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Histone retention preserves epigenetic marks
during heat stress-induced transcriptional memory

in plants
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Abstract

Plants often experience recurrent stressful events, for example, during
heat waves. They can be primed by heat stress (HS) to improve the
survival of more severe heat stress conditions. At certain genes,
sustained expression is induced for several days beyond the initial
heat stress. This transcriptional memory is associated with hyper-
methylation of histone H3 lysine 4 (H3K4me3), but it is unclear how
this is maintained for extended periods. Here, we determined histone
turnover by measuring the chromatin association of HS-induced his-
tone H3.3. Genome-wide histone turnover was not homogenous; in
particular, H3.3 was retained longer at heat stress memory genes com-
pared to HS-induced non-memory genes during the memory phase.
While low nucleosome turnover retained H3K4 methylation, methyla-
tion loss did not affect turnover, suggesting that low nucleosome
turnover sustains H3K4 methylation, but not vice versa. Together, our
results unveil the modulation of histone turnover as a mechanism to
retain environmentally mediated epigenetic modifications.
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Introduction

Adverse environmental conditions interfere with plant growth and
development and are referred to as stress. Plants can plastically
respond to stress conditions; for instance, priming after a transient
stress cue modifies responses to a recurrent stress after a stress-free
interval (Conrath, 2011; Hilker et al, 2016; Lamke & Baurle, 2017).
Such somatic stress memory is activated by a number of different
biotic and abiotic stressors (Jaskiewicz et al, 2011; Ding et al, 2012;
Conrath et al, 2015; Feng et al, 2016; Lamke et al, 2016;

Baurle, 2017; Lamke & Baurle, 2017). A hallmark of somatic stress
memory is a transcriptional memory, which is apparent from either
enhanced re-induction of stress-induced genes following a second
stress exposure or from the sustained induction of stress-induced
genes that extends considerably beyond the duration of the stress
cue (Baurle, 2017). Chromatin modifications, in particular histone
H3 lysine 4 (H3K4) methylation, have been associated with tran-
scriptional stress memory and are instrumental in modifying re-
induction patterns (Jaskiewicz et al, 2011; Ding et al, 2012; Singh
et al, 2014; Feng et al, 2016; Oberkofler & Baurle, 2022).

Heat stress (HS) is a major constraint to global crop yields and is
predicted to increase with climate change (Battisti & Naylor, 2009;
Lobell et al, 2011). The acute HS response in plants is similar to that
of yeast and metazoans (Richter et al, 2010; Li et al, 2017; Ohama
et al, 2017; Gomez-Pastor et al, 2018). Heat shock transcription fac-
tors (HSFs) are activated in response to HS and induce the expres-
sion of heat shock protein (HSP) chaperones to maintain
proteostasis. HS primes plants for an improved response to a recur-
rent HS (Charng et al, 2006, 2007; Lamke & Baurle, 2017). This HS
memory results in enhanced survival upon a recurrent HS that
would be lethal to a naive plant (Charng et al, 2006; Stief et al, 2014;
Brzezinka et al, 2016). The components that mediate HS memory are
distinct from those of the acute HS response and are beginning to be
unraveled (Charng et al, 2006, 2007; Stief et al, 2014; Brzezinka
et al, 2016, 2019; Friedrich et al, 2021; Oberkofler et al, 2021). Two
so-called memory HSFs, HSFA2 and HSFA3, are induced after HS and
amplify the induction of a subset of HS response genes (Charng
et al, 2007; Liu et al, 2011; Nishizawa-Yokoi et al, 2011; Lamke
et al, 2016; Friedrich et al, 2021). Many of these, including ASCOR-
BATE PEROXIDASE2 (APX2), HEAT-SHOCK ASSOCIATED32
(HSA32), HSP22.0, and HSP18.2, have been classified as HS memory
genes due to their sustained induction after HS (Friedrich et al, 2021).
HSFA2 binds HS memory genes transiently; however, HSFA2-
dependent transcriptional induction is more extended (Lamke et al,
2016). In contrast, HS-induced non-memory genes, for example,
HSP70 and HSP101, show a rapid loss of induction during recovery.

Memory HSFs induce histone H3 lysine 4 (H3K4) hyper-
methylation at HS memory genes, and this remains elevated for the
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duration of the memory phase (Lamke et al, 2016; Liu et al, 2018;
Friedrich et al, 2021), suggesting a function of this HS-induced epi-
genetic modification in extending the duration of active transcrip-
tion. Thus, the current model is that HSFA2/HSFA3 mediate
transcriptional memory through H3K4 hyper-methylation (Lamke
et al, 2016; Oberkofler & Baurle, 2022). However, the mechanism by
which HSFA2/HSFA3 mediate sustained H3K4 hyper-methylation is
unknown, as is the identity of the histone methyltransferase (HMT)
that writes H3K4 hyper-methylation during HS memory. While SET
DOMAIN PROTEIN 25 (SDG25) and ARABIDOPSIS TRITHORAX
HOMOLOG 1 (ATX1) have been implicated in HS-induced H3K4me3,
it is not known whether they target HS memory genes (Song et al,
2021). In yeast and mammalian cells, H3K4 hyper-methylation marks
recent transcriptional activity of a locus and causes modified re-
activation after a second stimulus (Ng et al, 2003; D’Urso et al, 2016).

Together with nucleosome occupancy, histone modifications reg-
ulate the accessibility of chromatin for transcription. Writer and
eraser enzymes dynamically regulate histone modifications, includ-
ing methylation and acetylation, primarily on the N-terminal tails of
histones H3 and H4. Transcription, but also replication, recombina-
tion, and DNA damage repair involve the temporary dissolving of
nucleosomal structures, thus affecting the inheritance and stability
of posttranslational histone modifications. Nucleosome turnover
was profiled in yeast and metazoans with induced tagged histones,
revealing the highest exchange rates at promoters and enhancers of
active genes, and an overall (but not necessarily linear) association
with expression strength (Dion et al, 2007; Rufiange et al, 2007;
Deal et al, 2010; Kraushaar et al, 2013; Deaton et al, 2016; Storck
et al, 2020; Yaakov et al, 2021). Histone chaperones such as FACILI-
TATES CHROMATIN TRANSCRIPTION (FACT) and SUPPRESSOR
OF TY6 (SPT6) recycle nucleosomes during transcription and thus
maintain histone modifications (Jeronimo et al, 2019; Murawska
etal, 2021).

A major unresolved question is how HS-induced H3K4 hyper-
methylation is maintained through the memory phase, especially at
a time when HSFA2 has dissociated from the locus. Histone modifi-
cations may be retained by increasing the fidelity with which a mod-
ified nucleosome is recycled at the same position after replication or
passage of RNA polymerase II, leading in effect to a lower histone
turnover at these loci. Here, we examine this possibility by estimat-
ing histone turnover using pulse-labeled histone H3.3. Our results
show that histone turnover rates are lower for HS memory-related
genes compared to HS-induced non-memory genes or genes that do
not change expression. In particular, H3K4me3-marked histones are
strongly retained. Thus, our study provides a tentative mechanism
for how elevated histone methylation is maintained during active
somatic stress memory.

