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Summary 17 
Combinations of epigenetic modifications H3K4me3 and H3K27me3 implicate bistable 18 
feature which alternates between on and off state allowing rapid transcriptional changes 19 
upon external stimuli. Target of Rapamycin (TOR) functions as a central sensory hub to link 20 
a wide range of external stimuli to gene expression. However, the mechanisms underlying 21 
stimulus-specific transcriptional reprogramming by TOR remains elusive. Our in silico 22 
analysis in Arabidopsis demonstrates that TOR-repressed genes are associated with either 23 
bistable or silent chromatin domains. Both domains regulated by TOR signaling pathway are 24 
associated with high level of H3K27me3 deposited by CURLY LEAF (CLF) in specific context 25 
with LIKE HETEROCHROMATIN PROTEIN1 (LHP1). Chromatin remodeler SWI2/SNF2 ATPase 26 
BRAHMA (BRM) activates TOR-repressed genes only at bistable chromatin domains to 27 
rapidly induce biotic stress responses. Here we demonstrated both in silico and in vivo that 28 
TOR represses transcriptional stress responses through global maintenance of H3K27me3. 29 
 30 
Introduction 31 
The protein kinase TOR is a conserved sensor of nutrient availability and energy status in 32 
eukaryotes, known to regulate many fundamental cellular processes, such as translation, 33 
autophagy and cell cycle (Saxton and Sabatini, 2017). In animals, since diet and nutrient exert 34 
transgenerational effect, correlations between TOR functions and epigenome variations 35 
started to be explored (Laribee and Weisman, 2020). Histone acetylation is the most 36 
characterized mark regulated by TOR signaling to control rDNA transcription. Recently, 37 
mammalian/mechanistic TOR complex 1 (mTORC1) was found to activate its canonical 38 
substrate S6K1 which further phosphorylates H2B to influence global histone methylation 39 
(Laribee and Weisman, 2020). Unlike in animals, little is known in plants to link TOR function 40 
to epigenetic modifications. 41 
 42 
As sessile organisms, plants continuously and rapidly adjust their development to a multitude 43 
of environmental stresses that often occur suddenly and/or simultaneously. Beyond stress 44 
sensing and signal transduction, plant TOR tunes developmental plasticity via its capacity to 45 
re-program the transcriptome (Xiong et al., 2013). This global transcriptional reprogramming 46 
is partially mediated by the retention of ethylene-insensitive protein 2 (EIN2) in the cytoplasm 47 
to allow gene expression involved in DNA replication and cell wall biosynthesis (Fu et al., 2021). 48 
However, it still remains obscure how an active TOR can suppress stress response and defense 49 
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mechanism at transcriptional level. Among other mechanisms, epigenetic modifications such 50 
as DNA methylation and histone modifications have emerged as fundamental mediators in 51 
controlling gene expression. For example, methylation of histone H3 on lysine 27 (H3K27) is 52 
classically associated with gene repression, whereas methylation on H3K4 usually increases 53 
gene expression. Here we are interested in whether epigenetic modification underlies TOR-54 
mediated transcriptional reprogramming.  55 
 56 
Multiple combinations of different epigenetic modifications exist at the whole genome level 57 
and contribute to the complexity of epigenetic landscapes. By reducing their dimensionality, 58 
a detailed bioinformatic integration of epigenomic data defines distinctive chromatin states 59 
(CS) in A. thaliana (Sequeira-Mendes et al., 2014). These states display specific features that 60 
are linked to inactive or active transcription. Two silent states CS-8 and 9 are enriched in 61 
H3K9me2 and H3K27me1 and preferentially mark different chromatin regions. Another 62 
inactive state CS-5 represents the typical Polycomb-regulated facultative heterochromatin 63 
with abundant H3K27me3. Meanwhile, CS-1, 3 and 6 are characterized by high amounts of 64 
active marks (e.g., H3K4me3, H3 acetylation, H3K36me3) and typically found at actively 65 
transcribed genes. Interestingly, despite their opposite effect on transcription, H3K4me3 and 66 
H3K27me3 can co-reside at a number of dynamically regulated genes in both animals and 67 
plants. This feature is the hallmark of CS-2, a state preferentially found at the promoter of 68 
genes with transcript amounts similar to the ones marked by CS-5. A bistable model of 69 
regulation achieved through the delicate balance between H3K4me3 and H3K27me3 was 70 
proposed to poise silenced genes marked by CS-2 for rapid activation upon need (Schwartz et 71 
al., 2010; Sneppen and Ringrose, 2019). Adding additional layers of complexity, chromatin-72 
binding proteins like H3K27me3 reader LIKE HETEROCHROMATIN PROTEIN 1 (LHP1) or 73 
SWI2/SNF2 ATPase BRAHMA (BRM) further subdivide these chromatin domains into distinct 74 
