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Plants possess an astonishing capability of effectively adapt-
ing to a wide range of temperatures, ranging from freezing to 
near-boiling temperatures1,2. Yet, heat is a critical obstacle 
to plant survival. The deleterious effects of heat shock on 
cell function include misfolding of cellular proteins, disrup-
tion of cytoskeletons and membranes, and disordering of 
RNA metabolism and genome integrity3–5. Plants stimulate 
diverse heat shock response pathways in response to abrupt 
temperature increases. While it is known that stressful high 
temperatures disturb genome integrity by causing nucleotide 
modifications and strand breakages or impeding DNA repair6, 
it is largely unexplored how plants cope with heat-induced 
DNA damages. Here, we demonstrated that high expression 
of osmotically reponsive genes 1 (HOS1) induces thermotoler-
ance by activating DNA repair components. Thermotolerance 
and DNA repair capacity were significantly reduced in 
HOS1-deficient mutants, in which thermal induction of genes 
encoding DNA repair systems, such as the DNA helicase 
RECQ2, was markedly decreased. Notably, HOS1 proteins 
were thermostabilized in a heat shock factor A1/heat shock 
protein 90 (HSP90)-dependent manner. Our data indicate 
that the thermoresponsive HSP90-HOS1-RECQ2 module 
contributes to sustaining genome integrity during the acqui-
sition of thermotolerance, providing a distinct molecular link 
between DNA repair and thermotolerance.

During the course of analysing the pleiotropic phenotypes of 
HOS1-deficient mutants7–9, we found that the hos1-3 and hos1-5 
mutants showed a significantly reduced thermotolerance compared 
to that observed in wild-type Col-0 seedlings (Fig. 1a–c). Electrolyte 
leakage assays showed that cellular integrity was disturbed more 
severely in the mutants following heat shock (Fig. 1d). In contrast, 
transgenic overexpression of HOS1 gene enhanced thermotolerance 
(Extended Data Fig. 1). On the other hand, the hos1-3 mutant still 
showed acquired thermotolerance, comparable to that observed in 
Col-0 seedlings (Supplementary Fig. 1). These obse rvations indi-
cate that HOS1 is functionally associated with basal thermotoler-
ance but not linked with acquired 


thermotolerance.



















Thermomorphogenic traits, such as elongated hypocotyls and 
leaf hyponasty, enhance leaf cooling under warm environments10,11. 
HOS1 attenuates hypocotyl thermomorphogenesis by suppress-
ing the activity of PHYTOCHROME INTERACTING FACTOR 4 
(PIF4)12. Infrared thermal imaging of heat-treated seedlings revealed 
that leaf temperatures were not discernibly different in Col-0 and 
hos1-3 seedlings (Supplementary Fig. 2a,b). In addition, the hos1-
3 pif4-101 double mutant still showed a reduced thermotolerance, 
like the hos1-3 mutant (Supplementary Fig. 2c,d). Conversely, it has 
been reported that the thermomorphogenic hypocotyl growth of 
the hos1-3 mutant was compromised in the double mutant12. The  
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previous and our own observations indicate that the HOS1-mediated 
thermotolerance is independent of PIF4.

HOS1 possesses a RING-finger domain, which is essential for 
its ubiquitin ligase activity7. It is known that the enzyme activity of 
HOS1 is disrupted by H75Y and C89S substitutions13. Transgenic 
production of a modified protein (mHOS1) harbouring the residue 
substitutions in the hos1-3 mutant efficiently rescued the disturbed 
thermotolerance (Fig. 1e and Supplementary Fig. 3), showing that 
the enzyme activity is not necessary for the HOS1 function during 
thermotolerance.

Plant responses to heat stress are often mediated by reactive 
oxygen species (ROS)14. We observed that ROS accumulated to 
similar levels in Col-0 and hos1-3 seedlings at high temperatures 
(Supplementary Fig.  4a). Histochemical detection of hydrogen 
peroxide and superoxide radicals further supported that ROS 
accumulation is not functionally linked with the HOS1-mediated 
thermotolerance (Supplementary Fig. 4b,c).

To obtain molecular insights into how HOS1 regulates ther-
motolerance, we used RNA sequencing analysis. The transcrip-
tion of numerous genes was altered at high temperatures, and 
the discrepancy of global gene expression profiles between Col-0 
and hos1-3 seedlings was more prominent at high temperatures 
(Fig. 2a), suggesting that HOS1 mediates the transcriptional control 
of thermal responses. Analysis of gene ontology (GO) enrichment 
revealed that many genes belonging to diverse cellular, metabolic 
and adaptive processes were differentially expressed in the mutant 
(Fig. 2b). In particular, genes related to DNA repair responses were 
thermally upregulated in Col-0 seedlings but their thermal regula-
tion was largely compromised in the hos1-3 seedlings (Fig. 2b–d). 
Accordingly, comparative analysis of DNA integrity by comet 
assay, which is widely used to visualize DNA damages15, revealed 
that DNA damages were more prominent in the hos1-3 seedlings, 
especially at high temperatures, than in Col-0 seedlings (Fig. 2e). 
Together, these observations indicate that HOS1 is involved in the 
maintenance of genomic integrity under heat stress.

We next examined the thermotolerance phenotypes of DNA 
damage response-related mutants. Among the mutants tested, the 
RECQ2-deficient recq2 mutant showed the most prominent reduc-
tion of thermotolerance (Fig. 3a–c and Extended Data Fig. 2a). In 
addition, DNA damages were more severe in the mutant at high 
temperatures (Fig.  3d), suggesting that RECQ2 is involved in the 
HOS1-mediated maintenance of genomic integrity at high tempera-
tures. The RECQ2 DNA helicase unwinds the displacement loop of 
homologous recombination intermediates in vitro and it has been 
predicted to act as a component of DNA repair pathways16. It physi-
cally interacts with the Werner syndrome-like exonuclease exonu-
clease (AtWRNexo)17. We observed that the AtWRNexo-deficient 
mutant did not show altered thermotolerance (Extended Data 
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Fig. 2b), unlike the recq2 mutant, suggesting that AtWRNexo is not 
functionally associated with the 


HOS1-mediated thermotolerance.

Our data indicate that HOS1 is related to the thermal induction 
of RECQ2 gene. To investigate how HOS1 mediates the RECQ2 tran-
scription, we first used chromatin immunoprecipitation (ChIP)–
qPCR assays using a set of conserved sequence regions containing 
G-box and GATA-box in the RECQ2 promoter (P1–P5 in Fig. 3e 
and Extended Data Fig. 3a). We found that HOS1 highly enriched 
RECQ2 chromatin domains harbouring P3 and P5 sequences at 
high temperatures (Fig. 3f and Extended Data Fig. 3b).