Results
HS-induced GFP-Histone H3.3 is detected for 72 h after HS

To study histone turnover dynamics after HS in Arabidopsis
thaliana, we generated transgenic plants expressing GFP-tagged his-
tone H3.3 (HTRS) under control of the HS-inducible HSP21 promoter
(Fig 1A) (Stief et al, 2014; Oberkofler & Baurle, 2022). H3.3-GFP
fusion proteins have been used previously to assess H3.3 dynamics
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in plants and other systems, and those studies concluded that the
size of the GFP moiety did not affect H3.3 dynamics (Goldberg
et al, 2010; Wollmann et al, 2012; Shu et al, 2014; Otero et al, 2016;
Zhao et al, 2022). Transgene expression was assessed on 5-day-old
seedlings before and after HS by qRT-PCR (Fig 1B and C) and was
significantly induced at 4 h after HS. While we could not detect
H3.3-GFP protein with anti-H3 antibodies, we could detect it with
anti-GFP by immunoblotting. H3.3-GFP was undetectable before HS,
strongly induced 4 h after HS, and remained detectable for at least
3 days (72 h) of recovery at normal growth temperature (Fig 1D).
Likewise, GFP fluorescence was observed in all tissues with highest
intensity at 4 h of recovery (Fig EV1), indicating that the HSP21 pro-
moter is activated in all tissues. For comparison, in Drosophila mela-
nogaster soluble H3.3 was present for up to 8 h after induction and
the genome-wide half-life of chromatinized H3.3 was around 24 h
(Schwartz & Ahmad, 2005).

We next tested whether anti-H3 recognized H3.3-GFP during
chromatin immunoprecipitation (ChIP) by performing sequential
ChIP analysis, where we successively applied anti-H3 or anti-GFP
followed by anti-H3, anti-GFP, or IgG (negative control) (Fig 1E).
Independently of the order of application, sequential ChIP with anti-
H3 and anti-GFP precipitated similar amounts of chromatin as the
successive use of only anti-GFP, indicating that anti-H3 recognizes
H3.3-GFP as efficiently as anti-GFP in ChIP.

H3.3-GFP association is similar between HS memory and non-
memory genes

To investigate whether histone turnover dynamics contribute to
transcriptional memory after HS, we studied the incorporation and
loss of H3.3-GFP after HS at several HS-induced loci. H3.3-GFP is
highly abundant shortly after HS (Figs 1D and EV1). Genes with a
high histone turnover rate are expected to integrate more H3.3-GFP
during this stage (Fig 2A). Consequently, during the early phase
after HS, high turnover loci are expected to integrate more H3.3-GFP
than low histone turnover loci. Conversely, during the late/memory
phase when free H3.3-GFP is no longer available, H3.3-GFP will be
replaced more quickly with untagged histones at high turnover loci
than at low turnover loci. During the memory phase, high turnover
loci are expected to lose GFP signal faster than low turnover loci.
Thus, high turnover loci will exhibit a higher GFP peak that disap-
pears quickly, while low histone turnover loci will show a lower
GFP peak that is maintained for longer.

We investigated H3.3-GFP integration relative to total H3 in a
time course from 4 h to 72 h after the end of HS (Fig 2C, Appendix
Fig S1). We analyzed eight different loci at seven time points
(Fig 2B); ACTIN7 (ACT7) was selected as a euchromatic expressed
gene with expected high histone turnover and AtGP as a heterochro-
matic retroelement with low histone turnover (Zhang et al, 2018).
The six analyzed HS response genes included HSP101 and HSP70 as
HS-induced non-memory genes, and HSP22, HSP18.2, APX2, and
HSA32 as HS memory genes (Lamke et al, 2016). We estimated the
respective peak of H3.3-GFP integration from the enrichment of
H3.3-GFP at 4 h after HS, when H3.3-GFP protein levels peaked
(Fig 1D). In line with our expectations, AtGP showed less H3.3-GFP
enrichment than ACT, suggesting that ACT has a higher histone
turnover (Fig 2C). Moreover, three of the four memory genes (i.e.,
HSPI18.2, APX2, and HSA32) showed similar H3.3-GFP levels as the
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Figure 1. Characterization of a HS-inducible H3.3-GFP line for profiling H3 turnover.

A Schematic of histone H3.3 (HTR5)-eGFP fusion construct driven by the HS-inducible HSP21 promoter (pHSP21) and endogenous terminator (tHSP21).

B Treatment scheme for HS assays. 5-day-old seedlings were subjected to the indicated treatments and sampled between 4 and 72 h after the end of the treatment.

C Transcript levels of H3.3-GFP determined by qRT-PCR at different recovery times after HS relative to the At4g26410 reference. Data are mean =+ s.e.m. of three biolog-
ical replicates. Asterisk indicates statistically significant difference relative to NHS (P < 0.05, unpaired, two-sided t-test).

D Immunoblotting of H3.3-GFP (44 kDa) samples at different time points after HS. The signal is maximal at 4 h after HS and still detectable at 72 h. Anti-H3 signal is
detected for the endogenous H3 (17 kDa), but not H3.3-GFP. Results from one representative experiment are shown.

E Sequential ChIP-gPCR indicates that anti-H3 detects H3.3-GFP in ChIP. Chromatin of H3.3-GFP seedlings 4 h after HS was immunoprecipitated by two (different) anti-
bodies as indicated, including anti-H3, anti-GFP, and IgG (negative control). Similar recovery percentages were found in samples immunoprecipitated with anti-H3
and then anti-GFP, anti-GFP and then anti-H3, or successive usage of only anti-GFP. Data shown are mean enrichment relative to Input + s.e.m. at the indicated
genes (cf. Fig 2B) of three biological replicates. n.s., not significantly different (P > 0.05) using t-test.

Source data are available online for this figure.

non-memory genes ACT, HSP101, and HSP70, suggesting that H3.3-
GFP integration, and thus histone turnover, during the early phase
was the same. Thus, during the early phase after HS, memory genes
did not differ in histone turnover from HS-inducible non-memory
genes or highly expressed genes.

H3.3-GFP dissociation dynamics differ between HS memory and
non-memory genes

At the transcriptional level, HS memory is evident for several days
after the end of HS, and hence, differences in histone turnover may
only become apparent during the memory phase. Thus, we analyzed
the retention of H3.3-GFP during this phase (Fig 2C, Appendix
Fig S1). GFP enrichment declined at all loci starting from 12 h
(Fig 2C and D). To better compare the H3.3-GFP dynamics, we fitted
an exponential decay function to the time-course data, normalizing

© 2023 The Authors

all signal values to the H3.3-GFP signal at 4 h (Fig 2D and E, Appen-
dix Fig S2). For all tested loci, the models showed a good fit to the
experimental data (Appendix Table S1). We estimated the decay
constant representing the kinetics of H3.3-GFP turnover from the
curves of each locus (Fig 2F, Appendix Fig S2). Three of four mem-
ory genes (HSP18, APX2, and HSA32) displayed significantly smaller
decay constants compared to the non-memory genes ACT, HSP101,
and HSP70. The HSP22 memory gene displayed a statistically signifi-
cant smaller decay constant than HSP101, but not ACT or HSP70. In
summary, our findings indicate that during the memory phase HS
memory genes show a reduced histone turnover compared to non-
memory genes.

