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Induction of heat shock proteins (HSPs) in response to heat stress (HS) is indispensable for conferring thermotolerance. Glc, a
fundamental signaling and metabolic molecule, provides energy to stressed seedlings to combat stress. The recovery of
stressed plants from detrimental HS in response to Glc is largely mediated by HSPs, but the mechanistic basis of this
thermotolerance is not well defined. In this study, we show that Glc has a prominent role in providing thermotolerance. Glc-
mediated thermotolerance involves HSP induction via the TARGET OF RAPAMYCIN (TOR)-E2Fa signaling module. Apart
from HSPs, TOR-E2Fa also regulates the Arabidopsis (Arabidopsis thaliana) ortholog of human Hikeshi, named HIKESHI-LIKE
PROTEIN1 (HLP1). Expression of proHLP1:GUS in the shoot apical meristem (SAM) after HS coincides with TOR-E2Fa
expression, substantiating a role for TOR-E2Fa-HLP1 in providing thermotolerance. We also demonstrate that Glc along
with heat could induce proliferation activity in the SAM after HS recovery, which was arrested by the TOR inhibitor AZD-
8055. Molecular and physiological studies suggest that HS-activated heat stress transcription factor Als also positively
regulate HLP1 transcription, suggesting convergence of the Glc and HS signaling pathways. Loss of functional HLP1
causes HS hypersensitivity, whereas HLP1 overexpressors display increased thermotolerance. HLP1 binds to the
promoters of Glc-regulated HS-responsive genes and promotes chromatin acetylation. In addition, Glc modifies the
chromatin landscape at thermomemory-related loci by promoting H3K4 trimethylation (H3K4me3). Glc-primed
accumulation of H3K4me3 at thermomemory-associated loci is mediated through HLP1. These findings reveal the novel

function of Glc-regulated HLP1 in mediating thermotolerance/thermomemory response.

Coordination of complex networks during cell di-
vision and expansion results in growth and develop-
ment of an organism. These networks keep adapting to
an everchanging environment (Gonzalez et al., 2012;
Powell and Lenhard, 2012) and involve plant signaling
machinery to regulate growth and development.
Sugars also coordinate a variety of processes involved
in plant growth and respond appropriately to changing
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environments by altering metabolic and energy de-
mands (Ramon et al., 2008). Among sugars, Glc is a
major signaling molecule that affects almost all the
processes involved in plant growth and development.
Exogenous Glc is perceived by the Glc sensor HEXO-
KINASE1 (HXK1) or the HXK1l-independent cellular
receptor REGULATOR OF G-PROTEIN SIGNALING
(Chen et al., 2003; Cho et al., 2006, 2009; Huang et al.,
2006; Li and Sheen, 2016). Arabidopsis (Arabidopsis thali-
ana) HXK1 mediates several functions in Glc repression
and promotion of transcription and growth (Moore
et al., 2003; Cho et al., 2006, 2009).

Arabidopsis TARGET OF RAPAMYCIN (TOR) ki-
nase is activated by energy/nutrient surplus and is
essential for transcriptome reprogramming, meristem
activation, and plant growth (Schepetilnikov et al., 2013,
2017; Xiong et al., 2013, 2017; Dobrenel et al., 2016; Li
and Sheen, 2016; Dong et al., 2017; Li et al., 2017).
Glc-activated TOR is an evolutionarily conserved
kinase that phosphorylates the E2Fa /b transcription
factor for activation of s-phase genes in Arabidopsis
(Xiong et al., 2013; Li et al., 2017). E2Fa binds directly
to TTTCCCGCC or other similar motifs in the pro-
moter of cell cycle genes and regulates their expres-
sion (Chabouté et al.,, 2000; Xiong et al., 2013). In
addition, genes belonging to transcription, stress, de-
fense response, and signaling also contain E2Fa bind-
ing motifs in their promoters (Chabouté et al., 2000).
Various reports suggested the interaction of Arabi-
dopsis TOR with phytohormones in controlling plant
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growth and development. Sugar-induced TOR regu-
lates the brassinosteroid signaling transcription factor
BZR1, which allows carbon availability to control
plant growth (Zhang et al., 2016). Arabidopsis TOR
target S6K2 is required for direct phosphorylation of
BRASSINOSTEROID INSENSITIVE2 in controlling
the photoautotrophic transition (Xiong et al., 2017). In
response to auxin, the small GTPase RHO-RELATED
PROTEIN FROM PLANTS 2 activates TOR and gov-
erns translational reinitiation of upstream open read-
ing frame (UORF)-containing mRNAs (Schepetilnikov
et al., 2017). Plants experience various biotic and abi-
otic stresses that often lead to changes in the internal
energy status. Besides interaction with various sig-
naling networks, sugar (Glc) signaling also interacts
with pathways of different environmental stresses
(Loreti et al., 2005; Mahfouz et al., 2006; Baena-
Gonzilez et al., 2007; Deprost et al., 2007, Baena-
Gonzalez and Sheen, 2008; Wang et al., 2017).
Among the various abiotic stresses studied, tem-
perature is a major factor involved in controlling plant
metabolism and growth. Exposure to stress signals
results in dynamic reprogramming of the transcrip-
tional networks that enhance stress tolerance. Re-
sponses to several types of abiotic stresses in plants are
activated and integrated by the expression of thou-
sands of genes encoding proteins involved in numer-
ous biological processes (Seki et al., 2002; Tran et al.,
2007; Hua, 2009). In heat shock response (HSR), many
of these proteins are involved in preventing or
repairing the damage and thus confer increased ther-
motolerance (Vierling, 1991). It is already known that
HSFs of Arabidopsis and other plants bind directly to
heat shock elements (HSEs). These HSEs comprise
tandem inverted repeats of the pentameric consensus
sequence NnGAAn (NTTCnnGAAnnTTCn; known as
“perfect HSE”) and the AGGGG motifs (Swindell
et al., 2007; von Koskull-Déring et al., 2007). Recent
reports have shown that heat stress transcription fac-
tor Ala (HSFA1la) directly senses HS and becomes
activated through alterations in its redox state (Liu
et al.,, 2013). HSFA? is highly induced under HS and
is essential for extending the thermotolerance re-
sponse (Charng et al.,, 2007). Heat shock proteins
(HSPs) are downstream targets of HSFs and function
as molecular chaperones involved in the restoration of
protein homeostasis and maintenance of the thermo-
tolerance response. In natural environments, plants
experience chronic or recurring stress conditions and
have evolved mechanisms to remember past experi-
ences to cope with future stresses. Stress memory re-
fers to changes in the chromatin epigenetic landscape
for induced expression of memory-related loci (Lamke
et al., 2016). HSFA?2 is known to be involved in the
maintenance of memory gene induction by binding
directly to their promoters and modifying their chro-
matin through epigenetic modifications (Lamke et al.,
2016). HSP101-promoted accumulation of HEAT-
STRESS (HS)-ASSOCIATED 32 is required for the
maintenance of thermotolerance (Wu et al., 2013). In
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plants, H3K4 trimethylation (H3K4me3) marks are
associated with high induction of gene expression
(Guenther et al.,, 2007). Arabidopsis FORGETTERI1
interacts with chromatin remodelers of the CHRO-
MATIN REMODELING BY IMITATION SWITCH
family in association with BRAHMA to provide the
thermomemory response (Brzezinka et al., 2016).

Crosstalk between the temperature and other stress-
response mechanisms in plants has already been pro-
posed (Wang et al., 2004), but the mechanism of
adaptive tolerance to temperature stress, when plants
have surplus Glc/energy, has not yet been adequately
explored. It has already been proposed that human
Hikeshi interacts with HSP70 to provides thermotol-
erance in humans (Kose et al., 2012). The Arabidopsis
genome contains a single Hikeshi homolog, which we
named HIKESHI-LIKE PROTEIN1 (HLP1). Koizumi
et al. (2014) showed that Arabidopsis HLP1 interacts
with HSP70 and overexpression of this gene confers
thermotolerance to Arabidopsis plants. In our study,
we show that Arabidopsis HLP1 plays a crucial role in
providing thermotolerance, mediated by Glc. Glc-
mediated thermotolerance involves HLP1 induction
via the energy sensor TOR-E2Fa signaling module,
suggesting a novel crosstalk between Glc/TOR-E2Fa
signaling and HS response. We also show that Arabi-
dopsis HLP1 is indispensable for plants to maintain
Glc-mediated thermomemory response. This study
aims to explore the interaction of Glc signaling and
temperature stress in Arabidopsis to provide mecha-
nistic insights into the control of temperature stress
by Glec.

RESULTS
Glc Regulates Heat Stress Response in Arabidopsis

Glc regulates a large number of genes involved in a
broad range of cellular responses such as signaling
during stress, metabolism, growth, and development.
We performed a comparative data analysis to find
overlap between Glc and HS-regulated genes. Accord-
ing to previous microarray reports (Mishra et al., 2009;
Gupta et al., 2015) and recent annotations by The Arabi-
dopsis Information Resource (https://www.arabidopsis.
org/), a significant overlap of genes was observed be-
tween Glc and HS (Supplemental Fig. S1A; Supplemental
Table S1). This led to the hypothesis that Glc may provide
thermotolerance to Arabidopsis plants.

To study Glc-mediated thermotolerance, Arabi-
dopsis Col-0 seedlings were treated with Glc and the
effect of HS was analyzed. Five-d—old Arabidopsis Col-
0 seedlings were transferred to Murashige and Skoog
(MS) media containing increasing concentrations of Glc
(0%, 1%, and 3% GlIc) for 24 h followed by HS (HS was
applied as 1 h at 37°C, 2 h at 22°C, 2.5 h at 45°C, and
3—4 d at 22°C). Arabidopsis Col-0 seedlings supplied
with optimum (3% Glc) Glc survived better as com-
pared to seedlings on low Glc (1% Glc) or without Glc
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(0% Glc; Fig. 1, A-E). To test whether Glc-induced
thermotolerance is specific and is not mediated by
any other osmotic sugars, Arabidopsis Col-0 seed-
lings were supplemented with Glc analogs (mannitol
and 3-0-methyl-p-Glc [3-OMG]) and the effect of HS
was analyzed. Arabidopsis Col-0 seedlings supplied
with Glc (1% and 3% Glc) survived better (had higher
fresh weight, longer root length, and increased chlo-
rophyll [Chl] content) than seedlings treated with
mannitol and 3-OMG (Fig. 1, A-E; Supplemental Fig.
51, B-D). Taken together, these results indicate that a
plausible crosstalk exists between Glc and HS, sug-
gesting that Glc may provide thermotolerance to
Arabidopsis plants.

