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 29 

Abstract 30 

Histone post-translational modifications (PTMs), such as acetylation and recently identified 31 

lysine 2-hydroxyisobutyrylation (Khib), act as active epigenomic marks in plants. SANT 32 

domain-containing proteins SANT1, SANT2, SANT3 and SANT4 (SANT1/2/3/4), derived 33 

from PIF/Harbinger transposases, form a complex with HISTONE DEACETYLASE 6 34 

(HDA6) to regulate gene expression via histone deacetylation. However, whether 35 

SANT1/2/3/4 coordinate different types of PTMs to regulate transcription and mediate 36 

responses to specific stresses in plants remains unclear. Here, in addition to modulating histone 37 

deacetylation, we found that SANT1/2/3/4 proteins acted like HDA6 or HDA9 in regulating the 38 

removal of histone Khib in Arabidopsis (Arabidopsis thaliana). Histone H3 lysine acetylation 39 

(H3KAc) and histone Khib were coordinated by SANT1/2/3/4 to regulate gene expression, 40 

with H3KAc playing a predominant role and Khib acting complementarily to H3KAc. 41 

SANT1/2/3/4 mutation significantly increased the expression of heat-inducible genes with 42 

concurrent change of H3KAc levels under normal and heat stress conditions, resulting in 43 

enhanced thermotolerance. This study revealed the critical roles of Harbinger 44 

transposon-derived SANT domain-containing proteins in transcriptional regulation by 45 

coordinating different types of histone PTMs and in the regulation of plant thermotolerance by 46 

mediating histone acetylation modification. 47 

 48 

Introduction 49 

In eukaryotic cells, chromatin is decorated by various epigenetic marks, such as DNA 50 

methylation and histone post-translational modifications (PTMs). Histone PTMs, such as 51 

acetylation, methylation, ubiquitination, and phosphorylation, affect the chromatin state and 52 

gene expression (Garcia et al., 2007; Zhao et al., 2019). Histone lysine acetylation (KAc), a 53 

prominent modification, is associated with transcriptional activation (Shahbazian and 54 

Grunstein, 2007). Various short-chain fatty acid acylation modifications on lysine residues, 55 

including 2-hydroxyisobutyrylation (Khib), crotonylation (Kcr), butyrylation (Kbu), and 56 
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hydroxybutyrylation, have been identified (Chen et al., 2007; Dai et al., 2014; Kebede et al., 57 

2017). In Arabidopsis (Arabidopsis thaliana), histone Khib is highly enriched at the 58 

transcription start site (TSS) to promote gene expression (Zheng et al., 2021). Khib is a 59 

conserved active epigenomic mark in plants involved in several biological processes, including 60 

protein synthesis and degradation, glycolysis/gluconeogenesis, and the tricarboxylic acid cycle 61 

(Yu et al., 2017; Zhang et al., 2022). The mechanism by which histone Khib functionally 62 

interacts with KAc has attracted widespread attention. H4K8hib acts synergistically with KAc 63 

to orchestrate diverse cellular processes by regulating gene expression in yeast and mammals 64 

(Huang et al., 2017; Huang et al., 2018). In Arabidopsis, Khib functions in concert with 65 

H3K23Ac to maintain high transcriptional outputs and regulate cellular metabolism (Zheng et 66 

al., 2021). These results warrant further investigation of the mechanism determining and 67 

coordinating the presence of the two modifications to regulate gene transcription in plants. 68 

 69 

Level of histone acetylation is determined by the activity of histone acetyltransferases (HATs) 70 

and deacetylases (HDAs or HDACs). HDAs such as HDA6 and HDA9 remove acetylation 71 

marks from histone lysine sites and mediate transcriptional repression in Arabidopsis (Allfrey 72 

et al., 1964; Yruela et al., 2021). In addition, HDA6 and HDA9 are major candidates of histone 73 

Khib erasers in Arabidopsis (Zheng et al., 2021). Histone modifications mediated by HDA6 74 

and HDA9 are involved in various biological processes, such as transcriptional silencing, 75 

flowering regulation, and stress responses in plants. For example, HDA9 negatively regulates 76 

plant immunity and HDA6 represses pathogen defense responses in Arabidopsis (Wang et al., 77 

2017; Yang et al., 2020). Furthermore, Histone H3K23ac and Khib are co-enriched on genes 78 

involved in cellular metabolism to fine-tune the plant responses to dark-induced starvation 79 

(Zheng et al., 2021). 80 

 81 

High temperature stress due to global warming seriously affect plant growth and development 82 

and substantially reduce crop yields. Plants have evolved various regulatory mechanisms to 83 

respond to high temperature and to alleviate heat stress damage. Central to the heat stress (HS) 84 
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response in plants are the HS transcription factors, which are rapidly activated and bind to the 85 

promoters of heat shock protein (HSP) genes to induce HSP expression when plants are 86 

subjected to HS (Bourgine and Guihur, 2021). Epigenetic modifications also play critical 87 

roles in preventing heat damage and enhancing plant thermotolerance (He & Li, 2018; 88 

Perrella et al., 2022). The histone acetyltransferase, GCN5, enhances heat responsive gene 89 

expression and plant thermotolerance by increasing H3K9Ac and H3K14Ac levels in the 90 

promoter region of ULTRAVIOLET HYPERSENSITIVE 6 (UVH6) in Arabidopsis (Hu et al., 91 

2015; Hu et al., 2019). A conserved HS response mechanism involves HDA9 translocation 92 

from the cytoplasm to the nucleus to bind to and deacetylate target genes related to signal 93 

transduction and plant development, resulting in a trade-off between plant development and 94 

the HS response (Niu et al., 2022). Plant-specific histone deacetylase HD2B- and 95 

HD2C-regulated histone acetylation and DNA methylation play key roles in heterochromatin 96 

stabilization under HS (Yang et al., 2023).  97 

 98 

Transposable elements and repetitive sequences, which constitute a large proportion of the 99 

eukaryotic genome, are important contributors to the emergence of novel host genes via 100 

molecular domestication. PIF/Harbinger class transposons are a DNA transposon superfamily 101 

that encode two proteins: nuclease and SANT/myb/trihelix domain-containing DNA-binding 102 

protein (Kapitonov and Jurka, 2004; Zhang et al., 2004). The two components of Harbinger 103 

transposases are typically co-domesticated as an interacting pair, as with ANTAGONIST OF 104 

LIKE HETEROCHROMATIN PROTEIN 1 (ALP1)/ALP2, HARBINGER-DERIVED 105 

PROTEIN 1 (HDP1)/HDP2, and HARBINGER FAMILY OF PLANT TRANSPOSASE 1 106 

(HHP1)/SANT domain-containing proteins (SANT1/2/3/4) in Arabidopsis. Interestingly, these 107 

three pairs have been proposed to be components of different chromatin-modifying complexes 108 

that play key roles in regulating gene expression (Liang et al., 2015; Duan et al., 2017; Velanis 109 

et al., 2020; Feng et al., 2021; Zhou et al., 2021). The four SANT domain-containing proteins 110 