subdomains (Gomez-Zambrano et al., 2019; Liu et al., 2018; Torres and Deal, 2019).  75 
 76 
In this study, we show that specific epigenetic features represent a dynamic hallmark of 77 
stimulus-specific transcriptional responses mediated by TOR signaling upon environmental 78 
stimuli. We demonstrate that active TOR represses genes associated with bistable (CS2) or 79 
silent chromatin domains (CS5) by mediating the deposition of H3K27me3 via CLF and LHP1. 80 
We propose a model in which environmental stimuli inhibit TOR, which subsequently allows 81 
BRM to reduce repression of bistable domains to rapidly activate biotic stress specific gene 82 
expression.  83 
 84 
Results 85 
TOR-repressed genes are associated with CS-2 and CS-5 at the transcription start site 86 
First, we performed gene ontology (GO) enrichment analysis to assess whether specific 87 
functional categories are enriched in any of the previously described chromatin states 88 
(Sequeira-Mendes et al., 2014). Arabidopsis genes were individually assigned to one of the 89 
nine chromatin states based on the chromatin state present at their TSS. Surprisingly, each of 90 
the nine chromatin states were specifically enriched in distinct functional categories 91 
(Supplementary table 1). Indeed, genes related to protein and RNA processes appeared highly 92 
enriched in CS-1, 3 and 6, which are characterized by the presence of active epigenetic marks. 93 
The Polycomb-associated CS-5 contained significantly more transcription, cell differentiation, 94 
and redox-regulation related genes. Abiotic and biotic stress genes are overrepresented in the 95 
bistable CS-2. Worth noting, functional categories enriched in CS-2 resemble the primary 96 
target genes in stress and immune response pathways repressed by TOR (Dong et al., 2015).  97 
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 98 
To analyze particular chromatin state enrichments among TOR-repressed transcripts, from 99 
published datasets we extracted a list of genes up-regulated (fold change>2.0; p<0.05) upon 100 
TOR inhibition by AZD8055 (AZDup, 1583 genes) or RNA interference (TOR-RNAi, 369 genes)  101 
(Caldana et al., 2013; Dong et al., 2015). 233 genes upregulated in both conditions were 102 
significantly enriched at their TSS in the bistable CS-2 and also in the canonical Polycomb CS-103 
5 (fig. 1a). These findings suggest that the repression of gene expression by TOR is achieved 104 
through either CS-2 or CS-5, two chromatin states sharing high levels of the repressive 105 
modification H3K27me3. Furthermore, by distinguishing up-regulated genes depending on 106 
their fold change, we observed that the CS-5 enrichment gradually increases with the fold 107 
change, which is also the case for CS-2 but not beyond 16-fold change. In addition, more than 108 
half of the CS-2 genes change only 2-4-fold (fig. 1b and supplementary fig. 1). This striking 109 
difference could reflect the bistability of CS-2, in which frequent switches between active and 110 
silent state may occur, resulting in a low rate of basal transcription and finetuning upon TOR 111 
inhibition. TOR-repressed genes marked by the monostable silent CS-5 are likely under 112 
complete repression. 113 
 114 
Next, using GO analysis, we tested whether AZDup genes marked by either CS-2 or CS-5 are 115 
enriched in particular functional categories. Interestingly, AZDup genes marked by CS-2 are 116 
enriched in biotic stress and defense mechanisms mediated by phytohormone signaling (fig. 117 
1c, d), whereas, abiotic stress related genes involved in oxidative stress and hypoxia response 118 
are more abundant among AZDup genes with CS-5 features (fig. 1e). These findings indicate 119 
that the TOR suppressed genes are preset by bistable CS-2 and silent CS-5 properties and 120 
specific signals can attenuate TOR-mediate repression towards CS-2 and CS-5 genes. 121 
 122 
The chromatin context of TOR-responsive genes coordinately repressed by CLF and LHP1 123 
specify their biological function 124 
Based on the preferential association between TOR repressed genes and CS-2/5, both 125 
characterized by the presence of H3K27me3, we hypothesized that a functional link may exist 126 
between chromatin factors involved in H3K27me3 deposition and TOR. We tested this 127 
hypothesis by collating the TOR repressed gene set with transcript profiles of Polycomb 128 
mutants. CURLY LEAF (CLF), a Polycomb group protein (PcG), is  known to be a major H3K27 129 
tri-methylase in plants (Mozgova and Hennig, 2015). A total of 84 genes are shared between 130 
AZDup and those genes upregulated in the loss-of-function clf28 and clf29 mutants (fig. 2a). 131 
These shared genes display a significantly higher association with CS-2 (OR=3.86) at their TSS 132 
than the AZDup or the up-regulated genes in either clf28 or clf29 (fig. 2b and supplementary 133 