To confirm our findings at the genome-wide level, we performed
ChIP-sequencing with total H3 and H3.3-GFP at 4 and 24 h after HS,
respectively, and non-HS control. According to a previous definition
of HS memory genes (Friedrich et al, 2021), we determined the
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average signal for genes that are upregulated early and late after HS
(4-52 h after HS) and compared them to genes that are induced only
early after HS (up to 4 or 28 h) and to all other genes. Over all
groups, total H3 profiles peaked in the gene body with low signal
over the TSS and TTS regions (Figs 3A and EV2A). In contrast,
H3.3-GFP profiles after HS were higher in the gene body of memory
genes compared to all other genes, as evidenced also from the
empirical cumulative distribution function of H3.3-GFP in
the TSS + 200 bp to TSS + 700 bp interval (Figs 3A and B, EV2A
and B). GFP signal in the promoter was similar between memory

Loris Pratx et al

genes and early HS genes, suggesting that turnover was specifically
regulated in transcribed regions. For all genes and especially for
early HS genes, H3.3-GFP peaked around the 3’ end of genes
(Fig 3A). Although our analysis did not determine steady-state H3.3
levels, our findings are consistent with the previously reported
genome-wide localization of H3.3 (Stroud et al, 2012; Shu
et al, 2014; Zhao et al, 2022). The increased GFP signal in the tran-
scribed region of memory genes is consistent with the notion that
memory genes have reduced histone turnover during the memory
phase and that this contributes to their transcriptional memory.
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Figure 2. H3.3-GFP incorporation and dissociation patterns after HS and modeling of turnover dynamics.

A Before HS, H3.3-GFP (green) is not expressed and the chromatin contains only non-tagged histones (gray). During the early phase after HS, H3.3-GFP is strongly
induced and is integrated into the chromatin globally. Regions with higher histone turnover exhibit a higher GFP peak due to a rapid and comprehensive replace-
ment of untagged H3 with H3.3-GFP. During the Late/Memory phase, free H3.3-GFP is no longer available. H3.3-GFP signal at loci with high histone turnover

declines more rapidly due to replacement of the H3.3-GFP with untagged H3.

B Localization of amplicons for the ChIP-gPCR assays. ACT was selected as an expressed gene. AtGP is a gene with low turnover. HSP101 and HSP70 are HS-induced
non-memory genes. HSP22, HSP18, APX2, and HSA32 are memory genes. Vertical bar indicates localization of the ATG.

C-F H3.3-GFP association and dissociation after HS at the indicated loci as determined by ChIP-qPCR on H3.3-GFP seedlings without HS (NHS), and 4, 12, 24, 36, 48, and
72 h after HS. (C) Dynamics of H3.3-GFP enrichment relative to total H3. The GFP/H3 ratio at 4 h was used to estimate histone turnover during the early phase. Data
shown are means + s.e.m. of three biological replicates. (D—F) Dynamics of H3.3-GFP dissociation were determined as percentage of GFP/H3. For each locus, GFP/H3
values were normalized to the 4 h value to represent the relative decline of integrated H3.3-GFP at later time points (D). These data were used to fit an exponential
decay function (E) and derive dissociation constants for each locus as an estimate of histone turnover (F). For three out of four tested memory genes (i.e., HSP18™,
APX2*, and HSA32), the decay constant was statistically lower than that of the tested non-memory genes (i.e., ACT, HSP101, and HSP70). For the fourth memory
gene HSP22%, the decay constant was lower than that of HSP101. Data shown are means of three biological replicates + 95% confidence interval (Cl). Different let-
ters indicate statistically significant difference (P < 0.05, t-test with Benjamini—-Hochberg correction).

Source data are available online for this figure.

Interestingly, this pattern appears to be in place already at 4 h
after HS.

Histone retention correlates with retention of H3K4me3 but not
of H3K9ac

HS memory is correlated with sustained hyper-methylation of
H3K4me3 (Lamke et al, 2016; Liu et al, 2018). Our previously
published patterns of H3K4me3 enrichment (Lamke et al, 2016; Frie-
drich et al, 2021) suggest H3K4me3 accumulates in the gene body
near the TSS. This is also consistent with the general distribution of
H3K4me3 along all genes (Roudier et al, 2011). In addition, HS
induces acetylation of H3K9 at these genes; however, the presence
of this modification is more restricted to the period of active tran-
scription. With HS memory genes exhibiting lower histone turnover
during the memory phase, the retention of histones and histone
modifications may be linked. We thus hypothesized that during the
memory phase retained (H3.3-GFP) histones are enriched in histone
modifications compared to the global pool of H3 histones.

To test this hypothesis, we performed sequential ChIP at 24 and
48 h after HS using either anti-H3 or anti-GFP antibodies followed
by anti-H3K4me3 or anti-H3K9ac antibodies, respectively (Fig 4).
HS memory genes showed a consistent enrichment in H3K4me3 and
H3K9ac at 24 and 48 h, in accordance with previous findings
(Lamke et al, 2016). This enrichment was not present in control
amplicons that were located 3-5 kb away from HSP22, HSP18.2,
and APX2 (denoted HSP22neg, HPS18neg, and APX2neg) (Lamke
et al, 2016; Friedrich et al, 2021). At memory genes, the methylation
and acetylation marks were more highly enriched in retained H3.3-
GFP compared to all histone H3 at 24 and 48 h (between 3x and
16x). H3K4 methylation was more highly enriched in retained H3.3-
GFP compared to all histone H3 in all memory genes at 24 h, and in
HSP22 and APX2 also at 48 h. By contrast, acetylation was distrib-
uted more uniformly between H3.3-GFP and all histone H3 and did
not show a statistically significant difference in enrichment except
for HSA32 at 24 h. These data support the existence of a link
between histone retention and sustained histone modification.

To quantify the potential correlation between the retention of his-
tones and their modifications, we repeated the experiment at 4 and
24 h after HS (Fig EV3). Consistent with the previous analysis, the
enrichment of methylated and acetylated H3 was higher in H3.3-
GFP compared to all H3 histones for memory genes at 24 h after HS.