The Arabidopsis TOR-E2Fa Module Is Involved in
Providing Thermotolerance

Arabidopsis TOR kinase is known to provide tol-
erance to various stresses (Deprost et al.,, 2007;
Bakshi et al.,, 2017, Dong et al., 2017). There are
studies that document the inhibition of TOR kinase
activity by various stresses (Mahfouz et al., 2006;
Wang et al., 2017). However, TOR overexpression
lines exhibited increased susceptibility to both bac-
terial and fungal pathogens (De Vleesschauwer et al.,
2017). We therefore investigated the effect of HS on
Arabidopsis TOR overexpression lines G166 and
G548 (Deprost et al., 2007). Five-d—old Arabidopsis
Col-0, G166, and G548 seedlings were treated with-
out or with Glc followed by HS. HS was applied as
1 h at 37°C, 2 h at 22°C, 2.5 h at 45°C, and 3-4 d at
22°C. Arabidopsis G166 and G548 lines exhibited
higher seedling survival as compared to Col-0 plants
in the presence of Glc (Fig. 1, F and G). Both G166 and
G548 lines displayed higher Chl retention and in-
creased lateral root number compared to Col-0 plants
due to Glc (Supplemental Fig. S1, E and F). Further,
we analyzed the thermosensitive phenotype in tor
35-7 RNA interference (RNAi) lines under HS. Arabi-
dopsis tor 35-7 RNAi showed less seedling survival
both at 0% Glc and 3% Glc than Col-0 seedlings
(Supplemental Fig. S2, A and B). Moreover, we
analyzed the temperature-responsive phenotype in
Col-0 seedlings supplemented with the TOR kinase
ATP-competitive inhibitors Torin 1 and AZD-8055.
Five-d—old MS-grown Arabidopsis Col-0 seedlings
were transferred to Glc (3% Glc) without or with
TOR inhibitors Torin 1 (10 uM) and AZD-8055
(10 uM) for 24 h followed by HS. Arabidopsis Col-0
seedlings treated with Torin 1 (Cayman Chemical
Company) and AZD-8055 displayed less seedling
survival with a decrease in expression of HSP
genes after HS (Supplemental Fig. 52, C-E). Fur-
ther, we analyzed the downstream components
of TOR signaling for HS phenotypes. As reported
earlier, E2Fa is a TOR phosphorylation substrate
that governs transcriptional reprogramming of a myr-
iad genes involved in various biological processes
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(Vandepoele et al., 2005; Naouar et al., 2009; Xiong
et al., 2013). We next checked the HS phenotype of
the e2fa-1 mutant. Arabidopsis e2fa-1 plants showed
reduced fresh weight, lower Chl content, and fewer
lateral roots after HS (Fig. 2, A-D). In addition,
emergence of true leaves was severely compro-
mised in plants lacking E2Fa, indicating reduced
HS recovery (Fig. 2A). Further, increased expres-
sion of HS genes was observed in Arabidopsis Col-0
plants transiently overexpressing E2Fa-DPa after
HS (Fig. 2E). The reverse transcription quantitative
PCR (RT-qPCR) expression of HS genes was also
significantly downregulated in the e2fa-1 mutant
under HS (Supplemental Fig. S2F). Together, these
results suggest a role for the TOR-E2Fa signaling
module in sugar-mediated thermotolerance.

HLP1 Transcription Is Regulated by TOR-E2Fa Signaling

Previously reported microarrays revealed that a
large number of Glc-regulated genes encode expressed
proteins with unknown functions (Mishra et al., 2009;
Gupta et al., 2015). These proteins did not contain
any known characterized domains. Among them,
At1g66080 was reported to be an expressed protein
containing a domain of unknown function 775. Se-
quence homology revealed that this gene encoding
domain of unknown function 775 is an ortholog of
human Hikeshi, which functions as an HSP70-
interacting protein and imports HSP70 into the nu-
cleus to provide thermotolerance (Kose et al., 2012;
Koizumi et al., 2014). We named it “HLP1.” Because
HLP1 is a single copy gene in Arabidopsis and its
ortholog has been shown to play an important role in
regulating HS in humans, we selected this gene for
further characterization in plants. Arabidopsis HLP1
has been found to be 21-fold—upregulated by Glc and
63-fold—upregulated by HS (Supplemental Fig. S3A;
Mishra et al., 2009; Liu et al., 2011). To examine the
induction specificity of HLPI in response to various
sugars, Col-0 seedlings were treated with different
sugar analogs and RT-qPCR expression was analyzed.
The gene expression pattern revealed that HLP1 was
induced in response to Glc and Suc, whereas no sig-
nificant change could be observed in response to dif-
ferent sugar analogs such as mannose, mannitol, and
3-OMG (Supplemental Fig. S3B).

Photosynthesis-controlled TOR signaling is pre-
dominantly stimulated by Glc through glycolysis and
mitochondrial bioenergetics relay (Xiong et al., 2013; Li
et al., 2017). To investigate the dependence of HLP1 on
Glc energy signaling, transcript levels of HLP1 were
analyzed in seedlings overexpressing TOR. In TOR
overexpression lines (G166 and G548), HLP1 mRNA
levels were significantly increased in response to Glc
compared to Col-0 (Fig. 3A). We also used the estradiol-
inducible tor RNAi line (tor es-1) for HLP1 expression.
Five-d—old Arabidopsis for es-1 were transferred to MS
medium with or without estradiol for 4 d followed by
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Figure 1. Glc regulates thermotolerance response in Arabidopsis. A-D, Percentage seedling survival, fresh weight, Chl content,
and root-length measurement of 5-d-old MS-grown Col-0 seedlings treated without (0% Glc) or with increasing Glc (1% Glc, 3%
Glc) and mannitol followed by HS. HS was applied as 1 hat 37°C, 2 h at 22°C, 2.5 h at 45°C, and 3—-4 d at 22°C. Data shown are
representative of one biological replicate having 25 seedlings. Experiment was repeated three times with similar results. E,
Seedling survival phenotype of Col-0 seedlings without or with increasing Glc and mannitol. Images shown are representative of
one biological replicate having at least 30 seedlings. Experiments were repeated three times with similar results. F, Percent
seedling survival of 5-d-old MS-grown Col-0 and TOR overexpression (G166 and G548) seedlings treated without (0% Glc) or
with Glc (3% Glc) followed by HS. Data shown are average of four biological replicates having at least 30 seedlings. G, Seedling
survival phenotype of Col-0, G166, and G548 seedlings treated without or with Glc and subjected to HS. Images shown are
representative of four biological replicates having at least 30 seedlings. Right shows schematic representation of HS treatment
experimental setup. Experiments were repeated four times with similar results. Error bars = sp (Student’s ttest, P < 0.05; *control
versus treatment; **Glc versus mannitol/wild type versus overexpression).
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24 h starvation at 0% Glc, then treated with Glc (3% Glc
for 3 h). Estradiol-induced tor es-1 showed reduced
HLP1 expression compared to DMSO-treated plants in
response to Glc (Supplemental Fig. S3C). PCNAL is a
known TOR target and was used as a positive control
(Supplemental Fig. S3C). In addition, transcript profil-
ing of HLP1 under Torin 1 and AZD-8055 treatment
exhibited significantly reduced expression levels
(Fig. 3B). Torin 1 and AZD-8055 are ATP-competitive
TOR kinase inhibitors, which specifically inhibit TOR
phosphorylation of downstream genes (Montané and
Menand, 2013; Xiong et al., 2013). These findings indi-
cate that abolition of TOR phosphorylation by bio-
chemical inhibitors results in inhibition of HLPI
expression as similarly reported for E2Fa target genes
(Xiong et al., 2013). Furthermore, to check the effect of
starvation and energy surplus in HLP1 regulation, we
performed a starvation and replenishment assay.
Transcript levels of HLP1 decreased consistently at each
starvation point, while a sequential increase in HLP1
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Figure 2. Mutation in E2Fa affects plant
tolerance to HS. A, Seedling survival phe-
notype of Col-0 and e2fa-1 seedlings
treated without or with Glc and subjected
to HS. Images shown are representative of
four biological replicates having at least 30
seedlings. Right shows schematic repre-
sentation of HS treatment experimental
setup. B, Percent fresh weight of 5-d-old
MS grown Col-0 and e2fa-1 seedlings
treated without (0% Glc) or with Glc (3%
Glc) followed by HS. Data shown are av-
erage of four technical replicates having at
least 20 seedlings. Experiments were re-
peated two times with similar results. C,
. 0%Gle Percent Chl content in Arabidopsis Col-0
B e and e2fa-1 seedlings in presence or ab-
sence of Glc and HS. Data shown are av-
= erage of three biological replicates having
at least 30 seedlings. Experiments were
repeated three times with similar results.
D, Percent lateral root number of Col-0 and
e2fa-1seedlings in the presence of Glc and
HS. Data shown are average of three bio-
logical replicates having at least 20 seed-
lings. E, RT-qPCR expression of HS-related
genes in Arabidopsis Col-0 and E2Fa-DPa
overexpressing (E2Fa-DPa) plants. Four-
week-old Col-0 plants were transiently
coinfiltrated with 355CaMV::E2Fa and
355CaMV::DPa constructs followed by
HS. HS was applied as 3 h at 37°C and
harvested immediately. DPa transcription
factor is known to activate E2Fa activity.
Experiments were repeated two times with
similar results. Ctrl, control. Error bars = sp
(Student’s t test, P < 0.05; *control versus
treatment; **wild type versus mutant/
overexpression).

e2fa-1

expression was observed after sugar replenishment
(Supplemental Fig. S3D). These results suggest the role
of energy metabolism in regulation of HLP1. Moreover,
to unravel the involvement of HLP1 in energy signaling,
we used chemical inhibitors of glycolysis and mito-
chondrial bioenergetics relay. HLP1 transcripts were
significantly reduced by all metabolic inhibitors used,
such as 2-deoxy-Glc, antimycin A, and the mitochon-
drial uncoupler 2,4-dinitrophenol (Fig. 3C). Taken to-
gether, these findings suggest that activation of HLP1
requires specific Glc/Suc energy metabolism provided
by mitochondrial electron transport and is regulated by
direct energy sensing through a TOR-dependent sig-
naling pathway.

Because many genes involved in stress and energy
signaling have E2Fa binding sites in their promoters,
we scanned the HLP1 promoter for putative transcrip-
tion factor binding sites (TFBSs). Intriguingly, an ~1-kb
HLP1 promoter contains putative E2Fa TFBSs (region
1-3). To confirm E2Fa binding on the HLP1 promoter,

1085


http://www.plantphysiol.org/cgi/content/full/pp.18.01371/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01371/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01371/DC1

Sharma et al.