fig. 2a). Reinforcing this positive association, the CS-2 enrichment of AZDup decreases when 134 
the genes up-regulated in clf mutants are excluded (AZDnoclf28/29; fig. 2b). Similarly, the CS-135 
5 enrichment is remarkably higher for genes upregulated in both AZDup and clf mutants 136 
compared to the genes upregulated only in AZDup (AZDnoclf28/29; fig. 2b and supplementary 137 
fig. 2a). These observations suggest a synergistic enrichment of CLF and TOR repressed genes 138 
in CS-2 and CS-5, two chromatin states characterized by a high level of the repressive 139 
modification H3K27me3. Furthermore, the GO analysis of the 84 commonly up-regulated 140 
genes between AZDup and clf mutants points toward a chromatin state dependent functional 141 
categorization. Indeed, commonly up-regulated genes within CS-2 are significantly enriched 142 
in GO categories related to biotic and abiotic stress responses, while the ones within CS-5 are 143 
specifically enriched in the GO term related to redox processes (fig. 2c). 144 
 145 
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PcGs are generally classified into two major complexes named Polycomb Repressive 146 
Complexes (PRC1 and PRC2) and CLF, a major PCR2 subunit, selectively collaborates with 147 
different PcGs partners to achieve gene repression in distinct developmental programs. 148 
Among these partners, LHP1, as a CLF cofactor, was previously demonstrated to contribute to 149 
this selectivity with genes up-regulated in different PcG mutants being separated in two 150 
distinct main groups based on their dependency on LHP1 repression (Wang et al., 2016). A 151 
first group represents genes commonly up-regulated in clf and lhp1 mutants and may 152 
correspond to direct targets of CLF and LHP1 (i.e., here after named CLF-LHP1-dependent 153 
genes). The second one refers to genes more specifically affected in PRC1 mutants such as the 154 
double mutant for the catalytic factors AtRING1A and AtRING1B (i.e., here after named PRC1-155 
PRC2 dependent genes). Thus, to dissect the relationship between TOR and CLF transcriptional 156 
repression and explore its dependency toward LHP1, we tested overlaps between these two 157 
groups and AZDup genes. A significant overlap was observed between AZDup and CLF-LHP1-158 
dependent genes (fig. 2d), while it was not the case with PRC1-PRC2 dependent genes (fig. 159 
2d). This result suggests that CLF and LHP1 may work concertedly to participate in the 160 
repression of TOR specific target genes. 161 
 162 
We further investigated the link between TOR and LHP1 by focusing on the 111 genes 163 
commonly upregulated by AZD8055 and in the lhp1 mutant (fig. 2e). In a manner similar to 164 
genes co-upregulated by AZD and in clf mutants, these genes showed a significant enrichment 165 
in both CS-2 and CS-5 (fig. 2f and supplementary fig. 2b). When we analyzed overlap between 166 
LHP1-target genes and genes up-regulated by AZD8055, we found that 445 out of 1583 AZDup 167 
genes are indeed targeted by LHP1 (fig. 2g). Interestingly, the CS-2 enrichment of AZDup genes 168 
was decreased when LHP1 targets were excluded, whereas genes both upregulated by AZD 169 
and targeted by LHP1 present an increased CS-2 enrichment compared to genes sole 170 
upregulated by AZD or targeted by LHP1 (fig. 2h). In addition, we noted that the LHP1 targeting 171 
also increase the CS-5 enrichment of AZDup genes (fig. 2h). This observation is reinforced by 172 
the fact that when LHP1 direct targets were excluded the association between AZDup and CS-173 
5 dropped dramatically (fig.2h and supplementary fig. 2c). Finally, we investigated whether 174 
LHP1 targeting specifies TOR functions using GO analysis. Interestingly, the functional 175 
annotation obtained with the CS-2 subset of AZDup genes targeted by LHP1 is mainly linked 176 
to biotic and abiotic stress-related functions (fig. 2i). On the other hand, the functional 177 
annotations obtained with the CS-5 subset of AZDup genes targeted by LHP1 appears mainly 178 
related to oxidative stress and hypoxia responses (fig 2j). Together, our results indicate that 179 
besides being regulated jointly by CLF and LHP1, TOR repressed targets may further split in 180 
distinct functional categories depending on their respective CS-2 or CS-5 chromatin context. 181 
 182 
BRM is important for activating genes associated with CS-2, when TOR is down-regulated in 183 
response to biotic stress  184 
TrxG proteins are evolutionarily conserved chromatin-modifying factors that antagonize PcG 185 
repression and interactions between PcG/TrxG support a molecular basis for chromatin 186 
bistability (Ringrose, 2017; Sneppen and Ringrose, 2019). Among TrxG proteins, the 187 
SWItch/Sucrose Non-Fermentable (SWI/SNF)-type protein BRAHMA (BRM) was find to restrict 188 
CLF occupancy/activity at many developmental genes (Shu et al., 2020). We therefore 189 
wondered whether the TrxG protein BRM would participate in establishing bistable chromatin 190 