(functionally redundant) domesticated from PIF/Harbinger transposases and identified in our 111 

previous study can form a histone deacetylase complex with HDA6 to regulate the expression 112 
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of common target genes via histone deacetylation as well as the flowering time (Feng et al., 113 

2021; Zhou et al., 2021). Gene Ontology (GO) term enrichment analysis revealed that genes 114 

differentially expressed in the higher-order SANT1/2/3/4 mutants are significantly enriched in 115 

biotic and abiotic stress responses (Feng et al., 2021; Zhou et al., 2021). However, the specific 116 

roles of SANT1/2/3/4 in plant stress responses remain unclear.  117 

 118 

In this study, we demonstrated that SANT1/2/3/4 proteins co-regulate histone Khib with HDA6 119 

or HDA9 in the genome and sant-null-mediated transcriptional activation was associated with 120 

higher histone Khib levels. Histone Khib is highly correlated with acetylation in Arabidopsis. 121 

Interestingly, SANT1/2/3/4 regulate H3KAc and histone Khib mostly at different sites. As 122 

active epigenomic marks, the increased H3KAc and histone Khib levels act in combination, not 123 

antagonistically, to maintain high transcriptional outputs in sant-null mutant, with H3KAc 124 

playing a predominate role. In addition, a small proportion of upregulated genes in sant-null 125 

had lower levels of H3KAc and higher levels of histone Khib compared to Col-0, suggesting 126 

that histone Khib may substitute for H3KAc to promote gene expression. SANT1/2/3/4 127 

mutation significantly increased the expression levels of heat-inducible (HI) genes with 128 

concurrent change of H3KAc levels under normal and HS conditions, resulting in enhanced 129 

thermotolerance. Taken together, our findings highlight the critical roles of Harbinger 130 

transposon-derived SANT domain-containing proteins in transcriptional regulation by 131 

coordinating histone PTMs and in plant thermotolerance by regulating H3KAc levels. 132 

 133 

Results 134 

SANT1/2/3/4 co-regulate histone Khib with HDA6 or HDA9 to repress gene expression  135 

HDA6 and HDA9 are involved in removing histone Khib (Zheng et al., 2021). Interaction 136 

between SANT1/2/3/4 and HDA6 prompted us to examine the role of SANT1/2/3/4 proteins in 137 

histone Khib regulation. Compared to Col-0, histone Khib ChIP-seq revealed 2429, 2114, and 138 

2188 regions with significantly higher levels of histone Khib in sant-null, hda6, and hda9 139 

mutants, respectively (Supplementary Table S1). Metaplot and heatmap analysis revealed that 140 
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the histone Khib levels of sant-null up-Khib peaks were substantially increased in both hda6 141 

and hda9 mutants compared to those in Col-0 (Figure 1A). Histone Khib levels of hda6 or hda9 142 

up-Khib peaks were also obviously increased in sant-null mutant (Supplementary Figure S1A 143 

and Supplementary Figure S2A). Genome annotation of sant-null, hda6, and hda9 up-Khib 144 

peaks demonstrated that genes with increased histone Khib in sant-null mutant largely 145 

overlapped with those in hda6 or hda9 mutants (Figure 1B and Supplementary Table S2), 146 

suggesting that SANT1/2/3/4 co-regulate histone Khib with HDA6 or HDA9. Two hundred 147 

and ninety-one genes with increased histone Khib levels in sant-null, hda6 and hda9 mutants 148 

were mainly involved in transcriptional regulation, mRNA metabolism, nuclear transport and 149 

plant compound catabolic and metabolic processes (Figure 1B and Supplementary Figure S3). 150 

 151 

As histone Khib is abundant in genic regions and positively related to gene expression, we 152 

further investigated the contribution of SANT1/2/3/4 mediated histone Khib in transcriptional 153 

regulation. Although only 103 out of the 2371 sant-null mediated up-Khib genes were 154 

significantly upregulated in sant-null compared to Col-0, the extent of this overlap was 155 

statistically significant, whereas only 30 out of the sant-null mediated up-Khib genes were 156 

significantly downregulated (Figure 1C). The relative histone Khib levels (sant-null/Col-0) 157 

were obviously higher in those 103 genes than the remaining 2268 sant-null up-Khib genes 158 

(Figure 1D), implying that sant-null-mediated transcriptional activation was associated with 159 

higher histone Khib levels. To confirm the function of SANT1/2/3/4 proteins at these 103 160 

genes, we analyzed the enrichment of SANT3 using published ChIP-seq data (Wang et al., 161 

2024). SANT3 displayed strong enrichment at these 103 gene regions, indicating that SANT 162 

proteins can localize to specific sites of the genome to regulate histone Khib modifications and 163 

gene expressions (Supplementary Figure S4A). Four representative loci visualized in IGV 164 

showed that SANT3-FLAG ChIP-seq signal, histone Khib levels and gene expression levels 165 

were obviously increased in sant-null mutant and RT-qPCR and ChIP-qPCR detection 166 

validated the increasement (Supplementary Figure S4B, S5). In addition, boxplot and metaplot 167 

analysis revealed that the average histone Khib levels of sant-null upregulated genes were 168 
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significantly increased in sant-null, hda6 and hda9 compared to Col-0 (Figure 1E and 169 

Supplementary Table S3). 607 out of 924 (66%) hda6 upregulated genes showed obviously 170 

higher histone Khib levels in hda6, and most of those 607 genes also showed significantly 171 

higher histone Khib levels in sant-null compared to Col-0 (Supplementary Figure S1B, C and 172 

Supplementary Table S3). We analyzed previously reported RNA-seq data for hda9 (Kim et al., 173 

2016) and identified 738 upregulated and 573 downregulated genes in hda9 compared to Col-0 174 

(Supplementary Table S4). Similarly, 394 out of the 738 (53%) hda9 upregulated genes showed 175 

obviously higher histone Khib levels in hda9, and most of those 394 genes also showed 176 

significantly higher histone Khib levels in sant-null compared to Col-0 (Supplementary Figure 177 

S2B, C and Supplementary Table S3). Taken together, the results above indicated that 178 

SANT1/2/3/4 co-regulated histone Khib with HDA6 or HDA9 to repress gene expression. 179 

 180 

SANT1/2/3/4 regulate gene expression by coordinating H3KAc and histone Khib  181 

It was reported that the H3K23Ac and histone Khib modifications act in combination to 182 

promote gene expression in Arabidopsis (Zheng et al., 2021). Thus, the observation that 183 

SANT1/2/3/4 proteins can regulate H3KAc and histone Khib prompted us to investigate the 184 

role of SANT1/2/3/4 in coordinating the presence of those two modifications to jointly 185 

determine gene expression level. We identified 11807 out of 21323 (55%) histone Khib peaks 186 

in Col-0 were also marked by H3KAc (Figure 2A). Interestingly, few sant-null up-H3KAc 187 

peaks were marked as sant-null up-Khib peaks, as evidenced by the weak overlap between 188 

sant-null mediated up-H3KAc and up-Khib genes (Figure 2B, C). Consistently, no obvious 189 

difference was found between Col-0 and sant-null in H3KAc levels of sant-null up-Khib peaks 190 

and vice versa (Figure 2D, E), suggesting that SANT1/2/3/4 regulated H3KAc and histone 191 