© 2023 The Authors

As total levels of H3.3-GFP (free and chromatin-bound) decreased
rapidly after 4 h (Fig 1A), the majority of methylated H3.3-GFP at
24 h likely originated from retained histones. At 4 h after HS, meth-
ylation and acetylation levels were similar between H3.3-GFP and
total histone H3 at all loci. From these data, we calculated a methyl-
ation/acetylation factor to estimate the contribution of histone
retention to the total methylation/acetylation levels. To calculate
the methylation factor F, first, we calculated the difference between
the fraction of methylation on retained histones (estimated as H3.3-
GFP, cf. Materials and Methods) and the fraction of methylation on
de novo deposited histones (estimated as total H3 minus H3.3-GFP,
cf. Materials and Methods) and then divided this difference by the
fraction of methylation at 4 h. The methylation factor was higher
(and positive) for memory genes (between 2.55 and 4.26) compared
to non-memory genes (between —0.54 and 0.51) (Fig 5A, Appendix
Fig S3A). The negative correlation (Pearson correlation coefficient:
—0.83) between histone decay and methylation factor indicates that
lower turnover is associated with higher contribution of H3K4me3
on retained histones toward total H3K4me3.

In an analogous manner, to calculate the acetylation factor we
divided the difference between the fraction of acetylation on retained
histones (estimated as H3.3-GFP, cf. Materials and Methods) and the
fraction of acetylation on de novo deposited histones (estimated as
total H3 minus H3.3-GFP, cf. Materials and Methods) by the fraction
of acetylation at 4 h. In comparison to the methylation factor, the
acetylation factor showed overall no difference between memory
genes (between 2.56 and 5.29) and non-memory genes (between
1.84 and 2.98) (Fig 5B). The differences in the acetylation factor var-
ied between biological replicates, with three of five replicates
supporting higher acetylation factors for memory genes and two of
five replicates supporting the opposite pattern (Appendix Fig S3B).
In addition, there was no apparent trend between the acetylation fac-
tor and histone turnover. Thus, our findings suggest that H3K4me3,
but not H3K9ac, correlates with the retention of histones. Notably,
we also did not find a correlation between histone turnover and gene
expression levels after HS at corresponding time points (Fig EV4).

To further investigate the relationship between H3K4me3, tran-
scriptional activity, and histone dynamics, we analyzed H3.3-GFP
decay dynamics in hsfa2 mutants that have strongly reduced
H3K4me3 and loss of transcriptional activity during the later stages
after HS (Lamke et al, 2016). Hsfa2 mutants still maintained signifi-
cantly reduced nucleosome turnover at HS memory genes HSP18.2,
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Figure 3. Global average coverage profiles of H3.3-GFP and H3 at memory and non-memory genes.
The global distribution of H3.3-GFP during the memory phase was determined by ChIP-seq on H3.3-GFP seedlings without HS (NHS) or 4 or 24 h after HS with anti-H3

or anti-GFP, respectively.

A Mean normalized coverage was plotted per replicate for H3.3-GFP (retained histones) or H3 (global pool of histones) between TSS and TTS + 1 kb for different gene
groups (HS memory genes, early HS genes, and all other genes). While the H3 profiles are similar between groups, H3.3-GFP signal in the gene body is higher in HS
memory genes after HS, but not NHS, suggesting that H3.3-GFP histones are retained during HS memory.

B Empirical cumulative distribution function displaying the coverage (counts per million, cpm) for the indicated groups and samples in the region TSS + 200 bp to

TSS + 700 bp. Different letters indicate significant differences (P < 0.05, KS test).

Data information: Data are averaged over three biological replicates (cf. Fig EV2).
Source data are available online for this figure.

APX2, and HSA32 compared to non-memory genes (Fig EVS5). Thus,
reduced nucleosome turnover is not mediated by H3K4me3,
supporting the notion that low turnover sustains H3K4me3 and not
vice versa.

Discussion

HS responses of A. thaliana can be divided into an early and a late/
memory phase. During the early phase, HS-induced genes are highly
transcribed and histone turnover is high. This is in line with
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previous findings that gene activation increases histone turnover
(Deal et al, 2010; Deaton et al, 2016). During the memory phase,
HS-induced non-memory genes are shut down, while transcription
of memory-related genes remains elevated, and so do H3K4me3
levels. A major question is how this hyper-methylation is main-
tained during the memory phase. In principle, the continuous
recruitment of HMTs could maintain hyper-methylation. Alterna-
tively, reduced histone turnover may maintain hyper-methylation.
Our findings support the latter model as we observe globally lower
histone turnover at HS memory genes compared to HS-induced non-
memory genes during the memory phase.

© 2023 The Authors



Loris Pratx et al

The EMBO Journal

16 ‘ 8 8
HSP22+ HSP22neg HSP70
12 4 6 6
_*
* v
8 - 4 4
4+ v 2 . 2 . 7 ¢ Y
= ° ‘ * : [ bo I A .
0-4= LA A I S Y ': 0= '; = 1 !; = 0 != ': ;= ;= L S i=
8 . 8 8
HSP18* HSP18neg HSP101
6 - 6 6
o
LI_ * v A A
Q 44 . 4 4+
o v . 4
(a2] - v
I o . . " o2 A 2 | . .
L A [ A * - - v
o g M 3 HA A . " ‘7 s 3 [ M i 4 [
_éo!- Yo, Wd RS g e gy b1 3. G . o E, g Jio iy 5T 0%
o
IC: 8 87—,
g * APX2* APX2neg AtGP
E 6 . . 6 | N 6 |
5] B .
2 v < . S .
2 . , . 24 . M 2 .
=. ) [ ] N ' A A " n . [ ]
o b, Lo H b, 3, 3 o b el la. et 3o g lde bu L. la, B, g,
. NHS 24 h 48h NHS 24 h 48h
* HSA32 H3K4me3 H3K9ac . Actin
6 ' 64"
A *
4- Y * 4-
i B . B H3 O GFP oo e
2 - . 2 " . s
MUK e, " i B = * oy
0!- s, 1y 8 ¥y o e By o im, 0o W,
NHS 24 h 48 hiNHS 24 h 48h NHS 24 h 48 h{NHS 24 h 48h
H3K4me3 H3K9ac H3K4me3 H3K9ac

Figure 4. After HS H3K4me3 is enriched on retained H3.3-GFP compared to the total pool of H3.

Memory genes

Non-memory genes

Enrichment of H3K4me3 and H3K9ac on H3 incorporated during the HS response (GFP, green) and on total histone H3 (red), respectively. Enrichment at the indicated
loci (neg denotes control region several kb away from the indicated gene) was determined by sequential ChIP-gPCR without HS (NHS), or 24 and 48 h after HS, respec-
tively. Chromatin was immunoprecipitated with anti-H3 or anti-GFP antibodies followed by anti-H3K4me3, anti-H3K9ac, or IgG (negative control) antibodies. The per-
centage of histone modifications among H3 or GFP was calculated. To control for variation in ChIP efficiency between replicates, each replicate was normalized to the
average signal from that replicate (overall measured amplicons). At memory genes, the relative enrichment of H3K4me3 is higher in retained histones than in the total
pool of histones. Data shown are means and individual data points of five biological replicates. Asterisks indicate significant differences between H3 and GFP (P < 0.05,

Wilcoxon Mann-Whitney test).

Source data are available online for this figure.
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. ety

-~ TR
Me ‘ﬂ/

( Early phase

0.'

Late/Memory phase

Involvement of histone turnover in stabilizing H3K4me3 and H3K9ac during HS memory.

