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Heat stress is an important factor that has a negative impact on rice (Oryza sativa) production. To alleviate this problem, it is
necessary to extensively understand the genetic basis of heat tolerance and adaptability to heat stress in rice. Here, we report the
molecular mechanism underlying heat acclimation memory that confers long-term acquired thermotolerance (LAT) in this
monocot plant. Our results showed that a positive feedback loop formed by two heat-inducible genes, HEAT SHOCK
PROTEIN101 (HSP101) and HEAT STRESS-ASSOCIATED 32-KD PROTEIN (HSA32), at the posttranscriptional level prolongs
the effect of heat acclimation in rice seedlings. The interplay between HSP101 and HSA32 also affects basal thermotolerance of
rice seeds. These findings are similar to those reported for the dicot plant Arabidopsis (Arabidopsis thaliana), suggesting a
conserved function in plant heat stress response. Comparison between two rice cultivars, japonica Nipponbare and indica N22
showed opposite performance in basal thermotolerance and LAT assays. ‘N22’ seedlings have a higher basal thermotolerance
level than cv Nipponbare and vice versa at the LAT level, indicating that these two types of thermotolerance can be decoupled.
The HSP101 and HSA32 protein levels were substantially higher in cv Nipponbare than in cv N22 after a long recovery following
heat acclimation treatment, at least partly explaining the difference in the LAT phenotype. Our results point out the complexity
of thermotolerance diversity in rice cultivars, which may need to be taken into consideration when breeding for heat tolerance

for different climate scenarios.

Rice (Oryza sativa) is an important staple food crop
that feeds a major portion of the world population.
High temperatures have been shown to negatively af-
fect rice yield and quality (Peng et al., 2004; Lin et al,,
2005; Ishimaru et al., 2009; Welch et al., 2010). Climate
change may aggravate this problem in the future due to
a higher probability of higher growing season temper-
atures (Battisti and Naylor, 2009). To alleviate this
threat, it is necessary to improve the adaptability of rice
genetically to cope with the warming trends. However,
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the genetic basis for heat tolerance or adaptability to
heat stress in crop plants, including rice, is poorly un-
derstood. Association between the adaptability of crop
plants to high temperature stress and heat acclimation
has been reported (Chen et al., 1982).

Heat acclimation is a physiological response man-
ifested in the acquired thermotolerance of organisms or
cells to noxious high temperature following exposure to
a moderate heat stress condition. In general, acclima-
tion under moderate heat stress induces the expression
of a large number of genes that encode proteins with
diverse biological functions, a process known as heat
shock or heat stress response (Lindquist, 1986). The
effect of heat acclimation is transient in nature, as the
level of acquired thermotolerance gradually decreases
to the preacclimation state in a few days (Kregel, 2002;
Charng et al., 2006). In mammalian cells, decay of ac-
quired thermotolerance was shown to be associated
with the decay of heat-induced heat shock protein70
(HSP70; Landry et al., 1982).

Reverse genetic studies conducted on HEAT STRESS-
ASSOCIATED 32-KD PROTEIN (HSA32) showed that
it retards the decay of acquired thermotolerance in
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Arabidopsis (Arabidopsis thaliana; Charng et al., 2006).
HSA32 is a heat-induced protein mainly present in land
plants (Liu et al., 2006). It is encoded by a single-copy
gene in many higher plant species, including Arabi-
dopsis, tomato (Solanum lycopersicum), and rice (Liu
etal., 2006). In the HSA32 knockout (KO) or knockdown
mutants in Arabidopsis, acquired thermotolerance was
induced to wild-type level after a short recovery of 2 h
following acclimation treatment at 37°C but was com-
promised significantly after a long recovery for 48 h.
Based on this phenotype, acquired thermotolerance
retained after a long recovery period was named long-
term acquired thermotolerance (LAT), as opposed to the
short-term acquired thermotolerance (SAT) that is
attained after a shortrecovery (Yehetal., 2012). Recently,
it was shown that HSA32 regulates the degradation rate
of HSP101, a cytosolic caseinolytic peptidase B (ClpB)/
HSP100 family protein in plants (Wu et al., 2013). Cy-
tosolic ClpB/HSP100 proteins are molecular chaperones
that promote the renaturation of protein aggregates
(Mogk et al., 2008) and are required for the development
of acquired thermotolerance (Sanchez and Lindquist,
1990; Hong and Vierling, 2000; Queitsch et al., 2000;
Nieto-Sotelo et al., 2002). In the absence of HSA32,
heat-induced HSP101 is degraded faster. Interestingly,
the level of HSA32 protein itself is positively regulated
by HSP101, suggesting that HSA32 and HSP101 form a
positive feedback loop to prolong the memory of heat
acclimation (Wu et al., 2013).

