
 

Figure S1. Information for Chinese cabbage shoot apices and developing leaf cell clusters. 

(a) t-SNE plots show the distribution of shoot and leaf cells for each replicate. (b) 
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Differentially expressed gene numbers in 19 cell clusters. (c) Correlations between 19 cell 

clusters. (d) Statistical analysis of cell enrichment between shoot and leaf samples in each 

cluster. Symbols indicate statistical significance from vehicle with p value thresholds of 

≤0.05 (*), ≤0.01 (**) and ≤0.001 (***). (e) GO enrichment annotation of cellular 

components for genes in 19 cell clusters. 



 

Figure S2. Marker genes for different cell types. (a) t-SNE plot showing the cell distribution 

of shoot and leaf samples and the expression distribution of selected marker genes. (b) 

Examples of novel cell-type marker genes for six major cell populations. (c) t-SNE plots 
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show the top 20 marker genes with the highest expression in each cell type in shoot and leaf 

samples. 

 

Figure S3. Predominantly expressed genes in three subgenomes. (a) Distribution of 

expressed one-to-three-copy genes in different cell types. (b) Heatmap for predominantly 

expressed genes in different cell types. (c) GO analysis of predominantly expressed genes 

in LF, MF1 and MF2 in different cell types. 
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Figure S4. Cell heterogeneity within Chinese cabbage leaves. (a) Distribution and numbers 

of cells for two biological replicates of leaf samples in the control and heat stress groups. 

(b) Cell numbers in 19 cell clusters. (c) Correlation between 19 leaf cell clusters. (d) t-SNE 

plot showing the cell distribution of leaf samples in the control and heat stress groups and 

the expression distribution of selected marker genes. 

 

Figure S5. Differentially expressed genes (DEGs) for each cell type between the control 

and heat stress (HS) conditions. (a) Venn diagram for HS DEGs and GO enrichment 

analysis for cell-type-specific HS response genes. (b) Heatmaps for cell-type-specific HS 



response marker genes showing changed expression patterns after heat treatment only in 

one cell type. 

 

Figure S6. KEGG enrichment of differentially expressed genes across subgenomes in each 

cell type. 

 

Figure S7. Expression overview of regulators involved in the heat stress response. Red 

indicates upregulation under HS, and blue indicates downregulation under HS. 
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with HsfA2 and negatively regulates its transcriptional activity
(Cohen-Peer et al., 2010; Rytz et al., 2018), suggesting that
HsfA1s is regulated by sumoylation. However, it remains
unclear which SUMO E3 ligase is involved in the sumoylation of
HSF proteins.

Increasing data indicate thatDREB2Aplays a critical role in heat-
stress tolerance (Figure 3) (Liu et al., 1998). The expression of
DREB2A is repressed by GRF7 (GROWTH REGULATING

FACTOR 7) under non-stress conditions (Kim et al.,
2012). However, DREB2A is induced by HsfA1s, JUB1
(JUNGBRUNNEN 1), and MBF1c (MULTIPROTEIN BRIDGING
FACTOR 1C) under heat stress (Sakuma et al., 2006b; Suzuki
et al., 2011; Wu et al., 2012). DREB2A is degraded by C3H4
RING-type E3 ubiquitin ligases DRIP1 (DREB2A-INTERACTING
PROTEIN 1) and DRIP2 via the 26S-proteasome pathway
under non-stress conditions, whereas it is stabilized under
heat stress (Qin et al., 2008; Vainonen et al., 2012). RCD1

Figure 3. The Heat Stress Response in Arabidopsis.
HsfA1s function as ‘‘master regulators’’ of plant responses to heat stress. HsfA1 expression is induced by heat, and HsfA1 activity is precisely regulated

by multiple factors. Upon heat stress, the inhibitory effect of HSP70 and HSP90 on HsfA1 activity is blocked, leading to HsfA1 activation. In addition, heat

stress triggers increases in cytoplasmic Ca2+ levels mediated by the Ca2+ channels CNGCs, which may be important for HsfA1 activation. CBK3, a CaM-

binding protein kinase, phosphorylates HsfA1s and enhances their transcriptional activity. The CaM-binding protein phosphatase PP7 interacts with

HsfA1s and might regulate their activity. However, the cyclin-dependent kinase CDC2a negatively regulates HsfA1 activity. After activation, HsfA1s

regulate the expression of a series of heat-stress-responsive (HSR) genes or microRNAs such as HsfA2, DREB2A, and miR398, thereby activating the

heat-stress response. HsfA2 is an important regulator of H3K4 methylation of HSR genes to sustain their expression. miR398 inhibits the expression of