at the CS-2 subset of TOR regulated genes. Considering BRM as an activator of gene expression, 191 
we observed a significant overlap between AZDup genes and genes down-regulated in brm1 192 
mutant (supplementary fig. 3a) and also found that 57% of AZDup genes are BRM targets (fig. 193 
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3a). Moreover, the CS-2 enrichment among BRM targets was further reinforced when 194 
including the overlap with AZDup (fig. 3b). This is especially true when compared to the CS-2 195 
enrichment of AZDup genes not targeted by BRM or BRM targets not among AZDup (fig. 3b 196 
and supplementary fig. 3b). Then, our GO analysis demonstrates that AZDup genes which 197 
overlap with BRM target genes are mostly biotic stress related, while BRM targets not 198 
suppressed by TOR are mostly related to transcriptional regulation (fig. 3c). 199 
 200 
While keeping in mind the bistability of CS-2, we analyzed the overlap between the TrxG 201 
component BRM targets and the PcG component LHP1 targets. A total of 1216 genes are co-202 
targeted by BRM and LHP1, among which 240 genes appeared as AZDup (supplementary fig. 203 
3c). Further reinforcing a functional link between TOR repressed genes and bistable chromatin, 204 
these genes show the highest CS-2 enrichment in this study. Furthermore, this result suggests 205 
that BRM and LHP1 together act on TOR repressed genes to establish chromatin bistability 206 
(supplementary fig. 3d). Our GO analysis reveals a preferential enrichment in biotic stress 207 
related terms for the CS-2 category, while the Cs-5 was preferentially enriched in GO terms 208 
related to oxidative stress and hypoxia. This observation suggests a functional dichotomy 209 
between AZDup genes co-targeted by BRM and LHP1 in CS-2 and AZDup genes targeted by 210 
LHP1 in CS-5. Notably, the 976 genes co-targeted by BRM and LHP1 but not upregulated upon 211 
TOR inhibition preferentially belong to TOR-independent functional categories, e.g., salinity 212 
response, auxin and gibberellin signaling at CS2; transcription regulation and cell wall 213 
modification at CS-5 (supplementary fig. 3e-g). 214 
 215 
The proposed functional dichotomy among TOR repressed genes implies that, within CS-2, 216 
BRM may specifically activate genes involved in defense mechanism upon TOR inhibition by a 217 
biotic stress signal. In agreement, it has been previously shown that over-expression of TOR 218 
increased the susceptibility to both bacterial and fungal infections (De Vleesschauwer et al., 219 
2018). To explore in more details the role of BRM in regulating biotic stress related genes 220 
within CS-2, brm5 mutants were inoculated with the fungal pathogen Botrytis cinerea. 221 
Compared to the wild-type control (Col-0), brm5 mutants exhibited an enhanced susceptibility 222 
to B. cinerea with a significant increase in lesion size while clf29 did not (fig. 3d, e). Supporting 223 
our in-silico analyses, opposite sensitivities were observed when mutants were tested for their 224 
response to hypoxia caused by submergence. Indeed, while brm5 behaved similarly as Col0, 225 
clf29 mutants were significantly less resistant to submergence (fig. 3f, g). Together, our results 226 
indicate that BRM contributes to the functional specification of TOR responding genes. 227 
 228 
TOR coordinates global H3K27me3 level at different growth and developmental stages 229 
The different correlations highlight a functional link between TOR and H3K27me3 230 
transcriptional repression. We therefore hypothesize that the activation of TOR repressed 231 
targets associated with CS-2 and CS-5 may require an active removal of H3K27me3. To test 232 
this hypothesis, Arabidopsis were treated for 24 hours with AZD8055 to inhibit TOR. 233 
Interestingly, AZD8055 treatment provoked a decrease in the global level of H3K27me3 234 
(fig.4a). In a complementary approach, we also explore the impact of a TOR inhibition on the 235 
global level of H3K27me3 by means of quantitative immuno-staining on root nuclei. In 236 
agreement with the pharmaceutical inhibition of TOR by AZD8055, the level of fluorescence 237 
intensity of H3K27me3 was significantly decreased upon inhibition of TOR by estradiol-238 
inducible TOR RNAi with fluorescence levels were intermediate between those of the mock-239 
treated control and the clf29 mutant (fig. 4b). Then we challenged a clf29 with TOR inhibition. 240 
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clf29 mutant did not respond to AZD8055 treatment (fig. 4c), which suggested that growth 241 
arrest by TOR inactivation was largely dependent on loss of H3K27me3.  242 
 243 
Both TOR kinase and H3K27me3 are important for photomorphogenesis (Charron et al., 2009; 244 
Pfeiffer et al., 2016). Charron et al., 2019 showed a global increase of H3K27me3 level across 245 
chromosomes in the seedlings transferred from darkness to light. In the darkness, COP1 246 