In cultivated rice, heat-induced HSP101 was shown
to decay faster in the seedlings of the indica rice vari-
eties than in that of the japonica varieties (Agarwal
et al., 2003). Because the indica and japonica cultivars
are tropical and temperate rice varieties, respectively,
the differential response of HSP101 suggests an eco-
physiological role of modulating the decay of the
molecular chaperone in adaptation to different climate
zones. How decay of HSP101 is modulated in rice is
not clear. Previously, expression of rice HSA32 was
shown to be highly induced by heat treatment (Charng
et al, 2006). However, the biological function of
HSA32 in rice has not been shown. Based on the
working model found in Arabidopsis, we hypothe-
sized that interplay between HSP101 and HSA32 also
exists in rice and that this interplay affects LAT.

In this study, we used rice retrotransposon Tos17
insertion lines of HSA32 and RNA interference (RNAi)
lines of HSP101 to test the above hypothesis. Our re-
sults showed that disruption of HSA32 led to faster
decay of HSP101 and a defect in LAT in rice, and
suppression of HSP101 by RNAi-mediated gene si-
lencing compromised the expression of HSA32 post-
transcriptionally. Comparison between a japonica rice
cultivar, Nipponbare, and an indica cultivar, N22,
showed opposite performance in basal thermotol-
erance and LAT assays. ‘N22’ has a higher basal
thermotolerance level than cv Nipponbare, and cv
Nipponbare has a higher LAT level than cv N22, in-
dicating that basal thermotolerance is dissociable from
LAT. The higher LAT level in cv Nipponbare was
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associated with a slower decay of HSPs, including
HSP101, than in cv N22. These results shed light on the
thermotolerance diversity in rice cultivars, which may
need to be taken into consideration in breeding heat
tolerance trait for different climate scenarios.

RESULTS
Expression Pattern of HSA32 and HSP101 in Rice Tissues

To investigate the function of HSA32 and its rela-
tionship with HSP101 in rice, we first analyzed the ex-
pression patterns of the proteins in different rice tissues
under heat-stressed and normal conditions with im-
munoblotting. To this end, the japonica rice cultivar
Nipponbare was used because HSA32 KO mutants
were found in this genetic background. The antibodies
against rice HSA32 and HSP101 were raised as de-
scribed in “Materials and Methods.” The antibodies
specifically recognized the heat-inducible proteins cor-
responding to the sizes of HSA32 and HSP101 that were
missing in the HSA32 KO and HSP101 knockdown
lines, respectively (refer to results below). We then de-
termined the optimal temperature for inducing the
proteins by treating the rice seedlings at various tem-
peratures from 37°C to 46°C for 2 h. Figure 1A shows
that the responses of HSA32 and HSP101 to elevated
temperature were different. HSA32 was induced to its
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Figure 1. Rice HSP101 and HSA32 protein levels induced under
varied high temperatures and in different tissues. A, Immunoblot
analysis of HSP101 and HSA32 proteins in 4-d-old seedlings exposed
to varied high temperatures. The seedlings were subjected to heat
treatment at 37°C to 46°C for 2 h and recovered at 28°C for 2 h before
being used for protein extraction. A sample kept at 28°C was used as a
nonheated control. B, HSP101 and HSA32 proteins in different rice
tissues detected by immunoblotting. Total proteins were extracted from
dry seeds, shoots, and roots of 4-d-old seedlings, the first leaf below
the flag leaf (labeled as the mature leaf), and spikelets collected 3 to
4 d after anthesis. The samples were treated at 28°C (C) or 42°C (HS)
for 2 h and recovered at 28°C for 2 h before being used for protein
extraction. In each lane, 60 ug of total protein was loaded. The
staining of histone H3 was used as a loading control in all panels. The
tests were repeated at least once, and similar results were obtained.
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highest level at 41°C, while the optimal temperature for
inducing HSP101 was 42°C to 43°C. For convenience,
we subsequently used 42°C for inducing both proteins.
Figure 1B shows that HSA32 and HSP101 in seedling
shoots and roots and spikelets were barely detectable
under normal conditions but were induced to high level
by heat treatment (Fig. 1B); however, such drastic in-
duction by heat was not obvious in the mature leaf.
Moreover, these proteins could be detected in non-
heated mature seeds (Fig. 1B).