While HOS1 lacks any distinct DNA-binding motifs and its direct 
binding to DNA is not proven18,19, it acts as a chromatin modifier 
through physical interactions with HISTONE DEACETYLASE 
6 (HDA6) and HDA15 in modulating the epigenetic control of 
FLOWERING LOCUS C transcription during thermosensory 
flowering9. We found that Arabidopsis mutants lacking HDA6 or 
HDA15 showed a thermotolerance phenotype indistinguishable 
from that of Col-0 seedlings (Supplementary Fig. 5a-c), indicating 
that the HOS1-HDA6/15 complex-mediated epigenetic control is 
not involved in the development of thermotolerance. Consistently, 
the patterns of histone modifications were unaltered in the RECQ2 
chromatin at high temperatures (Fig. 3g and Supplementary Fig. 5d).

HOS1 acts as a transcriptional coregulator through interactions 
with transcription factors, such as PIF4 (ref. 12). Transcriptional 
activation activity assays in Arabidopsis protoplasts showed that 
expression of a full-size HOS1 gene, but not the N-terminally 
and C-terminally truncated forms, led to the induction of the 
β-glucuronidase reporter gene (Fig. 3h). Together with the associa-
tion of HOS1 with RECQ2 chromatin, these observations indicate 
that HOS1 acts as a transcriptional coregulator of RECQ2 gene and 
both the N terminal and C terminal domains are required for its 
transactivation activity.

Q9

To verify the functional relationship between HOS1 and RECQ2, 
we produced hos1-3 recq2 double mutant by cross. We observed that 
the thermotolerance of the double mutant was comparable to that 
of the hos1-3 mutant (Fig. 3i and Extended Data Fig. 4), demon-
strating that the HOS1 and RECQ2 genes constitute a single genetic 
pathway in regulating thermotolerance. In addition, overexpression 
of RECQ2 gene in the hos1-3 mutant restored the reduced thermo-
tolerance (Fig.  3j), further supporting the HOS1-RECQ2 linkage. 
The incomplete complementation of the hos1-3 thermotolerance 
phenotypes by RECQ2 overexpression would be because HOS1 also 
regulates other targets in addition to RECQ2.

We next examined the functional significance of HOS1 and 
RECQ2 in triggering DNA repair response by using genotox-
ins, such as cis-diamminedichloroplatinum (II) and mitomy-
cin C (MMC), which damage DNA molecules by triggering 
cross-linking of nucleotides20. Both the hos1-3 and recq2 seed-
lings were more sensitive to these genotoxins than Col-0 seed-
lings at high temperatures (Fig. 3k,l and Extended Data Fig. 5), 
signifying the regulatory roles of HOS1 and RECQ2 in triggering 
DNA repair response under heat stress. Consistent with a pre-
vious report that DNA damages induce cell death21, trypan blue 
exclusion test, which selectively stains dead cells22, showed that 
cell death was more widespread in the mutant leaves than in Col-0 
leaves (Supplementary Fig. 6).

A key question was how HOS1 incorporates thermal signals into 
the transcriptional control of DNA repair genes. HSPs and their 
upstream transcriptional regulators, heat shock factors (HSFs), play 
critical roles in the development of thermotolerance23. We found 
that the levels of HSP and HSF transcripts were not discernibly 
altered in the hos1-3 seedlings (Supplementary Fig. 7a). The pro-
tein abundance of HSP90 was also unaffected in the mutants at high 
temperatures (Supplementary Fig. 7b), indicating that HOS1 does 
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Fig. 1 | HOS1 is required for the acquisition of thermotolerance. Two independent HOS1-deficient lines, hos1-3 and hos1-5, were assayed.  
a–d, Seven-day-old seedlings grown on MS-agar plates at 23 °C were exposed to 37 °C for the indicated durations. Three measurements, each consisting 
of 15–20 seedlings, were statistically analysed using one-sided Student’s t-test (c, *P = 0.01917, **P = 0.01722; d, *P = 0.034, **P = 0.013, difference from 
Col-0). b–d, Error bars indicate s.e.m; circles indicate individual datapoints. a–c, Thermotolerance phenotypes of hos1 mutants. Heat-treated seedlings 
were allowed to recover at 23 °C for 5 d under constant light conditions before taking photographs shown in a. Survival rates (b) and relative chlorophyll 
contents (c) were measured. d, Electrolyte leakage assays. Conductivity was measured using seedlings that were allowed to recover at 23 °C for 2 d 
following heat 




treatments. e, Complementation of hos1-3 mutant. A gene sequence encoding the modified HOS1 protein (mHOS1) harbouring H75Y and 

C89S substitutions was overexpressed driven by the cauliflower mosaic virus (CaMV) 35S promoter in the hos1-3 mutant. Three measurements, each 
consisting of 15–20 seedlings, were statistically analysed using one-sided Student’s t-test (*P = 0.0005, difference from Col-0). Error bars indicate s.e.m.
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not affect the expression of HSP and HSF genes and the accumula-
tion of their encoded proteins under heat stress.

Notably, protein accumulation assays revealed that the levels 
of HOS1 were rapidly elevated by more than fivefold following 
heat exposure (Fig. 4a). Moreover, the HOS1 levels were elevated 
by approximately threefold in the presence of MG132 at normal 
temperatures (Fig.  4b). These observations point out that HOS1 
abundance is maintained at a relatively low level through the 26S 
proteasome-mediated degradation at normal temperatures but the 
degradation pathways are suppressed at high temperatures. In the 
meantime, the transcription of HOS1 gene was elevated by less than 
twofold at high temperatures (Supplementary Fig. 8). It is thus likely 
that the thermal activation of HOS1 function is exerted mainly at 
the protein level.

