the 2744Ct method
were performed as described (Livak and Schmittgen, 2001).

Histochemical GUS Assay

A genomic DNA sequence corresponding to 3,667 bp upstream of ATG was
amplified and then cloned into the DX2181 binary vector. The accuracy of the insert
was verified by DNA sequencing. This construct was introduced into cv Nip-
ponbare using A. tumefaciens strain EHA105. To detect GUS activity, 3-week-old
transgenic plants were placed into GUS staining solution (1 mm 5-bromo-4-chloro-
3-indolyl-B8-p-GlcA, 0.1 M Na,H,PO,, 10 mm Na,EDTA, 0.5 mm potassium ferro-
cyanide, 0.5 mm potassium ferricyanide, and 0.1% [v/v] Triton X-100, pH 7) and
vacuum infiltrated to remove trapped air for 20 to 30 min. The plantlets were then
incubated at 37°C overnight. Chlorophyll was removed by washing with 70% (v/v)
ethanol. Plants were visualized with a dissecting microscope (Leica MZ 95).

E3 Ubiquitin Ligase Activity Assay

The coding sequence (817-1,245 bp) containing the RING finger domain of
OsHTAS was cloned into the pMAL-c2 vector (New England Biolabs), expressed in
Escherichia coli Rosetta (DE3) as a fusion with MBP (MBP-RING), and purified
according to the manufacturer’s instructions. Crude extracts containing recombi-
nant wheat (Triticum aestivum) E1 (GI: 136632), human (Homo sapiens) E2 (UBCh5b),
MBP-RING, and ubiquitin (Beijing Thinkout Sci-Tech) were used for the ubiquitin
ligase activity assay, as described by Zhao et al. (2013).

Yeast Two-Hybrid Assays

The coding sequences of the C terminus containing the RING finger domain
(amino acids 338-414), the N terminus (amino acids 1-337), and the full-length
OsHTAS protein were amplified and cloned in frame with the GAL4 DNA-
binding domain of the pGBKT7 vector to generate GAL4 DNA-BD fusion
constructs, called BK-RING, BK-OsHTASN, and BK-OsHTASF, respectively.
The yeast (Saccharomyces cerevisiae) transformation and library screening were
conducted in accordance with the recommended procedures (BD Matchmaker
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Library Construction & Screening Kit). A rice cDNA library from the callus of cv
Nipponbare was fused to the yeast GAL4 activation domain as prey protein and
was collectively called the pGADT7-library. The BK-RING and pGADT7-
library, or BK-OsHTASN and pGADT7-library, or BK-OsHTASF and
pGADT7-library plasmids were cotransformed into AH109 yeast cells, and the
cotransformed mixtures were spread on synthetic dextrose/-Ade/-His/-Leu/-
Trp plates. These plates were then incubated at 30°C until colonies appeared. The
library transformants may contain more than one AD-library plasmid, which may
complicate the analysis of putative positive clones. Thus, we restreaked the positive
colonies on synthetic dextrose/—Ade/—His/-Leu/-Trp plates two to three times to
segregate the AD-library plasmids. To identify the gene responsible for a positive
yeast two-hybrid interaction, we rescued the gene by PCR using the 5'-AD and
3'-AD screening primers. We sequenced the PCR products and BLAST searched
the sequences in the National Center for Biotechnology Information database. To
confirm the interactions, the coding sequences of the target genes were cloned into
pGADT7 and/or pGBKTY vectors to retest the interactions by the cotransformation
of different plasmid combinations into AH109 yeast cells.

Measurement of H,0, and ABA Contents and Detection of
APX and CAT Activities

Shoots harvested from 3.5- to 4.5-leaf stage seedlings, with or without heat
treatment, were used to measure H,O, contents. The contents were measured
spectrophotometrically after reaction with potassium iodide. The reaction
mixture consisted of 0.5 mL of 0.1% (w/v) TCA, leaf extract supernatant, 0.5 mL
of 100 mm potassium phosphate buffer (pH 7.8), and 1 mL of reagent (1 M [w/V]
potassium iodide in fresh double distilled water). The blank control consisted of
1 mL of 0.1% (w/v) TCA and 1 mL of potassium iodide in the absence of leaf
extract. After 1 h of reaction in darkness, the absorbance was measured at 390
nm. The amount of H,O, was calculated using a standard curve prepared with
known concentrations of H,O,. ABA contents were analyzed using gas
chromatography-mass spectrometry as described (Fu et al., 2012). APX and
CAT activities were determined according to Zeng et al. (2011).

Observation of Guard Cells and Detection of Water
Loss Rate

Leaves of 3.5- to 4.5-leaf stage plants with or without heat treatment for 24 h
were fixed with 2.5% (v/v) glutaraldehyde, and stomatal images (20 kV, 2,000 X)
were obtained using scanning electron microscopy (KYKY-EM3200).

To detect the water loss rate under dehydration conditions, shoots of positive
transgenic plants and wild-type plants were cut, exposed to air temperature, and
weighed at the designated times.

Accession numbers for the genes mentioned in this article are as follows:
OsHTAS (AK069027.1, KU133655), SNAC1 (DQ394702), OsNCED4 (AK119780.1),
OsbZIP23 (AK072062), and DST (GQ178286).

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Schematic of constructs in this study.

Supplemental Figure S2. Additional biological repeat for the heat toler-
ance test of the wild type, the oshtas mutant, and RNAI lines.

Supplemental Figure S3. Genotyping of the oshtas T-DNA insertion mu-
tant.

Supplemental Figure S4. SDS-PAGE of MBP-RING and MBP proteins.

Supplemental Figure S5. Southern-blot analysis of P,;745:GUS transgenic
plants.

Supplemental Figure S6. Schematic of OsHTAS C3H2C3 RING finger
composition and the mutated amino acid in the RING finger.

Supplemental Figure S7. Colocalization of OsHTAS and S27a.
Supplemental Figure S8. Expression of DST in Ri-3 and the oshtas mutant.

Supplemental Table S1. Primers used in this study.
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