Isolation and Characterization of Tos17 Insertion Mutants
of Rice HSA32

To elucidate the function of HSA32 in rice, we
obtained two rice transposon Tos17 insertion mutants
of HSA32 in cv Nipponbare background, one with the
transposon inserted in the exon 2 (hsa32-1) and another
in exon 4 (hsa32-2; Fig. 2A). The locations of Tos17 in-
sertions were confirmed by genotyping, and homo-
zygous insertion lines were isolated for further studies.
Reverse transcription (RT)-PCR analysis showed that
in wild-type seedlings, HSA32 was expressed at very
low level under control conditions (28°C) but was
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Figure 2. Characterization of homozygous Tos17 insertion mutants of
rice HSA32. A, Schematic representation of the gene structure of rice
HSA32 and locations of Tos17 in two allelic mutants, hsa32-1 and
hsa32-2. The numbered black boxes and horizontal lines represent
exons and introns, respectively. The locations of start and stop codons
are shown. Tos17 insertion sites are marked by triangles. B, RT-PCR
analysis of the transcript levels of HSA32 in 4-d-old wild-type (W),
hsa32-1(32-1), and hsa32-2 (32-2) seedlings treated at 28°C (Control)
or 42°C (HS) for 90 min. The RT-PCR products of HSP101 and ACTINT
are shown as heat treatment and loading controls, respectively.
Twenty-five cycles of PCR were performed. C, Immunoblot analysis of
HSA32 protein in the crude extracts prepared from seedling samples
described in B. In each lane, 60 ug of total protein was loaded.
HSP101 and histone H3 are shown as heat treatment and loading
controls, respectively.
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substantially induced under heat stress at 42°C for
90 min (Fig. 2B). In Tos17 homozygous insertion mutants,
HSA32 transcripts were not detectable after heat treat-
ment, but HSP101, as a positive control, was expressed to
a wild-type level (Fig. 2B). Similarly, immunoblotting
analysis showed that the heat-induced HSA32 was not
detectable in the mutants, while the level of HSP101 was
not affected (Fig. 2C). These data indicate that the two
independent Tos17 insertion events disrupt the integrity
of rice HSA32 and generate two allelic KO mutants.
Under normal conditions, no obvious phenotypic dif-
ferences between the mutant and wild-type plants were
observed in terms of germination and growth rate, time
to flowering, and seed setting, suggesting that HSA32 is
not essential for normal growth and development. How-
ever, we could not exclude the possibility that HSA32 has
a minor effect at a certain growth stage, which requires
rigorous examination.

HSP101 and Basal Thermotolerance Levels of HSA32 KO
Mutants Are Lower Than Those of the Wild Type in
Rice Seeds

Figure 1B shows that HSA32 is present in mature
seeds. To determine the effect of the HSA32 null mu-
tations, we first examined the levels of HSPs and
thermotolerance in rice seeds of the wild type and
KO mutants. The levels of HSA32, HSP101, HSP90, the
eukaryotic 70-kD heat shock cognate HSC70, and
class I small HSPs (sHSP-CI) during seed imbibition
were analyzed by immunoblot analysis. The results
confirmed that HSA32 protein was not detected in the
mutant seeds (Fig. 3A). The patterns of other HSPs in
the mutants did not substantially differ from those in
the wild type except for HSP101. HSP101 level in the
wild-type seeds was highest before imbibition and
then gradually degraded during imbibition up to
4 d (Fig. 3A). In both the hsa32-1 and hsa32-2 seeds,
HSP101 level was substantially lower than in the wild-
type seeds. We then measured the seed thermotol-
erance by treating the imbibed seeds of the wild type
and HSA32 mutants at 58°C for 30 min. Without heat
treatment, the wild-type and mutant seeds showed no
difference in germination rate, while the heat treat-
ment retarded seed germination more severely in the
mutants than in the wild type (Fig. 3B). These results
suggest that HSA32 is required for maintaining the
levels of HSP101 and basal thermotolerance in rice
seeds.

Heat-Induced HSP101 Decays Faster in HSA32 KO Mutants
Than in the Wild Type during Poststress Recovery in
Rice Seedlings

In Arabidopsis, HSA32 was shown to retard the
degradation of heat-induced HSP101 (Wu et al., 2013).
To see whether rice HSA32 has similar function,
HSP101 level was examined in HSA32 KO mutant and
the wild-type seedlings during recovery after heat
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Figure 3. Effect of disrupting rice HSA32 on the profile of HSPs in
germinating seeds and thermotolerance of imbibed seeds. A, Immu-
noblot analysis of the indicated HSPs in the crude extracts prepared
from imbibed seeds of the wild type (WT) and the hsa32 mutants. The
seeds were imbibed for 0 to 5 d at 28°C. In each lane, 60 ug of total
protein was loaded. Tubulin and storage protein glutelin stained with
naphthol blue black are shown as loading controls. Two biological
repeats were performed, and similar results were obtained. B, Ger-
mination rates of the wild-type and hsa32 mutant seeds were assessed
after treatment at 28°C (C) or 58°C (HS) for 30 min. Results are
presented as mean values of three biological replicates = sp (n = 48).
*P < 0.01 (versus the wild type, Student’s ¢ test).