HSPs act as molecular chaperones that stabilize cellular pro-
teins, including DNA-modifying enzymes24, during plant thermal 
responses25. It was notable that the thermal accumulation of HOS1 
was largely attenuated in the presence of HSP90 inhibitors, geldana-
mycin (GDA) and radicicol (Fig. 4c and Extended Data Fig. 6a). In 
addition, DNA breaks were more prominent when seedlings were 
treated with HSP90 inhibitors (Fig. 4d and Extended Data Fig. 6b). 
Furthermore, the HOS1 thermostabilization was largely eliminated 
in the HSP90-RNAi plants (Fig.  4e), which showed a significant 
reduction in thermotolerance and thermal induction of RECQ2 
transcription (Extended Data Fig. 7). These observations indicate 
that HSP90 mediates the thermostabilization of HOS1. Consistent 
with the role of HSP90 in the HOS1-mediated thermotolerance, 
radicicol treatments reduced thermotolerance by approximately 
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Fig. 2 | DNA damage response is reduced in hos1-3 mutant at high temperatures. a, Scatter plots of related gene expression values obtained by RNA 
sequencing analysis. Seven-day-old seedlings grown on MS-agar plates at 23 °C were exposed to 37 °C for 1.5 d. Total RNA samples were extracted from 
whole seedlings. Biological triplicates, each consisting of ten seedlings, were statistically analysed. Expression values were plotted between Col-0 wild 
type and hos1-3 mutant seedlings. Blue spots indicate genes downregulated in the hos1-3 seedlings. Red spots indicate those upregulated in the mutant 
seedlings. Black spots indicate those unaltered in the mutant seedlings. b, GO analysis of HOS1-regulated genes at high temperatures. The network diagram 
visualizes the results of analysis using the Biological Networks Gene Ontology 




tool. c, Thermal induction of DNA damage response genes. The selected 

genes were thermoinduced by more than fourfold in Col-0 seedlings but the thermal induction largely disappeared in the hos1-3 seedlings. Among 292 
genes thermally induced by more than fourfold, 22 genes were predicted to be involved in DNA repair response. d, qRT–PCR analysis of selected DNA 
damage response genes. Biological triplicates, each consisting of 15 seedlings, were statistically analysed using one-sided Student’s t-test (*P < 0.01, 
difference from 23 °C). The upper side of each boxplot indicates median. Error bars indicate s.e.m. The circles indicate individual datapoints. e, Comet 
assays on heat-treated seedlings. Seedling growth and heat treatments were performed, as described in a. DNA breaks were quantitated by measuring the 
tail ratio of total fluorescence intensity in comet-shaped DNA spots using the casplab program (http://casplab.com/). DNA spots in a range of 8–12 were 
statistically analysed. Error bars indicate standard deviation from the mean (s.d.). Different letters represent significant differences (P < 0.01) determined 
by one-way ANOVA with post hoc Tukey test.
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80% in Col-0 seedlings (Extended Data Fig.  8). Thermotolerance 
was also reduced, but to a lesser degree, in the hos1-3 mutant when 
treated with radicicol, suggesting that HOS1 is not the sole target of 
HSP90 in inducing thermotolerance.

It has been reported that the thermal accumulation of HSP90 
proteins is markedly reduced in the hsfa1a hsfa1b hsfa1d hsfa1e 
quadruple knockout (hsfa1 QK) mutant, which lacks HSF master 
regulators26. We found that the thermal accumulation of HOS1 was 
drastically reduced in the hsfa1 QK mutant (Fig. 4f). In addition, the 
hsfa1 QK mutant seedlings 


showed a marked reduction in thermo-

tolerance and thermal induction of RECQ2 transcription (Extended 
Data Fig. 9), similar to what observed in the HSP90-RNA interfer-
ence plants (Extended Data Fig. 7). Accordingly, DNA breaks were 
significantly elevated in the hsfa1 QK mutant (Fig.  4g), showing 
that the HSFA1-HSP90 module mediates the stabilization of HOS1 
in the acquisition of thermotolerance. However, we did not detect 
any direct interactions between HSP90 and HOS1 in yeast cells 
(Supplementary Fig.  9a) and bimolecular fluorescence comple-
mentation assays (Supplementary Fig. 9b), raising a possibility that 
additional chaperone(s) or cochaperone(s) would be required for 
the HOS1 thermostabilization.

A critical issue regarding the thermoregulatory role of HOS1 is 
whether it regulates additional DNA repair genes other than RECQ2 
in maintaining genomic integrity. Ultraviolet hypersensitive 6 
(UVH6) is a DNA repair helicase and UVH6-deficient mutants are 
hypersensitive to ultraviolet light (UV) and heat stress27. While the 
UVH6 gene was not identified as a differentially expressed gene in 
our RNA sequencing analysis, possibly because of technical limits in 
the identification process, we examined its potential involvement in 
the HOS1-mediated thermotolerance. The UVH6 transcription was 
elevated by more than fourfold at high temperatures, but its thermal 
induction largely disappeared in the hos1-3 mutant (Extended Data 
Fig. 10a). In addition, thermotolerance was significantly reduced in 
the UVH6-deficient mutant (Extended Data Fig. 10b). It is therefore 
envisaged that HOS1 mediates the thermal regulation of multiple 
DNA repair genes during thermotolerance.

DNA damages include various chemical alterations that disrupt 
genomic integrity in plants28. Here, we demonstrate that HOS1 

Q12

functions as a transcriptional coregulator of DNA repair genes dur-
ing the establishment of basal thermotolerance, directly linking 
DNA repair to thermotolerance (Fig.  4h). However, HOS1 is not 
related with acquired thermotolerance, which often depends on 
heat stress memory mostly through chromatin modifications29. This 
view is supported by the lack of discernible histone modifications in 
RECQ2 chromatin at high temperatures (Fig. 3g and Supplementary 
Fig. 5d). Our data also explain why RECQ2 have not been function-
ally defined by mutant analysis at normal temperatures20.

Recent studies show that HOS1 also acts as a chromatin modifier 
and a component of nuclear pore complexes9,30. It is possible that 
HOS1 mediates the epigenetic control of DNA repair genes and/
or the nucleocytoplasmic transport of their messenger RNAs and 
proteins. It is notable that the widely conserved HSP90 thermosta-
bilizes HOS1 during thermotolerance. It is known that the functions 
of HSPs are not confined to molecular chaperone activities; they also 
act as constituents of metabolic enzymes and regulatory proteins 
during various developmental and adaptive processes31. Our find-
ings would further broaden our understanding of HSP-mediated 
stress adaptation in plants.

Methods
Plant materials and growth conditions. All Arabidopsis thaliana lines used were 
in Columbia (Col-0) background, unless specified otherwise. Sterilized seeds were 
cold-imbibed (4 °C) in darkness for 3 d and allowed to germinate on ½ × Murashige 
and Skoog-agar (hereafter referred to as MS-agar) plates under long days (LDs, 
16-h light and 8-h dark). White light illumination was provided at light intensity of 
120 μmol photons m–2 s–1 using fluorescent FLR40D/A tubes (Osram). Plants were 
grown in a controlled culture room set at 23 °C with relative humidity of 60%.

