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Abstract
The histone H3 family in animals and plants includes replicative H3 and nonreplicative H3.3 variants. H3.3 preferentially
associates with active transcription, yet its function in development and transcription regulation remains elusive. The floral
transition in Arabidopsis (Arabidopsis thaliana) involves complex chromatin regulation at a central flowering repressor
FLOWERING LOCUS C (FLC). Here, we show that H3.3 upregulates FLC expression and promotes active histone modifica-
tions histone H3 lysine 4 trimethylation (H3K4me3) and histone H3 lysine 36 trimethylation (H3K36me3) at the FLC locus.
The FLC activator FRIGIDA (FRI) directly mediates H3.3 enrichment at FLC, leading to chromatin conformation changes
and further induction of active histone modifications at FLC. Moreover, the antagonistic H3.3 and H2A.Z act in concert to
activate FLC expression, likely by forming unstable nucleosomes ideal for transcription processing. We also show that H3.3
knockdown leads to H3K4me3 reduction at a subset of particularly short genes, suggesting the general role of H3.3 in pro-
moting H3K4me3. The finding that H3.3 stably accumulates at FLC in the absence of H3K36me3 indicates that the H3.3 de-
position may serve as a prerequisite for active histone modifications. Our results reveal the important function of H3.3 in
mediating the active chromatin state for flowering repression.

Introduction
Histone variants are related but functional distinct proteins
in the same histone family (Talbert and Henikoff, 2017). The
incorporation of histone variants could generate profound
impacts on nucleosome property and chromatin function
(Jiang and Berger, 2017; Talbert and Henikoff, 2017; Borg et
al., 2021). The histone H3 family consists of three major var-
iants: canonical H3.1/H3.2, H3.3, and CenH3/CENP-A (Hake
and Allis, 2006; Jiang and Berger, 2017). Though H3.1 and

H3.3 are distinguished by only a few amino acids, they ac-
quired distinct expression patterns and deposition modes.
The S phase-specific H3.1 is deposited during DNA replica-
tion via histone chaperone complex CHROMATIN
ASSEMBLY FACTOR-1 (CAF1; Smith and Stillman, 1989),
while H3.3 is expressed throughout the cell cycle and repli-
cation-independently incorporated into the chromatin by
HISTONE REGULATORY HOMOLOG A (HIRA) complex,
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ALPHA THALASSEMIA MENTAL RETARDATION
SYNDROME X-LINKED (ATRX)-DAXX and DEK-domain
containing protein (DEK; Tagami et al., 2004; Goldberg et al.,
2010; Sawatsubashi et al., 2010; Talbert and Henikoff, 2017).
Another histone chaperone ANTI-SILENCING FUNCTION 1
(ASF1) cooperates with both CAF1 and HIRA in the H3.1
and H3.3 deposition (Tagami et al., 2004). Although H3.1
plays an essential role in the chromatin assembly of doubled
genome during DNA replication, the function of H3.3 is
complex and remains undetermined. In both animals and
plants, the lack of H3.3 causes defects in development (Hodl
and Basler, 2009; Sakai et al., 2009; Szenker et al., 2012; Jang
et al., 2015; Wollmann et al., 2017), demonstrating its impor-
tant role in multicellular eukaryotes.

On the genome, H3.3 is associated with actively tran-
scribed genes and gene regulatory elements (Wirbelauer
et al., 2005; Goldberg et al., 2010; Szenker et al., 2011; Stroud
et al., 2012; Wollmann et al., 2012). However, H3.3 is nones-
sential for most of the transcriptional events in Drosophila
(Drosophila melanogaster; Hodl and Basler, 2009) and it is
largely interchangeable with the replicative H3 (Sakai et al.,
2009). In Arabidopsis (Arabidopsis thaliana), only a small
number of H3.3-enriched genes show transcriptional defects
when H3.3 levels are reduced, indicating that H3.3 may not
be directly required for transcription (Wollmann et al.,
2017). Other studies using different organisms and materials
have shown that H3.3 modulates both active and repressive
histone modifications (Banaszynski et al., 2013; Wollmann
et al., 2017; Martire et al., 2019; Armache et al., 2020), adding
to the complexity of the H3.3 function. Therefore, the role
of H3.3 on transcription and chromatin modifications
remains to be clarified. Besides its potential regulatory roles
in histone modifications, H3.3 actively interplays with an-
other histone variant H2A.Z. H2A.Z is associated with both
gene activation and repression, likely depending on its genic
localization and the chromatin context (Raisner et al., 2005;
Jarillo and Pineiro, 2015; Chang et al., 2020). The coexistence
of H3.3 and H2A.Z destabilizes nucleosomes (Fan et al.,
2002; Jin and Felsenfeld, 2007), and H3.3 globally prevents
the accumulation of H2A.Z at the 30 gene end in
Arabidopsis (Wollmann et al., 2017). However, the interac-
tion between H3.3 and H2A.Z in the context of transcrip-
tion regulation remains to be investigated.