Khib mostly at different regions of genome.  192 

 193 

To unveil the role of SANT1/2/3/4 mediated H3KAc and histone Khib in regulating gene 194 

expression via a synergistic or antagonistic manner, we analyzed H3KAc and histone Khib 195 

levels and expression levels of different group of genes in sant-null. The relative H3KAc and 196 
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histone Khib levels of sant-null upregulated genes were significantly higher than those of 197 

downregulated genes or of all genes (Figure 3A), indicating that H3KAc and histone Khib 198 

regulated by SANT1/2/3/4 act in concert, not antagonistically, to regulate gene expression. 199 

Genes gained H3KAc alone and genes gained both of the modifications in sant-null showed 200 

significantly higher relative expression (sant-null/Col-0) compared to the genome-wide, but 201 

genes gained histone Khib alone in sant-null showed no obvious expression changes (Figure 202 

3B), indicating that H3KAc played a predominant role in SANT1/2/3/4-mediated 203 

transcriptional regulation. In our previous study, we found that H3KAc levels in a small portion 204 

of sant-null upregulated genes (138) did not increase compared to those in Col-0 (Zhou et al., 205 

2021). However, SANT3-Flag displayed strong enrichment at these small portion of genes 206 

(Supplementary Figure S6). We thus determined the histone Khib levels of these 138 genes and 207 

found that histone Khib levels were higher in sant-null compared to Col-0 (Figure 3C, D), 208 

suggesting that increased histone Khib caused by SANT1/2/3/4 mutation may act as a 209 

complementary epigenomic mark to H3KAc to activate gene expression. Two representative 210 

loci visualized in IGV and RT-qPCR and ChIP-qPCR validation showed that transcript and 211 

histone Khib levels were obviously increased in sant-null, but histone H3 acetylation levels 212 

were not increased (Figure 3E and Supplementary Figure S7). Collectively, our results 213 

indicated that although there was low concurrence of those two marks targeted by 214 

SANT1/2/3/4, H3KAc and histone Khib were coordinated by SANT1/2/3/4 to jointly regulate 215 

target gene expression.  216 

 217 

SANT1/2/3/4 negatively regulate plant thermotolerance 218 

GO enrichment analysis revealed that a significant fraction of the upregulated genes in 219 

sant-null participated in the stress responses (Feng et al., 2021; Zhou et al., 2021). Here, we 220 

found that the expression levels of the heat-responsive genes, HEAT-INDUCED TAS1 221 

TARGET 1 (HTT1) and HTT4, which are known to enhance plant thermotolerance, were 222 

remarkably increased in sant-null and to a lesser extent in hda6 than in Col-0 (Supplementary 223 

Figure S8). Therefore, we examined the thermotolerance of Col-0, sant-null, and hda6 plants to 224 
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HS. Similar to Col-0, sant-null and hda6 mutants grew normally under normal conditions 225 

(Figure 4A and Supplementary Figure S9A, B). Interestingly, sant-null exhibited enhanced 226 

thermotolerance, as evidenced by their higher survival rate after HS compared to Col-0 (Figure 227 

4A, B). The thermotolerance and survival rates returned to Col-0 levels after HS treatment 228 

when the sant-null mutant was transformed with a genomic fragment encompassing SANT3 229 

(Figure 4C, D). Surprisingly, hda6 exhibited impaired thermotolerance and a significantly 230 

lower survival rate than Col-0 under HS conditions (Figure 4A, B), which contradicted our 231 

previous observation that SANT1/2/3/4 can form a histone deacetylase complex with HDA6 to 232 

co-regulate the expression of common target genes. Therefore, SANT1/2/3/4 negatively 233 

regulate plant thermotolerance, probably in a HDA6-independent manner.  234 

 235 

HI genes are significantly upregulated in sant-null mutant 236 

To obtain insights into the role of SANT1/2/3/4 mediated transcriptional regulation in response 237 

to high temperature, we performed RNA-seq on seven-day-old Col-0 and sant-null seedlings 238 

grown under normal condition (22 °C) or exposed to 37 °C for 1 h. We also included hda6 239 

seedlings for comparison. The high correlation coefficients between independent biological 240 

replicates indicated that our RNA-seq data were consistent and reproducible (Supplementary 241 

Figure S10). We identified many more upregulated than downregulated genes in sant-null and 242 

hda6 mutants under both normal and heat treatment conditions (Figure 5A and Supplementary 243 

Table S5), which is consistent with the role of the SANT domain proteins and HDA6 in 244 

transcriptional repression. In addition, more upregulated genes were specifically identified in 245 

sant-null than in hda6 under both conditions (Figure 5A). The expression of most of the 246 

sant-null upregulated genes under normal growth conditions was also increased after heat 247 

treatment in sant-null and vice versa, with 510 (33%) genes reaching a significant level 248 

mutually (Figure 5B, C and D). Since SANT1/2/3/4 mutation positively regulated plant 249 

thermotolerance, we next determined the expression of SANT1-SANT4 genes in Col-0 before 250 

and after 37 °C treatment and found that heat treatment substantially reduced mRNA levels of 251 

all four SANT genes (Figure 5E, Supplementary Figure S11). In addition, we found that except 252 
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SANT3, the expression of all the other SANT genes was significantly higher in hda6 than in 253 

Col-0 after 37 °C treatment (Figure 5E, Supplementary Figure S11). Conversely, the absence of 254 

SANT1/2/3/4 proteins didn’t influence the expression of HDA6 under both normal growth and 255 

heat stress conditions (Figure 5F, Supplementary Figure S11). 256 

 257 

We then detected the transcriptional regulation of SANT1/2/3/4 and HDA6 on HI genes (heat 258 

treatment-induced upregulation of genes in Col-0 compared to that under normal growth 259 

conditions; Supplementary Table S6). Notably, 115 out of the 2109 HI genes were significantly 260 

upregulated in sant-null than in Col-0 after 37 °C treatment, and only 42 of the HI genes were 261 

downregulated in sant-null mutant (Figure 6A). In contrast, more HI genes were significantly 262 

downregulated than upregulated after 37 °C treatment in hda6 (Figure 6A). Heatmap and 263 

boxplot analyses illustrated that these 115 genes were more markedly induced by heat 264 

treatment in sant-null than in Col-0 or hda6 (Figure 6B, C). GO enrichment analysis revealed 265 

that these 115 HI genes were mainly involved in processes of transcriptional regulation, protein 266 

transport and localization and plant growth, development and metabolism (Supplementary 267 