A, B From the enrichment of H3K4me3 (A) or H3K9ac (B) among retained (H3.3-GFP) or total histones (H3), a modification retention factor was calculated for every locus
and plotted against the histone decay constant (cf. Fig 2F). H3K4me3 correlates negatively with histone decay, and memory genes (green) exhibit a higher H3K4me3
retention factor than non-memory genes (red). H3K9ac and histone decay were not correlated. Data shown are means + s.e.m. of five biological replicates (cf.

Appendix Fig S3).

@ Model for the involvement of histone turnover in epigenetic HS memory. Among memory genes, histones integrated during the early phase after HS (green) are
methylated by histone methyltransferases (HMT) to generate H3K4me3 (Me). During the memory phase, increased nucleosome recycling retains H3K4me3-modified
histones, and thus maintains high H3K4me3. By contrast, at non-memory genes nucleosomes are more rapidly replaced and H3K4 methylation turned over.

Source data are available online for this figure.

To our knowledge, we provide the first report of histone turnover
in plants. Histone turnover is not homogenous as we observed a
lower H3.3-GFP integration at an inactive locus (AtGP) relative to
active loci (ACT, HSP101, HSP70, HSP18, APX2, and HSA32). This is
in overall accordance with studies in fungi and metazoans that sug-
gest that histone turnover is higher at expressed loci, especially in
promoters and enhancers (Dion et al, 2007; Rufiange et al, 2007;
Deal et al, 2010; Kraushaar et al, 2013; Svensson et al, 2015; Deaton
et al, 2016; Storck et al, 2020; Yaakov et al, 2021). However, histone
turnover did not quantitatively correlate with expression levels after
HS, supporting the notion that there is no simple connection
between pre-initiation complex assembly and histone turnover, but
rather an involvement of gene-specific regulators (Deaton
et al, 2016; Kassem et al, 2020). Our global analysis indicates that
lower histone turnover occurs in the transcribed region of memory
genes, but not their promoters. Thus, the regulation of histone turn-
over during HS memory appears tightly linked with transcription.
During transcription, nucleosomes are ejected and then either
directly recycled (retained) or turned over. While H3.3 recycling
involves ASF1 and FACT, and is associated with H3K36me3 and
H4K20 methylation (Svensson et al, 2015), H3.3 turnover involves
UBN1 and is associated with acetylation of H4K5 and H4K12
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(Verzijlbergen et al, 2011; Yang et al, 2013). Both pathways involve
the HIRA complex (Jeronimo et al, 2019; Torné et al, 2020). How-
ever, these mechanisms may not be conserved in plants; while
H3K36me3 is associated with H3.3 retention in other systems
(Venkatesh et al, 2012), this function appears to have diverged in
plants, as the genomic H3K36me3 pattern differs from that of H3.3
(Roudier et al, 2011; Sequeira-Mendes et al, 2014).

H3K4 hyper-methylation at HS memory-related genes depends
on HSFA2 and correlates closely with transcriptional memory
(Lamke et al, 2016; Oberkofler & Baurle, 2022). However, while the
binding of HSFA2 to memory genes drops after a few hours, the
marks are maintained for several days (Liu et al, 2018). Our findings
indicate that reduced histone turnover contributes to H3K4me3
retention and is independent of H3K4me3 levels or HSFAZ2, thus pre-
serving high H3K4me3 levels (Fig 5C). Thus, the deposition of
H3K4me3 may occur largely during the early phase and histone
recycling may maintain high levels of H3K4me3 even in the absence
of the HMT. H3K4me3 is generally considered a mark of recent (not
present) transcriptional activity. An effect of histone turnover on the
maintenance and/or spreading of histone methylation was also
reported in other systems, especially for low-efficiency HMTs
(Svensson et al, 2015; Chory et al, 2019; Murawska et al, 2021). For
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instance, histone retention is required for the passage from the
mono- to the di-/trimethylated state of H4K20 (Svensson et al,
2015). However, H3K4 trimethylation is assumed to involve highly
efficient HMTs (Zentner & Henikoff, 2013; Chory et al, 2019). Other
studies did not find a link between histone modifications and his-
tone turnover (Ferrari & Strubin, 2015; Kassem et al, 2020). Our
results indicate that histone H3K9 acetylation is not associated with
reduced histone turnover. Acetylated histones exhibit higher turn-
over than non-acetylated histones, and histone deacetylation is
required to reduce histone turnover in heterochromatin (Barth &
Imhof, 2010; Aygiin et al, 2013). We found no correlation between
histone retention and histone acetylation, suggesting continuous
acetylation and deacetylation of H3K9 of retained and new histones
alike. Thus, while histone retention potentially maintains the overall
modification state of histones through time, this phenomenon has
different impact on different modifications, depending on their
dynamic cycle of writing/ erasing. From this, we predict that H3K4
methylation will be more stable than H3K9 acetylation.

Here, we discovered a link between histone turnover and mainte-
nance of environmentally induced histone hyper-methylation. Genes
with HS-induced transcriptional memory display slower histone
turnover than non-memory genes during the memory phase, provid-
ing a tentative mechanism of how high H3K4me3 levels are main-
tained throughout the memory phase and independently of
continued de novo methylation. We thus unveil modified histone
retention as a new regulator of plant HS memory. Future studies will
reveal whether this mechanism is generally involved in transcrip-
tional memory in response to environmental cues and whether his-
tone retention generally contributes to the inheritance of stable
epigenetic states.

Materials and Methods

Plant materials

Arabidopsis (Col-0) and hsfa2-1 (Charng
et al, 2007) were grown on GM medium (1% glucose). Plants were
grown under a 16/8 h light/dark cycle at 23/21°C. HS treatments
were performed on 5-day-old seedlings by a treatment of 37°C for
60 min, 22°C for 90 min, and 44°C for 45 min.

thaliana mutants

Generation of the transgenic lines

HTRS5-coding sequence was amplified from genomic DNA with
primers introducing Xmal and Eagl restriction sites (Appendix
Table S2). eGFP was amplified by introducing Sall and Xhol restriction
sites. HTRS and eGFP were fused together through a dimerized linker
sequence (GACCCAGGTGCCGGAGCAGGTGCTGGA) carrying Eagl
and Sall restriction sites. The HTRS::linker::eGFP sequence fragment
was inserted into pBlueML2AP vector with Xmal and Xhol to add the
promoter and 3’ region of HSP21. Finally, the pHSP21::HTRS::
eGFP::3'HSP21 fragment was inserted using Ncol and Sphl restriction
enzymes into pGreenll vector (Friedrich et al, 2021) for plant transfor-
mation. Transgenic plants were generated using the floral dip method
(Clough & Bent, 1998). One single-insertion transgenic line was used
for all experiments and introduced into hsfa2-1 (Charng et al, 2007)
by crossing and selection of doubly homozygous lines.