>
o}
9]

5. [ 0%Gl - 5.0 [ HLP1 5.0, EHLP1
71 M3%ce |, I 4.5] i i
o * 4.0 ‘
6 © 3.0 g
05 oY 23.0
2 * c 25 T 25
§ 41 £ 20 53
= (5 o i 020
O 31 - 1.54 *% TZ15
2 5 10, 210
L - 051 05
0 0.0 N 0.0°5¢ ¢ m ®
Co-0 G166 G548 Noy Noge s & 0°‘°Oa°l°6\@”»’o\c,*“\tm0“\‘
HLP1 NS o\?\ox S
CR
Citrl
D 4 R1 R2  R3 E B
= ] 9, IlHs
g 12 8 .
o 101 7
- ® 8) 6
5% 81 = ¥
£ g9
_.(c;) = 64 O 4
L 4] % 3
w I8
2 2 2
i 1
0- 0
R1 R2 R3 ACT2 Col0 pr
[ 0% cic |l 3% Glc HLP1

Figure 3. Glc regulates HLPT transcription through TOR signaling. A, RT-qPCR expression of HLP7 in Col-0 and TOR over-
expression lines (G166 and G548). Five-d-old Arabidopsis plants were first starved with 0% Glc for 24 h followed by Glc
treatment (3% Glc for 3 h). Data shown are average of two biological replicates. Experiments were repeated two times with similar
results. B, Effect of TOR kinase inhibitors on HLP1 expression. Five-d-old light-grown Arabidopsis seedlings were starved without
Glc-containing MS media for 24 h under dark-grown conditions. After starvation, seedlings were treated with TOR inhibitors
(Torin 1 and AZD-8055; 10 uM for 4 h in presence of 3% Glc). Data shown are average of two biological replicates. Experiments
were repeated two times with similar results. C, Effect of glycolysis and mitochondrial inhibitors on HLPT expression. Five-d—old
light-grown Arabidopsis seedlings were starved in MS media without Glc for 24 h under dark-grown conditions. After starvation,
seedlings were treated with glycolysis inhibitor (2-deoxy-Glc, 3%), mitochondrial electron transport inhibitor (antimycin A,
5 uM) and mitochondrial uncoupler (2,4-dinitrophenol 50 uM) for 4 h in presence of 3% Glc. Data shown are average of two
biological replicates. Experiments were repeated two times with similar results. D, qPCR showing enrichment of HLPT promoter
fragments in all three regions after ChIP assays with or without Glc treatment (5 mM for 4 h). Protoplasts were harvested from 4-
week-old Col-0 plants and subjected to Glc treatment. Fold enrichment of promoter fragments were calculated by comparing
samples treated without or with E2Fa-specific antibody. Data shown are the average of four biological replicates. Experiments
were repeated four times with similar results. ACT2 was taken as a control for the ChIPassay. E, RT-qPCR PCR showing expression
of HLP1 in Col-0 and e2fa-1 mutant under HS. Arabidopsis Col-0 and e2fa- 1 seedlings were grown in 1/2-strength MS medium
containing 1% Suc for 5 d and then subjected to HS. HS was applied at 37°C for 3 h and the seedlings were harvested immediately.
Data shown are the average of two biological replicates. Experiments were repeated two times with similar results. Ctrl, control.
Error bars = sp (Student’s ttest, P < 0.05; *control versus treatment; **wild type versus overexpression or mutant/3% Glc versus
3% Glc + inhibitors).

we performed in planta chromatin immunoprecipita-
tion (ChIP) using Arabidopsis protoplasts. Protoplasts
were harvested from 4-week-old Col-0 plants and
subjected to 3-h Glc treatment (5 mM). ChIP was per-
formed using anti-E2Fa serum to immunoprecipitate
E2Fa-bound chromatin and ~200-bp promoter frag-
ments comprising E2Fa binding sites were analyzed
using qPCR. Interestingly, Glc-treated samples exhibi-
ted significantly higher enrichment in all three regions
checked (region 1-3; Fig. 3D). Furthermore, transcript
levels of HLP1 were significantly reduced in e2fa-1
under control as well as HS conditions (Fig. 3E;
Supplemental Fig. S3E). Moreover, HLP1 transcript
levels were also significantly upregulated in Arabi-
dopsis plants transiently overexpressing E2Fa-DPa
under HS (Supplemental Fig. S3F). Altogether, these
findings suggest that E2Fa binds to the HLPI promoter
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and positively regulates its transcription. These results
also suggest that HLP1 works downstream of E2Fa in
the Glc/TOR signaling pathway.

Heat-Induced HLP1 Expression Is Dependent on TOR, and
Heat-Triggered HSFA1A Binds to the HLP1 Promoter to
Activate Expression

To investigate the heat responsiveness of HLPI
(Supplemental Fig. S3A), proHLP1::GUS seedlings were
grown for 7 d in 1/2-strength MS media under 16 h-/
8 h-long—day light condition and transferred to Glc-
containing MS media (3% Glc) without or with AZD-
8055 (1 uM) for 24 h followed by heat treatment. HS
was appliedas1hat37°C,2hat22°C,and 2.5h at45°C.
Immediately after HS treatment, the proHLP1::GUS line
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exhibited strong GUS induction in proliferation-
competent cells at the shoot apical meristem (SAM)
and leaf tip. Heat strongly induced GUS expression in
the leaf primordium at the shoot apex (Fig. 4A). Heat-
induLikeced proHLP1:GUS expression in the shoot
apex was abolished in seedlings treated with the spe-
cific TOR inhibitor AZD-8055 (Fig. 4A). These findings
indicate that heat requires a TOR-dependent signal to
activate proHLP1::GUS expression in mitotic-competent
cells at the shoot apex. Earlier microarrays revealed that
HLP1 expression is dependent on HSFAI but not
HSFA? (Liu and Charng, 2013). Because genes induced
by HS or targets of HSFs contain HSEs in their pro-
moters, we scanned ~1 kb of the HLP1 promoter for
putative HSEs using MatInspector Professional Tool
(Genomatrix) and the Transcription Factor Database
(Wingender et al., 1996; Cartharius et al., 2005). Several
putative TFBSs implicated in stress response were
found in the HLPI promoter. The HLPI promoter has
three HSEs along with CCAAT box (Supplemental
Table S2). To confirm the presence of putative Cis-
acting HSEs, we performed a ChIP experiment. Nine-
d-old light-grown Arabidopsis Col-0 and hsfalQK
(hsfala/hsfalb/hsfald/hsfale) seedlings were subjected

A

Control

Heat stress

3%Glc 3%Glc+AZD

proHLP1::gus

Glucose Controls Thermotolerance/Thermomemory

to HS at 37°C for 3h. HSFA1A-bound chromatin was
immunoprecipitated using an anti-HSFA1la polyclonal
antibody and the 166-bp HLP1 promoter harboring
HSEs that coimmunoprecipitated with HSFAla was
analyzed with qPCR. We observed a significant en-
richment of HSFA1la on the HLP1 promoter due to HS,
which was abrogated in hsfalQK lacking HSFAIs
(Fig. 4B). These in vivo interaction studies suggest that
HSFA1la binding to the HLP1 promoter increases under
HS. To verify the ChIP results, mRNA levels of HLP1
were analyzed in hsfal QK mutants under HS. In the
absence of HS, HLP1 transcripts were significantly re-
duced in hsfalQK, whereas HLP1 expression was
completely abolished in hsfal QK under HS (Fig. 4C).
These results thus suggest that HSFAla positively
regulates HLP1 transcription by binding to its promoter
and thereby modulating thermotolerance response.

Plant Growth after HS Requires Glc/TOR-Dependent
Proliferation in the SAM

Because cell proliferation and division is required for
plant growth once the stress signal has vanished, we

m
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Figure 4. Glcand heatinduce HLP1 expression in the SAM in a TOR-dependent manner and heat-induced HsfA1a binds directly
to HLP1 promoter. A, proHLP1:: GUS expressing seedlings were grown for 7 d in 16-/8-long—day light condition and transferred to
MS media containing Glc (3% Glc) without or with AZD-8055 (1 uM) for 24 h followed by heat treatment. HS was applied as 1 h
at 37°C, 2 h at 22°C, and 2.5 h at 45°C. After heat treatment, seedlings were transferred immediately (0 h) to GUS buffer and
images were captured using a fluorescence microscope (Zeiss). Scale bar = 50 um. Images shown are representative of two
biological replicates each containing at least five seedlings. B, ChIP-qPCR of 166-bp promoter fragment containing HSE after ChIP
assay with or without HS (37°C for 3 h). ACT2 was taken as a control for the ChIP assay. Arabidopsis Col-0 and hsfa1QK seedlings
were grown in 1/2-strength MS medium containing 1% Suc for 9 d and then subjected to HS as mentioned earlier. Fold enrichment
of promoter fragments was calculated by comparing samples treated without or with HsfA1a-specific antibody. CT values without
and with anti-HsfATa antibodies were normalized by input control. Data shown are an average of four biological replicates.
Experiments were repeated four times (without or with hsfal QK/ACT2) with similar results. Ctrl, control. C, RT-qPCR showing
expression profile of HLPT in hsfalQK (hsfala/hsfalb/hsfald/hsfale) under control and HS conditions. Arabidopsis Col-0,
Wassilewskija-2 (Ws-2), and hsfalQK seedlings were grown in 1/2-strength MS medium containing 1% Suc for 9 d and then
subjected to HS. HS was applied at 37°C for 3 h and the seedlings were harvested immediately. Data shown are an average of two
biological replicates. Error bars = sp (Student’s t test, P < 0.05; *control versus treatment; **wild type versus mutant).
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examined cell proliferation activity in mitotic-competent
cells in the shoot apex using the transcriptional
mitotic reporter proCYCLINB (CYCB)1;1::GUS. The
proCYCB1;1::GUS-expressing seedlings were grown
for 8 d in long-day light conditions and transferred
to MS media without (0% Glc) or with Glc (3% Glc)
and without or with AZD-8055 (1 uM) for 24 h fol-
lowed by heat treatment. HS was applied as 1 h at
37°C, 2 h at 22°C, 2.5 h at 45°C, 24 h at 22°C. After
24 h of HS recovery, seedlings were subjected to GUS
treatment. As reported earlier, TOR is most abun-
dant in the cell division zones of primary meristems
(Menand et al., 2002). This is in good agreement with
proCYCBI;1::GUS expression in the SAM after 24-h
HS recovery with a much stronger induction in the
presence of Glc (Fig. 5). Absence of Glc induced less
proCYCBI1;1::GUS expression after HS recovery, sug-
gesting less proliferation activity in the SAM and there-
fore, less survival after HS (Fig. 5). This Glc- and heat-
mediated proliferation of mitotically competent cells
was abolished in proCYCBI1;1:GUS seedlings treated

Control

24h HS Rec

0%G 0%G+AZD

with the TOR inhibitor AZD-8055, suggesting a crucial
role of TOR after HS recovery (Fig. 5). Altogether, Glc-
mediated proliferation in the SAM is dependent on TOR-
mediated signaling for plant growth after HS.