represses TOR activity to allow skotomorphogenesis (fig. 4d). To gain more biological insight, 247 
we further tested whether H3K27me3 level is correlated with TOR activity during 248 
photomorphogenesis. In agreement with published CHIP-seq data, light-grown seedling had 249 
higher H3K27me3 than etiolated seedlings in the dark. AZD8055 treatment significantly 250 
reduced the H3K27me3 level. In the cop1 mutant where TOR is pre-induced in the dark 251 
(Pfeiffer et al., 2016), H3K27me3 level was also maintained high to allow photomorphogenesis 252 
of cop1 in the dark (fig. 4e). We conclude that TOR can recruit histone-modifying complexes 253 
such as CLF/ LHP1 to regulate transcriptome via H3K27 tri-methylation. 254 
 255 
Discussion 256 
Our findings presented here, strongly suggest a model in which TOR amplifies the CLF function 257 
associated with LHP1 to increase the level of H3K27 tri-methylation mainly through the CLF-258 
LHP1 in state 2 genes enriched in biotic stress responses and CS-5 genes involved in redox 259 
processes and hypoxia responses. Moreover, in conditions of TOR inactivation, BRM is 260 
responsible for removal of inhibitory H3K27 tri-methylation, possibly via demethylase REF6 (Li 261 
et al., 2016), to activate CS-2 genes mainly involved in biotic stress responses (fig. 4f). We 262 
present how a certain stress signal can go through the central master regulator TOR and target 263 
specific genomic loci. Facing the environmental challenges, plants inactivate TOR as a common 264 
response to save energy and induce stress responsive genes. When TOR is inactivated, BRM is 265 
required to induce a subset of genes involved in biotic stress.  266 
 267 
H3K27me3 has been extensively studied in eukaryotes. This conserved histone modification 268 
targets key developmental genes but shows a drastically different landscape in plants and 269 
animals. PRC2 complex can read and write H3K27me3 and is associated with DNA in a long-270 
range, which results in large patches of H3K27me3, in animals. In plants, H3K27me3 marks 271 
more often a single gene (Mozgova and Hennig, 2015). This difference might contribute to the 272 
dynamic regulation of gene expression by H3K27me3 in plants. Comparing to animals, plants 273 
are sessile and must constantly alter the developmental program facing environmental stimuli. 274 
High H3K27me3 level is tightly associated with cell stemness and represses early 275 
differentiation genes. In plants, TOR is highly expressed in the meristematic tissues, indicating 276 
high H3K27me3 level according to this work. Here discovered TOR-H3K27me3 relay may 277 
contribute significantly to the meristem function and plant regeneration ability which 278 
represents a fundamental difference to animals. 279 
 280 
LHP1, a plant-specific polycomb protein, works in collaboration with CLF to deposit and spread 281 
H3K27me3, which distinguishes CLF function from PRC1-PRC2 complex (Wang et al., 2016). 282 
Strikingly, CLF and LHP1 targets are exclusively enriched in CS-5, whereas up-regulated genes 283 
in loss-of-function mutants are enriched in both CS-2 and CS-5 (fig. 2 and supplementary fig. 284 
4a). This further supports that H3K4me3 and H3K27me3 marking CS-2 are bistable instead of 285 
bivalent, which may explain the loss of targets identification by CHIP. Moreover, AZDup genes 286 
targeted by CLF is also underrepresented (supplementary fig. 4b). CLF-LHP1 mediates largely 287 
expression of TOR-responsive genes involved in biotic stress response and redox process. 288 
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Indeed, biotic stress response genes are marked by bistable chromatin features (CS-2), which 289 
likely indicates a rapid responsive state to the environmental stimuli. In comparison, CS-5 is 290 
stably repressed which is more associated with house-keeping function (supplementary table 291 
1).   292 
 293 
BRM is a phosphorylation target of the ABA-SnRK2 relay, which reciprocally regulated the TOR 294 
signaling pathway (Peirats-Llobet et al., 2016; Wang et al., 2018). TOR could inhibit BRM 295 
function through silencing ABA signaling. Moreover, BRM protein sequence contains several 296 
TOR phosphorylation consensus sites, suggesting that specific phosphorylation of BRM by  297 
TOR and/or SnRK2 can regulate its function (Van Leene et al., 2019). Many studies showed the 298 
nuclear localization of SnRK2 kinase (Peirats-Llobet et al., 2016). The canonical TOR substrate 299 
S6K2 localizes in the nucleus and phosphorylates BIN2 functioning in brassinosteroid pathway 300 
(Mahfouz et al., 2006; Xiong et al., 2017).  301 
 302 
In the cytoplasm, TOR might regulate H3K27me3 through mRNA translation of several key 303 
enzymes involved in H3K27 methylation or demethylation. La-related protein 1 (LARP1) is a 304 
RNA binding protein conserved across eukaryotes regulating 5' terminal oligopyrimidine motif 305 