treatment. Figure 4A shows that HSP101 was induced
to similarly high levels in the wild type and hsa32-1
after heat treatment at 42°C for 2 h and recovery at
28°C for 2 h. Gradual decline in HSP101 level after
longer recovery was observed in both lines, but the
protein declined faster in hsa32-1. HSP101 was barely
detectable after recovery for 24 h in the mutant, while
it was still detectable in the wild type after 48 h of
recovery (Fig. 4A). Other HSPs, such as HSP90,
HSC70/HSP70, and sHSP-CI, were not decayed at
substantially different rates in the wild type and the
mutant, suggesting the effect of HSA32 on HSP101 is
relatively specific. A similar result was observed in
another mutant line, hsa32-2 (Supplemental Fig. S1).
We examined the transcript level of HSP101 in the
seedlings during recovery after heat treatment using
quantitative RT-PCR. Unlike the slow decay in protein
level, HSP101 transcripts were reduced to the prestress
level after recovery for 60 min in the wild type (Fig. 4B).
In the HSA32 KO lines, the levels of HSP101 transcripts
were slightly higher than that in the wild type, sug-
gesting that the faster decay of HSP101 in the HSA32
KO mutants was not due to a lower transcript level of
HSP101.
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HSA32 KO Mutants Show a Defect in LAT But Not in SAT

To investigate whether disruption of rice HSA32
leads to a defect in acquired thermotolerance, SAT and
LAT assays were performed on 4-d-old seedlings of
the wild type and hsa32-1 and hsa32-2 mutants. Our
results showed that there was no significant difference
between the wild-type and mutant seedlings in mor-
phology (Fig. 5) or fresh weight (Supplemental Fig. S2)
under nonstressed conditions or after SAT assay
treatment. However, after the LAT assay treatment,
the HSA32 KO mutant plants all died, whereas the
wild-type plants were alive and continued to grow by
forming new tillers (Fig. 5). This result suggests that
HSA32 is required for LAT but not for SAT in rice
seedlings.
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Figure 4. Faster decay of heat-induced HSP101 protein, not its tran-
scripts, in the absence of HSA32. A, Immunoblot analysis of the in-
dicated HSPs in 4-d-old wild-type and hsa32-7 mutant seedlings, from
which the crude extracts were prepared after recovery for 2 to 48 h
following heat treatment at 42°C for 2 h. The nonheated sample was
included as a control (C). In each lane, 60 ug of total protein was
loaded. Histone H3 is shown as a loading control. B, Quantitative
RT-PCR analysis of the transcript levels of HSP101 in wild-type (WT),
hsa32-1, and hsa32-2 seedlings before (Non HS) or after heat treat-
ment at 42°C for 2 h followed by recovery at 28°C for 0 to 90 min.
Relative transcript levels of HSP101 were obtained by normalization to
the nonheated wild-type sample, which is set as one. Results are
presented as mean values of three technical replicates = sp. *P < 0.01
(versus the wild type, Student’s t test). The tests were repeated at least
once, and similar results were obtained.
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Figure 5. Substantial defect in LAT but not in SAT observed in HSA32
KO mutants. SAT and LAT assays of wild-type (WT), hsa32-1 (32-1),
and hsa32-2 (32-2) seedlings were performed under the corresponding
heat stress regimes shown schematically on the right. The control
group contains seedlings of the same age without heat treatments. The
representative plants were photographed after recovery for the indi-
cated time. White bars represent 2 cm in each picture. Three biolog-
ical repeats were performed, and similar results were obtained.

HSP101 Positively Regulates the Level of HSA32 in Rice
Seeds and Heat-Treated Seedlings