HLP1 Confers Resistance toward HS

To evaluate the role of HLP1 in thermotolerance,
we generated transgenic plants overexpressing HLP1
(OE1 and OE2) under the 355CaMV promoter. Tran-
script profiling of OE1 and OE2 lines showed mark-
edly higher expression of HLP1 in the absence of HS
(Supplemental Fig. S4A). However, HLP1 overexpressors
(OEs) did not show any increase in mRNA expres-
sion when exposed to HS (Supplemental Fig. S4B).
This suggests that high levels of HLP1 mRNA in OEs
under unstimulated conditions might be adequate to
impart heat tolerance. To study the effect of HS, Glc-
treated OE seedlings were subjected to HS. Both OE
lines displayed increased thermotolerance under HS

3%G 3%G+AZD

proCYCB1;1::gus

Figure 5. Cell proliferation in the SAM after HS requires Glc/TOR. proCYCB1; 1:: GUS-expressing seedlings were grown for 8 d in
16-/8-long—day light conditions and transferred to MS media without (0% Glc) or with Glc (3% Glc), and without or with AZD-
8055 (1 uM) for 24 h followed by heat treatment. HS was applied as 1 h at 37°C, 2 h at 22°C, and 2.5 h at 45°C. After 24 h of HS
recovery, plants were transferred to GUS buffer and images were captured using a fluorescence microscope (Zeiss). Scale
bar =50 wm. Images shown are representative of two biological replicates each containing at least five seedlings. Experiment was

repeated two times with similar results. Rec, recovery after HS.
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(Supplemental Fig. S4, C-E). In addition, a homo-
zygous line of the hlpl mutant having a transfer DNA
insertion in the 5'UTR region was screened by PCR.
RT-qPCR results showed the loss of mRNA accu-
mulation in the hlp1 mutant (Supplemental Fig. S4F).
To test short-term acquired thermotolerance (SAT),
5-d-old Arabidopsis Col-0, hlpl and OE2 seedlings
were treated without or with Glc for 24 h followed by
HS. HS was applied as follows: Unprimed plants
were subjected to HS directly at 45°C for 2.5 h fol-
lowed by recovery. While in priming, Glc-treated
plants were acclimatized at 37°C for 1 h followed
by 2-h recovery at 22°C and then subjected to lethal
temperature of 45°C for 2.5 h followed by recovery
for 3-7 d. No observable changes were found in Col-
0, hlpl, and OE2 without priming. Interestingly,
Arabidopsis Col-0 and OE2 plants survived better
than hlpl mutants after priming HS (Fig. 6A). After
priming, Arabidopsis Col-0 and OE2 seedlings

3% Glc Primed

*%k
*
*
*K
%*

Glucose Controls Thermotolerance/Thermomemory

showed faster recovery as observed by the emer-
gence of new leaves, increased Chl content, and in-
creased number of lateral roots (Fig. 6, A-C). In
contrast, the hlpl mutant showed reduced recovery
growth, less Chl, and fewer lateral roots (Fig. 6,
A-C). In addition, Arabidopsis seedlings over-
expressing HLP1 did not show any observable ther-
motolerance when starved (Fig. 6A; Supplemental
Fig. S5, A and C). However, OE2 seedlings supple-
mented with optimum Glc (3% Glc) displayed en-
hanced thermotolerance. On the contrary, hipl
mutants showed a significant decrease in seedling
survival under optimum (3% Glc) and higher Glc
(5% Glc; Supplemental Fig. S5, A and C). More-
over, a higher degree of Chl retention was ob-
served in OE2 seedlings whereas hlpl displayed
significantly lower Chl content than Col-0 at
optimum or higher Glc concentrations (Fig. 6B;
Supplemental Fig. S5B).

Figure 6. Loss of HLP1 function causes
susceptibility to HS. A, Seedling survival
phenotype of Col-0, hlp1, and OE2 seed-
lings treated without or with Glc and with
or without priming HS. B, Percent Chl
content in Arabidopsis Col-0, hip1, and
OE2 seedlings in the presence of Glc and
HS. Data shown are an average of three
biological replicates having at least 30
seedlings. C, Percent lateral root number
of Col-0, hip1, and OE2 in presence of Glc
and HS. Data shown are an average of
three biological replicates having at least
20 seedlings. Experiments were repeated
three times with similar results. D, Cell
number showing cell nuclear fluores-
cence in Arabidopsis Col-0, hlp1, and
OE2 roots stained with SYTOX orange. E,
Micrograph showing root cell death after
incubation with SYTOX orange. Scale
bar =100 um. Five-d-old Col-0, hip1, and
OE2 werefirst treated without or with Glc-
containing MS medium and then trans-
ferred to HS. HS was applied as 1 h at
37°C, 2 hat22°C, and 2.5 h at45°C. After
HS, seedlings were recovered at 22°C for
24 h. Roots were stained with SYTOX
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Orange (1 uM) for 10 min and visualized
by confocal microscope. Images shown
are representatives of two biological rep-
licates. Experiments were repeated two
times with similar results. Rec, recovery
after HS. Error bars = sp (Student’s t test,
P < 0.05; *control versus treatment;
**wild type versus mutant/overexpression).
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Furthermore, to test the extent of root cell death in
hipl and OE2, we used SYTOX orange nucleic acid stain
(Thermo Fisher Scientific). This measures loss of cell
membrane permeability, reflecting cell death, under
HS. No significant difference was observed in Col-0 and
hlpl seedlings without Glc treatment. However, a
higher degree of cell death was observed in hipl mu-
tants under Glc treatment (Fig. 6, D and E). In contrast,
OE2 seedlings supplemented with Glc showed much
less fluorescence, suggesting significantly less root cell
death (Fig. 6, D and E). In addition, HS plants were 3,3'-
Diaminobenzidine (DAB)-stained to measure HS-
induced reactive oxygen species production. DAB
binds to H,O, and is often used to quantitate cell death
(Ren et al., 2002). The hip1 mutant displayed higher cell
death than Col-0 seedlings even in the 3% Glc
(Supplemental Fig. 56, A and B). However, no signifi-
cant difference was observed in Col-0 and OE2 plants.
We speculate that recovery of heat-stressed plants re-
quire proliferation activity in mitotic-competent cells in
the shoot apex and generation of new leaves from the
SAM (Fig. 5), even after shedding off the cotyledons
(Fig. 6A, right) and therefore, no difference in Col-0 and
OE2 could be observed by DAB staining.

Moreover, to test whether HLP1 could sustain
priming by mild stress (37°C for 1 h) for longer dura-
tion, we transferred primed Arabidopsis Col-0, hlp1,
and OE2 plants for a longer recovery period (22°C for 2
d) and then treated with lethal dose (45°C for 2.5 h) of
HS. Arabidopsis hlpl plants showed reduced leaf
greening and Chl content than Col-0 plants, whereas
OE2 plants better survived the lethal dose of HS after
longer recovery (Supplemental Fig. S6, C and D). Al-
together, these results suggest that Glc-regulated HLP1
provides thermotolerance to Arabidopsis plants.

HLP1 Binds to the Promoters of HS Genes

Because HSFAI acts upstream in the HS signaling
pathway, we were interested to know whether Glc-
regulated thermotolerance is transduced through
HSFA1 or other signaling machinery. We analyzed the
overlap between Glc- and HSFA1-regulated HS genes
(Liu et al., 2011; Gupta et al., 2015). A significant overlap
was observed between Glc and HSFAI (Supplemental
Fig. S7A; Supplemental Table S3).

It has previously been reported in humans that
Hikeshi functions as a nuclear carrier protein of HSP70
(Kose et al., 2012). Because HLP1 localizes into the nu-
cleus (Koizumi et al., 2014) and is a direct target of E2Fa
as well as HSFA1a, it may therefore work downstream
of Glc and temperature signaling. We were interested to
know how precisely HLP1 transduces Glc-mediated
thermotolerance. In this regard, we checked whether
HLP1 binds to the promoter of HSP genes. Four-week-
old Col-0 plants were infiltrated with Agrobacterium
harboring a 35SCAMV::HLP1-YFP (yellow fluorescent
protein) construct together with the host RNAi sup-
pression system (pBINR HC-pRO) and then subjected
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to HS (37°C for 3 h; Supplemental Fig. S8, B and C)
followed by ChIP assay. Anti-GFP antibodies were
used for immunoprecipitation of HLP1-YFP/chroma-
tin complexes. Approximately 200-250 bp of HSF and
HSP promoters harboring HSEs (nGAAnnTTCnn-
GAAn) that coimmunoprecipitated with HLP1-YFP
were analyzed by qPCR. The enrichment of HLP1 at the
promoters of HSF/HSP genes was significantly higher
under HS in plants overexpressing HLP1-YFP than in
uninfiltrated Col-0 plants (Fig. 7). These results suggest
that HLP1 binds to the promoters of many heat-
responsive genes and may influence their expression.

Loss-of-Functional HLP1 Affects H3K Acetylation at the
Promoters of HS Genes To Activate Expression

As HLP1 binds to the promoters of HSF/HSP genes,
we wanted to know whether HLP1 modulates the ep-
igenetic modifications at these promoters. Histone
acetylation as well as H3K4me3 is required to activate
gene expression. Earlier reports suggested the role of
histone H3 acetylation in gene transcriptional activa-
tion, but not in maintenance of memory response
(Lamke et al., 2016). We therefore compared the level of
H3K (9+14+18+23+27) acetylation at the HSP promoter
with or without HS using ChIP-qPCR. We observed a
consistent increase in chromatin-activating H3K acety-
lation marks at the promoters of the tested HS loci in
Arabidopsis Col-0 plants under HS. In contrast, hipl
mutants showed reduced accumulation in chromatin-

20 xx
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Figure 7. HLP1 positively regulates Glc-induced HSP genes by binding
to their promoters. ChIP assay of HSP genes after transient expression of
355CaMV::HLP1-YFP. Four-week-old Col-0 plants were infiltrated with
Agrobacterium strain GV3101 containing 355CaMV::HLP1-YFP con-
struct and kept for 48-72 h under light-grown conditions. ChIP-qPCR of
immunoprecipitated promoter fragments containing Cis-acting HSE
was performed. ACT2 serves as a control. Amount of immunoprecipi-
tated promoter DNA was calculated by comparing samples treated
without or with anti-GFPantibody. CT values without and with anti-GFP
antibody were normalized by input control. Data shown are represen-
tative of one biological replicate. Experiments were repeated four times
(without or with untransformed Col-0/ACT2) with similar results. Ctrl,
control. Error bars = sp (Student’s t test, P < 0.05; *control versus
treatment; **uninfiltrated versus infiltrated).
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Figure 8. HLP1 is required for epigenetic modifications at the pro-
moters of HS genes and positively regulates their transcription. A, ChIP
assays of HSFand HSP genes. Seven-d-old MS-grown Arabidopsis Col-
0 and hlpT seedlings were treated with HS at 37°C for 3 h. ChIP-qPCR of
immunoprecipitated promoter fragments containing Cis-acting HSEs
was performed. Amount of immunoprecipitated promoter DNA was
calculated by comparing samples treated without or with anti-Histone
H3K (9+14+18+23+27) acetyl antibody. CT values without and with
anti-Histone H3K (9+14+18+23+27) acetyl antibody were normalized
by input control. Copia-like retrotransposon (TA3) with highly hetero-
chromatinized DNA has been used as a control in the ChIP assay. Data
shown are representative of two biological replicates. Experiments were
repeated two times with similar results. Ctrl, control. B, Comparison of
RT-qPCR showing expression profile of HS genes in Col-0, hlpT mutant,
and 355CaMV::HLP1 (OE2) transgenic seedlings in the presence of Glc.
Five-d-old Col-0, hip1, and OE2 seedlings were starved for 24 h and
then transferred to Glc-free (0% Glc) and Glc-containing (3% Glc)
liquid MS medium for 3 h. Data shown are representative of two bio-
logical replicates. Experiments were repeated two times with similar
results. Error bars = sp (Student’s t test, P < 0.05; *control versus
treatment; **wild type versus mutant/overexpression).