The transfer DNA insertional knockout mutants, 



hos1-3, hos1-5, pif4-101, 

hos1-3 pif4-101, hda6 and hda15-1, have been described previously9,12. The 
hsfa1a hsfa1b hsfa1d hsfa1e quadruple knockout (hsfa1 QK) mutants in Col-0 
and Ws-2 background have been described previously23. The 35S:MYC-HOS1 
transgenic plants have been described previously9. The RECQ2-deficient recq2 
mutant (SALK-087178.32.55) was isolated from a pool of T-DNA insertional 
lines deposited in the Arabidopsis Biological Resource Center. The atwhy2 (SAIL-
694-A11), atr (SALK-032841.54.00), tdp1 (WiscDsLox361D04), top3a-2 (GABI-
476A12), uvh6 (SALK-006580) and wrnexo (SALK-003278) mutants were also 
isolated from the mutant pool deposited in the ABRC. The hos1-3 recq2 double 
mutant was generated by crossing hos1-3 and recq2 mutants. A gene encoding a 
modified HOS1 protein (mHOS1) harbouring H75Y and C89S substitutions was 

Q13

Fig. 3 | HOS1 mediates the thermal induction of RECQ2 gene during thermotolerance response. a–c, Thermotolerance phenotypes of recq2 mutant. 
Seven-day-old seedlings grown on MS-agar plates at 23 °C were exposed to 37 °C for 1.5 d and allowed to recover at 23 °C for 5 d under constant light 
conditions (a). Survival rates (b) and chlorophyll contents (c) were measured. Biological triplicates, each consisting of 50 (b) or 10 (c) seedlings, were 
statistically analysed (one-sided t-test, *P = 0.003 (b) or 0.008 (c), difference from Col-0). The upper side of each boxplot indicates median. Error bars 
indicate s.e.m. The circles indicate individual datapoints. d, Comet assays on recq2 mutant. The assays were performed and statistically analysed, as described 
in Fig. 2e. DNA spots of 8–12 were statistically analysed. Different letters represent significant differences (P < 0.01) determined by one-way ANOVA with  
post hoc Tukey test. Error bars indicate s.d. e, Sequence elements in RECQ2 promoter. The P1–P5 sequence regions were chosen for ChIP–qPCR assays.  
f, Binding of HOS1 to RECQ2 chromatin. ChIP–qPCR assays were performed using the 35S:MYC-HOS1 transgenic plants. Five measurements were statistically 
analysed (one-sided t-test, difference from MYC only). Error bars indicate s.d. The YUC8 promoter sequence was included as positive control in the assays. 
The circles indicate individual datapoints. g, Histone modifications at RECQ2 chromatin. Seven-day-old seedlings were used. An anti-H3Ac was used for 
immunoprecipitation. Histone modifications in the P5 sequence were analysed by ChIP–qPCR. Three measurements were statistically analysed (one-sided 
t-test, *P < 0.05, difference from 23 °C). The upper side of each boxplot indicates median. Error bars indicate s.d. The circles indicate individual datapoints. 
h, Transcriptional activation activity assays in Arabidopsis protoplasts. A set of reporter and effector constructs was generated (upper diagram). The vectors 
were cotransformed into Arabidopsis protoplasts. The 35S promoter-luciferase construct was included as internal control in the assays. Relative GUS activities 
were determined fluorimetrically (lower graph). ARF5M was positive control. A full-size (HOS1-F, residues 1–927), a C-terminally truncated (HOS1-N, residues 
1–457) and an N-terminally truncated (HOS1-C, residues 457–927) HOS1 forms were assayed. Five measurements were statistically analysed (one-sided 
t-test, *P = 0.00821, **P = 0.00367, difference from control). The upper side of each boxplot indicates median. Error bars indicate s.d. The circles indicate 
individual datapoints. i, Thermotolerance phenotypes of hos1-3 recq2 mutant. Seedlings were exposed to 37 °C for 1.25 d.




 j, Thermotolerance phenotypes of 

hos1-3 RECQ2-ox plants. A RECQ2-coding sequence was overexpressed driven by the CaMV 35S promoter in the hos1-3 mutant. Seedlings were exposed to 
37 °C for 2 d and allowed to recover at 23 °C for 3 d under constant light conditions. i,j, Three measurements, each consisting of 20 seedlings, were statistically 
analysed. Error bars indicate s.e.m. Different letters represent significant differences (P < 0.01) determined by one-way ANOVA with post hoc Tukey test. The 
circles indicate individual datapoints. k,l, Thermotolerance phenotypes of hos1-3 (k) and recq2 (l) mutants in the presence of cisplatin. Seven-day-old seedlings 
grown on MS-agar plates at 23 °C were transferred to liquid MS cultures containing 10 mM cisplatin (cis) and exposed to 37 °C for 20 h. Heat-treated 
seedlings were allowed to recover at 23 °C for 10 d under constant light conditions. Three measurements, each consisting of 20 seedlings, were statistically 
analysed. Error bars indicate s.e.m. Different letters represent significant differences (P < 0.05) determined by two-way ANOVA with post hoc Fisher’s 
multiple comparison test. The circles indicate individual datapoints.
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expressed driven by the cauliflower mosaic virus (CaMV) 35S promoter using the 
myc-pBA vector in the hos1-3 mutant32. A RECQ2-coding complementary DNA 
was overexpressed driven by the CaMV 35S promoter in the hos1-3 mutant using 
the pEarleyGate 203 vector33.

Thermotolerance assay. Seven-day-old Arabidopsis seedlings grown on MS-agar 
plates at 23 °C under LDs were exposed to 37 °C for appropriate durations. The 
heat-treated seedlings were allowed to recover at 23 °C for 5 d under constant 
light conditions. For pharmacological treatments, GDA, an antibiotic that inhibits 
HSP90 function34, was included at a final concentration of 10 μM in MS liquid, in 
which seedlings were floated during heat treatments. Radicicol, a macrolactone 
antibiotic that inhibits HSP90 function35, was used at a final concentration of 
10 μM. Cisplatin, a cross-linking agent, was used at a final concentration of 
10 μM. MMC was used at a final concentration of 10 μg ml–1 (ref. 20). MG132, 
a 26S proteasome inhibitor36, was used at a final concentration of 10 μM. The 
pharmacological reagents were purchased from Sigma-Aldrich.

For analysis of electrolyte leakage, aerial parts of heat-treated seedlings 
were floated on 0.4 M sorbitol solution in darkness for 12 h, after which sample 
conductivity of the solution was measured. Then, the seedling sample solutions 
were boiled in the same solution for 5 min and total conductivity of the solution 
was measured. Electrolyte leakage is represented by relative conductivity, which is 
calculated by dividing sample conductivity by total conductivity. Conductivity was 
measured using the Orion 5-star conductivity meter (Thermo Fisher Scientific).