ROS scavenger genes CSD1, CSD2, and CCS1, leading to ROS overproduction, in turn activating HsfA1s. Moreover, the expression of miR398 is

regulated by the PAP (30-PHOSPHOADENOSINE 50-PHOSPHATE)-XRN module. In addition, the miR398-SPL module is important for heat-stress

memory. DREB2A is positively regulated by MBF1C and JUB1 in response to heat stress, whereas it is negatively regulated by GRF7 under non-stress

conditions. The protein stability of DREB2A is regulated by DRIP1, DRIP2, RCD1, and CK1. In addition, DREB2A activity is enhanced by the NF-YA2/NF-

YB3/DBP3-1 complex. Heat stress activates the UPR in the ER, which triggers the ER-localized transcription factors bZIP60 and bZIP28 to translocate

into the nucleus and activate HSR expression. Heat stress induces splicing of bZIP60 via IRE1 to produce truncated DbZIP60 mRNA, which encodes

DbZIP60 lacking a transmembrane domain, leading to its translocation from the ER to the nucleus. The ER-localized chaperone BiP sustains bZIP28 at the

ER under unstressed conditions; however, ER stress induces bZIP28 to relocate to the Golgi body, where it is processed by the proteases S1P and S2P,

thereby causing its cytoplasmic domain to relocate to the nucleus and in turn activating heat-stress responses.
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withHsfA2andnegativelyregulatesitstranscriptionalactivity
(Cohen-Peeretal.,2010;Rytzetal.,2018),suggestingthat
HsfA1sisregulatedbysumoylation.However,itremains
unclearwhichSUMOE3ligaseisinvolvedinthesumoylationof
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Figure3.TheHeatStressResponseinArabidopsis.
HsfA1sfunctionas‘‘masterregulators’’ofplantresponsestoheatstress.HsfA1expressionisinducedbyheat,andHsfA1activityispreciselyregulated
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with HsfA2 and negatively regulates its transcriptional activity
(Cohen-Peer et al., 2010; Rytz et al., 2018), suggesting that
HsfA1s is regulated by sumoylation. However, it remains
unclear which SUMO E3 ligase is involved in the sumoylation of
HSF proteins.

Increasing data indicate thatDREB2Aplays a critical role in heat-
stress tolerance (Figure 3) (Liu et al., 1998). The expression of
DREB2A is repressed by GRF7 (GROWTH REGULATING

FACTOR 7) under non-stress conditions (Kim et al.,
2012). However, DREB2A is induced by HsfA1s, JUB1
(JUNGBRUNNEN 1), and MBF1c (MULTIPROTEIN BRIDGING
FACTOR 1C) under heat stress (Sakuma et al., 2006b; Suzuki
et al., 2011; Wu et al., 2012). DREB2A is degraded by C3H4
RING-type E3 ubiquitin ligases DRIP1 (DREB2A-INTERACTING
PROTEIN 1) and DRIP2 via the 26S-proteasome pathway
under non-stress conditions, whereas it is stabilized under
heat stress (Qin et al., 2008; Vainonen et al., 2012). RCD1

Figure 3. The Heat Stress Response in Arabidopsis.
HsfA1s function as ‘‘master regulators’’ of plant responses to heat stress. HsfA1 expression is induced by heat, and HsfA1 activity is precisely regulated

by multiple factors. Upon heat stress, the inhibitory effect of HSP70 and HSP90 on HsfA1 activity is blocked, leading to HsfA1 activation. In addition, heat

stress triggers increases in cytoplasmic Ca2+ levels mediated by the Ca2+ channels CNGCs, which may be important for HsfA1 activation. CBK3, a CaM-

binding protein kinase, phosphorylates HsfA1s and enhances their transcriptional activity. The CaM-binding protein phosphatase PP7 interacts with

HsfA1s and might regulate their activity. However, the cyclin-dependent kinase CDC2a negatively regulates HsfA1 activity. After activation, HsfA1s

regulate the expression of a series of heat-stress-responsive (HSR) genes or microRNAs such as HsfA2, DREB2A, and miR398, thereby activating the

heat-stress response. HsfA2 is an important regulator of H3K4 methylation of HSR genes to sustain their expression. miR398 inhibits the expression of

ROS scavenger genes CSD1, CSD2, and CCS1, leading to ROS overproduction, in turn activating HsfA1s. Moreover, the expression of miR398 is

regulated by the PAP (30-PHOSPHOADENOSINE 50-PHOSPHATE)-XRN module. In addition, the miR398-SPL module is important for heat-stress

memory. DREB2A is positively regulated by MBF1C and JUB1 in response to heat stress, whereas it is negatively regulated by GRF7 under non-stress

conditions. The protein stability of DREB2A is regulated by DRIP1, DRIP2, RCD1, and CK1. In addition, DREB2A activity is enhanced by the NF-YA2/NF-

YB3/DBP3-1 complex. Heat stress activates the UPR in the ER, which triggers the ER-localized transcription factors bZIP60 and bZIP28 to translocate

into the nucleus and activate HSR expression. Heat stress induces splicing of bZIP60 via IRE1 to produce truncated DbZIP60 mRNA, which encodes

DbZIP60 lacking a transmembrane domain, leading to its translocation from the ER to the nucleus. The ER-localized chaperone BiP sustains bZIP28 at the

ER under unstressed conditions; however, ER stress induces bZIP28 to relocate to the Golgi body, where it is processed by the proteases S1P and S2P,

thereby causing its cytoplasmic domain to relocate to the nucleus and in turn activating heat-stress responses.
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with HsfA2 and negatively regulates its transcriptional activity
(Cohen-Peer et al., 2010; Rytz et al., 2018), suggesting that
HsfA1s is regulated by sumoylation. However, it remains
unclear which SUMO E3 ligase is involved in the sumoylation of
HSF proteins.