Plant Physiol. Vol. 180, 2019

Glucose Controls Thermotolerance/Thermomemory

activating H3K acetylation at these loci (Fig. 8A). We
next analyzed whether increased accumulation of H3K
acetylation at HS loci in Col-0 and hlp1 correlates with
high induction of gene expression. To this end, we
compared the RT-qPCR expression of these HS loci in
Col-0, hlp1, and OE2 plants. The RT-qPCR expression of
these HS genes in OE2 was remarkably higher than in
Col-0 plants, whereas hilp1 exhibited significant down-
regulation of HS-responsive genes (Fig. 8B). These
findings showed that HSP levels in OE2 were signifi-
cantly higher and sufficient to confer thermotolerance.
(Figs. 6 and 8B). In contrast, hlpl mutants showed re-
duced expression of HSPs, thereby causing hypersen-
sitivity toward HS (Figs. 6 and 8B). Taken together,
these results suggest that HLP1 binds to the promoters
of heat shock genes and modulates histone H3K acet-
ylation at these promoters to activate transcription.

Glc Modulates Thermomemory in Arabidopsis

To check whether absence of Glc could induce HS
genes, we analyzed the transcript levels of HS genes
without Glc (0% Glc). Five-d-old Arabidopsis Col-0
seedlings were starved for 24 h followed by HS (37°C,
3 h) and RT-gPCR was performed. In the absence
of Glc, all of these HSP genes were highly induced
(Supplemental Fig. S9A). However, Arabidopsis plants
supplemented with no Glc (0% Glc) could not exhibit
tolerance to HS (Figs. 1, A-D, and 6A). To determine
why high levels of HSP induction under 0% Glc are not
sufficient to provide thermotolerance, we analyzed
genome-wide transcript abundance using an Affyme-
trix microarray to compare Col-0 plants treated without
or with Glc and HS. There was no major change in ex-
pression of HSP genes when seedlings treated with or
without Glc recovered immediately after HS. The mainte-
nance of acquired thermotolerance over time in the absence
of intervening stresses is mediated by thermomemory
genes (Charng et al., 2007). Interestingly, expression levels
of thermomemory-related genes (HSP17.6II, HSP18.2,
HSP22, and HSP20-Il) were significantly increased or
sustained in the presence of Glc (3% Glc) after a short re-
covery period (Supplemental Fig. S9B). Microarray reports
have shown a number of thermomemory-associated genes,
based on their sustained expression, including but not
limited to small HSPs such as HSP17.6A, HSP18.2, HSP21,
and HSP22 (Stief et al., 2014; Sedaghatmehr et al., 2016).
These genes maintained their elevated expression after HS
over a period of several days.

To validate the microarray data, we performed ex-
pression profiling of these thermomemory-associated
genes using RT-gPCR. Seven d-old Col-0 seedlings
were treated without (0% Glc) or with Glc (3% Glc) for
24 h followed by HS and recovered for various time
points (3 h, 24 h, and 48 h). HS was applied as follows:
1 h at 37°C, 90 min at 22°C, and 45 min at 45°C,
and then recovered at 22°C for 3 h, 24 h, and 48 h.
Thermomemory-related genes were expressed at higher
levels in seedlings treated without (0% Glc) or with Glc
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(3% Glc), when recovered for 3 h. Surprisingly, seedlings
treated with Glc showed a more sustained expression of
thermomemory-associated genes even under extended
recovery periods (24 h and 48 h) than seedlings treated
without Gle (Fig. 9A). We also checked the expression of
the non-memory gene HSP101 under Glc treatment. The
expression levels of HSP101 were comparatively less at
24 h and 48 h recovery than those of the thermomemory
genes (Fig. 9A). We also examined the thermomemory
HSP gene expression in Arabidopsis Col-0 seedlings
treated without (0% Glc) or with low Glc (1% Glc). Ara-
bidopsis plants supplemented with 1% Glc showed more
sustained expression of thermomemory genes after 24 h
and 48 h of recovery than seedlings treated without Glc
(0% Glc; Supplemental Fig. S10). To confirm whether in-
creased or sustained induction of thermomemory genes is
due to Glc-mediated thermomemory response and is not
due to high basal transcript levels, we compared the basal
transcript levels of thermomemory genes in the absence
and presence of Glc after 24 h and 48 h. In the absence
of HS, Glc alone could not induce the basal expression
of thermomemory-associated genes (Supplemental

Fig. S9C).

Figure 9. Glc mediates thermomemory response.
A, RT-gPCR expression of thermomemory-related
genes in Arabidopsis Col-0 seedlings treated
without (0% Glc) and with Glc (3% Glc) fol-
lowed by HS. HS was applied at 1 h at 37°C,
90 min at 22°C, and 45 min at 45°C. After HS,
seedlings were recovered for various time
points (3 h, 24 h, and 48 h) at 22°C. Data
shown are representative of one biological
replicate. Experiments were repeated two
times with similar results. B, ChIP-qPCR of 0
thermomemory-related genes in Col-0 seed-
lings treated without or with Glc followed by
HS. HS was applied as 1 h at 37°C, 90 min at
22°C, and 45 min at 45°C. After HS, seedlings
were recovered for 24 h at 22°C. Amount of
immunoprecipitated promoter DNA was cal-
culated by comparing samples treated without
or with anti-Histone H3K4me3 antibody. Data
shown are representative of one biological
replicate. Experiments were repeated two times
with similar results. CT values without and with
anti-Histone H3K4me3 antibody were normal- 0
ized by input control. Rec, recovery after HS;
Ctrl, control. Error bars = sp (Student’s t test,
P < 0.05; *control versus treatment).
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Lamke et al. (2016) showed that histone H3 di- and
trimethylation increased toward later phases of HS re-
covery, when transcription and histone H3 acetylation
went down. We hypothesized that increased or sus-
tained expression of memory-related genes might be
associated with changes in the epigenetic landscape of
their promoters. It is already reported that H3K4me3
chromatin marks are associated with plant memory of
recurring HS (Lamke et al., 2016). To this end, we an-
alyzed H3K4me3 marks at HSP17.61I, HSP18.2, HSP21,
HSP22, and HSP20-III loci. Seven-d-old Arabidopsis
Col-0 plants were acclimatized without (0% Glc) or
with Glc (3% Glc) for 24 h followed by HS and recov-
ered for 24 h. HS was applied as follows: 1 h at 37°C,
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24-h recovery period, H3K4me3 levels were signifi-
cantly increased at thermomemory-related loci when
treated with 3% Glc (Fig. 9B). In contrast, the non-
memory gene HSP101 showed a lesser, although
significant, increase in H3K4me3 marks after 24-h re-
covery under Glc. These results suggest that high
induction of non-memory loci at 0% Glc is not suffi-
cient to provide thermotolerance (Fig. 1, A and C;
Supplemental Fig. S9A). We, therefore, surmise that Glc
facilitates plants to memorize initial HS in the form of
H3K4me3 accumulation at thermomemory loci to sus-
tain their expression and provide thermotolerance.

HLP1 Is Required for Sustained Accumulation of
H3K4me3 on Thermomemory-Related Loci

To check whether Glc-primed sustained accumula-
tion of H3K4me3 at thermomemory-related loci is de-
pendent on HLP1, we analyzed the expression levels of
thermomemory genes in Arabidopsis Col-0 and hipl
plants after extended recovery periods (3 h, 24 h, and 48
h). Seven-d-old Col-0 and hipl seedlings were trans-
ferred to MS media containing Glc (3% Glc) for 24 h
followed by HS and recovered for various time points
(3h, 24 h, and 48 h). HS was applied as follows: 1 h at
37°C, 90 min at 22°C, and 45 min at 45°C, and then
recovered at 22°C for 3 h, 24 h, and 48 h. No changes
were observed in the expression levels of thermome-
mory genes in Col-0 and hlp1 plants after 3 h of recov-
ery. Interestingly, Arabidopsis Col-0 plants showed
sustained expression of thermomemory loci after lon-
ger recovery periods of 24 h and 48 h (Fig. 10A). On the
other hand, hipl plants failed to display sustained ex-
pression of thermomemory loci at these time points
(Fig. 10A). We also compared the expression levels of
the non-memory gene HSP101 in Col-0 and hlp1 after
24-h and 48-h recovery. Non-memory HSP101 did not
show sustained expression at these extended recovery
time points in Col-0 and the hlpl mutant. We also
compared thermomemory HSP gene expression in
Col-0 and hlp1 seedlings treated with low Glc (1%
Glc). Arabidopsis Col-0 showed sustained expression
of thermomemory genes after extended recovery,
whereas hlpl mutants failed to do so (Supplemental Fig.
S11). Further, we also compared the transcript and
protein levels of thermomemory-associated HSP21
without or with Glc treatment in Col-0 and hlp1 plants
after HS recovery. Thermomemory-associated HSP21
transcripts, as well as protein, accumulated more in the
presence of Glc in Col-0 than hipl plants (Fig. 10B;
Supplemental Fig. S12). However, there was no signif-
icant difference in HSP21 transcripts in Col-0 and hip1
seedlings treated without Glc (0% Glc) after 24 h and
48 h of HS recovery (Supplemental Fig. S12). More-
over, hlpl mutants did not show sustained accumu-
lation of HSP21 protein at these longer recovery time
points as compared to Col-0 plants (Fig. 10B). Im-
portantly, Arabidopsis plants treated with Glc under
non-HS conditions showed null levels of HSP21,
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further substantiating that Glc alone could not induce
basal levels of HSP21 protein (Fig. 10B).

We next examined whether sustained induction of
thermomemory genes in Col-0 plants is mediated
through accumulation of H3K4me3 marks. To investi-
gate this, we compared the H3K4me3 accumulation in
Col-0 and hilp1 plants after 24-h recovery. Arabidopsis
Col-0 plants exhibited increased or sustained accumu-
lation of H3K4me3 marks on thermomemory-related
loci whereas hipl mutants failed to do so (Fig. 10C).
Furthermore, Col-0 and hlp1 plants did not show sus-
tained accumulation of H3K4me3 at the non-memory
locus HSP101 after 24-h recovery (Fig. 10C). Moreover,
we checked whether HLP1 binds to the promoters of
thermomemory-associated genes. To this end, we per-
formed in vivo ChIP assays using Arabidopsis Col-0
plants transiently overexpressing HLP1-YFP. Four-
week-old Arabidopsis Col-0 plants were infiltrated
with HLP1-YFP followed by HS at 37°C for 3 h and
harvested immediately. Approximately 200 bp of up-
stream promoter harboring HSEs were selected for
ChIP-qPCR. HLP1-YFP was enriched at the promoters
of all four thermomemory-associated genes under HS,
compared to no heat (Control) and Col-0 plants without
HLP-YFP (Fig. 10D). Next, to test whether comple-
mentation of hlpl with proHLP1:HLP1 restores the
thermomemory response, we transformed Arabidopsis
hipl plants with proHLP1::HLP1 and checked the ex-
pression of thermomemory genes after 24 h and 48 h of
recovery. Arabidopsis hipl plants complemented with
proHLP1::HLP1 (proHLP1::HLP1-4 and proHLP1::HLP1-7)
showed more sustained expression of thermomemory-
related genes after extended recovery than hipl plants
(Supplemental Fig. S8A). Taken together, these results
suggest that HLP1 is required for plants to memorize
previous exposure to HS by maintaining chromatin
H3K4me3 marks on thermomemory loci for poised in-
duction of thermomemory genes.