To investigate whether HSP101 positively affects
the protein level of HSA32 in rice after heat treatment,
as is the case in Arabidopsis, we generated HSP101
knockdown lines by introducing an RNAi construct
into the japonica rice cultivar Tainung 67, which is
readily transformable for functional genomic studies
(Hsing et al., 2007). From 28 putative RNA:i lines, three
independent lines were selected for further analysis
after confirmation by PCR genotyping and Southern-
blot hybridization (Supplemental Fig. S3). Quantitative
RT-PCR analysis of these transgenic lines at the T2
generation showed a drastic reduction in the heat-
induced expression of HSP101 at the transcript level
compared with the control line containing the empty
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vector (Supplemental Fig. 54). We then examined the
protein levels of HSP101 and other HSPs in the seed-
lings after 2, 12, or 24 h recovery following heat
treatment at 42°C for 2 h. The results of immunoblot-
ting analysis showed that the levels of heat-induced
HSP101 in all three RNAI lines were drastically re-
duced (Fig. 6A), which is consistent with the transcript
levels. Interestingly, the levels of HSA32 in all three
RNAI lines were substantially lower than that of the
control line during recovery. The difference was more
obvious after a longer recovery time. Other HSPs
tested were not reduced in the RNAi lines compared
with the control. On the contrary, the levels of HSP90,
HSC70, and sHSP-CI were higher in the RNAI lines
than in the control line. Quantitative RT-PCR analysis
further showed that the reduction in HSA32 protein
level was not due to a reduced HSA32 transcript level
in these lines (Fig. 6B). In the seeds, we also observed
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Figure 6. Effect of suppressing the expression of rice HSP1071 on
HSA32 protein levels in heated seedlings and imbibed seeds of RNAI
lines. VC indicates transgenic line with an empty vector only; T5, T14,
and T27 are independent transgenic lines with the RNAi construct
targeting HSP101. A, Immunoblot analysis of the indicated HSPs in
4-d-old seedlings, from which the crude extracts were prepared af-
ter recovery for 2 to 24 h following heat treatment at 42°C for 2 h.
The nonheated sample was used as control (C). In each lane, 60 ug of
total protein was loaded. Histone H3 is shown as a loading control.
B, Quantitative RT-PCR analysis of the transcript levels of HSA32 in
4-d-old seedlings before (Non HS) or after heat treatment at 42°C for
2 h followed by recovery at 28°C for 0 to 90 min. Relative transcript
levels of HSA32 were obtained by normalization to the nonheated VC
sample, which is set as one. Results are presented as mean values of
three technical replicates = sp. *P < 0.01 (versus VC, Student’s t test).
C, Immunoblot analysis of the indicated HSPs in imbibed seeds of
transgenic lines. Tubulin is shown as a loading control. The tests were
repeated at least once, and similar results were obtained.
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association of lower level of HSA32 with suppression
of HSP101 in the RNA:i lines (Fig. 6C).

N22, an indica Rice Cultivar, Has Higher Basal
Thermotolerance But Lower LAT Than the
japonica Rice Cultivar Nipponbare

So far, our data show that there is a close relation-
ship between the decay rate of HSP101, which is
modulated by HSA32, and the level of LAT in rice.
Because the decay of heat-induced HSP101 has been
shown to be faster in indica than in japonica rice culti-
vars (Agarwal et al., 2003), it was of interest to know
whether japonica rice could have a higher LAT level
than indica rice. To address this question, two rice
cultivars, N22 and Nipponbare, were compared di-
rectly. ‘N22” has been shown to be highly heat tolerant
during anthesis (Jagadish et al., 2010b). However, its
heat tolerance level has not been determined at the
seedling stage. Figure 7 shows that the seedlings of
cv N22 tolerated the heat treatment well at 47°C for
45 min, a heat stress regime for basal thermotolerance,
but the cv Nipponbare seedlings stopped growing and
died. However, when subjected to a LAT stress regime,
the cv Nipponbare seedlings survived and resumed
growth by forming new tillers, whereas the cv N22
seedlings died (Fig. 7). There was no substantial dif-
ference in these two rice varieties after subjection to the
SAT assay conditions. These results suggest that cv N22
has a higher basal thermotolerance level than cv Nip-
ponbare, while the latter has a higher LAT level than the
former.

To explain the difference in LAT phenotype, immu-
noblotting analysis of HSP101 level was conducted in
these two cultivars during the postheat stress period.

28°C 18d 4d 18d
—_— e

Figure 8 shows that heat treatment induced the pro-
duction of HSP101 to a similar level after 2 h of recovery
in cv N22 and Nipponbare, and HSP101 was decayed
faster in the indica varieties, which is consistent with a
previous report (Agarwal et al., 2003). Although the
lower LAT level in cv N22 seemed to be associated with
faster decay of HSP101, we noticed that other HSPs also
decayed faster in cv N22 than in cv Nipponbare. Im-
munoblotting results showed that the heat-induced
expression of HSA32 and sHSP-CI exhibited a shorter
duration in cv N22 than in cv Nipponbare (Fig. 8).
Moreover, the amounts of HSC70 and HSP90 were
slightly lower in cv N22 than in cv Nipponbare after a
long recovery.

DISCUSSION

Rice is an important staple food crop whose pro-
ductivity is threatened by high growing season tem-
perature (Welch et al., 2010). Some studies of the heat
tolerance phenotype in rice at the molecular level have
been conducted, but progress is limited (Lin et al.,
2005; Jagadish et al., 2010a, 2010b). Heat tolerance is a
complex trait that likely involves multiple mechanisms
and various genetic components. Diverse thermotol-
erance mechanisms could have evolved in rice to cope
with various heat stress situations, as was reported
recently for Arabidopsis (for review, see Yeh et al,
2012). Exploring the thermotolerance diversity in rice
plants may provide useful insights for the improve-
ment of heat-tolerant traits to cope with the projected
warming scenarios in the future (IPCC, 2007).