Increasing data indicate thatDREB2Aplays a critical role in heat-
stress tolerance (Figure 3) (Liu et al., 1998). The expression of
DREB2A is repressed by GRF7 (GROWTH REGULATING

FACTOR 7) under non-stress conditions (Kim et al.,
2012). However, DREB2A is induced by HsfA1s, JUB1
(JUNGBRUNNEN 1), and MBF1c (MULTIPROTEIN BRIDGING
FACTOR 1C) under heat stress (Sakuma et al., 2006b; Suzuki
et al., 2011; Wu et al., 2012). DREB2A is degraded by C3H4
RING-type E3 ubiquitin ligases DRIP1 (DREB2A-INTERACTING
PROTEIN 1) and DRIP2 via the 26S-proteasome pathway
under non-stress conditions, whereas it is stabilized under
heat stress (Qin et al., 2008; Vainonen et al., 2012). RCD1

Figure 3. The Heat Stress Response in Arabidopsis.
HsfA1s function as ‘‘master regulators’’ of plant responses to heat stress. HsfA1 expression is induced by heat, and HsfA1 activity is precisely regulated

by multiple factors. Upon heat stress, the inhibitory effect of HSP70 and HSP90 on HsfA1 activity is blocked, leading to HsfA1 activation. In addition, heat

stress triggers increases in cytoplasmic Ca2+ levels mediated by the Ca2+ channels CNGCs, which may be important for HsfA1 activation. CBK3, a CaM-

binding protein kinase, phosphorylates HsfA1s and enhances their transcriptional activity. The CaM-binding protein phosphatase PP7 interacts with

HsfA1s and might regulate their activity. However, the cyclin-dependent kinase CDC2a negatively regulates HsfA1 activity. After activation, HsfA1s

regulate the expression of a series of heat-stress-responsive (HSR) genes or microRNAs such as HsfA2, DREB2A, and miR398, thereby activating the

heat-stress response. HsfA2 is an important regulator of H3K4 methylation of HSR genes to sustain their expression. miR398 inhibits the expression of

ROS scavenger genes CSD1, CSD2, and CCS1, leading to ROS overproduction, in turn activating HsfA1s. Moreover, the expression of miR398 is

regulated by the PAP (30-PHOSPHOADENOSINE 50-PHOSPHATE)-XRN module. In addition, the miR398-SPL module is important for heat-stress

memory. DREB2A is positively regulated by MBF1C and JUB1 in response to heat stress, whereas it is negatively regulated by GRF7 under non-stress

conditions. The protein stability of DREB2A is regulated by DRIP1, DRIP2, RCD1, and CK1. In addition, DREB2A activity is enhanced by the NF-YA2/NF-

YB3/DBP3-1 complex. Heat stress activates the UPR in the ER, which triggers the ER-localized transcription factors bZIP60 and bZIP28 to translocate

into the nucleus and activate HSR expression. Heat stress induces splicing of bZIP60 via IRE1 to produce truncated DbZIP60 mRNA, which encodes

DbZIP60 lacking a transmembrane domain, leading to its translocation from the ER to the nucleus. The ER-localized chaperone BiP sustains bZIP28 at the

ER under unstressed conditions; however, ER stress induces bZIP28 to relocate to the Golgi body, where it is processed by the proteases S1P and S2P,

thereby causing its cytoplasmic domain to relocate to the nucleus and in turn activating heat-stress responses.
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bindingproteinkinase,phosphorylatesHsfA1sandenhancestheirtranscriptionalactivity.TheCaM-bindingproteinphosphatasePP7interactswith

HsfA1sandmightregulatetheiractivity.However,thecyclin-dependentkinaseCDC2anegativelyregulatesHsfA1activity.Afteractivation,HsfA1s

regulatetheexpressionofaseriesofheat-stress-responsive(HSR)genesormicroRNAssuchasHsfA2,DREB2A,andmiR398,therebyactivatingthe

heat-stressresponse.HsfA2isanimportantregulatorofH3K4methylationofHSRgenestosustaintheirexpression.miR398inhibitstheexpressionof