For measurements of chlorophyll contents, heat-treated seedlings were 
allowed to recover at 23 °C for 5 d under constant light conditions. Chlorophylls 

were extracted from the seedlings by soaking in 100% methanol at 4 °C for 2 h in 
complete darkness. Chlorophyll contents were analysed using the Mithras LB940 
multimode microplate reader (Berthold Technologies). The absorbance data were 
collected using the MikroWin 2010 software (Berthold Technologies). The contents 
of chlorophyll a and chlorophyll b were calculated from the absorbance values at 
650 and 660 nm (ref. 37). Total chlorophyll contents were calculated by summing 
up those of chlorophyll a and chlorophyll b. Relative chlorophyll contents were 
calculated by dividing total chlorophyll contents of heat-treated seedlings by those 
of seedlings treated under mock conditions.

To examine the effects of heat acclimation on the HOS1-mediated induction of 
thermotolerance, 7-day-old seedlings were exposed to 37 °C for 2 h and incubated 
at 23 °C for 2 h before exposure to 45 °C for 7 h. The heat-treated seedlings were 
allowed to recover at 23 °C for 5 d under constant light conditions.

Gene expression analysis. Total RNA samples were extracted from 7-day-old 
seedlings grown on MS-agar plates and pretreated extensively with RNase-free 
DNase to get rid of genomic DNA contamination before use. RNA concentration 
was measured using the NanoDrop 2000 spectrophotometer (Thermo Fisher 
Scientific). Analysis of transcript levels was performed by quantitative PCR 
with reverse transcription (qRT–PCR) 




along with the rules proposed to assure 

reproducible and accurate measurements38. The qRT–PCR reactions were 
conducted in 384-well blocks with the Applied Biosystems QuantStudio 6 Flex 
Real-Time PCR System (Life Technologies) using the SYBR Green I master 
mix in a volume of 10 μl. A two-step thermal cycling profile used was 15 s 
at 95 °C for denaturation and 50 s at 60–65 °C, depending on the calculated 
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melting temperatures of PCR primer pairs used, for concomitant annealing and 
polymerization. PCR primers were designed using the Primer Express Software 
installed in the system and listed in Supplementary Table 1. An additional round 
of 10 min at 65 °C was provided at the end of individual thermal cycles for the 
completion of PCR reactions. An eIF4A gene (At3g13920) was included in the 
qRT–PCR reactions as internal control to standardize the differences in the 
amounts of cDNA samples used. Gene expression data collection and analysis 
were conducted using the QuantStudio Real-Time PCR v.1.1 software (Life 
Technologies).

All qRT–PCR reactions were performed using three independent RNA samples 
prepared from different plant samples grown under identical conditions. The 
comparative ΔΔCT method was used to evaluate relative quantities of individual 
amplified products in the samples. The threshold cycle CT was automatically 
determined for each reaction by the system set with default parameters. The 
specificity of the qRT–PCR reactions was determined by melt curve analysis of the 
amplified products using the standard method installed in the system.

Protein stability. Seven-day-old seedlings grown on MS-agar plates at 23 °C 
under LDs were exposed to 37 °C for varying durations. Whole seedlings were 
harvested for the extraction of total proteins. The MYC-HOS1 proteins were 
immunologically detected using anti-MYC (Millipore). The HOS1 proteins 
and HSP90 proteins were immunodetected using anti-HOS1 (AbClon) and 

anti-HSP90 (Millipore), respectively. TUBULIN (TUB) proteins were similarly 
immunodetected using anti-TUB for protein quality control. The horseradish 
peroxidase (HRP)-conjugated secondary antibodies, goat anti-mouse IgG-HRP 
and goat anti-rabbit IgG-HRP (Millipore), were used for chemiluminescent 
western blot detection. Gel images were collected using the Fusion Molecular 
Imaging v.15.18 software (Vilber Lourmat). Three independent biological samples 
were analysed per each assay.

RNA sequencing. Seven-day-old seedlings grown on MS-agar plates at 23 °C 
under LDs were exposed to 37 °C for 1.5 d. Total RNA samples were extracted 
from whole seedlings. The RNA samples were then subjected to RNA sequencing 
in Chunlab. Biological triplicates were statistically analysed. Genes with P < 0.15 
and thermal induction by more than fourfold in Col-0 seedlings but no discernible 
thermal induction in hos1-3 seedlings were regarded as differentially expressed 
genes. GO analysis was performed using the Biological Networks Gene Ontology 
tool (BiNGO) with Benjamini–Hochberg corrected P < 0.01. The network diagram 
shows significantly over-represented GO terms. The raw RNA-seq data were 
deposited in the NCBI SRA database with accession number PRJNA658831.

Comet assay. Comet assays were conducted, essentially as described previously15. 
Briefly, ~150 mg of plant materials were used for individual assays, which were 
performed in darkness. Microscopic slide glasses were coated with a layer of 1% 
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Fig. 4 | the HSFA1-HSP90-HOS1 module activates DNA repair response at high temperatures. a–c, Seven-day-old 35S:MYC-HOS1 transgenic seedlings 
grown at 23 °C were exposed to 37 °C for varying durations in the presence of chemicals. Whole seedlings were used for the extraction of total proteins. 
Immunoblots were statistically analysed (n = 3 biologically independent samples). The dotplots indicate median. Error bars indicate s.d. Brown arrows mark 
112 kDa and green arrows mark 50 kDa. a, Thermal stabilization of HOS1. The MYC-HOS1 proteins were immunologically detected using anti-MYC. TUB 
proteins were similarly analysed using anti-TUB for protein quality control. b, Effects of MG132 on HOS1 protein stability. Seedlings were incubated in liquid 
MS cultures containing 10 mM MG132. c, Effects of HSP90 inhibitor on thermal accumulation of HOS1. GDA was included at the final concentration of 10 mM. 
d, Comet assays in the presence of GDA. GDA was included at the final concentration of 10 mM in the assays. The tail ratio of total fluorescence intensity in 
comet-shaped DNA spots was quantitated using the casplab program. DNA spots of 8–12 were statistically analysed. Error bars indicate s.d. Different letters 
represent significant differences (P < 0.01) determined by one-way ANOVA with post hoc Tukey test. e, Thermal protein abundance of HOS1 in HSP90-RNAi 
plants. The HSP90-RNAi plant was crossed with the 35S:MYC-HOS1 transgenic plant. Seedlings were incubated at either 23 °C (M) or 37 °C (H) for 1.5 d. An 
anti-MYC was used for the immunodetection of MYC-HOS1. Immunoblots were statistically analysed (n = 3 biologically independent samples). The dotplots 
indicate median. Error bars indicate s.d. Brown arrows mark 112 kDa and green arrows mark 50 kDa. f, Thermal protein abundance of HOS1 in the hsfa1 QK 
mutant. The hsfa1 QK seedlings were heat-treated for 6 h and anti-HOS1 was used for the immunodetection of HOS1. Immunoblots were statistically analysed 
(n = 3 biologically independent samples). The dotplots indicate median. Error bars indicate s.d. Brown arrows mark 105 kDa and green arrows mark 50 kDa. 
g, Comet assays on heat-treated hsfa1 QK mutant. Seedling growth, heat treatments and comet assays were performed, as described in d. DNA spots of 8–12 
were statistically analysed. Error bars indicate s.d. Different letters represent significant differences (P < 0.01) determined by one-way ANOVA with post hoc 
Tukey test. Biological triplicates, each consisting of ten DNA spots, were statistically analysed. Different letters represent significant differences (P < 0.01) 
determined by one-way ANOVA with post hoc Tukey test. 