Arabidopsis floral transition involves complex regulations
at the chromatin level, and many of them act on a key floral
repressor FLOWERING LOCUS C (FLC; He, 2012; Bao et al.,
2020). In addition to FLC, the Arabidopsis genome encodes
five FLC homologs, FLOWERING LOCUS M (FLM)/MADS
AFFECTING FLOWERING 1 (MAF1)–MAF5, which act to-
gether with FLC to repress the floral transition (Ratcliffe et
al., 2003; Scortecci et al., 2003; Kim and Sung, 2010; Gu et
al., 2013). FLC activation requires permissive histone modifi-
cations, such as H3K4me3 and H3K36me3 (Xu et al., 2008,
2020; Jiang et al., 2009). H3K4me3 at FLC and its homologs
MAF4 and MAF5 is catalyzed by the evolutionarily conserved
COMPASS-like complex, which includes WDR5a, ASH2R,

RBL, and a histone methyltransferase (Miller et al., 2001;
Jiang et al., 2009, 2011, 2018; Ding et al., 2012). EARLY
FLOWERING IN SHORT DAYS (EFS)/SET DOMAIN GROUP
8 (SDG8) is a major methyltransferase catalyzing H3K36 di-
and trimethylation in Arabidopsis. In efs mutant, H3K36me2
and H3K36me3 are reduced at genome-wide level including
the FLC, MAF4, and MAF5 loci (Xu et al., 2008). The chroma-
tin remodeling complex SWR1 (SWR1-C), which mediates
H2A.Z deposition, also activates the expression of FLC,
MAF4, and MAF5 (Noh and Amasino, 2003; Deal et al.,
2007). The disruption of SWR1-C leads to reduced FLC tran-
scripts (Deal et al., 2007), suggesting a positive role of H2A.Z
in FLC expression.

The expression of FLC is highly elevated in late-flowering
Arabidopsis winter annual accessions by a FRIGIDA (FRI) con-
taining protein complex (FRI-C). FRI-C interacts with several
chromatin modifiers including COMPASS-like and EFS, and
enhances their binding at the FLC locus (Jiang et al., 2009; Ko
et al., 2010; Choi et al., 2011; Li et al., 2018; Luo and He, 2020).
Hence, active histone modifications at FLC are elevated by FRI-
C, resulting in strong FLC induction and flowering inhibition. In
addition to promoting active histone modifications, FRI-C stim-
ulates the FLC 50 to 30 gene looping (Li et al., 2018). Active FLC
transcription per se does not regulate gene loop formation (Li
et al., 2018), indicating that other mechanisms are responsible
for the FLC 50 to 30 gene looping.

The presence of multiple chromatin modifications and
their vigorous interactions at FLC makes it a paradigm for
the understanding of chromatin-based plant gene regulation
(He, 2012). Here, we show that H3.3 stimulates the expres-
sion of FLC and its homologs and promotes the active his-
tone modifications at their loci. FRI directly interacts with
the H3.3 chaperone HIRA and elevates H3.3 deposition to-
ward the FLC 30 region. The enriched H3.3 facilitates FLC 30

end interaction with the 50 end, promoting active histone
modifications around the transcription start site (TSS) of
FLC. Moreover, though H3.3 antagonizes H2A.Z, both of
them are essential for FLC activation, and the loss of either
one compromises FLC expression. In addition to FLC and its
homologs, H3.3 is required for H3K4me3 at a subset of espe-
cially short genes. Our findings reveal the important func-
tion of H3.3 in the regulation of the active chromatin state,
which enhances FLC transcription and floral repression.