ROSscavengergenesCSD1,CSD2,andCCS1,leadingtoROSoverproduction,inturnactivatingHsfA1s.Moreover,theexpressionofmiR398is

regulatedbythePAP(30-PHOSPHOADENOSINE50-PHOSPHATE)-XRNmodule.Inaddition,themiR398-SPLmoduleisimportantforheat-stress

memory.DREB2AispositivelyregulatedbyMBF1CandJUB1inresponsetoheatstress,whereasitisnegativelyregulatedbyGRF7undernon-stress

conditions.TheproteinstabilityofDREB2AisregulatedbyDRIP1,DRIP2,RCD1,andCK1.Inaddition,DREB2AactivityisenhancedbytheNF-YA2/NF-

YB3/DBP3-1complex.HeatstressactivatestheUPRintheER,whichtriggerstheER-localizedtranscriptionfactorsbZIP60andbZIP28totranslocate

intothenucleusandactivateHSRexpression.HeatstressinducessplicingofbZIP60viaIRE1toproducetruncatedDbZIP60mRNA,whichencodes

DbZIP60lackingatransmembranedomain,leadingtoitstranslocationfromtheERtothenucleus.TheER-localizedchaperoneBiPsustainsbZIP28atthe

ERunderunstressedconditions;however,ERstressinducesbZIP28torelocatetotheGolgibody,whereitisprocessedbytheproteasesS1PandS2P,
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with HsfA2 and negatively regulates its transcriptional activity
(Cohen-Peer et al., 2010; Rytz et al., 2018), suggesting that
HsfA1s is regulated by sumoylation. However, it remains
unclear which SUMO E3 ligase is involved in the sumoylation of
HSF proteins.

Increasing data indicate thatDREB2Aplays a critical role in heat-
stress tolerance (Figure 3) (Liu et al., 1998). The expression of
DREB2A is repressed by GRF7 (GROWTH REGULATING

FACTOR 7) under non-stress conditions (Kim et al.,
2012). However, DREB2A is induced by HsfA1s, JUB1
(JUNGBRUNNEN 1), and MBF1c (MULTIPROTEIN BRIDGING
FACTOR 1C) under heat stress (Sakuma et al., 2006b; Suzuki
et al., 2011; Wu et al., 2012). DREB2A is degraded by C3H4
RING-type E3 ubiquitin ligases DRIP1 (DREB2A-INTERACTING
PROTEIN 1) and DRIP2 via the 26S-proteasome pathway
under non-stress conditions, whereas it is stabilized under
heat stress (Qin et al., 2008; Vainonen et al., 2012). RCD1

Figure 3. The Heat Stress Response in Arabidopsis.
HsfA1s function as ‘‘master regulators’’ of plant responses to heat stress. HsfA1 expression is induced by heat, and HsfA1 activity is precisely regulated

by multiple factors. Upon heat stress, the inhibitory effect of HSP70 and HSP90 on HsfA1 activity is blocked, leading to HsfA1 activation. In addition, heat

stress triggers increases in cytoplasmic Ca2+ levels mediated by the Ca2+ channels CNGCs, which may be important for HsfA1 activation. CBK3, a CaM-

binding protein kinase, phosphorylates HsfA1s and enhances their transcriptional activity. The CaM-binding protein phosphatase PP7 interacts with

HsfA1s and might regulate their activity. However, the cyclin-dependent kinase CDC2a negatively regulates HsfA1 activity. After activation, HsfA1s

regulate the expression of a series of heat-stress-responsive (HSR) genes or microRNAs such as HsfA2, DREB2A, and miR398, thereby activating the

heat-stress response. HsfA2 is an important regulator of H3K4 methylation of HSR genes to sustain their expression. miR398 inhibits the expression of

ROS scavenger genes CSD1, CSD2, and CCS1, leading to ROS overproduction, in turn activating HsfA1s. Moreover, the expression of miR398 is

regulated by the PAP (30-PHOSPHOADENOSINE 50-PHOSPHATE)-XRN module. In addition, the miR398-SPL module is important for heat-stress

memory. DREB2A is positively regulated by MBF1C and JUB1 in response to heat stress, whereas it is negatively regulated by GRF7 under non-stress

conditions. The protein stability of DREB2A is regulated by DRIP1, DRIP2, RCD1, and CK1. In addition, DREB2A activity is enhanced by the NF-YA2/NF-

YB3/DBP3-1 complex. Heat stress activates the UPR in the ER, which triggers the ER-localized transcription factors bZIP60 and bZIP28 to translocate

into the nucleus and activate HSR expression. Heat stress induces splicing of bZIP60 via IRE1 to produce truncated DbZIP60 mRNA, which encodes

DbZIP60 lacking a transmembrane domain, leading to its translocation from the ER to the nucleus. The ER-localized chaperone BiP sustains bZIP28 at the