(5’TOP) mRNA translation. Recent studies showed that TOR phosphorylates LARP1 in plants 306 
and can regulate the translation efficiency of 5'TOP-mRNAs that encode proteins involved in 307 
chromatin remodeling, e.g. LHP1 (Scarpin et al., 2020; Van Leene et al., 2019). In addition, TOR 308 
may regulate the availability of a methylation substrate, S-adenosyl-methionine (SAM) that 309 
functions in the methionine-folate cycle. Interestingly, MTHFD1 is a folate cycle enzyme 310 
impacting global DNA methylation in plants through SAM availability (Groth et al., 2016). In 311 
animals, mTORC1 senses SAM levels through SAMTOR and MTHFD transcription under tight 312 
control of mTORC1 (Ben-Sahra et al., 2016; Gu et al., 2017). However, it remains unknown 313 
whether plant TOR modulates DNA or histone methylation through SAM metabolism in plants. 314 
SAMTOR seems to be also a metazoan invention. 315 
 316 
Since H3K27me3 occupies the intergenic regions, we speculate that TOR impacts 317 
transcriptome through intergenic non-coding RNAs. In plants, AZD8055-mediated TOR 318 
inhibition can induce long non-coding RNA expression which is often marked by H3K27me3 319 
(Song et al., 2018). This suggests that global decrease of H3K27me3 level in conditions of TOR 320 
inactivation could also affect transcription or translation through long non-coding RNAs. Our 321 
finding reveals a missing link from environmental sensing to epigenetic regulation. In the 322 
future, it will be of great interest to dissect this signaling pathway and investigate mechanism 323 
of the TOR-dependent epigenetic reprogramming at different stages of developmental 324 
transition and responses to environment. 325 
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Methods 343 
Plant materials and growth condition  344 
Arabidopsis thaliana mutant plants, as well as wild-type control plants were the Columbia 345 
(Col-0) ecotype. Wild-type plants (N1092) and brm-5 (N68980) were gained from the 346 
European Arabidopsis Stock Centre. clf-29 (SALK_021003) mutant was described in Wang et 347 
al., 2016 (Wang et al., 2016). cop1-4 was described in (Pfeiffer et al., 2016). ß-estradiol 348 
inducible TOR-RNAi line was described in (Xiong et al., 2013). All seedlings were grown on 349 
1/2MS medium (pH5.7, 0.8% agar) in a long-day climate chamber (16 h light/8 h dark; 80-100 350 
μmol m-2s-1; 22°C day/18°C night; 50% humidity). Chemical inhibitor treatments were 351 
performed with media containing 0.2 µM AZD-8055 for 10 days or 1 µM for 24 hours. 352 
Submergence was performed with 5 week soil-grown plants for 24 hours and recovered for 1 353 
week in the short-day climate chamber (12 h light/12 h dark). 354 
 355 
Western blot 356 
For immunological detection, total soluble proteins were extracted from 50 mg plant 357 
materials with 250 µl 2x Laemmli buffer. Proteins were denatured for 5 min at 95°C and 358 
separated on 15% SDS-PAGE. Subsequently, proteins were blotted to PVDF membrane. The 359 
primary antibodies anti-H3K27me3 (1:5000, Agrisera, AS16-3193) and anti-H3 (1:5000, 360 
Agrisera, AS10-710) were detected using the HRP-conjugated secondary antibody (1:20,000).  361 
 362 
Fungi infection 363 
B. cinerea was inoculated on 5-week-old soil-grown plants in a short-day chamber (12 h 364 
light/12 h dark; 80-100 μmol m-2s-1; 22°C day/18°C night; 50% humidity). For the lesion assay, 365 
5-μL droplets of B. cinerea spore suspension were placed directly on the upper surface of the 366 
leaf. After inoculation, plants were kept with full humidity to facilitate the infection. Lesions 367 
were measured 3 days after the inoculation. 368 
 369 
Chromatin state enrichment analysis 370 
Chromatin states were defined based on Hidden Markov Model (HMM) and previously 371 
defined coordinates were extracted (Sequeira-Mendez et al., 2014). The gene sets are given 372 
in supplementary table 2. Transcription start sites (TSS) and transcription termination sites 373 
(TTS) are downloaded from www.arabidopsis.org (TAIR10). An array is formed for each region 374 
of interest. GenomicRanges R-package was used to match the genes in each set with a 375 
chromatin state (Lawrence et al., 2013). The enrichment of chromatin states were calculated 376 
by odd ratio (OR) and False Discovery Rate (FDR) adjusted p values were used to define the 377 
significance of OR. Statistical comparison of different ORs were performed by Fisher’s exact 378 
test and statistical significance threshold is taken as p<0.05.  379 
 380 
Immunostaining and microscopy 381 
Immunostaining was performed as described previously (Batzenschlager et al., 2015) on 7-382 
days-old in-vitro grown seedlings of Col-0, TOR-RNAi and clf-29 treated or not for 24h with 10 383 
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µM ß-estradiol. Antibodies used for immunostaining were the anti-H3K27me3 (1:500) and the 384 