Figure S12). Genome browser view and RT-qPCR analysis of the expression levels of 268 

representative HI genes, HTT1, STRESS-ASSOCIATED PROTEIN 10 (SAP10), 269 

SYNAPTOTAGMIN 4 (SYTD), AT4G39360, and AT2G23110, functionally annotated as 270 

heat-responsive genes according to TAIR database (https://www.arabidopsis.org/index.jsp) 271 

revealed that their expression levels were increased significantly in sant-null than in Col-0 and 272 

hda6 after 37 °C treatment (Supplementary Figure S13 and Figure 6D). Notably, 273 

sant-null-upregulated HI genes were also upregulated under normal conditions in sant-null 274 

compared to those in Col-0 and hda6 (Figure 6B, D), indicating that the transcriptionally active 275 

state of HI genes in sant-null mutant under normal conditions may prime the plant to quickly 276 

respond to heat stress. Although some HI genes were upregulated in hda6 under both 277 

conditions, the lower extent of increase was probably not sufficient to enhance the plant 278 

thermotolerance (Figure 6B, D). Collectively, these results suggest that SANT1/2/3/4 mutation 279 

contributes to the activation of HI genes, thereby improving plant thermotolerance.  280 
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 281 

H3KAc is enriched in some of the upregulated HI genes in sant-null mutant 282 

We observed that high gene expression in sant-null or hda6 was typically associated with high 283 

H3KAc or histone Khib level. Therefore, we examined H3KAc and histone Khib levels of 284 

sant-null-upregulated HI genes (115) based on our ChIP-seq data. H3KAc and histone Khib 285 

levels of the 115 genes were higher in sant-null than in Col-0 (Figure 7A). Moreover, 58 (50%) 286 

out of the 115 genes showed significantly higher H3KAc levels, whereas only 8 (7%) genes 287 

showed significantly higher histone Khib levels in sant-null mutant (Figure 7B), indicating that 288 

H3KAc increase caused by sant-null was more associated with HI genes activation compared 289 

to histone Khib. To verify this, we conducted H3KAc and histone Khib ChIP-qPCR assay of 290 

representative HI genes in Col-0, sant-null, and hda6. We found that the H3KAc levels, rather 291 

than histone Khib levels, were associated with gene expression levels under normal growth 292 

condition and after 37 °C treatment (Figure 7C). ChIP-seq data under normal growth condition 293 

also revealed that the H3KAc levels of representative HI genes were increased in sant-null, 294 

while histone Khib levels remained unchanged (Supplementary Figure S14). Notably, H3KAc 295 

levels of most of those representative HI genes were lower in hda6 than in sant-null under both 296 

conditions, consistent with their relatively low expression levels in hda6 (Figure 7C and 297 

Supplementary Figure S14). We found that SANT3-Flag was enriched at some of these 115 HI 298 

genes under normal growth condition (Supplementary Figure S15A). Snapshots of IGV clearly 299 

displayed enrichment of SANT3-Flag on three representative HI genes (Supplementary Figure 300 

S15B). ChIP-qPCR using SANT3-Flag transgenic seedlings detected enrichment of 301 

SANT3-Flag at representative HI genes SAP10, AT4G39360 and AT2G23110 under both 302 

normal growth condition and after 37 °C treatment (Supplementary Figure S15C). Taken 303 

together, our results revealed an underlying mechanism by which increased HI gene expression 304 

with elevated H3KAc enrichment under normal and heat treatment conditions caused by 305 

SANT1/2/3/4 mutation leads to enhanced thermotolerance in sant-null mutant. 306 

 307 

Discussion 308 
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In eukaryotic cells, histone PTMs, such as histone lysine acetylation and recently identified 309 

short-chain fatty acid acylation Khib, act as active epigenomic marks and participate in several 310 

biological processes (Shahbazian and Grunstein, 2007; Zheng et al., 2021). SANT1/2/3/4 311 

proteins derived from PIF/Harbinger transposases, form a histone deacetylase complex with 312 

HDA6 in Arabidopsis (Feng et al., 2021; Zhou et al., 2021). Here, we found that SANT1/2/3/4 313 

coordinated H3KAc and histone Khib to participate in transcriptional regulation. Moreover, 314 

SANT1/2/3/4 repressed the expression of HI genes to negatively regulate plant 315 

thermotolerance. 316 

 317 

SANT1/2/3/4 coordinate H3KAc and histone Khib to regulate gene expression 318 

In mammalian cells, histone acetylation dynamically competes with Khib and other acylations 319 

in highly active gene promoters (Dai et al., 2014). However, plants use a more sophisticated 320 

mechanism to avoid competition between histone acetylation and Khib and other acylations at 321 

N-tails by occupying sites free of acetylation with Khib marks (Zhang et al., 2007). In 322 

Arabidopsis, histone KAc and Khib generally act in combination, not antagonistically, to 323 

maintain high transcriptional outputs (Zheng et al., 2021). In this study, although SANT1/2/3/4 324 

regulated H3KAc and histone Khib mostly at different regions of the genome, the relative 325 

H3KAc and histone Khib levels of sant-null upregulated genes were significantly higher than 326 

those of downregulated genes or of all genes, indicating that H3KAc and histone Khib 327 

regulated by SANT1/2/3/4 act in concert to repress gene expression (Figure 2 and Figure 3A). 328 

Genes gained H3KAc alone and genes gained both of the modifications in sant-null showed 329 

higher relative expression, but genes gained histone Khib alone in sant-null plants showed no 330 

obvious expression changes (Figure 3B). In addition, a small proportion of 331 

sant-null-upregulated genes exhibited low H3KAc levels but high histone Khib levels in 332 

sant-null than in Col-0 and high SANT3-Flag enrichment levels (Figure 3C, D, E and 333 

Supplementary Figure S6). Therefore, we conclude that H3KAc and histone Khib coordinated 334 

by SANT1/2/3/4 act in concert to regulate gene expression, with H3KAc playing a predominant 335 

role and Khib acting complementarily to H3KAc.  336 
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 337 

SANT1/2/3/4 negatively regulate plant thermotolerance  338 

SANT1/2/3/4 were previously shown to form complex with HDA6, which promotes flowering 339 

by suppressing the flowering repressors, FLOWERING LOCUS C (FLC), MADS AFFECTING 340 

FLOWERING 4 (MAF4), and MAF5 (Zhou et al., 2021). Here, these PIF/Harbinger 341 

transposases derived proteins were found to be involved in heat stress regulation in plant. 342 

Surprisingly, in this study, sant-null and hda6 mutants exhibited enhanced and impaired 343 

thermotolerance, respectively, after HS (Figure 4). Similar discrepancies have been reported in 344 

other studies. POWERDRESS (PWR) primarily functions as a repressor of gene expression by 345 

promoting histone deacetylation via its interaction with HDA9 (Kim et al., 2016). Interestingly, 346 

PWR and HDA9 play positive and negative roles in plant immunity, respectively, indicating 347 

that PWR-mediated plant pathogen defense is most likely independent of HDA9 activity (Yang 348 

et al., 2020; Patil et al., 2022). In addition, HIGH EXPRESSION OF OSMOTICALLY 349 