© 2023 The Authors
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RNA extraction and qRT-PCR

RNA was extracted from seedlings using TRI Reagent (Sigma 93289)
followed with two chloroform washes and pelleted with isopropanol
overnight at —20°C. RNA was washed twice with 75% ethanol and
resuspended in water. RNA samples were treated with DNAse I
(Thermo Fisher 18047019) and reverse transcribed with SuperScript
II (Thermo Fisher 18064014) according to manufacturer instruc-
tions. Quantification of cDNA was performed by gPCR (LightCy-
cler480 Roche) using SYBR Green MasterMix (Promega). GFP
expression was normalized on the reference gene At4g26410 by the
comparative Ct method (Appendix Table S2) (Czechowski et al,
2005).

Microscopy imaging
Seedlings were imaged on a Zeiss LSM880 confocal microscope.
Histone extraction and immunoblotting

Total protein was extracted from 500 mg seedlings in extraction
buffer (250 mM sucrose, 60 mM KCI, 15 mM NaCl, 5 mM MgCl,,
15 mM PIPES, 0.8% (v/v) Triton X-100, and Complete Mini Prote-
ase Inhibitor Cocktail (Roche)). Histones were purified from total
protein extracts with 0.4 M sulfuric acid and pelleted with 12 vol-
umes of acetone. Pelleted histones were resuspended in 100 pl load-
ing buffer (2 M urea, 75 mM Tris pH 6.5, 0.6% (w/v) SDS, 15% (v/
v) glycerol, 1% (w/v) bromophenol blue, and 0.75% (v/v) B-
mercaptoethanol). Twenty microliters of histone extract was loaded
per lane and separated on a 13% SDS-PAGE gel. Proteins were
immunodetected with anti-GFP (Chromotek PABG1) and anti-panH3
(Diagenode C15200011) antibodies followed by goat anti-mouse
Irdye 680CW (Licor 926-68070) and goat anti-rabbit 800CW (Licor
926-32211).

Chromatin immunoprecipitation

Seedlings were crosslinked under vacuum in PBS buffer with 1%
(w/v) formaldehyde for 10 min on ice. Chromatin was extracted as
described previously (Kaufmann et al, 2010). Chromatin was frag-
mented using a Bioruptor (Diagenode—20 cycles 30 s on/30 s off).
For single ChIP, chromatin was immunoprecipitated overnight at
4°C with IgG (Thermo Fisher 026102), anti-panH3 (Diagenode
C15200011), or anti-GFP (Chromotek PABG1) antibodies. Antibody-
chromatin complexes were purified with Dynabeads (Thermo Fisher
10002D) and successively washed with low salt (150 mM NacCl, 1%
(v/v) Triton X-100), high salt (500 mM NaCl, 1% (v/v) Triton X-
100), LiCl buffer (250 mM LiCl, 1% (v/v) NP-40), and TE buffer.
Chromatin was eluted with single ChIP elution buffer (1% (w/v)
SDS, 0.1 M NaHCOs).

For sequential ChIP, chromatin was incubated with anti-panH3
(Diagenode C15200011) or anti-GFP (Chromotek PABG1) anti-
bodies. Antibody-chromatin complexes were treated as described
above up to the elution step. Before the elution, the chromatin-bead
suspensions were divided equally. One fraction was eluted with sin-
gle ChIP elution buffer and kept as single ChIP control. The second
fraction was eluted with sequential ChIP elution buffer (1% (w/v)
SDS, 20 mM DTT) and diluted 50 times. Diluted eluates were
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divided into three and incubated overnight at 4°C with IgG (Thermo
Fisher 026102), anti-H3K4me3 (Abcam ab8580), or anti-H3K9ac
(Abcam ab10812) antibodies and further processed as described for
single ChIP. Quantification of immunoprecipitated DNA was
performed by gPCR (LightCycler480 Roche) using SYBR Green
MasterMix (Promega). For ChIP-seq, ChIP DNA was generated and
libraries were prepared using NEBNext Ultra II FS DNA Library
Preparation Kit (NEB E7645). Quality control was performed with
TapeStation D1000 ScreenTape system (Agilent) and a Qubit fluo-
rometer (Thermo Fisher). After multiplexing, samples were
sequenced in paired-end mode using an Illumina NextSeq sequencer
with NextSeq 500/550 Mid Output Kit v2.5 (Illumina 20024904).

ChiIP-seq data analysis

Reads were mapped against the A. thaliana reference genome
(TAIR10) using bwa mem (preprint: Li, 2013). Duplicates were
removed using samtools markdup (Li et al, 2009). Reads for biologi-
cal replicates were merged. Both individual samples and merged
replicates were processed as follows. Normalized coverage tracks
were generated using deeptools (Ramirez et al, 2016) bamCoverage
(--binSize 10 --normalizeUising RPGC --extendReads). Artefactual
regions identified using green screen (Klasfeld et al, 2022), chloro-
plast, and mitochondria sequences were excluded. Profiles for mem-
ory gene groups were computed using deeptools computeMatrix
(scale-regions --regionBodyLength 2000 -b 1000 -a 1000). Normal-
ized coverage profiles were plotted for individual samples and
merged biological replicates by memory gene category (Friedrich
et al, 2021). Reads mapping to the TSS + 200 bp to TSS + 700 bp
regions were quantified using bedtools (Quinlan & Hall, 2010) and
CPM normalized (counts per million). Empirical cumulative distri-
bution function plots by memory gene category were generated for
each sample and for averaged values over the three biological repli-
cates. Statistical differences between memory gene groups were
assessed using pairwise Kolmogorov-Smirnov test and indicated on
the plots using compact letter display; different letters indicate sig-
nificant differences. Visualizations were done using R/lattice
(http://Imdvr.r-forge.r-project.org).

Fitting of decay functions

Raw qPCR data (Ct values) were pre-processed by first calculating
the respective enrichment relative to the corrected input per gene:

Cf/ — 2szpm—log2260—Ct. (1)

Next, obtained values were used to calculate the ratio of enrich-
ments between GFP and H3 for each of the compared genes and
time points, as follows:

0 ‘ CI/GFP < Ct?gg
o Ctlpp 2)
Ctys

| Ctipp > Cligg

As a last pre-processing step, the ratio of rgpp/ps to the first time
point (i.e., to =4 h) was calculated to arrive at the relative GFP to
H3 ratio at time point ¢ to time point ty:
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Tae 4
H3>

/
Tepp, = ——.
ot T crp (3)
H3.41

The resulting values were used to fit exponential functions, f(t),
that describe the relative GFP to H3 ratio, N, at time t:

f(t) =N; =N, -e*. @)

As all ratios were scaled to the first time point, the initial ratio
N, was set to one. The decay constants y were estimated iteratively
by minimizing the Mahalanobis distance (Mahalanobis, 1936). (D)
between predicted points (Z\Al[) and the average of measured data
points (N;):

D= (%) e ().

where C is the covariance matrix of N;. The inverse of C was
obtained by singular value decomposition (i.e., pseudoinverse),
since no inverse could be obtained by LU or QR decomposition.
The iterative minimization was performed using the fminsearch
MATLAB function (Natick Massachusetts: The MathWorks Inc.,
2020). To avoid local minima, the fitting procedure was repeated
with 50 random starting points, choosing the fit that minimizes D.
The quality of the fits was assessed by the y? goodness-of-fit test.
Furthermore, mean squared error and final Mahalanobis distance
were inspected to ensure fits of good quality.