DISCUSSION

Our comprehensive molecular, genetic, and physio-
logical study of Arabidopsis revealed an intimate link
between Glc- and HS-mediated signaling. Glc tran-
scriptionally regulates a large number of genes in-
volved in a variety of processes such as cell cycle,
growth, and stress response. In the literature, there are
various reports of crosstalk between Glc-mediated
signaling and other signaling pathways such as nutri-
ent-, light-, and hormone-response signaling. Although
there are several reports about Glc and phytohormone
crosstalk (Szekeres et al., 1996; Gibson, 2004; Mishra
et al., 2009; Gupta et al., 2015; Schepetilnikov et al.,
2017; Schepetilnikov and Ryabova, 2017; Song et al.,
2017; Xiong et al., 2017), only a few reports of a possi-
ble interaction between Glc-mediated signaling and
stress responses exist (Deprost et al., 2007; Bakshi et al.,
2017; De Vleesschauwer et al., 2017; Dong et al., 2017;
Wang et al., 2018). A previous microarray experiment
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Figure 10. Glc provides thermomemory through HLP1. A, RT-qPCR expression of thermomemory-related genes in Arabidopsis
Col-0 and hip1 seedlings treated with 3% Glc for 24 h followed by HS. HS was applied as 1 h at 37°C, 90 min at 22°C, and 45 min
at 45°C. After HS, seedlings were recovered for various time points (3 h, 24 h, and 48 h) at 22°C. Data shown are representative of
one biological replicate. Experiments were repeated two times with similar results. B, Immuno-blot detection of HSP21 in Col-0
and hip1 seedlings treated without or with Glc and HS. After HS, seedlings were recovered for 48 h at 22°C. HSP21 protein was
detected using anti-HSP21-specific antibody. Ponceau S-stained Rubisco and Anti-TUBULIN-detected TUBULIN were used as
loading controls. C, ChIP-qPCR of thermomemory-related genes in Col-0 and hipT seedlings treated without or with HS. After HS,
seedlings were recovered for 24 h at 22°C. Amount of immunoprecipitated promoter DNA was calculated by comparing samples
treated without or with anti-Histone H3K4me3 antibody. CT values without and with anti-Histone H3K4me3 antibody were
normalized by input control. Data shown are representative of one biological replicate. Experiments were repeated two times
with similar results. Rec, recovery after HS; Ctrl, control. D, ChIP-gPCR showing binding of HLP1-YFP at thermomemory gene
promoters. Approximately 4-week-old Arabidopsis Col-0 plants were infiltrated with 355CaMV::HLP1-YFP followed by HS at
37°C for 3 h and harvested immediately. Amount of immunoprecipitated promoter DNA was calculated by comparing samples
treated without or with anti-GFP antibody. CT values without and with anti-GFP antibody were normalized by input control. Data
shown are representative of one biological replicate. Experiments were repeated two times with similar results. Error bars = sp
(Student’s t test, P < 0.05; *control versus treatment; **wild type versus mutant/overexpression).
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identified a significant overlap of Glc-upregulated genes
with HS-regulated genes (Gupta et al., 2015). Interest-
ingly, among HS genes, ~37% of Glc-upregulated genes
encoded HSPs. This indicates that Glc regulates HSPs
levels in plants and Glc signaling is required for plant
survival under HSR. There are a few reports that
document the role played by Glc-mediated signaling
in stress tolerance. For example, Glc-activated Ara-
bidopsis TOR kinase displays resistance to various
stresses (Mahfouz et al.,, 2006; Deprost et al.,, 2007;
Bakshi et al., 2017; Dong et al., 2017; Wang et al., 2017)
and Glc-repressed SnRK1 exhibits plant survival under
extreme starvation, darkness, and hypoxia (Baena-
Gonzalez et al.,, 2007, Baena-Gonzilez and Sheen,
2008). However, in response to cold and osmotic stress,
activity of TOR and its target S6K1 was inhibited
(Mahfouz et al.,, 2006; Wang et al., 2017). Recently,
Wang et al. (2018) showed that TOR signaling represses
abscisic acid (ABA) signaling, preventing stress acti-
vation through phosphorylation of the PYRABACTIN-
LIKE ABA receptor in unstressed plants, whereas ABA
represses TOR signaling to prevent growth under
stress. Nonetheless, no systematic studies have been
done that explored the role of Glc-mediated signaling
machinery in providing thermotolerance. In this study,
we have found that Glc-regulated Arabidopsis TOR
mediates enhanced tolerance to HS. Arabidopsis plants
overexpressing TOR (G166 and G548) exhibited better
thermotolerance, whereas tor 35-7 RNAi plants showed
reduced thermotolerance response. The contrasting
characteristics (as shown by Wang et al., 2018) in stress
responses might be due to differences in stress and re-
covery conditions, as both TOR G166 and G548 lines
showed better stress mitigation when plants recovered
after HS, suggesting activation of growth signaling
through high Glc/TOR levels at the time of recovery.
The fine-tuning of growth and stress signaling under
various stress and recovery conditions needs to be ex-
plored further. We also compared the overlap between
Glc- and TOR-regulated HS genes (Xiong et al., 2013;
Gupta et al.,, 2015). A large overlap of HS genes was
observed between Glc and TOR (Supplemental Fig.
S7B; Supplemental Table S4), suggesting a common
pathway for HS tolerance. We also found that e2fa-
1 mutants displayed reduced thermotolerance with a
decrease in the expression of HS genes. These several
lines of evidence suggest a role for the TOR-E2Fa
module in mediating thermotolerance response.

It has already been proposed that Arabidopsis HLP1
interacts with HSP70 to import it into the nucleus and
thus provide thermotolerance (Koizumi et al., 2014).
However, no efficient studies have been done to date
that suggest a role for Glc-mediated HLP1 activation in
thermotolerance. In this study, we have found that Glc-
induced HLP1 activation is primarily regulated by the
energy sensor TOR kinase. These results were further
substantiated by proHLP1::GUS studies under Glc and
heat treatment, which showed Glc-heat-induced HLP1
expression in cell division zones of primary meristem.
We have found that Glc synergistically works with
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heat in activating proHLP1::GUS expression and this
Glc-heat regulation of HLP1 is dependent on TOR.
Previous studies showed the role of TOR in photosynthesis-
derived Glc/energy signaling in controlling prolif-
eration of progenitor stem cells in root meristem ac-
tivation (Xiong et al., 2013). Arabidopsis TOR kinase
phosphorylates E2Fa/E2Fb transcription factors in
controlling s-phase gene expression in mitotic-competent
cells in the shoot and root apical meristem (Li et al.,
2017). ProHLP1::GUS expression in the cell division
zones of the shoot apex overlap with TOR and E2Fa
expression and is abolished by AZD-8055, substantiat-
ing the role of Glc-mediated TOR-E2Fa signaling in
HILP1-mediated thermotolerance. Furthermore, chem-
ical inhibitors of Glc metabolism partially or completely
eliminate HLPI transcripts, suggesting a plausible role
of mitochondrial bioenergetics in Glc-mediated HLP1
regulation.

Characterization of promoter elements containing
the E2Fa target motif TTTCCCGCC have been exten-
sively studied (Vandepoele et al., 2005; Naouar et al.,
2009; Xiong et al., 2013). Ramirez-Parra et al. (2003)
have also shown that genes involved in cell cycle, de-
fense responses, and signaling comprise E2Fa target
motifs. However, in addition to TTTCCCGCC, other
closely related sequences are also recognized by plant
E2Fa. We observed enrichment of TTTCCCGCC and
similar E2Fa Cis-acting elements in the promoter of
HLP1, which was confirmed by ChIP assay. We found
that E2Fa binds directly to the HLPI promoter and
positively regulates its expression. Interestingly, en-
richment of E2Fa in the HLP1 promoter was higher
under Glc treatment. This further supports the in-
volvement of Glc-mediated HLP1 activation. Mutation
in E2Fa significantly inhibited transcriptional activation
of HLP1 and HSPs genes that are required to establish
thermotolerance, whereas overexpressing E2Fa in-
creased their activation. Moreover, Arabidopsis seed-
lings treated with Torin 1 and AZD-8055, which
prevent TOR-mediated phosphorylation of E2Fa,
exhibited perturbation in HLP1 and HSPs transcript
synthesis. These evidences suggest a direct involve-
ment of TOR-E2Fa and HLP1 in mediating thermotol-
erance in plants.

Growth is a highly expensive process in terms of re-
source consumption and is tightly regulated by internal
and external stimuli. When plants sense a stress signal
in their environment, they stop or decelerate their
growth and once the stress signal has vanished, they
restore their growth machinery for organ development.
Cell proliferation and division are required for proper
growth of the organism and are directed by signals
from progenitor stem cells in the root and shoot apex.
Notably, expression of the proCYCBI;1:GUS tran-
scriptional reporter in the mitotically active cells was
greatly enhanced in response to Glc after 24 h of HS
recovery, both at the tip and the base of young leaves.
Because cells at the leaf base under normal develop-
mental conditions have exited the proliferation phase,
the presence of proCYCBI1;1:GUS at the leaf base
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suggests that during HS recovery, cells might re-enter
the cell proliferation phase (Andriankaja et al., 2012).
Arabidopsis plants treated without Glc (0% Glc)
exhibited less proCYCB1;1::GUS expression in the pro-
liferating zone at the shoot apex, suggesting that Glc is
required for plants to maintain their growth after HS.
This Glc-regulated proliferation of mitotic cells is de-
pendent on TOR, further demonstrating the role of
Arabidopsis TOR kinase in post-HS plant growth.

The HSFA1 and HSFA2 heat shock transcription
factors are the major regulators of HSR in plants, in-
volved in initiating and extending the thermotolerance
response (Charng et al., 2007; Liu et al., 2011; Liu and
Charng, 2013). A previous microarray report showed
dependence of HLP1 gene expression on HSFA1s (Liu
and Charng, 2013). However, no organized study has
so far been done that suggests a possible link between
HSFA1s and HLP1. Our study establishes a novel link
between HSFA1s and HLP1-mediated thermotolerance.
We found that HSFAla binds to HSEs present in the
HLP1 promoter and positively regulates HLP1 expres-
sion. This was further confirmed by expression of HLP1
in hsfal QK mutants. These lines of evidence suggest
that HLP1 is a direct downstream target of HSFATs in
regulating thermotolerance.