RESPONSIVE GENE 15 (HOS15) is a core member of the Arabidopsis HDA9–PWR complex 350 

and is involved in transcriptional regulation and plant development (Mayer et al., 2019; Park et 351 

al., 2019). However, HOS15 has additional functions independent of HDA9. For example, by 352 

forming complexes with PWR and HD2C, HOS15 plays a role in defining the chromatin 353 

structure at cold-regulated (COR) gene promoters to participate in the cold stress signaling 354 

pathway (Lim et al., 2020).  355 

 356 

Here, we found that HI gene levels were distinctly elevated in sant-null mutant under both 357 

normal and heat treatment conditions, which was associated with increased H3KAc levels 358 

(Figure 6 and Figure 7). Moreover, SANT3-Flag showed an enrichment at some of the 115 359 

sant-null-upregulated HI genes under normal growth condition (Supplementary Figure S15A, 360 

B), and ChIP-qPCR analysis revealed that heat stress didn’t affect the enrichment of SANT3 at 361 

representative HI genes (Supplementary Figure S15C). However, HDA6-Flag showed no 362 

enrichment under normal growth condition (Supplementary Figure S15D). In order to figure 363 

out whether heat treatment affect the interaction between SANT3 and HDA6, we performed 364 
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IP-MS with SANT3-Flag and HDA6-Flag transgenic plants after heat treatment. Interestingly, 365 

SANT3 and HDA6 could be co-immunoprecipitated after heat treatment and both of them were 366 

still components of the complex we identified under normal condition (Supplementary Table 367 

S7). The findings above suggest that SANT1/2/3/4 probably regulate histone deacetylation and 368 

gene expression in both of the HDA6-dependent and independent manner after heat treatment. 369 

 370 

We then used H3KAc ChIP-seq data and RNA-seq data under normal growth condition to 371 

illustrate the extensive role of SANT1/2/3/4 in regulation of genome-wide gene transcription. 372 

Although sites of SANT1/2/3/4- and HDA6-mediated H3KAc changes significantly 373 

overlapped, 2327 out of 2751 (85%) peaks were SANT1/2/3/4-specific (Supplementary Figure 374 

S16A). Annotation of sant-null and hda6 up-H3KAc peaks revealed 2110 375 

sant-null-specifically mediated up-H3KAc genes (Supplementary Table S2). In addition, 376 

expression levels of sant-null-specifically mediated up-H3KAc genes were increased in 377 

sant-null, with 247 genes being significantly upregulated, and to a much lesser extent in hda6 378 

compared to Col-0 (Supplementary Figure S16B, C and D), suggesting that SANT1/2/3/4 379 

repress gene transcription by regulating histone deacetylation partially independently of HDA6 380 

under normal growth condition. 381 

 382 

H3Kac, not histone Khib, enriched in activated HI genes in sant-null mutant 383 

In rice, histone Kbu, Kcr, and H3K9ac redundantly mark a large number of active genes. 384 

However, starvation and submergence induce changes in H3K9ac and histone Kbu/Kcr with 385 

different dynamics in different sets of genes, suggesting that these histone marks have 386 

non-redundant functions in different contexts (Lu et al., 2018). Histone lysine acylation, which 387 

is regulated by metabolism in animal cells, affects gene expression and may be functionally 388 

different from histone lysine acetylation (Sabari et al., 2017). In Arabidopsis, histone Khib is 389 

mainly enriched in genes related to sugar metabolism and phenylpropanoid biosynthesis and 390 

helps to fine-tune plant responses to dark-induced starvation (Zheng et al., 2021). In this study, 391 

SANT1/2/3/4 proteins modulated target gene transcription by coordinating histone H3KAc and 392 
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Khib modifications under normal growth condition. However, compared to histone Khib, 393 

remarkably increased H3KAc levels played a predominant role in activating HI genes 394 

expression under both normal and heat stresss conditions, leading to enhanced thermotolerance 395 

in sant-null mutant (Figure 7). Thus, we proposed a model in which SANT1/2/3/4 repressing 396 

the transcription of heat-inducible genes via histone deacetylation to negatively regulate plant 397 

thermotolerance (Supplementary Figure S17).  398 

 399 

Interestingly, the HS memory regulator, FORGETTER 2 (FGT2), and HS memory-related 400 

genes, HSP17.6C, HSP18.2, and HSP21 (Urrea et al., 2020; Friedrich et al., 2021; Yamaguchi 401 

et al., 2021), were highly activated in sant-null than in Col-0 under normal growth conditions, 402 

consistent with their increased H3KAc levels in sant-null mutant (Supplementary Figure S18). 403 

This suggests that SANT1/2/3/4 participate in the regulation of HS-induced transcriptional 404 

memory. In nature, plants are frequently subjected to HS because high temperatures often recur 405 

due to climate change. Therefore, apart from the immediate HS response investigated in this 406 

study, future studies should explore the potential effects of SANT1/2/3/4 proteins on HS 407 

memory. Unravelling the regulatory mechanisms by which SANT1/2/3/4 proteins modulate 408 

plant thermotolerance could benefit crop breeding to cope with global warming. 409 

 410 

Materials and Methods 411 

Plant materials and growth conditions 412 

Arabidopsis (Arabidopsis thaliana) accession Columbia-0 (Col-0) was used as the wild-type. 413 

EMS hda6 allele (axe1-5) was obtained from the Arabidopsis Biological Resource Center. 414 

The T-DNA insertion line, hda9 (Salk_007123), was used for Khib ChIP-seq. The 415 

higher-order SANT mutant, sant-null, complementation line, SANT3-Flag, in sant-null 416 

background and transgenic plants HDA6-Flag were generated in a previous study (Zhou et al., 417 

2021).  418 

Arabidopsis seeds were surface sterilized, sown on half-strength Murashige and Skoog (MS) 419 

medium, stratified at 4 °C for two days, and moved to a growth chamber with a long-day 420 
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photoperiod (16 h light, 22 °C/8 h darkness, 20 °C).  421 

 422 

HS treatments 423 

A thermotolerance assay was performed as previously described (Li et al., 2014). For 424 

phenotyping, seven-day-old seedlings were treated at 37 °C for 1 h, recovered at 22 °C for 2 h, 425 

and then treated at 44 °C for 3.5 h. We used a growth chamber to perform HS treatment. 426 

Photographs were taken, and the survival rates were measured after seven days of recovery at 427 

22 °C. For RNA-sequencing (seq) and reverse transcription-quantitative polymerase chain 428 

reaction (RT-qPCR) and ChIP-qPCR validation, seven-day-old seedlings were treated at 37 °C 429 

for 1 h before harvesting for RNA extraction and ChIP assay. Seven-day-old seedlings grown 430 

at 22 °C were also collected as control samples. 431 

 432 

Immunoprecipitation and mass spectrometry (IP-MS) 433 

The affinity purification was performed according to our previous study (Zhou et al., 2021). 434 

Approximately 2 g of seven-day-old seedlings grown on half-strength MS medium after 435 