h, Acquisition of thermotolerance via the HOS1-mediated activation of DNA repair response. HOS1 

is stabilized via the HSP90 chaperone cycle at high temperatures, and the thermostabilized HOS1 activates the RECQ2 DNA helicase, thus leading to the 
establishment of thermotolerance. It seems that additional regulators (Xs) other than HOS1 are also involved in the RECQ2-mediated DNA repair response.
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normal melting point agarose and dried at room temperatures. Seedlings were 
sliced with a razor blade in 400 μl PBS buffer (160 mM NaCl, 4 mM NaH2PO4, 
8 mM Na2HPO4, pH 7.2) containing 50 mM EDTA. Two drops of nuclei suspension 
(approximately 40 μl each) were put separately on each slide, mixed with the same 
volume of 1% low melting point agarose at 42 °C and covered with cover glasses. 
Nuclei were then extracted using high salt buffer (2.5 M NaCl, 100 mM EDTA, 
10 mM Tris-HCl, pH 7.3) for 20 min at room temperatures. Following equilibration 
for 5 min in 1 × TBE buffer (90 mM Tris-borate, 2 mM EDTA, pH 8.5) on ice, 
electrophoresis was performed at room temperatures using 1 × TBE running 
buffer at 30 V (1 V cm–1, 15 mA) for 6 min. The gels were visualized by staining 
with SYBR Green I and photographed using the Carl Zeiss LSM510 confocal 
microscope. Comet images were processed using the Zen 2 software (blue edition, 
Carl Zeiss). Three independent biological samples, in which at least ten nuclei were 
photographed for each sample, were examined, and the data were analysed using 
the Casp-1.2.3b2 software (http://casplab.com/).

Chromatin immunoprecipitation. The ChIP assays were conducted, essentially 
as described previously39. Briefly, 10-day-old seedlings grown on MS-agar plates 
under LDs were vacuum-infiltrated with 1% (v/v) formaldehyde for cross-linking. 
The plant materials were thoroughly ground in liquid nitrogen after quenching 
the cross-linking process and resuspended in 30 ml of nuclear extraction buffer 
(1.7 M sucrose, 10 mM Tris-Cl, pH 7.5, 2 mM MgCl2, 0.15% Triton-X-100, 5 mM 
β-mercaptoethanol, 0.1 mM PMSF) containing a mixture of protease inhibitors 
(Sigma-Aldrich). The resuspended sample was filtered through miracloth filters 
(Millipore) and centrifuged at 4,300g for 20 min at 4 °C. Nuclear fractions were 
isolated by the sucrose cushion method, lysed in lysis buffer (50 mM Tris-Cl, 
pH 8.0, 0.5 M EDTA, 1% SDS) containing a mixture of protease inhibitors, and 
sonicated to obtain chromatin fragments of 400–700 base pairs.

A total of 5 μg of anti-MYC (Millipore) was added to the chromatin preparation 
and incubated at 4 °C for 16 h. The protein G-agarose beads (Millipore) were 
then added to the solution for 1 h. The mixture was then centrifuged at 4,000g 
for 2 min at 4 °C. Following reverse cross-linking of the precipitates, residual 
proteins were removed using proteinase K. DNA fragments were purified using 
a silica membrane spin column (Promega). Quantitative PCR was performed to 
determine the amounts of DNA enriched in chromatin preparations and the values 
were normalized to the amount of input in each sample. For ChIP assays using 
anti-H3Ac (Millipore), the values were normalized to the amount of eIF4A DNA 
fragments in each sample.

Analysis of endogenous ROS contents. The 2',7'-dichlorodihydrofluorescein 
diacetate (H2DCFDA, Sigma-Aldrich) fluorescent dye was used at a final 
concentration of 10 μM for the detection of hydrogen peroxide. For H2DCFDA 
staining, cotyledons of 7-day-old seedlings were incubated in the H2DCFDA 
staining solution for 20 min at room temperatures. The plant samples were then 
destained by washing thoroughly with deionized water and visualized by optical 
microscopy (Olympus). Microscopic images were collected using the cellSens 
Standard software (Olympus). The ImageJ program 




was used for the quantification 

of stain intensity (http://rsb.info.nih.gov/ij/).
The DAB staining solution (1 mg ml–1) and the NBT staining solution (one 

tablet per 50 ml) were used for analysing the endogenous contents of hydrogen 
peroxide and superoxide radicals, respectively. Seven-day-old seedlings grown on 
MS-agar plates at 23 °C were subjected to histochemical staining at 23 or 37 °C for 
1 h in complete darkness. The plant samples were then destained with deionized 
water and visualized by the EOS 5D Mark III camera (Canon). The stain intensity 
was quantitated using the ImageJ program.

Infrared thermography. Thermal images of 7-day-old seedlings incubated at 
different temperatures were recorded using the thermal imaging camera  
T420 (FLIR Systems) and analysed using the FLIR tools (http://www.flirkorea.com/
home/).

Transcriptional activation activity assay. A set of reporter and effector plasmids 
was constructed. The reporter plasmid contains four copies of the GAL4 upstream 
activation sequence and the β-glucuronidase (GUS) reporter gene. To construct 
the 35S:HOS1 effector plasmids, HOS1-coding sequences were fused in-frame to 
the GAL4 DNA-binding domain-coding sequence, and the fusions were subcloned 
into an expression vector containing the CaMV 35S promoter. The HOS1 gene 
sequences tested include a full-size, an N-terminally truncated and a C-terminally 
truncated sequences encoding amino acid residues 1–927, 457–927 and 1–457, 
respectively. Arabidopsis mesophyll protoplasts were isolated from 3-week-old 
Col-0 plants. The reporter and effector plasmids were cotransformed into 
Arabidopsis protoplasts by a polyethylene glycol-calcium transfection method. GUS 
activities were measured by the fluorometric method, as described previously40. 
A CaMV 35S promoter-luciferase construct was also cotransformed for internal 
control. The luciferase assay was performed using the luciferase assay system  
kit (Promega).