In this study, we elucidated the function of HSA32
in rice by characterizing the biochemical and physio-
logical responses to heat stress conditions in HSA32

47°C

42°C 10° e 30C
120’ 120'
28°C 28°C
4d 14d 4d 2d | | 12d
— h - — e

Nipponbare Ni22

Figure 7. Thermotolerance phenotypes of japonica cultivar Nipponbare and indica cultivar N22. Basal thermotolerance, SAT,
and LAT assays of cvs N22 and Nipponbare seedlings were performed under the corresponding heat stress regimes shown
schematically at the top of each section. The representative plants were photographed after recovery for the indicated time.
White bars represent 2 cm in each picture. Three biological repeats were performed, and similar results were obtained.
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Figure 8. Decay of HSPs in seedlings of japonica cultivar Nipponbare
and indica cultivar N22 during recovery after heat treatment. Immu-
noblot analysis of the indicated HSPs in 4-d-old cv Nipponbare and
N22 seedlings, from which the crude extracts were prepared after
recovery for 2 to 48 h following heat treatment at 42°C for 2 h. The
nonheated sample was used as a control (C). In each lane, 60 ug of
total protein was loaded. Histone H3 is shown as a loading control.
The test was repeated at least once, and similar results were obtained.

KO mutants. Our data show that HSA32 plays an
important role in LAT in heat-acclimated rice seedlings
and is not essential for growth and development under
normal conditions. These findings correlate well with
those reported for Arabidopsis (Charng et al., 2006).
We showed that HSA32 retarded the decay of heat-
induced HSP101 in rice during the poststress period
(Fig. 4A). This is likely due to an increased degradation
rate rather than reduced synthesis of HSP101 in the
absence of HSA32, as is the case in Arabidopsis (Wu
et al., 2013). Degradation of HSP101 is slightly inhibi-
ted by the autophagic proteolysis inhibitor E-64d in
Arabidopsis (Wu et al., 2013). However, it is not clear
whether and how HSA32 modulates the degradation
of HSP101 via the autophagy-mediated pathway. On
the other hand, suppression of HSP101 expression re-
duced the level of HSA32, but not other HSPs exam-
ined, in heat-acclimated rice seedlings (Fig. 6A), which
is also similar to the function of HSP101 in Arabidopsis
(Wu et al.,, 2013). The suppression of rice HSP101 ac-
tually led to enhanced expression of other HSPs, such
as HSP90 (Fig. 6A). A similar phenomenon was pre-
viously observed in Arabidopsis HSP101 mutants (Wu
et al., 2013), and the cause is not clear. We speculate
that reduced HSP101 chaperone activity is comple-
mented in part by up-regulation of other chaperones
via a feedback control. Taken together, these results
suggest that there is posttranscriptional interplay be-
tween HSA32 and HSP101 in heat-treated rice seed-
lings and that the interplay prolongs the effect of heat
acclimation. This notion agrees with the findings in
Arabidopsis and suggests that the mechanism of LAT
modulation involving HSA32 and HSP101 evolved
earlier than the divergence of monocots and eudicots.
Actually, a HSA32 homolog can be found in primitive
land plants, such as the moss Physcomitrella patens (Liu
et al, 2006). It is likely that this LAT modulating
mechanism evolved during the terrestrial colonization
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of plants. LAT is probably important for plants to
adapt to temperature fluctuation in the air. However,
so far, the LAT phenotype has only been seen in plants
subjected to heat stress treatment in the laboratory. The
physiological importance of LAT for plants in the nat-
ural environment remains to be shown.

The interplay between HSA32 and HSP101 also
takes place developmentally. We showed that in rice
seeds, HSA32 is required for maintaining a high level
of HSP101 (Fig. 3) and that HSP101 positively affects
the level of HSA32 (Fig. 6C). A similar phenomenon
was also found in Arabidopsis seeds (S.-h. Wu, Y.-t.
Juan, and Y.-y. Charng, unpublished data), indicating
that this developmental process is conserved. The ab-
sence of HSA32 or HSP101 has no effect on germina-
tion of rice seeds under nonstress conditions but is
detrimental under severe heat stress, such as a brief
exposure to 58°C for 30 min, which is likely to happen
on the soil surface in the field (Peacock et al., 1993).
Therefore, we suggest that the interplay between
HSA32 and HSP101 enables plant seeds to cope with
adverse high temperature in the natural environment.

Despite the interplay between HSA32 and HSP101
being conserved in rice and Arabidopsis, a difference
in the accumulation patterns of the proteins was ob-
served. Accumulation of HSA32 in Arabidopsis ex-
hibits a dramatic delay after heat treatment. The
maximal level of HSA32 was observed after 16 h re-
covery following heat treatment at 37°C for 1 h (Wu
et al., 2013). However, we did not observe an obvious
delay in the accumulation of rice HSA32. Of note, the
transcripts of HSA32 were degraded much faster in
rice than in Arabidopsis during the recovery period. In
rice, HSA32 transcripts were reduced to the prestress
level in heated samples after 1 h of recovery (Fig. 6B),
while in Arabidopsis, the transcript level of HSA32
remained unchanged after 16 h of recovery (Wu et al.,
2013). Moreover, Arabidopsis HSP101 seems to be
more stable than the rice protein in heat-treated seed-
lings. The half-life of HSP101 in Arabidopsis (Colum-
bia ecotype) is about 48 h (Wu et al., 2013), while rice
HSP101 decayed more than 50% after 24 h of recovery
in three different cultivars tested (Figs. 4A, 6A, and 8).
Currently, the cause of this variation is unknown.