37 °C treatment for 1 h collected from SANT3-Flag and HDA6-Flag transgenic plants or 436 

wild-type plants were used for affinity purification. Following centrifugation, the supernatant 437 

was incubated with 10 μg of anti-Flag (F1804; Sigma) antibody and 100 μl of Dynabeads 438 

Protein G (10003D; Invitrogen) for 3 h at 4°C with rotation. Beads were then washed three 439 

times with lysis buffer and three times with wash buffer (150 mM NaCl, 50 mM Tris-HCl pH 440 

8.0, 5 mM MgCl2). Immunoprecipitated proteins were run on a 10% SDS-PAGE gel and 441 

subjected to liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis.  442 

 443 

RNA-seq and data analysis 444 

Triplicate samples of Col-0, sant-null, and hda6 plants were collected for RNA-seq analysis. 445 

Total RNA was extracted from seven-day-old seedlings with and without 37 °C treatment 446 

using the TRIzol reagent (Invitrogen) and sent to Novogene Co., Ltd. (Beijing, China) for 447 

library preparation and transcriptome sequencing. Libraries were prepared using the 448 
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NEBNext Ultra RNA Library Prep Kit (Illumina, NEB, USA) and sequenced on an Illumina 449 

NovaSeq 6000 platform, according to the manufacturer’s instructions. The sequenced raw 450 

data were trimmed using Trim Galore v.0.6.6 to remove the adapter sequences and 451 

low-quality reads. The remaining clean reads were mapped to the TAIR10 Arabidopsis 452 

reference genome using Hisat2 v. 2.2.1. Only uniquely mapped reads were retained for 453 

subsequent analysis and visualized using the Integrative Genomics Viewer (IGV). Gene 454 

expression levels were estimated using featureCounts v.2.0.1. Differentially expressed genes 455 

were determined using the R package DESeq2 v.1.30.1, where P-value < 0.05 and |log2 (fold 456 

change)| > 1were considered significant. The expression level of each gene was expressed as 457 

fragments per kilobase per million mapped reads. Heatmaps and boxplots showing the gene 458 

expression levels were generated in R. Gene ontology (GO) enrichment analysis was 459 

performed using the R package clusterProfiler in Bioconductor. 460 

 461 

Chromatin immunoprecipitation (ChIP) 462 

ChIP was performed as previously described (Zhou et al., 2021). Approximately 2 g of 463 

seedlings grown on half-strength MS medium at 22 °C or at 37 °C for 1 h was collected, fixed 464 

with 1% (v/v) formaldehyde for 15 min, and ground into a powder in liquid nitrogen. Nuclei 465 

were isolated and chromatin was fragmented to 200–500 bp via sonication with a Bioruptor 466 

(Diagenode). After centrifugation, the sonicated chromatin was incubated with Pan-anti-Khib 467 

(PTM-802; PTM Bio-labs, Hangzhou, China), anti-acetylated Histone H3 (06-599; Merck 468 

Millipore) and anti-Flag (F1804; Sigma) antibody overnight and incubated with Dynabeads 469 

Protein G (10003D; Invitrogen) for 2 h with agitation at 4 °C. Precipitated chromatin was 470 

washed and eluted with the elution buffer (0.5% (w/v) SDS and 0.1 M NaHCO3) and 471 

concentrated via phenol–chloroform extraction and ethanol precipitation. Precipitated and 472 

input DNA samples were subjected to qPCR or sequencing. 473 

 474 

ChIP-seq and data analysis 475 

For histone Khib ChIP-seq, two biological replicates for input and immunoprecipitated DNA 476 
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of Col-0, sant-null, hda6, and hda9 were sent to Novogene Co., Ltd. (Beijing, China) for 477 

library construction and sequencing (150-bp pair-end reads; Illumina NovaSeq 6000). Adapter 478 

sequences and low-quality reads were removed from the raw data using Trim Galore v.0.6.6. 479 

The resulting high-quality reads were mapped to the TAIR10 Arabidopsis reference genome 480 

using Bowtie2 v.2.2.5 with default parameters. PCR duplicates were removed using 481 

Sambamba v.0.6.6, and uniquely mapped reads were retained for further analysis and 482 

visualized using IGV (Langmead and Salzberg, 2012; Tarasov et al., 2015). Enriched ChIP 483 

and differentially enriched peaks between mutants and wild type were determined using 484 

program SICER2 v.1.0.3 with the following parameters: “redundancy threshold=1; window 485 

size = 200; effective genome fraction = 0.85; gap size = 200; and FDR = 0.05”. Peaks with 486 

FDR < 0.05 and fold change of mutants/Col-0 ≥ 1.25 were considered as significant up-Khib 487 

peaks and annotated with Arabidopsis genome using the intersect function in BEDTools suite. 488 

Metaplots and heat maps illustrating the ChIP-seq data were plotted using deepTools. Then, 489 

H3KAc ChIP-seq and RNA-seq data from our previous study (Zhou et al., 2021) combined 490 

with the Khib ChIP-seq data from this study were used to conduct integrative analysis. The read 491 

count of each gene region and overlap analysis of H3KAc or histone Khib peaks were 492 

performed using the intersect function in BEDTools suite. The histone Khib level of each 493 

gene was given as reads per kilobase per million mapped reads. Heatmaps and boxplots 494 

showing histone Khib levels were generated in R. The simulation region, randomly selected 495 

from the whole genome with the same length distribution of peaks, was generated using the 496 

shuffle function in BEDTools suite. 497 

 498 

RT-qPCR and ChIP-qPCR analysis 499 

For RT-qPCR, total RNA was extracted from Arabidopsis seedlings with or without 37 °C 500 

treatment using the TRIzol reagent (Invitrogen) and treated with DNase I (Takara) to remove 501 

genomic DNA contaminants. Total RNA was reverse-transcribed into cDNA using the 502 

PrimeScript RT Reagent Kit (RR047A; Takara). ChIP-qPCR was performed using 503 

immunoprecipitated and input DNA samples. Real-time quantitative PCR was performed on a 504 



 

 19 

CFX96 Real-Time PCR system (Bio-Rad) using ChamQ Universal SYBR qPCR Master Mix 505 

(Vazyme). ACT2 was used as an internal control for RT-qPCR. Three biological replicates 506 

were used for real-time PCR, with three technical replicates per biological replicate. All 507 

primers used in this study are listed in Supplementary Table S8. 508 

 509 

Statistical analyses 510 

P-values in overlap analyses were calculated by hypergeometric distribution using the R 511 

package GeneOverlap v.1.26.0. The levels of significance (P-value) such as differences of 512 

gene expression, H3KAc and Khib levels between each sample were measured using R 513 

statistical software. 514 

 515 

Accession numbers 516 

The accession nos. for genes are as follows: SANT1 (AT1G09050), SANT2 (AT1G09040), 517 