ER under unstressed conditions; however, ER stress induces bZIP28 to relocate to the Golgi body, where it is processed by the proteases S1P and S2P,

thereby causing its cytoplasmic domain to relocate to the nucleus and in turn activating heat-stress responses.
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by multiple factors. Upon heat stress, the inhibitory effect of HSP70 and HSP90 on HsfA1 activity is blocked, leading to HsfA1 activation. In addition, heat

stress triggers increases in cytoplasmic Ca2+ levels mediated by the Ca2+ channels CNGCs, which may be important for HsfA1 activation. CBK3, a CaM-

binding protein kinase, phosphorylates HsfA1s and enhances their transcriptional activity. The CaM-binding protein phosphatase PP7 interacts with

HsfA1s and might regulate their activity. However, the cyclin-dependent kinase CDC2a negatively regulates HsfA1 activity. After activation, HsfA1s

regulate the expression of a series of heat-stress-responsive (HSR) genes or microRNAs such as HsfA2, DREB2A, and miR398, thereby activating the

heat-stress response. HsfA2 is an important regulator of H3K4 methylation of HSR genes to sustain their expression. miR398 inhibits the expression of

ROS scavenger genes CSD1, CSD2, and CCS1, leading to ROS overproduction, in turn activating HsfA1s. Moreover, the expression of miR398 is
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memory. DREB2A is positively regulated by MBF1C and JUB1 in response to heat stress, whereas it is negatively regulated by GRF7 under non-stress

conditions. The protein stability of DREB2A is regulated by DRIP1, DRIP2, RCD1, and CK1. In addition, DREB2A activity is enhanced by the NF-YA2/NF-
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ER under unstressed conditions; however, ER stress induces bZIP28 to relocate to the Golgi body, where it is processed by the proteases S1P and S2P,

thereby causing its cytoplasmic domain to relocate to the nucleus and in turn activating heat-stress responses.
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ER under unstressed conditions; however, ER stress induces bZIP28 to relocate to the Golgi body, where it is processed by the proteases S1P and S2P,
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stress triggers increases in cytoplasmic Ca2+ levels mediated by the Ca2+ channels CNGCs, which may be important for HsfA1 activation. CBK3, a CaM-

binding protein kinase, phosphorylates HsfA1s and enhances their transcriptional activity. The CaM-binding protein phosphatase PP7 interacts with

HsfA1s and might regulate their activity. However, the cyclin-dependent kinase CDC2a negatively regulates HsfA1 activity. After activation, HsfA1s

regulate the expression of a series of heat-stress-responsive (HSR) genes or microRNAs such as HsfA2, DREB2A, and miR398, thereby activating the

heat-stress response. HsfA2 is an important regulator of H3K4 methylation of HSR genes to sustain their expression. miR398 inhibits the expression of

ROS scavenger genes CSD1, CSD2, and CCS1, leading to ROS overproduction, in turn activating HsfA1s. Moreover, the expression of miR398 is

regulated by the PAP (30-PHOSPHOADENOSINE 50-PHOSPHATE)-XRN module. In addition, the miR398-SPL module is important for heat-stress

memory. DREB2A is positively regulated by MBF1C and JUB1 in response to heat stress, whereas it is negatively regulated by GRF7 under non-stress

conditions. The protein stability of DREB2A is regulated by DRIP1, DRIP2, RCD1, and CK1. In addition, DREB2A activity is enhanced by the NF-YA2/NF-

YB3/DBP3-1 complex. Heat stress activates the UPR in the ER, which triggers the ER-localized transcription factors bZIP60 and bZIP28 to translocate

into the nucleus and activate HSR expression. Heat stress induces splicing of bZIP60 via IRE1 to produce truncated DbZIP60 mRNA, which encodes

DbZIP60 lacking a transmembrane domain, leading to its translocation from the ER to the nucleus. The ER-localized chaperone BiP sustains bZIP28 at the

ER under unstressed conditions; however, ER stress induces bZIP28 to relocate to the Golgi body, where it is processed by the proteases S1P and S2P,

thereby causing its cytoplasmic domain to relocate to the nucleus and in turn activating heat-stress responses.
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HsfA1sandmightregulatetheiractivity.However,thecyclin-dependentkinaseCDC2anegativelyregulatesHsfA1activity.Afteractivation,HsfA1s
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ROSscavengergenesCSD1,CSD2,andCCS1,leadingtoROSoverproduction,inturnactivatingHsfA1s.Moreover,theexpressionofmiR398is

regulatedbythePAP(30-PHOSPHOADENOSINE50-PHOSPHATE)-XRNmodule.Inaddition,themiR398-SPLmoduleisimportantforheat-stress

memory.DREB2AispositivelyregulatedbyMBF1CandJUB1inresponsetoheatstress,whereasitisnegativelyregulatedbyGRF7undernon-stress
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therebycausingitscytoplasmicdomaintorelocatetothenucleusandinturnactivatingheat-stressresponses.