Several groups have identified the genetic compo-
nents involved in the regulation of duration of acquired
thermotolerance. Different components of HS signaling
are important for tolerance against HS regimes of dif-
ferent magnitudes. For example, HSFA3 and HSFA7A
are involved in maintaining SAT, whereas HSFA2 and
HSA32 are implicated in long-term-acquired thermo-
tolerance (LAT; Yeh et al., 2012). Some of them are also
involved in maintaining basal thermotolerance. How-
ever, some HS regulators, such as HSFA1l, HSFA2,
HSFB1/B2B, and HSP101, are involved in regulating
basal thermotolerance as well as SAT and LAT (Charng
et al., 2007; Ogawa et al., 2007; Ikeda et al., 2011; Liu
et al., 2011; Hu et al., 2012). Arabidopsis HLP1 also
exhibited regulation of SAT and LAT. This HLP1-
mediated SAT and LAT response is dependent on the
Glc/energy status of the plant. Arabidopsis seedlings
overexpressing HLP1 displayed enhanced thermotol-
erance in response to Glc. In contrast, hlpl mutants
exhibited hypersensitivity to HS. Growth of the plant is
essential after HS and mediated by proliferation in the
proliferation zone. Proliferating cells in the shoot and
root apex coordinate with the internal and external cues
to maintain growth. Arabidopsis hlpl mutant plants
showed reduced growth from the primary meristem as
evidenced by compromised growth of the apical meri-
stem and emergence of new leaves (Fig. 6A, right). In
contrast, Col-0 and OE2 plants displayed enhanced
growth and accelerated emergence of new leaves from
the shoot apex (Fig. 6A, right). The reduced growth
recovery phenotype of hlpl mutants from the meriste-
matic zone is in good agreement with the role of TOR-
E2Fa-HLP1 signaling in providing thermotolerance, as
these regulators are most abundant in meristematic
cells (Menand et al., 2002).
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Guertin and Lis (2010) have shown that HSEs are the
sites of active chromatin, associated with histone acet-
ylation and H3K4 trimethylation (Guertin and Lis,
2010). Mutation in gcnb5 decreases H3K9 and H3K14
acetylation in the core promoters of HSFA3 and UVH6
under HS, which results in reduced thermotolerance of
gend (Hu et al., 2015). Arabidopsis ASF1A/B tran-
scriptionally activates some of the HSF and HSP genes
through accumulation of H3K56 acetylation under HS
(Weng et al., 2014). In our study, we have found that
HLP1 binds HSF/HSP gene promoters containing
HSEs in response to HS. Binding of HLP1 to HSP gene
promoters increases H3K (9+14+18+23+27) acetylation
in plants. Transgenic lines overexpressing HLP1 exhibit
increased expression of HS genes under Glc stimulus,
whereas loss of functional HLP1 results in reduced HSP
induction. The requisite role of HLP1 in the induction of
HSFA? and other secondary regulators of HSR such as
HSPs suggests that these regulators act downstream of
HLP1 in HSR.

Priming is a phenomenon in which plants are pre-
exposed to mild stress, which provides heightened re-
sponse to subsequent stresses. Unlike naive plants,
primed plants are alert and show quick response to
future stresses. In cases where thermomemory induces
transcriptional changes, a possible explanation is al-
teration in chromatin modifications (Lamke et al., 2016;
Liu et al., 2018). Among HSFs, HSFA?2 is required for
maintenance of thermotolerance. Similarly, the level of
HSAB32 is maintained over a period of at least 3 d and is
required for HS memory (Wu et al., 2013). A number of
HS-memory-related genes have been identified by
microarray analysis. These genes have sustained ex-
pression after primary HS, which lasts several days
(Stief et al., 2014). The HS memory is maintained for
several days, even in the absence of recurring temper-
ature stress (Charng et al., 2006, 2007; Yeh et al., 2012).
Many small HSPs (HSP17.61I, HSP22, HSP18.2) are HS-
memory-related genes. Unlike HS-memory-related
genes, the expression pattern of HS non-memory
genes such as HSP101 peaked immediately after HS
and rapidly declined thereafter. Elevation of H3K4me3
levels is required for rapid activation of genes induced
by environmental stimuli and acts to prevent them
from being silenced (Ng et al., 2003). Brzezinka et al.
(2016) showed that nucleosome remodelers of the
CHROMATIN REMODELING BY IMITATION
SWITCH family together with BRAHMA remodeling
complex interact with FORGETTERT1 for proper nucle-
osome assembly at memory-related genes. Chromatin
protein BRUSHY1 is also required for sustained in-
duction of thermomemory-associated genes for longer
durations (Brzezinka et al., 2018). HSP21 levels are
regulated by FtsH6 for thermomemory in plants
(Sedaghatmehr et al., 2016). Here, we have shown
that Glc induces the accumulation of H3K4me3 on
thermomemory-associated genes. H3K4me3 changes
the chromatin landscape at thermomemory-related
loci to activate sustained expression of thermome-
mory genes. We also showed that binding of HLP1 to
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the promoters of thermomemory-associated loci is re-
quired for the accumulation of Glc-induced H3K4me3
marks at those loci. These results suggest an epigenetic
mode of HLPl-mediated thermomemory response.
Taken together, HLPI acts as a hub of TOR-E2Fa- and
HSFAls-mediated thermotolerance. Our studies dem-
onstrate that HLP1 coordinates heat and sugar signaling
by modulating expression of both the memory- and
non-memory-HSP genes to provide thermotolerance.
In summary, molecular evidences such as histone H3K
(9+14+18+23+27) acetylation, expression of non-memory
and memory genes, histone H3K4me3 marks, and protein
blot of HSP21 are in agreement with the phenotypes
exhibited by hilpl mutants such as compromised
growth from the SAM, emergence of new leaves, less
Chl, and fewer lateral roots, and strongly support that
HLP1 provides thermotolerance response to Arabi-
dopsis plants. Furthermore, expression of proHLP1::-
GUS and proCYCBI1;1:GUS in the SAM further
support the role of Glc-regulated HLP1 and -TOR-
E2Fa in thermotolerance response. It would, however,
be of interest to further examine the role of HLP1
under various abiotic stresses and corelate its func-
tions in diverse environmental stimuli. The work
done in this study so far would be useful for forth-
coming studies, aimed at gaining functional insights
into HS responses in plants.

MATERIALS AND METHODS
Plant Materials and Growth Condition

The Arabidopsis (Arabidopsis thaliana) mutant lines hlp1 (AT1G66080, SALK-
135622), e2fa line (AT2G36010, WiscDsLox434F1), the estradiol-inducible TOR
RNA:i lines (CS69829; es-1), TOR overexpression lines (AT1G50030, GK-548G07-
020632), and proCYCB1;1::GUS line were obtained from The Arabidopsis Bio-
logical Resource Center at Ohio State University. All of these lines were in the
Col-0 background. The TOR (AT1G50030, G166) line was obtained from the
Nottingham Arabidopsis Stock Center. The following lines were obtained from
the published sources: for 35-7 RNAi (Col-0 background; Deprost et al., 2007)
and HSFA1 quadruple mutant (QK-hsfala/hsfalb/hsfald/hsfale; Col-0 and
Wassilewskija-2 background; Liu and Charng, 2013). Seeds of wild type and
mutants were surface-sterilized and imbibed at 4°C for 48 h. Seeds were sown
on square petri plates (120 X 120 mm) containing 0.5X MS medium with 1% Suc
(29 mM) and 0.8% agar (24 mM), under sterile conditions. Seed germination
was carried out in a climate-controlled growth room under long-day conditions
(16-h light and 8-h dark, 60 um m™2 s~! light intensity) at 22°C * 2°C
temperature.

Transgenic Plants

The full-length coding sequences of HLPI1 were amplified from 5-d-old
Arabidopsis wild-type seedlings (Col-0) and cloned into the Gateway-based
vector pPEARLYGATE 201 containing 355CaMYV cassettes. The 35SCAMV::HLP1
construct was then transformed into Agrobacterium strain GV3101. Agrobacterium
containing 35SCAMV::HLP1 were transformed into Arabidopsis plants (Col-0)
by floral dip. For selection of transgenic plants, 2-week-old plants were sprayed
with 120 mg/L of the herbicide BASTA (BASF). Seedlings exhibiting resistance
to BASTA were grown at 22°C and seeds were harvested to check homozy-
gosity. Similarly, the first 942-bp upstream of the transcription start site of HLP1
were amplified from Col-0 genomic DNA and cloned into the Gateway-based
vector pMDC164 containing the -glucuronidase reporter. The pro::HLP1-GUS
construct was transformed into Arabidopsis plants through Agrobacterium-
mediated floral dip transformation and screening of transgenic plants was
done by kanamycin selection. Additionally, hlpl mutants were complemented
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by proHLP1::HLPI1. The proHLP1::HLP1 construct was introduced into hlpl
mutants through Agrobacterium-mediated floral dip and plants were screened
through BASTA selection. T1 generation plants were then confirmed by res-
toration of HLP1 transcript and used for thermomemory gene expression. All
primers used are listed in the Supplemental Table S5.

GUS Assay

GUS assay was performed using 7-d-old proHLP1:GUS and pro-
CYCB1;1::GUS promoter lines treated without or with Glc (0% Glc and 3% Glc)
followed by HS. HS was applied as 1 h at 37°C, 2 h at 22°C, and 2.5 h at 45°C.
After HS, proHLP1::GUS seedlings were transferred immediately (0 h) to GUS
bulffer, or for the proCYCB1;1::GUS line, transferred to GUS bulffer after 24 h of
HS recovery (GUS treatment was described by Mishra et al., 2009).

Cell Death Assay

Roots of 5-d—old Arabidopsis seedlings were treated without or with Glc
containing MS media followed by HS as described above for HS phenotype.
After 24-h recovery at 22°C, seedlings were immersed in 1 uM of SYTOX Or-
ange (Thermo Fisher Scientific) for 5 min, and fluorescence was observed under
a confocal microscope (TCS SP2 AOBS System; Leica).

DAB Staining

Seedlings of 5-d-old Arabidopsis Col-0, OE2, and hlpl mutants were sup-
plemented with Glc and subjected to HS at 37°C for 1 h followed by 2 h of re-
covery at 22°C and then 45°C for 2.5 h. After HS, seedlings were recovered at
22°C for 24 h and subjected to DAB staining as described in Daudi and O’Brien
(2012).