Establishing the LAT assay for rice is valuable for
exploring the thermotolerance diversity in this im-
portant crop. In this study, we showed that the indica
rice cultivar N22 displayed a substantially higher basal
thermotolerance level than the japonica rice cultivar
Nipponbare; by contrast, the latter has a higher LAT
level than the former (Fig. 7). These results indicate
that different types of thermotolerance can be decou-
pled. A rice cultivar tolerant to one type of heat stress
is not necessarily tolerant to other types of heat stress.
Hence, the diverse thermotolerance response in rice
should be treated separately. Of course, we could not
exclude the possibility that a trade-off between basal
thermotolerance and LAT exists for local adaptation
(Anderson et al., 2013). It remains to be seen whether
such a trade-off is common in other rice cultivars.
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The LAT level seemed to correlate well with the
protein level of HSP101 after a longer recovery in the
two different rice varieties tested (Fig. 8). ‘Nipponbare’
has a slower decay of HSP101 than cv N22, which is
consistent with a previous report of HSP101 being
decayed faster in indica rice (Agarwal et al., 2003).
However, in addition to HSP101, we also noticed a
general faster decay of other HSPs in cv N22 as well
(Fig. 8), which may also lead to a lower LAT level in
cv N22. Thus, HSP101 level may not be the sole factor
in determining LAT in rice. The shorter duration of
HSA32 may explain the faster decay of HSP101 in
cv N22, owing to the interplay of these proteins. The
cause of the differential decay rates in HSA32 and
HSP101 in the two rice cultivars is not yet clear. There
are minor differences in the protein sequences of
HSA32 and HSP101 in the two cultivars, but the effect
of this difference is unknown. Further studies on the
structure-function relationship of these proteins may
shed light on the underlying LAT mechanism involv-
ing them. It will also be of interest to examine the LAT
response in different Arabidopsis accessions (Weigel
and Mott, 2009; Cao et al., 2011), which should be in-
strumental in identifying genetic variations contribut-
ing to this thermotolerance type.

MATERIALS AND METHODS
Plant Materials

The wild-type rice (Oryza sativa) and two Tos17 insertion lines of HSA32 in
japonica cultivar Nipponbare background were obtained from the National
Institute of Agrobiological Sciences, Japan (Hirochika, 2001). The detailed in-
formation about the mutant lines hsa32-1 (NG7371) and hsa32-2 (ND1779) can
be accessed at the Rice Tos17 Insertion Mutant Database (http:/ /tos.nias.affrc.
gojp/). The Tos17 insertions were confirmed by PCR amplification with
specific primers (Supplemental Table S1). The indica rice cultivar N22 was
kindly provided by the International Rice Research Institute. The japonica rice
cultivar Tainung 67 for producing RNAi transgenic lines was originally
obtained from the Taiwan Agricultural Research Institute. Rice seeds of all
cultivars used in this work were propagated under a natural light source in the
greenhouse facility of the Biotechnology Center in Southern Taiwan, Aca-
demia Sinica. Rice seeds were stored at 4°C until use. To produce rice seedlings
for heat stress treatment, dehulled rice seeds were sterilized with 4% (v/v)
sodium hypochloride for 15 min, washed extensively with Milli-Q water, and
imbibed in the dark for 2 d at 28°C in a square petri dish (12 X 12 cm) with
70 mL of 0.5X Murashige and Skoog (MS) solid medium containing 0.8% (w/v)
agar. The germinating seeds were then exposed to 12-h/12-h photoperiod and
a light intensity of 180 umol m™ s™ at 28°C in a growth chamber. The petri
dishes were positioned vertically during seed imbibition and growth of
seedlings. To produce flowering plants, rice seeds were imbibed in Milli-Q
water in the dark for 3 d. The germinating seeds were transplanted to potted
soil in a greenhouse with 12-h/12-h photoperiod, temperature set at 30°C
during the day and 25°C at night, and 60% humidity. Mature leaves and
spikelets were collected 3 d after anthesis.