MolecularPlant13,544–564,April2020ªTheAuthor2020.549

MolecularRegulationofTemperatureResponsesMolecularPlant

with HsfA2 and negatively regulates its transcriptional activity
(Cohen-Peer et al., 2010; Rytz et al., 2018), suggesting that
HsfA1s is regulated by sumoylation. However, it remains
unclear which SUMO E3 ligase is involved in the sumoylation of
HSF proteins.

Increasing data indicate thatDREB2Aplays a critical role in heat-
stress tolerance (Figure 3) (Liu et al., 1998). The expression of
DREB2A is repressed by GRF7 (GROWTH REGULATING

FACTOR 7) under non-stress conditions (Kim et al.,
2012). However, DREB2A is induced by HsfA1s, JUB1
(JUNGBRUNNEN 1), and MBF1c (MULTIPROTEIN BRIDGING
FACTOR 1C) under heat stress (Sakuma et al., 2006b; Suzuki
et al., 2011; Wu et al., 2012). DREB2A is degraded by C3H4
RING-type E3 ubiquitin ligases DRIP1 (DREB2A-INTERACTING
PROTEIN 1) and DRIP2 via the 26S-proteasome pathway
under non-stress conditions, whereas it is stabilized under
heat stress (Qin et al., 2008; Vainonen et al., 2012). RCD1

Figure 3. The Heat Stress Response in Arabidopsis.
HsfA1s function as ‘‘master regulators’’ of plant responses to heat stress. HsfA1 expression is induced by heat, and HsfA1 activity is precisely regulated

by multiple factors. Upon heat stress, the inhibitory effect of HSP70 and HSP90 on HsfA1 activity is blocked, leading to HsfA1 activation. In addition, heat

stress triggers increases in cytoplasmic Ca2+ levels mediated by the Ca2+ channels CNGCs, which may be important for HsfA1 activation. CBK3, a CaM-

binding protein kinase, phosphorylates HsfA1s and enhances their transcriptional activity. The CaM-binding protein phosphatase PP7 interacts with

HsfA1s and might regulate their activity. However, the cyclin-dependent kinase CDC2a negatively regulates HsfA1 activity. After activation, HsfA1s

regulate the expression of a series of heat-stress-responsive (HSR) genes or microRNAs such as HsfA2, DREB2A, and miR398, thereby activating the

heat-stress response. HsfA2 is an important regulator of H3K4 methylation of HSR genes to sustain their expression. miR398 inhibits the expression of

ROS scavenger genes CSD1, CSD2, and CCS1, leading to ROS overproduction, in turn activating HsfA1s. Moreover, the expression of miR398 is

regulated by the PAP (30-PHOSPHOADENOSINE 50-PHOSPHATE)-XRN module. In addition, the miR398-SPL module is important for heat-stress

memory. DREB2A is positively regulated by MBF1C and JUB1 in response to heat stress, whereas it is negatively regulated by GRF7 under non-stress

conditions. The protein stability of DREB2A is regulated by DRIP1, DRIP2, RCD1, and CK1. In addition, DREB2A activity is enhanced by the NF-YA2/NF-

YB3/DBP3-1 complex. Heat stress activates the UPR in the ER, which triggers the ER-localized transcription factors bZIP60 and bZIP28 to translocate

into the nucleus and activate HSR expression. Heat stress induces splicing of bZIP60 via IRE1 to produce truncated DbZIP60 mRNA, which encodes

DbZIP60 lacking a transmembrane domain, leading to its translocation from the ER to the nucleus. The ER-localized chaperone BiP sustains bZIP28 at the

ER under unstressed conditions; however, ER stress induces bZIP28 to relocate to the Golgi body, where it is processed by the proteases S1P and S2P,

thereby causing its cytoplasmic domain to relocate to the nucleus and in turn activating heat-stress responses.

Molecular Plant 13, 544–564, April 2020 ª The Author 2020. 549

Molecular Regulation of Temperature Responses Molecular Plant

withHsfA2andnegativelyregulatesitstranscriptionalactivity
(Cohen-Peeretal.,2010;Rytzetal.,2018),suggestingthat
HsfA1sisregulatedbysumoylation.However,itremains
unclearwhichSUMOE3ligaseisinvolvedinthesumoylationof
HSFproteins.