Sugar Starvation, Replenishment Assay, Sugar Sensitivity
Assay, and Treatment with Chemical Inhibitors

Sugar starvation and replenishment assay was done as previously described
in Jamsheer and Laxmi (2015) with 0% Suc and 3% (87.6 mM) Suc for various
time points . Five-d-old Col-0 seedlings grown under standard growth con-
ditions were used. Sugar sensitivity assay was performed as described in
Mishra et al. (2009) using 3% of either Glc (166 mM), Suc (87.6 mM), 3-
o-methylglucose (154 mM), mannose (166 mM), or mannitol (164 mM). For
sugar sensitivity assay, 5-d-old Col-0 seedlings were used. Sugar sensitivity
assay with metabolic inhibitors was done as described in Jamsheer and Laxmi
(2015) using 5-d-old Col-0 seedlings under standard growth conditions. For
Torin 1 (10 M) and AZD-8055 (10 uM) treatment, 5-d—old Col-0 seedlings were
starved without Glc for 24 h in the dark followed by Glc or Glc + inhibitors
treatment for 3 h.

ChIP Assays

ChIP assays were performed by combining a ChIP assay kit (Millipore, Cat.
no. 17-295) following the manufacturer’s protocol and that of Saleh et al. (2008)
with minor modifications. Protoplasts were harvested from Col-0 plants and
treated with Glc (5 mM) for 3 h followed by chromatin isolation. For ChIP in
seedlings, 7-d-old Arabidopsis seedlings were transferred to MS media without
or with Glc for 24 h followed by HS at 37°C for 3 h and chromatin was isolated.
The resuspended chromatin was sonicated in a 4°C water sonicator (Diagenode
Bioruptor Plus). Serum containing anti-E2Fa antibodies was obtained from
Prof. Lieven De Veylder, VIB Department of Plant Systems Biology, Ghent
University (Takahashi et al.,, 2008). Customized antibodies against HSFAla
were obtained from Abgenex (Cat. no. S10050-A; Project ID no. CP-139-15).
Anti-GFP antibodies against HLP1-YFP were obtained from Thermo Fisher
Scientific (Cat. no. A-11122). Antibodies against H3K (9+14+18+23+27) acety-
lation were purchased from Abcam (Cat. no. ab47915). Antibodies against
H3K4me3 were purchased from Millipore (Cat. no. 07-473). All primers used
are mentioned in the Supplemental Table S5.

Immunoblot Assay

The total plant protein was extracted in cold extraction buffer (137 mM of
NaCl, 2.7 mM of KCl, 4.3 mM of Na,HPO,, 1.47 mM of KH,POy,, 10% glycerol
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[1.1 M], and 1 mM of phenylmethylsulfonyl fluoride) supplemented with plant
protease inhibitor cocktail (Sigma-Aldrich, http:/ /www.sigmaald rich.com/).
Protein concentration was estimated by Quick Start Bradford reagent (Bio-Rad).
Equal amounts of protein samples were loaded. The antibody for HSP21 (Anti-
Hsp21; chloroplastic heat shock protein Cat. no. AS08 285) was purchased from
Agrisera and monoclonal anti-tubulintyrosine antibody was purchased from
Sigma-Aldrich. After detection of HSP21 and tubulin, membranes were sub-
jected to staining with Ponceau S (0.1%; 1.5 mM).

Thermotolerance Test

Arabidopsis seedlings were grown under maintained culture conditions. For
temperature stress treatment, all the seedlings were grown initially for 5 d in MS
medium with 1% Suc (29 mM). To test the effect of Glc on temperature stress, 5-
d-old plants were transferred to 0% Glc and 3% Glc (166 mM) for 24 h and
grown at 22°C in the light. For SAT under light-grown condition, seedlings
were transferred to the incubator at 37°C for 1 h, allowed to recover for 2 h at
22°C and then transferred to 45°C for 2.5 h, followed by recovery in the culture
room for 34 d. For LAT, seedlings were transferred to the incubator at 37°C for
1 h, allowed to recover for 2 d at 22°C and then transferred to 45°C for 2.5 h,
followed by recovery in the culture room for 3-4 d. For RT-qPCR under HS,
seedlings were treated at 37°C for 3 h followed by recovery. To study the effect
of Torin 1 and AZD-8055 on the phenotype of Arabidopsis seedlings under HS,
5-d-old Col-0 seedlings were treated with Torin 1 (10 uM) and AZD-8055
(10 uM) for 24 h and then subjected to HS, followed by recovery under main-
tained culture room conditions. The thermotolerance experiments were per-
formed in an oven preset at the required temperature and recovery of the plants
in between the acclimation and severe HS challenge was performed in the
standard growth room condition (22°C) in the Arabidopsis culture room.

Thermomemory Test

Arabidopsis seedlings were grown under maintained culture conditions. For
thermomemory, RT-qPCR, and ChIP-qPCR, 7-d-old Arabidopsis seedlings
were grown on MS media without or with Glc for 24 h followed by HS. For
memory, real-time HS was applied as follows: 24 h at 0% and 3% Glc, 1 h at
37°C, 90 min at 22°C, and 45 min at 45°C and then recovered at 22°C for 3 h, 24
h, and 48 h. For ChIP-qPCR, Glc- and HS-treated seedlings were recovered for
24 h at 22°C. For immuno-blotting, Glc and HS-treated seedlings were recov-
ered for 48 h at 22°C. To check the phenotype without priming, 5-d—old Ara-
bidopsis seedlings were transferred to Glc medium followed by HS. HS was
applied directly as 45°C for 2.5 h followed by recovery for 3-7 d. For priming,
Glc-treated seedlings were transferred to the HS regime as follows: 37°C for 1 h
followed by 2-h recovery at 22°C and then treated with 45°C for 2.5 h. After HS,
seedlings were recovered at 22°C for 3-7 d.

Measurement of Lateral Root Number and Seedling
Survival Assay

For the lateral root number, HS-treated Arabidopsis seedlings were recov-
ered for 3—4 d. For seedling survival assays, 5-d-old Arabidopsis seedlings were
transferred to Glc-free (0% Glc) or Gle-containing (3% Glc; 166 mM) 0.5X MS
medium and the effect of HS was analyzed. Seedlings showing survival and
death were counted manually at 2-7 d after HS and digital images were taken
using a Coolpix digital camera (Nikon).

Gene Expression Analysis

For gene expression analysis, RT-qPCR was performed. Arabidopsis seed-
lings were germinated and grown vertically in square petri plates with 1% Suc
containing 0.5X MS medium buffered with 0.5 g/L MES and solidified with
0.8% agar at 24°C in the 16-h day/8-h night conditions. For Glc treatment, 5-
d-old Arabidopsis seedlings were transferred to 0% Glc containing medium for
24 h followed by 3% Glc containing medium. For HS, 5-d-old Arabidopsis
seedlings were transferred to the incubator at 37°C for 3 h. After the stress
treatment, whole seedlings were harvested and frozen in liquid N. Total RNA
was isolated from whole seedlings and mRNA was prepared using the
RNAeasy Plant Mini Kit (Qiagen). Quantification of RNA was done and tested
for quality before subsequent use. First-strand cDNA was synthesized by re-
verse transcription using 2 ug of total RNA with a high-capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Primers were designed by identifying a
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sequence stretch with a unique sequence. All candidate gene primers were
designed using the software Primer Express (version 3.0; Applied Biosystems).
An ABI Prism 7900 HP fast real-time PCR system (Applied Biosystems) was
used. For the normalization of variance among samples, UBIQUITIN10 and/or
18S rRNA was used as a reference control. The fold-change for each candidate
gene in different experimental conditions was determined using the quantita-
tive AACT method. All primers used are mentioned in the Supplemental
Table S5.

Chl Estimation

Chl estimation was performed with seedlings directly placed on square petri
plates containing 1/2-strength MS medium with 1% Suc, or 0% and 3% Glc-
containing MS medium without Suc. Chl was extracted by keeping seedlings in
the dark at 4°C overnight in 2 mL 80% (v/v) acetone. Cell debris was pelleted by
centrifugation at 8,000 rpm for 10 min and the amount of Chl was determined at
663 and 646 nm using a SmartSpec Plus spectrophotometer (Bio-Rad). The
amount of Chla (12.21 X 1,663 — 2.81 X 1,646) and Chl b (20.13 X 1,646 — 5.03 X
1,663) was quantified and the total amount of Chl (Chl a + Chl b) was nor-
malized per seedling.

Microarray Analysis

For microarray of Arabidopsis Col-0 seedlings under Glc and HS, 5-d-old
seedlings were first starved under 0% Glc for 24 h in the dark. After starvation,
seedlings were treated without or with Glc for 24 h followed by HS. HS was
applied at 37°C for 3 h. Samples were collected both immediately as well as after
3-h recovery. Harvested samples were outsourced for transcriptome profiling.
The data were analyzed by the Transcriptome Analysis Console (v3.0; Affy-
metrix) with default parameters. Microarray has been submitted to ArrayEx-
press with accession no. E-MTAB-6980. Three biological replicates were used
for the microarray experiment.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers: AT1G66080 (HLP1), AT1G50030 (TOR),
AT2G36010 (E2FA), AT4G17750 (HSFA1A), AT2G26150 (HSFA2), AT4G11660
(HSFB2B), AT4G36990 (HSFB1), AT3G12580 (HSP70), AT5G02490 (HSP70-2),
AT3G23990 (HSP60), AT1G54050 (HSP20-LIKE), AT1G52560 (HSP20-LIKE),
AT2G29500 (HSP20-LIKE), AT4G27670 (HSP21), AT5G59720 (HSP18.2),
AT5G12020 (HSP17.6I), AT4G10250 (HSP22), ATIG74310 (HSP101),
AT3G18780 (ACT2), AT4G37490 (CYCBI1;1).

Supplemental Data
The following supplementary data are available.
Supplemental Figure S1. Glc modulates thermotolerance response.

Supplemental Figure S2. Inhibition in TOR signaling causes weaker
thermotolerance.

Supplemental Figure S3. HLP1 expression is regulated by Glc energy
signaling.

Supplemental Figure S4. Overexpression of HLPI provides tolerance
to HS.

Supplemental Figure S5. Arabidopsis plants defective in HLP1 cause sus-
ceptibility to HS.

Supplemental Figure S6. hlpl mutant showed reduced SAT and LAT.

Supplemental Figure S7. Comparison of Glc-TOR- and Glc-HSFA1-regu-
lated HS genes in microarray.

Supplemental Figure S8. Complementation of hlpl with proHLP1::HLP1
restores the expression of thermomemory HSPs.

Supplemental Figure S9. Comparison of Glc- and thermomemory-
associated genes in microarray.

Supplemental Figure S10. Glc is required for thermomemory response.
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Supplemental Figure S11. HLP1 is required in maintaining
thermomemory.

Supplemental Figure S12. hlpl mutant exhibits reduced sustenance of
HSP21 transcript after HS recovery under Glc treatment.

Supplemental Table S1. HS genes upregulated by Glec.

Supplemental Table S2. Stress-responsive Cis-elements in the HLPI
promoter.

Supplemental Table S3. List of HS genes coregulated by both Glc and
HSFAL.

Supplemental Table S4. HS genes coregulated by Glc and TOR.

Supplemental Table S5. List of primers used in the study.
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