SANT3 (AT2G47820), SANT4 (AT1G55050), HDA6 (AT5G63110), and HDA9 (AT3G44680). 518 

High-throughput sequencing data were deposited in the Gene Expression Omnibus database 519 

under accession no. GSE243707. 520 

 521 

Supplementary Data 522 

Supplementary Figure S1. Histone deacetylase HDA6 and SANT domain-containing 523 

proteins (SANT1/2/3/4) co-regulate histone 2-hydroxyisobutyrylation (Khib) modification. 524 

Supplementary Figure S2. Histone deacetylase HDA9 and SANT1/2/3/4 co-regulate histone 525 

Khib modification.  526 

Supplementary Figure S3. Gene Ontology (GO) term enrichment analysis of 291 genes with 527 

increased histone Khib in sant-null, hda6 and hda9 mutants.  528 

 529 

Supplementary Figure S4. SANT1/2/3/4 proteins localize to specific sites of the genome to 530 

regulate histone Khib modifications and gene expressions. 531 
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Supplementary Figure S5. RT-qPCR and ChIP-qPCR validation of expression levels (left) 532 

and histone Khib levels (right) in Col-0 and sant-null at four representative gene regions 533 

displayed in Supplementary Figure S4B. 534 

Supplementary Figure S6. Metaplots of normalized SANT3-Flag enrichment levels in Col-0 535 

and SANT3-Flag transgenic plants at sant-null upregulated gene regions with H3KAc levels 536 

reduced (138, left) and random genes (right).  537 

Supplementary Figure S7. RT-qPCR and ChIP-qPCR validation of expression levels (left), 538 

H3KAc levels (middle) and histone Khib levels (right) in Col-0 and sant-null at two 539 

representative gene regions displayed in Figure 3E. 540 

Supplementary Figure S8. Snapshots of the genome browser illustrating the expression 541 

levels of HEAT-INDUCED TAS1 TARGET 1 (HTT1) and HTT4 in Col-0, sant-null, and hda6 542 

under normal growth conditions. 543 

Supplementary Figure S9. Phenotypic analysis (A) and Fresh weight (B) of Col-0, sant-null, 544 

and hda6 seedlings grown on 1/2 Murashige and Skoog (MS) medium under normal growth 545 

conditions after 7 days. 546 

Supplementary Figure S10. Heatmap showing the spearman correlation coefficient among 547 

each sample of Col-0, sant-null, and hda6 with three biological replicates from 548 

RNA-sequencing (seq) data.  549 

Supplementary Figure S11. RT-qPCR validation of expression levels of SANT1/2/3/4 (left) 550 

and HDA6 (right) under normal growth conditions and after 37°C treatment. 551 

Supplementary Figure S12. Gene Ontology (GO) term enrichment analysis of 115 552 

sant-null-upregulated HI genes. 553 

Supplementary Figure S13. Snapshots of the genome browser illustrating the expression 554 

levels of representative heat-inducible genes in Col-0, sant-null, and hda6 under normal 555 

growth conditions and after 37°C treatment. 556 

Supplementary Figure S14. H3KAc (left) and histone Khib (right) enrichment levels of 557 

representative HI genes in Col-0, sant-null, and hda6 under normal growth condition. 558 

Supplementary Figure S15. SANT3-Flag was enriched at some of the HI genes. 559 
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Supplementary Figure S16. SANT1/2/3/4 regulate gene expression by mediating H3KAc 560 

partially independent of HDA6. 561 

Supplementary Figure S17. Working model of SANT1/2/3/4 negatively regulating heat 562 

tolerance in Arabidopsis.  563 

Supplementary Figure S18. Snapshots of the genome browser illustrating the expression and 564 

H3Kac levels of heat stress memory regulator FGT2 and heat stress memory-related genes, 565 

HSP17.6C, HSP18.2, and HSP21 in Col-0 and sant-null under normal growth conditions. 566 

Supplementary Table S1. List of high levels of histone 2-hydroxyisobutyrylation (Khib) 567 

peaks in sant-null, hda6, and hda9. 568 

Supplementary Table S2. Annotated gene list of up-H3KAc or up-Khib peaks in the 569 

indicated mutants. 570 

Supplementary Table S3. Histone Khib levels of sant-null-, hda6-, and hda9-upregulated 571 

genes. 572 

Supplementary Table S4. List of differentially expressed genes in hda9. 573 

Supplementary Table S5. List of differentially expressed genes in sant-null and hda6 under 574 

normal conditions and after 37°C treatment. 575 

Supplementary Table S6. List of heat-inducible (HI) genes. 576 

Supplementary Table S7. List of proteins co-immunoprecipitating with SANT3 and HDA6. 577 

The interacting proteins were affinity-purified and analyzed by mass spectrometry. 578 

Supplementary Table S8. List of primers used in this study. 579 
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 597 

Figure legends 598 

Figure 1. SANT domain-containing proteins (SANT1/2/3/4) co-regulate histone 599 

2-hydroxyisobutyrylation (Khib) with histone deacetylase HDA6 or HDA9 to repress gene 600 

expression. A) Metaplots and heatmaps showing Khib enrichment level at 2 kb surrounding 601 

sant-null up-Khib peaks in Col-0, sant-null, hda6 and hda9. Color scale indicates normalized 602 

reads per kilobase per million mapped reads (RPKM) values. B) Venn diagram showing the 603 

overlap of sant-null-, hda6-, and hda9-mediated up-Khib genes. C) Venn diagram showing the 604 

overlap of sant-null-mediated up-Khib genes and sant-null-upregulated or downregulated 605 

genes. D) Boxplot showing the relative histone Khib enrichment levels (sant-null/Col-0) of 606 

sant-null-mediated up-Khib genes with significantly higher expression levels in sant-null (103) 607 

and all the remaining sant-null-mediated up-Khib genes (2268). E) Boxplot (left) and metaplot 608 

(right) of normalized histone Khib enrichment level (RPKM) in Col-0, sant-null, hda6, and 609 

hda9 at regions of sant-null-upregulated genes (1047). –2 Kb and 2 Kb in metaplot represent 2 610 

Kb upstream of the transcription start site (TSS) and 2 Kb downstream of the transcription end 611 

site (TES). Boxplots of D) and E) show maximum, third quartile, median, first quartile and 612 

minimum from top to bottom. P-values in overlap analyses were calculated using a 613 
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hypergeometric distribution. Asterisks (**) indicate the significant differences at P < 0.01 614 

(two-sided Wilcoxon rank sum tests). 615 

 616 

Figure 2. SANT1/2/3/4 regulate H3KAc and histone Khib modifications mostly in different 617 

regions of Arabidopsis genome. A) Venn diagram showing the overlap of H3KAc and Khib 618 

peaks in Col-0. Because of different length of peaks, one peak of Khib likely overlaps with two 619 

or more H3KAc peaks and vice versa. ‘11807/10174’ indicates numbers of Khib and H3KAc 620 

peaks in Col-0, respectively. B) Venn diagram showing the overlap of peaks with higher 621 