RNAi-Mediated Gene Silencing of HSP101

To generate an RNAI construct to suppress the expression of HSP101, a
258-bp fragment from the 5’ untranslated region of HSP101 was amplified
by PCR with specific primers (Supplemental Table S1) and cloned into
pCR8/TOPO (Invitrogen) to yield an entry vector. The HSP101 fragment
was subcloned into the binary vector pANDA, kindly provided by Dr. Ko
Shimamoto (Nara Institute of Science and Technology, Japan), as previously
described (Miki and Shimamoto, 2004). The resulting construct was introduced
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into ‘Tainung 67’ embryogenic calli via Agrobacterium tumefaciens-mediated
transformation according to Sallaud et al. (2003). Plants were regenerated from
transformed calli by selection of hygromycin resistance. Homozygous trans-
genic lines with a single transfer DNA insertion event were obtained through
segregation analysis of hygromycin-resistant test at T2 generation. Three in-
dependent RNAI lines, T5, T14, and T27, were chosen for further analysis.
‘Tainung 67’ plants transformed with pANDA were produced in the same way
as the RNAi lines and used as control plants. The presence of transgenes in the
transgenic lines was confirmed by PCR amplification with specific primers
(Supplemental Table S1) and by Southern-blot analysis according to a standard
procedure (Sambrook et al., 1989). Digoxigenin-labeled DNA for probing the
hygromycin phosphotransferase (HPT) gene was generated for Southern hy-
bridization by using PCR DIG Labeling Mix (Roche) with HPT-specific primers
(Supplemental Table S1) and pANDA as a template.

Heat Treatment and Thermotolerance Assays

Heat treatment of rice seedlings and detached tissues was performed in the
dark at the indicated temperatures for the indicated lengths of time in a water
bath. Thermotolerance assays on rice seedlings were modified from those
previously established for Arabidopsis (Arabidopsis thaliana; Charng et al.,
2006). In brief, 12 seedlings grown on the 0.5X MS medium plates were
subjected to treatments under the indicated heat stress regimes. After assay
treatments, the seedlings were transferred to 50-mL Falcon tubes (four seed-
lings per tube) containing 20 mL Milli-Q water for assessment after recovery
under normal growth conditions in a growth chamber. The fresh weight of the
seedlings was measured, and their morphology was photographed. For basal
thermotolerance assay of rice seeds, sterilized seeds were imbibed in the dark
on 0.5X MS medium plates at 28°C for 1.5 h and then subjected to heat
treatment at 58°C for 30 min in a water bath. Germination rates of the heat-
treated seeds were counted daily during recovery at 28°C.

RNA Isolation and RT-PCR Analysis

Total RNA was isolated from 4-d-old seedlings as previously described
(Charng et al., 2006). Three seedlings were pooled for RNA extraction for each
treatment. Semiquantitative RT-PCR analysis of HSA32, HSP101, and ACTIN1
was performed as previously described with minor modifications (Wang et al.,
2001). PCR reactions were performed for 25 cycles in a volume of 10 uL using
complementary DNA reverse transcribed from 10 ng of total RNA. The PCR
product was analyzed by agarose gel electrophoresis and staining with ethidium
bromide. Quantitative RT-PCR was performed as described in Liu et al. (2011)
with minor modifications. The expression level of the target genes was normal-
ized to that of 18S ribosomal RNA (rRNA) by subtracting the cycle threshold
value of 185 rRNA from the cycle threshold values of the target genes. The se-
quences of the primers for RT-PCR analysis are listed in Supplemental Table S1.

Immunoblotting Analysis

Protein extraction, quantification, and immunoblotting were performed as
previously described (Charng et al., 2006). Three seedlings were pooled for
protein extraction for each treatment. Rabbit antiserum against rice HSP101
was produced by employing a synthetic peptide (LKKLPSQSPPPDSVPAS) as
antigen. To generate antibody against rice HSA32, the full-length recombinant
HSA32 protein fused to glutathione S-transferase at the N terminus was
produced by using pET (pET42a) and Escherichia coli BL21 (DE3, Novagen)
system. The recombinant protein was purified from the insoluble fraction of
cell lysate by solubilizing with SDS-PAGE sample buffer and resolving on
SDS-PAGE. The identity of the gel-purified protein was confirmed by liquid
chromatography-electrospray ionization-tandem mass spectrometry per-
formed by the Core Facilities for Proteomics Research at Academia Sinica,
Taiwan. The purified recombinant protein was then used as antigen to
immunize mice. Peptide synthesis, immunization of animals and serum col-
lection were performed by LTK Biotechnology, Taoyuan, Taiwan. Antibodies
against HSP90 and sHSP-Cl and tubulin were as described in Charng et al.
(2006) and Chi et al. (2009). The antibodies against HSC70/HSP70 and
histone H3 were purchased from Stressgen (SPA-807) and Abcam (ab1791),
respectively.

Sequence data from this article can be found in the GenBank/EMBL data li-
braries under accession numbers HSA32 (Os06g46900.1), HSP101 (Os05g0519700),
ACTINTI (Os03g0718100), and 18S rRNA (Os03g0786600).
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RNAI lines.
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scripts in RNAi lines.
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