IncreasingdataindicatethatDREB2Aplaysacriticalroleinheat-
stresstolerance(Figure3)(Liuetal.,1998).Theexpressionof
DREB2AisrepressedbyGRF7(GROWTHREGULATING

FACTOR7)undernon-stressconditions(Kimetal.,
2012).However,DREB2AisinducedbyHsfA1s,JUB1
(JUNGBRUNNEN1),andMBF1c(MULTIPROTEINBRIDGING
FACTOR1C)underheatstress(Sakumaetal.,2006b;Suzuki
etal.,2011;Wuetal.,2012).DREB2AisdegradedbyC3H4
RING-typeE3ubiquitinligasesDRIP1(DREB2A-INTERACTING
PROTEIN1)andDRIP2viathe26S-proteasomepathway
undernon-stressconditions,whereasitisstabilizedunder
heatstress(Qinetal.,2008;Vainonenetal.,2012).RCD1

Figure3.TheHeatStressResponseinArabidopsis.
HsfA1sfunctionas‘‘masterregulators’’ofplantresponsestoheatstress.HsfA1expressionisinducedbyheat,andHsfA1activityispreciselyregulated

bymultiplefactors.Uponheatstress,theinhibitoryeffectofHSP70andHSP90onHsfA1activityisblocked,leadingtoHsfA1activation.Inaddition,heat

stresstriggersincreasesincytoplasmicCa
2+

levelsmediatedbytheCa
2+

channelsCNGCs,whichmaybeimportantforHsfA1activation.CBK3,aCaM-

bindingproteinkinase,phosphorylatesHsfA1sandenhancestheirtranscriptionalactivity.TheCaM-bindingproteinphosphatasePP7interactswith

HsfA1sandmightregulatetheiractivity.However,thecyclin-dependentkinaseCDC2anegativelyregulatesHsfA1activity.Afteractivation,HsfA1s

regulatetheexpressionofaseriesofheat-stress-responsive(HSR)genesormicroRNAssuchasHsfA2,DREB2A,andmiR398,therebyactivatingthe

heat-stressresponse.HsfA2isanimportantregulatorofH3K4methylationofHSRgenestosustaintheirexpression.miR398inhibitstheexpressionof

ROSscavengergenesCSD1,CSD2,andCCS1,leadingtoROSoverproduction,inturnactivatingHsfA1s.Moreover,theexpressionofmiR398is

regulatedbythePAP(30-PHOSPHOADENOSINE50-PHOSPHATE)-XRNmodule.Inaddition,themiR398-SPLmoduleisimportantforheat-stress

memory.DREB2AispositivelyregulatedbyMBF1CandJUB1inresponsetoheatstress,whereasitisnegativelyregulatedbyGRF7undernon-stress

conditions.TheproteinstabilityofDREB2AisregulatedbyDRIP1,DRIP2,RCD1,andCK1.Inaddition,DREB2AactivityisenhancedbytheNF-YA2/NF-

YB3/DBP3-1complex.HeatstressactivatestheUPRintheER,whichtriggerstheER-localizedtranscriptionfactorsbZIP60andbZIP28totranslocate

intothenucleusandactivateHSRexpression.HeatstressinducessplicingofbZIP60viaIRE1toproducetruncatedDbZIP60mRNA,whichencodes

DbZIP60lackingatransmembranedomain,leadingtoitstranslocationfromtheERtothenucleus.TheER-localizedchaperoneBiPsustainsbZIP28atthe

ERunderunstressedconditions;however,ERstressinducesbZIP28torelocatetotheGolgibody,whereitisprocessedbytheproteasesS1PandS2P,

therebycausingitscytoplasmicdomaintorelocatetothenucleusandinturnactivatingheat-stressresponses.

MolecularPlant13,544–564,April2020ªTheAuthor2020.549

MolecularRegulationofTemperatureResponsesMolecularPlant

withHsfA2andnegativelyregulatesitstranscriptionalactivity
(Cohen-Peeretal.,2010;Rytzetal.,2018),suggestingthat
HsfA1sisregulatedbysumoylation.However,itremains
unclearwhichSUMOE3ligaseisinvolvedinthesumoylationof
HSFproteins.

IncreasingdataindicatethatDREB2Aplaysacriticalroleinheat-
stresstolerance(Figure3)(Liuetal.,1998).Theexpressionof
DREB2AisrepressedbyGRF7(GROWTHREGULATING

FACTOR7)undernon-stressconditions(Kimetal.,
2012).However,DREB2AisinducedbyHsfA1s,JUB1
(JUNGBRUNNEN1),andMBF1c(MULTIPROTEINBRIDGING
FACTOR1C)underheatstress(Sakumaetal.,2006b;Suzuki
etal.,2011;Wuetal.,2012).DREB2AisdegradedbyC3H4
RING-typeE3ubiquitinligasesDRIP1(DREB2A-INTERACTING
PROTEIN1)andDRIP2viathe26S-proteasomepathway
undernon-stressconditions,whereasitisstabilizedunder
heatstress(Qinetal.,2008;Vainonenetal.,2012).RCD1

Figure3.TheHeatStressResponseinArabidopsis.
HsfA1sfunctionas‘‘masterregulators’’ofplantresponsestoheatstress.HsfA1expressionisinducedbyheat,andHsfA1activityispreciselyregulated

bymultiplefactors.Uponheatstress,theinhibitoryeffectofHSP70andHSP90onHsfA1activityisblocked,leadingtoHsfA1activation.Inaddition,heat

stresstriggersincreasesincytoplasmicCa
2+

levelsmediatedbytheCa
2+

channelsCNGCs,whichmaybeimportantforHsfA1activation.CBK3,aCaM-

bindingproteinkinase,phosphorylatesHsfA1sandenhancestheirtranscriptionalactivity.TheCaM-bindingproteinphosphatasePP7interactswith