HOS1–HSP90 protein interactions. To examine the physical interactions between 
HOS1 and HSP90, we used yeast two-hybrid screening using the BD Matchmaker 

Q15

system (Takara). The pGADT7 vector was used for GAL4 activation domain and 
the pGBKT7 vector was used for GAL4 DNA-binding domain. The HOS1-coding 
sequences were subcloned into the pGBKT7 vector. The HSP90-coding sequence 
was subcloned into the pGADT7 vector. The yeast strain used for transformation 
was AH109 (Leu-, Trp-, Ade-, His-), which harbours chromosomally integrated 
reporter genes encoding β-galactosidase (lacZ) and HIS3 enzyme under the control 
of the GAL1 promoter. Transformation of yeast cells was performed according to 
the manufacturer’s instruction. Colonies obtained were restreaked on a selective 
medium lacking Leu, Trp, Ade and His. To prevent non-specific growth of yeast 
cells, 3-amino-1,2,4-triazole was included in the media at a final concentration  
of 15 mM.

Bimolecular fluorescence complementation was also used to examine 
the potential interactions between HOS1 and HSP90. The YFPN-HOS1 and 
HSP90-YFPC constructs were co-expressed transiently in Arabidopsis protoplasts 
by a polyethylene glycol-calcium transfection method. A total of 16 h following 
cotransfection, the subcellular distribution of HOS1 and HSP90 proteins was 
visualized by differential interference contrast microscopy and fluorescence 
microscopy. Reconstitution of YFP fluorescence was observed using the Zeiss 
LSM510 confocal microscope (Carl Zeiss) with the following YFP filter setup: 
excitation 513 nm, 458/514 dichroic and emission 560–615 nm bandpass filter.

Trypan blue staining. Dead cells in plant tissues were selectively visualized by 
trypan blue staining, as described previously15. Whole seedlings were soaked in a 
lactophenol-trypan blue staining solution (10 ml of lactic acid, 10 ml of glycerol, 
10 g of phenol, 10 mg of trypan blue, 10 ml of deionized water). The staining 
solution containing plant samples was boiled for 1 min and incubated overnight 
at room temperatures. They were then destained by incubating in the destaining 
solution (lactophenol:ethanol, 1:2) for 30 min at room temperatures.

Statistical analysis. The statistical significance between two means of 
measurements was determined using the one-sided Student’s t-test with P values of 
<0.01 or <0.05. To analyse statistical significance for more than two populations, 
one-way analysis of variance (ANOVA) with post hoc Tukey test (P < 0.01) or 
two-way ANOVA with post hoc Fisher’s multiple comparison test (P < 0.05) was 
used. Statistical analyses were performed using the IBM SPSS Statistics 25 software 
(https://www.ibm.com/).