Alexa fluor-488 dyes-conjugated secondary antibody (1:1000, Life Technologies, A-11008). 385 
The H3K27me3 signal intensity for each nucleus was calculated relative to the intensity of 386 
DAPI using ImageJ software. Confocal images were acquired with a Zeiss LSM-700 microscope 387 
with a 63x/1.01 objective.  388 
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 480 
Figure 1 CS-2 and -5 specify the functional groups of TOR-responsive genes. (a) Enrichment 481 
of co-up-regulated genes by both AZD8055 and TOR RNAi in different chromatin states (CS; *, 482 
odds ratio>1 and p<0.05). Different chromatin states were defined by Sequeira-Mendes et al., 483 
2014 (Sequeira-Mendes et al., 2014). (b) Enrichment and gene counts of different interval 484 
fold-change of up-regulated genes by AZD8055 (AZDup) in CS-2 and CS-5 (*, odds ratio>1 and 485 
p<0.05). (c-e) Functional category analysis of AZDup CS-2 genes with 2-4 fold, 4-16 fold and 486 
CS-5 genes up-regulated at least 9 fold (p<0.01, FDR<0.1). 487 
 488 
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489 
Figure 2 TOR represses both CS-2 and 5 genes via CLF in specific context with LHP1. (a) 490 
overlap of up-regulated genes by AZD8055 (AZDup), in clf28 mutant (clf28up, hypergeometric 491 
test) and in clf29 mutant (clf29up2x, hypergeometric test). (b) Enrichment of genes from 492 
different intersection between AZDup, clf28up and clf29up presented in (a) (*, OR>1 and 493 
p<0.05). (c) Functional category analysis of co-up-regulated genes by AZD8055 and in clf28/29 494 
enriched in CS-2 and CS-5 (p<0.01, FDR<0.1). (d) overlap of up-regulated genes by AZD8055 495 
(AZDup) and context-dependent CLF regulated genes (hypergeometric test). (e) overlap of up-496 
regulated genes by AZD8055 (AZDup) and in lhp1 mutant (lhp1up) (hypergeometric test). (f) 497 
Enrichment of genes from different intersection between AZDup and lhp1up presented in (e) 498 
(*, OR>1 and p<0.05). (g) overlap between genes up-regulated by AZD8055 (AZDup) and LHP1 499 
target genes (hypergeometric test). (h) Enrichment of genes from different intersection 500 
between AZDup2x and LHP1 targets presented in (g) (*, OR>1 and p<0.05).  (i, j) Functional 501 
category analysis of LHP1-targeted AZDup genes from CS-2 (i) and CS-5 (j) (p<0.01, FDR<0.1). 502 
 503 
 504 
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505 
Figure 3 BRM specifically activates CS-2 genes to induce biotic stress response upon TOR 506 
inhibition. (a) overlap of up-regulated genes by AZD8055 (AZDup) and BRM target genes 507 
(hypergeometric test). (b) Enrichment of genes from different intersection between AZDup 508 
and BRM targets presented in (a) (*, OR>1 and p<0.05). (c) Functional category analysis of CS-509 
2 enriched AZDup genes and BRM targets presented in (b) (p<0.01, FDR<0.1). (d) leaf 510 
phenotype and (e) lesion size of brm5 and clf29 mutants infected by B. cinerea compared to 511 
col-0 (n>50, central bars of the notched box represent the median, notches indicate 95% 512 
confidential interval, *, p<0.05, One-way ANOVA). (f) growth phenotype and (g) survival rate 513 
of brm5 and clf29 mutants challenged by 24 hours submergence and recovered for another 514 
week (n=3, mean±s.d., *, p<0.05, One-way ANOVA). 515 
 516 
 517 
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518 
Figure 4 TOR coordinates global H3K27me3 level at different growth and developmental 519 
stages. (a) H3K27me3 level was determined in Arabidopsis leaves treated with 1 µM AZD8055 520 
for 24 hours (n=3, t-test, *, p<0.05). (b) Immuno-staining of H3K27me3 in ß-estradiol inducible 521 
TOR-RNAi line and clf29 mutant. Relative fluorescent signal was normalized against DAPI 522 
signal (notches indicate 95% confidential interval, letters indicating statistic difference, One-523 
Way ANOVA, p<0.05). (c) WT and clf29 were germinated and grown on ½ MS medium or ½ 524 
MS supplemented with 0.2 µM AZD for 10 days. Bar, 1.5 cm. Root length was determined 525 
(n>10, one-way ANOVA, different letters indicated significant difference, p<0.05). (d) 526 
schematic presentation of TOR regulated by light/COP1 or Glucose (Glc) signal. (e) WT and 527 
cop1 mutant were grown under different conditions for 4 days. H3K27me3 and H3 level were 528 
determined by western blot. (f) Proposed model of TOR function in controlling genes involved 529 
in biotic stress and genes that alter the redox state. We propose the following scenario: active 530 
TOR up-regulates CLF and LHP1 to deposit the repressive mark H3K27me3 in the bistable 531 
chromatin state 2 (CS2) and the Polycomb-associated chromatin state 5 (CS5). TOR 532 
inactivation under biotic stress conditions restores the active CS2 state by BRM that removes 533 
the repressive epigenetic mark. 534 
 535 
 536 
 537 
 538 
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Supplementary table 1: Functional category analysis of genes from each chromatin state 539 
(CS). 540 