H3KAc and histone Khib levels in sant-null than in Col-0. ‘122/128’ indicates numbers of 622 

sant-null up Khib and sant-null up H3KAc peaks, respectively. C) Venn diagram showing the 623 

overlap of sant-null-mediated up-H3KAc and up-Khib genes. D) Metaplots and heatmaps of 624 

H3KAc enrichment level in 2 kb surrounding sant-null up-Khib peaks (left) and simulation 625 

region (right) in Col-0 and sant-null. Simulation region is included as a control region. Color 626 

scale indicates the normalized RPKM values. E) Metaplots and heatmaps of histone Khib 627 

enrichment level in 2 kb surrounding sant-null up-H3Kac peaks (left) and simulation region 628 

(right) in Col-0 and sant-null. Simulation region is included as a control region. Color scale 629 

indicates the normalized RPKM values. P-values in overlap analyses were calculated using the 630 

hypergeometric distribution. 631 

 632 

Figure 3. SANT1/2/3/4 regulate gene expression by coordinating histone H3KAc and Khib 633 

modifications. A) Boxplot showing relative H3KAc and Khib enrichment levels 634 

(sant-null/Col-0) of upregulated (1047), downregulated (317), and all genes (32538) in 635 

sant-null. B) Boxplot showing the relative expression levels (sant-null/Col-0) of different 636 

group of genes: gained H3KAc alone (2310), gained Khib alone (2179), gained both H3KAc 637 

and Khib in sant-null (192), and all genes in the genome (32538). Each box represents the 638 

fragments per kilobase per million mapped reads (FPKM) values. C and D) Heatmap (C) and 639 

boxplot (D) illustrating the H3KAc and Khib enrichment levels in Col-0 and sant-null, with 640 

sant-null upregulated genes and H3KAc levels reduced in sant-null (138). Color scale of 641 
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heatmap and each box of boxplot indicate the normalized RPKM values. E) Snapshots of the 642 

genome browser illustrating the expression and H3KAc and Khib levels at two representative 643 

loci in Col-0 and sant-null. Boxplots of A) , B) and D) show maximum, third quartile, median, 644 

first quartile and minimum from top to bottom. Asterisks (* and **) indicate the significant 645 

differences at P < 0.05 and P < 0.01, respectively (two-sided Wilcoxon rank sum tests). 646 

 647 

Figure 4. SANT1/2/3/4 negatively regulate plant thermotolerance. A) Phenotypic analysis of 648 

Col-0, sant-null, and hda6 seedlings grown on 1/2 Murashige and Skoog (MS) medium under 649 

normal growth conditions (left) or after heat stress (HS) treatment (right). Schematic 650 

representation of the temperature conditions used for the thermotolerance assay in this study on 651 

the top. B) Survival rates of seedlings shown in (A). Data are presented as the mean ± standard 652 

deviation (SD) of eight biological replicates. C) Phenotypic analysis of Col-0, sant-null, and 653 

the complementation line SANT3-Flag grown on 1/2 MS medium under normal growth 654 

conditions (left) or after HS treatment (right). D) Survival rates of seedlings shown in (C). Data 655 

are presented as the mean ± SD of eight biological replicates. Asterisks (**) indicate the 656 

significant differences at P < 0.01 , and ‘ns’ indicates no significant differences (Student’s t 657 

tests). 658 

 659 

Figure 5. Transcriptome profiling of sant-null and hda6 compared to Col-0 under normal 660 

growth conditions and after 37 ℃ treatment. A) Number of differentially expressed genes in 661 

sant-null and hda6 compared to Col-0 under normal growth conditions and after 37 ℃ 662 

treatment (P < 0.05 and a two-fold cutoff were used). B) Venn diagram showing the overlap of 663 

upregulated genes under normal growth conditions and after 37 ℃ treatment in sant-null 664 

compared with Col-0. P-value was calculated using the hypergeometric distribution. C and D) 665 

Heatmap illustrating the expression levels of sant-null-upregulated genes under normal growth 666 

conditions (C) and after 37 ℃ treatment (D) in the indicated materials. Color scale indicates the 667 

normalized FPKM (fragments per kilobase per million mapped reads) values. E) Expression 668 

levels of SANT1/2/3/4 in Col-0 and hda6 under normal growth conditions and after 37 ℃ 669 
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treatment based on RNA-sequencing (seq) data. F) Expression levels of HDA6 in Col-0 and 670 

sant-null under normal growth conditions and after 37 ℃ treatment based on RNA-seq data. 671 

Data are presented as the mean ± SD of three biological replicates. Asterisks (*) indicate the 672 

significant differences at P < 0.05, and ‘ns’ indicates no significant differences (Student’s t 673 

tests). 674 

 675 

Figure 6. Expression levels of heat-inducible (HI) genes increase significantly in sant-null 676 

mutant. A) Venn diagram showing the overlap of HI genes in Col-0 and sant-null (up)- or hda6 677 

(down)-mediated differently expressed genes after 37 ℃ treatment. B) Heatmap illustrating the 678 

expression levels of sant-null-upregulated HI genes (115) in Col-0, sant-null, and hda6 under 679 

normal growth conditions and after 37 ℃ treatment. Color scale indicates the normalized 680 

FPKM values. C) Boxplot showing the relative expression levels (37/22 ℃) of 681 

sant-null-upregulated HI genes (115) in Col-0, sant-null, and hda6. Boxplot shows maximum, 682 

third quartile, median, first quartile and minimum from top to bottom. Asterisks (**) indicate 683 

the significant differences at P < 0.01 (two-sided Wilcoxon rank sum tests). D) Reverse 684 

transcription-quantitative polymerase chain reaction (RT-qPCR) validation of the expression 685 

levels of representative HI genes in Col-0, sant-null, and hda6 under normal growth conditions 686 

and after 37 ℃ treatment. ACT2 was used as an internal control. Error bars indicate the standard 687 

deviation of three biological replicates. Asterisks (* and **) indicate the significant differences 688 

at P < 0.05 and P < 0.01, respectively (Student’s t tests). 689 

 690 

Figure 7. Histone H3KAc is enriched in some of the upregulated HI genes in sant-null mutant. 691 

A) Heatmap showing the H3KAc and histone khib enrichment levels of sant-null upregulated 692 

HI genes (115) in Col-0 and sant-null under normal growth conditions. Color scale indicates 693 

the normalized RPKM (reads per kilobase per million mapped reads) values. B) Venn diagram 694 

showing the overlap of sant-null-upregulated HI genes and sant-null-mediated up-H3KAc (up) 695 

or up-Khib (down) genes. P-values were calculated using the hypergeometric distribution. C) 696 

H3KAc (left) and histone Khib (right) enrichment levels of representative HI genes detected by 697 
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ChIP-qPCR in Col-0, sant-null, and hda6 after 37 ℃ treatment (up) and under normal growth 698 

condition (down). Error bars indicate the standard deviation of three biological replicates. 699 

Asterisks (* and **) indicate the significant differences at P < 0.05 and P < 0.01, respectively, 700 

and ‘ns’ indicates no significant differences (Student’s t tests). 701 

 702 
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