To compare decay constants between genes, the 95% confidence
intervals for the estimated decay constants were calculated by first
constructing the Jacobian matrix:

[of
Bl

t

of
ot

b, (6)

of
3

tr |

The variance for 4 was calculated as the product of estimated
variance for the whole fit,

m n

2
P ()’ij—)’zj)
L i=1j=1 (7
0=,
n-m-p
and the Jacobian matrix:
&= (") ®)

The variables n, m, and p represent the numbers of time points,
replicates, and estimated parameters, respectively. The 95% confi-
dence interval was finally calculated by

Clos; = [ﬂ + \/?,l : [0.‘)5‘nm—pi|- )

The statistical significance of the pairwise differences between
decay constants that were estimated for the considered genes was
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assessed by a two-sample t-test. To this end, the calculated test sta-
tistic

T — H1—H
~2 ~2
% _ O (10)
m m

was compared against the ¢ distribution with 2m—2 degrees of freedom.
The resulting P-values were corrected for multiple hypothesis testing
using the Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995).

Calculation of methylation and acetylation factors

gPCR data were analyzed as described above to obtain the corrected
input enrichment of all immunoprecipitation assays. Methylation
factor was calculated based on

o Megetained—Medenovo

F
Mey

(1)
with the three quantities, Megetqined> Megenovo> and Meyg calculated
as follows:

GFP.H3K4me3—yan

Megetained = W’ (12)
t=.

H3.H3K4me3,_ n—a - H3.H3K4me3,_y n—GFP.H3K4me3 s 1

Me, =
denovo H3—an—a - H31—a n—GFP—sa

(13)

_ H3.H3K4me3,_4

Me,
© H3, 41

; (14)

with a representing the fraction of untagged H3 incorporated at 4 h
and retained at 24 h, calculated by

GFPi—24 1
GFPI:4 h H3t724 h
= (1= . =24h 15
@ ( H3an) GFPsn (15)
H3i4n

The first term in « denotes the fraction of untagged H3 at 4 h and
the second term introduces the expected decay of untagged H3 from
4 to 24 h, assuming that there is no difference in decay between
tagged and untagged H3.

An analogous expression was used with acetylation to calculate
the acetylation factor.

Data availability

ChIP-seq data have been deposited at NCBI GEO, accession number
GSE218234 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE218234).

Expanded View for this article is available online.
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Expanded View Figures

4h

Figure EV1. Accumulation of H3.3-GFP in different organs after HS.

H3.3-GFP localizes to nuclei throughout the seedling after HS. The signal is strongest at 4 h after HS and declines thereafter. In highly dividing cells such as those in the root
tip, the signal disappears more rapidly and is only present up to 24 h after HS. In non-dividing cells such as those in the elongation zone, the signal is still present at 72 h after
HS. All micrographs were taken with the same settings and magnification. Size bar: 0.1 mm.
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Figure EV2. Accumulation of H3.3-GFP and H3
within HS memory and non-memory genes after
HS for individual replicates (cf. Fig 3).

A

The global distribution of H3.3-GFP during the
memory phase was determined by ChIP-seq on
H3.3-GFP seedlings without HS (NHS) or 4 or

24 h after HS with anti-H3 or anti-GFP,
respectively. The mean normalized coverage was
plotted per replicate for H3.3-GFP (retained
histones) or H3 (global pool of histones) between
TSS and TTS £ 1 kb for different gene groups (HS
memory genes, early HS genes, and all other
genes). H3.3-GFP signal in the gene body is
higher in HS memory genes 24 h after HS, but
not NHS, suggesting that H3.3-GFP histones are
retained during HS memory. Data are from
individual replicates.

Empirical cumulative distribution function
displaying the coverage (counts per million, cpm)
for the indicated groups and samples in the
region TSS + 200 bp to TSS + 700 bp. Different
letters indicate significant differences (P < 0.05,
KS test). Data from three individual replicates are
plotted.
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Figure EV3. HS-induced enrichment of H3K4me3 and H3K9ac on retained H3.3-GFP compared to the total pool of H3, 4 and 24 h after HS (cf. Fig 4).

Enrichment of H3K4me3 and H3K9ac on H3 incorporated during the HS response (GFP, green), and on the total histone H3 (red), respectively, at the indicated loci as
determined by sequential ChIP-qPCR on H3.3-GFP seedlings without HS (NHS), or 4 and 24 h after HS, respectively. Chromatin was immunoprecipitated with anti-H3 or anti-
GFP antibodies followed by anti-H3K4me3, anti-H3K9ac, or IgG (negative control) antibodies. The percentage of histone modifications among H3 or GFP was calculated and
normalized on the average signal of each replicate. To control for variation in ChIP efficiency between replicates, each replicate was normalized to the average signal from that
replicate (overall measured amplicons). The relative enrichment of either modification is higher in retained histones than in the total pool of histones. Data shown are means
and individual data points of five biological replicates. Asterisks indicate significant differences between H3 and GFP (P < 0.05, Wilcoxon Mann—-Whitney test).
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Figure EV4. Histone decay does not correlate
with gene expression level after HS.

Expression values of tested genes at 4, 28, and 52 h
after HS were taken from Friedrich et al (2021) and
plotted against their histone decay constants. No
correlation was found between histone decay and
gene expression after HS.
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Figure EV5. Histone retention in memory genes is independent of HSFA2. >
H3.3-GFP association and dissociation after HS at the indicated loci as determined by ChIP-qPCR on H3.3-GFP seedlings in Col wild type or hsfa2 without HS (NHS), and 4, 12,
24, 36, 48, and 72 h after HS.

A Dynamics of H3.3-GFP enrichment relative to total H3. Data shown are means + s.e.m. of three biological replicates.

B-D Dynamics of H3.3-GFP dissociation were evaluated by determining the percentage of GFP/H3 retained for each locus between wild type (top) and hsfa2 (bottom).
For each locus, GFP/H3 values were normalized to the 4 h value (B). The data were used to fit an exponential decay function (C), and derive dissociation constants
for each locus as an estimate of histone turnover (D). Differences in histone decay between memory genes (i.e, HSP18™, APX2*, and HSA32) versus non-memory
genes (i.e, ACT, HSP101, and HSP70) were significant in both wild type and hsfa2. Data shown are means of three biological replicates + 95% confidence interval
(CI). For statistical testing, 100 samples were drawn randomly from a normal distribution with mean and standard deviation of the decay constant for each gene.

These data were used to perform a two-sample t-test.
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Appendix Fig S1: H3.3-GFP association patterns after HS for individual biological
replicates (cf. Fig 2C).