Reporting Summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability
The raw RNA-seq data generated during this study were deposited in the 
NCBI Sequence Read Archive (SRA) database under the accession code 
PRJNA658831.  Source data are provided with this paper. The authors declare that 
any other supporting data are available from the corresponding author  
upon request.
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Extended Data Fig. 1 | thermotolerance phenotypes of 35S:MYC- HOS1 transgenic plants. Seven-day-old seedlings grown on ½ X Murashige and Skoog- 
agar (hereafter referred to as MS-agar) plates at 23 oC were exposed to 37 oC for 4 d. Heat-treated seedlings were allowed to recover at 23 oC for 5 d 
under constant light conditions before taking photograph (a). Chlorophyll contents were measured (b). Three measurements, each consisting of 15–20 
seedlings, were statistically analysed. Error bars indicate standard error of the mean (s.e.m.). Different letters represent significant differences (P < 0.01) 
determined by one-way analysis of variance (ANOVA) with post hoc Tukey test. The circles indicate individual datapoints.
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Extended Data Fig. 2 | relative contents of chlorophylls in DNA damage response- related mutants. Seven-day-old seedlings grown on MS-agar plates 
at 23 oC were exposed to 37 oC for 1.5 d. The heat-treated seedlings were allowed to recover at 23 oC for 5 d under constant light conditions before 
measuring chlorophyll contents. Biological triplicates, each consisting of 15–20 seedlings, were statistically analysed. a, Chlorophyll contents in DNA 
damage response-related mutants. The selected mutants are defective in genes that were predicted to be involved in the HOS1- mediated induction of 
thermotolerance from RNA sequencing analysis (refer to Fig. 2c). The upper side of each boxplot indicates median. Error bars indicate s.e.m. (one-sided 
t-test, *P < 0.01, difference from Col-0). The circles indicate individual datapoints. b, Thermotolerance phenotypes of wrnexo mutant. The RECQ2 protein 
physically interacts with WERNER SYNDROME-LIKE EXONUCLEASE (WRNexo), a 3'-5' exonuclease that participates in sustaining DNA integrity. 
Seven-day-old seedlings grown on MS-agar plates at 23 oC were exposed to 37 oC for 1.5 d and then allowed to recover at 23 oC for 10 d under constant 
light conditions. Biological triplicates, each consisting of 10 seedlings, were statistically analysed. Error bars indicate s.e.m. Different letters represent 
significant differences (P < 0.01) determined by one-way ANOVA with post hoc Tukey test. The circles indicate individual datapoints.
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Extended Data Fig. 3 | HOS1 binding to RECQ2 promoter. a, RECQ2 promoter sequences examined in chromatin immunoprecipitation (ChIP)-qPCR. 
The conserved G-box and GATA-box sequences were underlined in green and blue, respectively. b, Control data for ChIP–qPCR assays. The assays were 
performed under the assay conditions identical to those described in Fig. 3f. The measurements were statistically analysed, as described in Fig. 3f. Error 
bars indicate standard deviation from the mean (SD). The data with P1, P2, and P4 sequence elements were displayed. The circles indicate individual 
datapoints.
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Extended Data Fig. 4 | thermotolerance phenotypes of hos1-3 recq2 double mutant. Seven-day-old seedlings grown on MS-agar plates at 23 oC were 
exposed to 37 oC for either 1 d (a) or 1.5 d (b) and then allowed to recover at 23 oC for 5 d under constant light conditions (left photographs). Chlorophyll 
contents were measured (right graphs). Biological triplicates, each consisting of 10 seedlings, were statistically analysed. Error bars indicate s.e.m. 
Different letters represent significant differences (P < 0.01) determined by one-way ANOVA with post hoc Tukey test. The circles indicate individual 
datapoints.
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Extended Data Fig. 5 | effects of mitomycin on thermotolerance. a, Thermotolerance phenotypes of hos1-3 mutant in the presence of mitomycin (MMC). 
Seven-day-old seedlings grown on MS-agar plates at 23 oC were transferred to liquid MS cultures containing 10 μg/ml MMC, which is known to damage 
DNA molecules by inducing cross-linking of nucleotides, and exposed to 37 oC for 1 d. Heat-treated seedlings were allowed to recover at 23 oC for 5 d 
under constant light conditions (left photographs). Three measurements of chlorophyll contents, each consisting of 15–20 seedlings, were statistically 
analysed (right graph). Error bars indicate s.e.m. Different letters represent significant differences (P < 0.05) determined by two-way ANOVA with post 
hoc Fisher’s multiple comparison test. b, Thermotolerance phenotypes of recq2 mutant in the presence of MMC. Heat-treated seedlings were allowed to 
recover at 23 oC for 10 d under constant light conditions (left photographs). Chlorophyll contents were measured and statistically analysed (right graph), 
as described above. The circles indicate individual datapoints.
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Extended Data Fig. 6 | effects of radicicol on the thermal accumulation of HOS1 proteins and genomic integrity. a, Effects of radicicol on the thermal 
accumulation of HOS1 proteins. Seven-day-old 35S:MYC-HOS1 transgenic seedlings grown on MS-agar plates at 23 oC were transferred to 37 oC and 
subjected to treatments with 10 μM radicicol, an antibiotic inhibitor of HSP90. The MYC-HOS1 proteins were immunologically detected using an anti-MYC 
antibody. TUB proteins were assayed in parallel for loading control. Brown arrows mark 112 kDa, and green arrows mark 50 kDa. d, day. Immunoblots were 
quantitated using the ImageJ software, and three quantitations were statistically analysed. The dotplots indicate median. Error bars indicate SD.  
b, Comet assays in the presence of radicicol. Seedling growth, heat treatments, and comet assays were performed, as described in Fig. 2e. DNA breaks 
were quantitated by measuring the tail ratio of total fluorescence intensity in comet-shaped DNA spots. DNA spots of 8–12 were statistically analysed. 
Error bars indicate SD. Different letters represent significant differences (P < 0.01) determined by one-way ANOVA with post hoc Tukey test.
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Extended Data Fig. 7 | thermotolerance phenotypes of HSP90- rNAi plants. a, b, Thermotolerance phenotypes. Seven-day-old seedlings grown on 
MS-agar plates at 23 oC were exposed to 37 oC for 2 d. Heat-treated seedlings were allowed to recover at 23 oC for 5 d under constant light conditions 
before taking photograph (a). Chlorophyll contents were measured (b). Three measurements, each consisting of 15–20 seedlings, were statistically 
analysed using one-sided Student’s t-test (*P = 0.008, difference from Col-0). c, Transcription of RECQ2 gene. Seven-day-old seedlings grown on MS-agar 
plates at 23 oC were exposed to 37 oC for 2 d. Whole seedlings were used for total RNA preparation. Transcript levels were analysed by RT- qPCR. 
Biological triplicates, each consisting of 15 seedlings, were statistically analysed (one-sided t-test, *P = 0.0005, **P = 0.0007, difference from 23 oC). In b 
and c, the upper side of each boxplot indicates median. Error bars indicate s.e.m. The circles indicate individual datapoints.
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Extended Data Fig. 8 | thermotolerance phenotypes of hos1-3 mutant in the presence of radicicol. Seven-day-old seedlings grown on MS-agar plates at 
23 oC were transferred to liquid MS cultures containing 10 μM radicicol and exposed to 37 oC for 1 d. Heat-treated seedlings were allowed to recover at 23 
oC for 5 d under constant light conditions. Three measurements of chlorophyll contents, each consisting of 15–20 seedlings, were statistically analysed. 
Error bars indicate s.e.m. Different letters represent significant differences (P < 0.05) determined by two-way ANOVA with post hoc Fisher’s multiple 
comparison test. The circles indicate individual datapoints.
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Extended Data Fig. 9 | thermotolerance phenotypes of hsfa1a/hsfa1b/hsfa1d/ hsfa1e quadruple knockout (hsfa1 QK) mutant. a, b, Thermotolerance 
phenotypes. Seven-day-old hsfa1 QK mutant seedlings grown on MS-agar plates at 23 oC were exposed to 37 oC for 1 d. Heat-treated seedlings were 
allowed to recover at 23 oC for 5 d under constant light conditions before taking photograph (a). Chlorophyll contents were measured (b). Three 
measurements, each consisting of 15–20 seedlings, were statistically analysed using one-sided Student’s t-test (*P = 0.004, difference from Col-0). c, 
Transcription of RECQ2 gene. Seven-day-old seedlings grown on MS-agar plates at 23 oC were exposed to 37 oC for 1 d. Whole seedlings were used for 
total RNA preparation. Transcript levels were analysed by qRT–PCR. Biological triplicates, each consisting of 15 seedlings, were statistically analysed 
(one-sided t-test, *P = 0.0002, difference from 23 oC). In b and c, the upper side of each boxplot indicates median. Error bars indicate s.e.m. The circles 
indicate individual datapoints.
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Extended Data Fig. 10 | thermotolerance phenotypes of uvh6 mutant. a, Transcription of ULTRAVIOLET HYPERSENSITIVE 6 (UVH6) gene in hos1-3 mutant 
at high temperatures. Seven-day-old seedlings grown on MS-agar plates at 23 oC were exposed to 37 oC for 1.5 d. Total RNA samples were extracted 
from whole seedlings. Transcript levels were analysed by qRT–PCR. Biological triplicates, each consisting of 15 seedlings, were statistically analysed using 
one-sided Student’s t-test (*P = 0.0019, **P = 0.0017, difference from 23 oC). The upper side of each boxplot indicates median. Error bars indicate s.e.m. 
The circles indicate individual datapoints. b, Thermotolerance phenotypes of uvh6 mutant. Seven-day-old UVH6-deficient uvh6 mutant grown on MS-agar 
plates at 23 oC were exposed to 37 oC for 1.5 d and then allowed to recover at 23 oC for 5 d under constant light conditions (left photographs). Chlorophyll 
contents were measured (right graph). Biological triplicates, each consisting of 10 seedlings, were statistically analysed (one-sided t-test, *P = 0.002, 
difference from Col-0). The upper side of each boxplot indicates median. Error bars indicate s.e.m. The circles indicate individual datapoints.
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