 541 
  542 

Chromatin State GO term # genes p-value
protein folding 208 5.60E-21

mRNA processing 139 1.90E-19

response to cadmium ion 233 8.30E-19

protein transport 225 4.30E-16

ribosome biogenesis 112 1.60E-15

RNA splicing 108 6.10E-15

intracellular protein transport 138 3.40E-13

response to chitin 64 2.70E-06

response to karrikin 62 2.70E-06

response to salicylic acid 69 1.60E-05

response to gibberellin 47 3.00E-04

defense response 205 3.20E-03

response to jasmonic acid 62 3.70E-03

ethylene-activated signaling pathway 69 3.70E-03

rRNA modification 7 1.00E+00

glycosyl compound metabolic process 4 1.00E+00

translational elongation 24 1.00E+00

killing of cells of other organism 137 4.60E-83

defense response to fungus 145 2.30E-59

translational elongation 107 3.80E-15

regulation of transcription, DNA-templated 494 1.20E-16

transcription, DNA-templated 445 6.20E-16

cell differentiation 108 1.20E-14

SCF-dependent proteasomal ubiquitin-dependent protein catabolic process 66 4.30E-13

oxidation-reduction process 324 6.40E-13

hydrogen peroxide catabolic process 46 1.30E-11

pectin catabolic process 45 2.40E-09

CS-6 protein phosphorylation 113 3.10E-15

translational elongation 39 8.00E-25

translation 39 5.60E-18

translational elongation 114 1.10E-66

translation 124 4.30E-54

killing of cells of other organism 33 7.70E-13

defense response to fungus 33 1.80E-07

oxalate metabolic process 9 4.90E-06

SCF-dependent proteasomal ubiquitin-dependent protein catabolic process 14 4.40E-04

CS-9 proteolysis 10 9.50E-06

CS-8

CS-1

CS-2

CS-3

CS-4

CS-5

CS-7
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 543 

 544 
Supplementary figure 1: (a) Enrichment of up-regulated genes by AZD8055 over 2, 2.8, 4 or 545 
5.8 fold at Transcription start site (TSS) (*, OR>1 and p<0.05). (b, c) Heat map presenting the 546 
enrichment of up-regulated genes by AZD8055 over 2, 2.8 or 5.8 fold in CS-2 and CS-5 at TSS. 547 

548 
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  549 
Supplementary figure 2: (a) Enrichment of genes from different intersection between AZDup 550 
and up-regulated genes in clf mutants presented in fig. 2a. (b) Enrichment of genes from 551 
different intersection between AZDup and up-regulated genes in lhp1 mutants presented in 552 
fig. 2e. (c) Enrichment of genes from different intersection between AZDup and LHP1 targets 553 
presented in fig. 2g (*, OR>1 and p<0.05). 554 
 555 
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 556 
Supplementary figure 3: (a) overlap of up-regulated genes by AZD8055 (AZDup) and down-557 
regulated genes in brm1 mutant (brm1down). P value was calculated by the hypergeometric 558 
probability formula (*, p<0.001). (b) CS enrichment of genes from different intersection 559 
between AZDup2x and BRM targets presented in fig. 3a (*, OR>1 and p<0.05). (c) overlap of 560 
up-regulated genes by AZD8055 (AZDup2x), BRM targets and LHP1 targets (1216 genes, 561 
*p<1.88x10-68, hypergeometric test). (d) CS-2 enrichment of genes from different 562 
intersections presented in (c) (*, OR>1 and p<0.05). (e) CS-5 enrichment of genes from 563 
different intersections presented in (c) (*, OR>1 and p<0.05). (f) Functional category analysis 564 
of CS-2 genes from different intersections presented in (c). (g) Functional category analysis of 565 
CS-5 genes from different intersections presented in (c). Enrichment was analyzed using total 566 
number of genes in the respective state as background (p<0.01, FDR<0.1). 567 
 568 
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 570 
Supplementary figure 4: (a) CS enrichment of CLF targets (*, OR>1 and p<0.05). (b) overlap of 571 
up-regulated genes by AZD8055 (AZDup) and CLF targets. 572 
 573 
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