H3.3-GFP enrichment relative to total H3 as determined by ChIP-gPCR on H3.3-GFP seedlings
without HS (NHS), and 4 h, 12 h, 24 h, 36 h, 48 h and 72 h after HS at the indicated loci.
Dynamics of H3.3-GFP enrichment was estimated relatively to total H3. Data of three biological
replicates are shown separately.
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Appendix Fig S2: H3.3-GFP
dissociation patterns and decay
constants after HS for independent
biological replicates (cf. Figs 2D, F).
Patterns of H3.3-GFP dissociation after
HS as determined by ChIP-gPCR on
H3.3-GFP seedlings without HS (NHS),
and 4 h,12h,24h,36 h,48hand 72 h
after HS at the indicated loci. H3.3-GFP
dissociation was determined as the
percentage of GFP/H3 retained for each
locus relative to the 4 h value. Data of
three biological replicates are shown
separately. Bottom: Histone decay
constants for the indicated loci per
replicate.
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Appendix Fig S3: Histone mark retention factors for individual biological replicates (cf.
Figs 5A, B).

From the enrichment of H3K4me3 (A) or H3K9ac (B) among retained (H3.3-GFP) or total
histones (H3), a modification retention factor was calculated for each locus. Data of five
biological replicates are shown.



Appendix Table S1: Estimated decay constant of H3.3-GFP dissociation of the 11 tested

regions.

Dynamics of H3.3-GFP dissociation were evaluated by determining the percentage of GFP/H3
retained for each locus relative to the 4 h value and used to fit an exponential decay function.
All loci showed a statistically acceptable fit of the model to the experimental data. se: standard
error; ci_95: 95% confidence interval; D: Mahalanobis distance; mse: mean squared error;
chi2: chi squared statistic.

decay
constant S.e. ci 95 min | ci 95 max D mse chi2 | p_value
Actin 0.197 0.073 0.040 0.354 0.986 0.044 1.874 0.759
AtGP 0.194 0.045 0.097 0.292 0.912 0.018 1.003 0.909
HSP101 0.140 0.022 0.093 0.187 0.685 0.011 4.826 0.306
HSP70 0.122 0.024 0.072 0.173 1.396 0.020 4.362 0.359
HSP22+ 0.083 0.017 0.046 0.120 0.039 0.031 | 23.794 | 0.000
HSP18+ 0.057 0.016 0.023 0.091 0.396 0.075 | 14.428 | 0.006
APX2+ 0.060 0.014 0.030 0.089 0.809 0.050 0.496 0.974
HSA32 0.050 0.014 0.019 0.081 0.406 0.091 0.717 0.949




Appendix Table S2: Sequences of oligonucleotides used in this study.

3228/HTR5_CDS-Xmal-F

TAAGCACCCGGGATGGCTCGTACTAAGCAAACAG

3225/HTR5_complete-Eagl-R

TAAGCACGGCCGAGCACGTTCTCCTCTGATCCT

3229/Linker-Eagl-F

TAAGCACGGCCGGACCCAGGTGCCGGAGCAGGTGCTGGA

3230/Linker-Sall-R

TAAGCAGTCGACTCCAGCACCTGCTCCGGCACCTGGGTC

3233/GFP-Sall-F

TAAGCAGTCGACatggtgagcaagggcgagga

3235/GFP-Xhol-R

TAAGCACTCGAGttataacttgtacagctcgtccatg

796/act7_for

CGTTTCGCTTTCCTTAGTGTTAGCT

Kim et al., 2015

797/act7_rev

AGCGAACGGATCTAGAGACTCACCTTG

Kim et al., 2015

4624/AtGP1-F ACAGTGCCACAGTTGAGCAG Zhang et al., 2018
4625/AtGP1-R CAGAAAAATACTCGGTGCCAAT Zhang et al., 2018
2679/HSP101_TSS _336_F AGCTAATCGAAGATGAATCC Lamke et al., 2016
2680/HSP101_TSS _336_R ATCAAAGCACCAGCTAAATG Lamke et al., 2016

988/Hsp70_Tss+4_F

CCACTCTTCATTCATATATAAACA

Kumar and Wigge,
2010

989/Hsp70_Tss+4_R

ATTCGTCTGTGAGCTTTAAGAG

Kumar and Wigge,
2010

674/4910250F_ATG_chip/hsp22

ATGAAGCACTTGCTAAGCATCTTC

Lamke et al., 2016

675/4910250R_ATG_chip/hsp22

AGTCCTAATGGGATTCTCTCCA

Lamke et al., 2016

683/5959720F_TSS+10_chip

AATCAGCAGGAAAATCAAGAAC

Lamke et al., 2016

684/5959720R_TSS+10_chip

TCCCATAAGTCTTGCGAGAAC

Lamke et al., 2016

1854/APX2_Tss+40_F

TCGATAGGTTCTCCATTCTCTTTAGG

Lamke et al., 2016

1855/APX2_Tss+40_R

TTCCTCTTGCATCTCTGAACAGC

Lamke et al., 2016

1893/HSA32_TSS+57_F TTCGAGAAATGTTCGATTCT Lamke et al., 2016
1894/HSA32_TSS+57_R CCATCTGTAGTAAGCCGCCA Lamke et al., 2016
1259/IG5_HSP22-3kb_FWD CGTTGGACTTGGCCTTAGAT Lamke et al., 2016
1260/1IG5_HSP22-3kb_REV TGACTGCTCCCTGATTCTTG Lamke et al., 2016
1255/IG3_HSP18.2-3kb_FWD GCCCCTAGGGATTTCGACTA Lamke et al., 2016
1256/IG3_HSP18.2-3kb_REV CCCGTAAATAAAGCGGTCAA Lamke et al., 2016

1857/APX2_Tss-3261_F

GGATATCAAACCCAACTTGAAGAGAG

Lamke et al., 2016

1858/APX2_Tss-3261_R

ATAATCTGAGCAAAAGATAAAACACGG

Lamke et al., 2016

6634/GFP_qRTPCR_F

ACGACTTCTTCAAGTCCGCC

6635/GFP_qRTPCR_R

TCTTGTAGTTGCCGTCGTCC

1547/F-AT4G26410

GAGCTGAAGTGGCTTCAATGAC

Czechowski et al.,
2005

1548/R-AT4G26410

GGTCCGACATACCCATGATCC

Czechowski et al.,
2005




Appendix Table S3: Number of total reads and mapped unique reads in ChlP-seq
experiment.

sample reads mapped reads
GFP-1d-1 23298026 16775141
GFP-1d-2 31140061 23363467
GFP-1d-3 17725870 11439124
GFP-4h-1 47517979 31955767
GFP-4h-2 63243340 44072938
GFP-4h-3 34451807 20891310
GFP-NHS-1 22619897 11369549
GFP-NHS-2 43608394 12518008
GFP-NHS-3 38240676 6553841
H3-1d-1 7583474 7298377
H3-1d-2 8005598 7815154
H3-1d-3 13723007 13296911
H3-4h-1 55732879 54181109
H3-4h-2 58358634 57495558
H3-4h-3 42160952 41260240
H3-NHS-1 35669543 31900253
H3-NHS-2 60071862 56736526

H3-NHS-3 40213148 37079475
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