HsfA1sandmightregulatetheiractivity.However,thecyclin-dependentkinaseCDC2anegativelyregulatesHsfA1activity.Afteractivation,HsfA1s

regulatetheexpressionofaseriesofheat-stress-responsive(HSR)genesormicroRNAssuchasHsfA2,DREB2A,andmiR398,therebyactivatingthe

heat-stressresponse.HsfA2isanimportantregulatorofH3K4methylationofHSRgenestosustaintheirexpression.miR398inhibitstheexpressionof

ROSscavengergenesCSD1,CSD2,andCCS1,leadingtoROSoverproduction,inturnactivatingHsfA1s.Moreover,theexpressionofmiR398is

regulatedbythePAP(30-PHOSPHOADENOSINE50-PHOSPHATE)-XRNmodule.Inaddition,themiR398-SPLmoduleisimportantforheat-stress

memory.DREB2AispositivelyregulatedbyMBF1CandJUB1inresponsetoheatstress,whereasitisnegativelyregulatedbyGRF7undernon-stress

conditions.TheproteinstabilityofDREB2AisregulatedbyDRIP1,DRIP2,RCD1,andCK1.Inaddition,DREB2AactivityisenhancedbytheNF-YA2/NF-

YB3/DBP3-1complex.HeatstressactivatestheUPRintheER,whichtriggerstheER-localizedtranscriptionfactorsbZIP60andbZIP28totranslocate

intothenucleusandactivateHSRexpression.HeatstressinducessplicingofbZIP60viaIRE1toproducetruncatedDbZIP60mRNA,whichencodes

DbZIP60lackingatransmembranedomain,leadingtoitstranslocationfromtheERtothenucleus.TheER-localizedchaperoneBiPsustainsbZIP28atthe

ERunderunstressedconditions;however,ERstressinducesbZIP28torelocatetotheGolgibody,whereitisprocessedbytheproteasesS1PandS2P,

therebycausingitscytoplasmicdomaintorelocatetothenucleusandinturnactivatingheat-stressresponses.

MolecularPlant13,544–564,April2020ªTheAuthor2020.549

MolecularRegulationofTemperatureResponsesMolecularPlant

with HsfA2 and negatively regulates its transcriptional activity
(Cohen-Peer et al., 2010; Rytz et al., 2018), suggesting that
HsfA1s is regulated by sumoylation. However, it remains
unclear which SUMO E3 ligase is involved in the sumoylation of
HSF proteins.

Increasing data indicate thatDREB2Aplays a critical role in heat-
stress tolerance (Figure 3) (Liu et al., 1998). The expression of
DREB2A is repressed by GRF7 (GROWTH REGULATING
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by multiple factors. Upon heat stress, the inhibitory effect of HSP70 and HSP90 on HsfA1 activity is blocked, leading to HsfA1 activation. In addition, heat

stress triggers increases in cytoplasmic Ca2+ levels mediated by the Ca2+ channels CNGCs, which may be important for HsfA1 activation. CBK3, a CaM-

binding protein kinase, phosphorylates HsfA1s and enhances their transcriptional activity. The CaM-binding protein phosphatase PP7 interacts with

HsfA1s and might regulate their activity. However, the cyclin-dependent kinase CDC2a negatively regulates HsfA1 activity. After activation, HsfA1s

regulate the expression of a series of heat-stress-responsive (HSR) genes or microRNAs such as HsfA2, DREB2A, and miR398, thereby activating the

heat-stress response. HsfA2 is an important regulator of H3K4 methylation of HSR genes to sustain their expression. miR398 inhibits the expression of

ROS scavenger genes CSD1, CSD2, and CCS1, leading to ROS overproduction, in turn activating HsfA1s. Moreover, the expression of miR398 is

regulated by the PAP (30-PHOSPHOADENOSINE 50-PHOSPHATE)-XRN module. In addition, the miR398-SPL module is important for heat-stress
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conditions. The protein stability of DREB2A is regulated by DRIP1, DRIP2, RCD1, and CK1. In addition, DREB2A activity is enhanced by the NF-YA2/NF-
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into the nucleus and activate HSR expression. Heat stress induces splicing of bZIP60 via IRE1 to produce truncated DbZIP60 mRNA, which encodes

DbZIP60 lacking a transmembrane domain, leading to its translocation from the ER to the nucleus. The ER-localized chaperone BiP sustains bZIP28 at the

ER under unstressed conditions; however, ER stress induces bZIP28 to relocate to the Golgi body, where it is processed by the proteases S1P and S2P,

thereby causing its cytoplasmic domain to relocate to the nucleus and in turn activating heat-stress responses.
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