Results

H3.3 represses the floral transition in Arabidopsis
A previous study has shown that H3.3 knockdown (h3.3kd)
led to defects in leaf development and fertility (Wollmann
et al., 2017). To further elucidate the function of H3.3 in
plant development, we examined the flowering behavior of
h3.3kd. h3.3kd lines h3.3kd-1 and h3.3kd-3 flowered earlier
than the wild-type (WT) Columbia (Col; Figure 1, A and B;
Supplemental Figure S1A). In Arabidopsis, the floral transi-
tion is repressed by FLC and its homologs. An examination
of their expression by reverse transcription quantitative po-

2052 | PLANT PHYSIOLOGY 2021: 186; 2051–2063 Zhao et al.

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab224#supplementary-data


lymerase chain reaction (RT-qPCR) revealed that transcripts
levels of FLC, MAF4, MAF5 and to a lesser extent FLM were
reduced in h3.3kd lines (Figure 1C; Supplemental Figure S1B;
Wollmann et al., 2017), consistent with their early flowering
phenotypes. H3.3 is deposited by the conserved HIRA com-
plex (Nie et al., 2014; Duc et al., 2015). Moreover, two func-
tional redundant ASF1 homologs ASF1a and ASF1b were
identified in Arabidopsis (Zhu et al., 2011). Similar to h3.3kd,
hira and asf1a;asf1b mutants showed early flowering pheno-
type and reduced expression of FLC, MAF4, and MAF5
(Figure 1, B and C). The mild flowering phenotype and FLC
reduction in hira mutant is likely due to the functional re-
dundancy from other H3.3 deposition pathways mediated
by ATRX or DEK (Sawatsubashi et al., 2010; Duc et al., 2017;
Wang et al., 2018). As both h3.3kd-1 and h3.3kd-3 lines had
similar flowering phenotypes and gene expression changes,
we used h3.3kd-1 for further analyses.

H3.3 promotes active histone modifications at FLC
and its homologs
Previous RNA-seq results in h3.3kd have shown that only a
small portion of H3.3-enriched genes were misregulated, sug-
gesting that the loss of H3.3 per se might not be enough to
alter transcription activity (Wollmann et al., 2017). The lack

of H3.3 could reduce nucleosome density at the chromatin,
which may affect transcription activity. We examined nucle-
osome enrichment at FLC, MAF4, and MAF5 by profiling to-
tal H3 levels using chromatin immunoprecipitation (ChIP).
The H3 levels were largely maintained with minimal reduc-
tion in h3.3kd (Figure 2, A and B; Supplemental Figure S2, A
and B). It is possible that in h3.3kd, H3.1 compensates for
the nucleosome deficit at FLC, MAF4, and MAF5 loci.

We searched for other chromatin state changes that could
contribute to gene expression defects induced by H3.3
knockdown. FLC activation requires active histone modifica-
tions including H3K4me3 and H3K36me3, both are highly
enriched around the TSS of FLC (Yang et al., 2014; Li et al.,
2016). We thus analyzed H3K4me3 and H3K36me3 levels at
the FLC locus in h3.3kd. Considering the slight difference in
H3 enrichment between WT and h3.3kd, histone modifica-
tion levels were normalized to the H3 levels. H3K4me3 and
H3K36me3 were reduced at FLC in h3.3kd (Figure 2, C and
D), showing that H3.3 is required for their deposition at the
FLC chromatin. Similarly H3K4me3 and H3K36me3 levels
were significantly decreased at the TSS of MAF4 and MAF5
loci (Supplemental Figure S2, C and D). The FLC locus is also
enriched with the repressive histone H3 lysine 27 trimethyla-
tion (H3K27me3; Jiang et al., 2008; Zhou et al., 2018). We
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Figure 1 H3.3 represses flowering and activates the expression of FLC and its homologs. A, The flowering phenotype of h3.3kd-1 grown in long
days. B, The flowering time of indicated lines grown in long days. The total number of primary rosette and cauline leaves at flowering were
counted; 15–20 plants were scored for each line. Values are means 6 SD. Statistical significance relative to Col was determined by two-tailed
Student’s t test (**P<0.01). C, Relative transcripts of FLC and its homologs determined by RT-qPCR. TUB2 was used as an endogenous control.
Values are means 6 SD of three biological repeats.

Plant Physiology, 2021, Vol. 186, No. 4 PLANT PHYSIOLOGY 2021: 186; 2051–2063 | 2053

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab224#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab224#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab224#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab224#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab224#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab224#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab224#supplementary-data


observed a moderate increase of H3K27me3 in h3.3kd com-
pared to WT, especially at the FLC 50 and 30 gene ends (Figure
2E). This could be due to the antagonism between H3K27me3
and active histone modifications at FLC (Jiang et al., 2008; Yang
et al., 2014), or the loss of H3.3-induced H3.1 accumulation,
which closely associates with and facilitates methylation at
H3K27 (Stroud et al., 2012; Jacob et al., 2014; Jiang and Berger,
2017). Together, these results suggest that H3.3 promotes active
histone modifications at FLC, MAF4, and MAF5.

FRI-mediated FLC activation requires H3.3
In winter-annual Arabidopsis accessions, FRI elevates FLC ex-
pression to levels that inhibit flowering before winter
(Johanson et al., 2000; Michaels et al., 2003). To evaluate the
role of H3.3 in FRI-mediated FLC upregulation, we intro-
duced a functional FRI allele into h3.3kd (Lee et al., 1994),
and observed that h3.3kd strongly suppressed the late-flow-
ering phenotype of FRI (Figure 3, A and B). The suppression
of the late-flowering phenotype by h3.3kd is likely due to
the reduction of FLC expression, hence, we examined its ex-
pression in h3.3kd-1;FRI. Indeed, elevated FLC expression lev-
els in FRI were reduced upon H3.3 knockdown (Figure 3C).

Autonomous pathway genes such as FVE and FLOWERING
LOCUS D (FLD) repress FLC expression, the loss of FVE or
FLD causes delayed flowering due to FLC upregulation (He
et al., 2003; Ausin et al., 2004). We further crossed h3.3kd
with fve-4 and fld-3 mutants; similarly the late flowering phe-
notypes and upregulated FLC transcripts of fve-4 and fld-3
were suppressed by h3.3kd (Supplemental Figure S3).
Therefore, H3.3 is required for FLC activation induced by FRI
and autonomous pathway mutations.

FRI acts in FRI-C, which recruits and stabilizes chromatin
modifiers at the FLC locus, and thus promotes active histone
modifications including H3K4me3 and H3K36me3 at FLC
(Choi et al., 2011; Li et al., 2018). We found that FRI-induced
H3K4me3 and H3K36me3 at FLC were strongly suppressed
by h3.3kd (Figures 2A; 3, D and E). These results demon-
strate that H3.3 is essential for FRI-mediated establishment
of active histone modifications at FLC.

Enhanced H3.3 deposition mediated by FRI
promotes FLC gene loop formation
To investigate whether FRI regulates H3.3 deposition at the
FLC locus, we combined an HTR5-GFP (HTR5 is one of the
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three H3.3 coding genes in Arabidopsis) reporter line with the
functional FRI and performed ChIP experiment. Due to
the lack of specific antibody against plant H3.3, the levels of
HTR5-GFP at chromatin were used as an indication for H3.3
deposition levels (Wollmann et al., 2012). The enrichment of
HTR5-GFP was enhanced by FRI especially toward the FLC 30

region (Figures 2A, 4A), while the overall protein abundance of
HTR5-GFP was not affected by FRI (Supplemental Figure S4A).
Thus, FRI induces H3.3 deposition at the FLC chromatin.

To explore how FRI enriches H3.3 at FLC, we tested the interac-
tions between FRI-C and the H3.3 chaperones. Direct interaction
of FRI with HIRA was detected by pull-down assay (Figure 4B).
Bimolecular fluorescence complementation (BiFC) experiment fur-
ther confirmed that FRI directly associates with HIRA (Figure 4C).
Moreover, co-immunoprecipitation (Co-IP) assay was performed
with FRI-HA and HIRA-Myc coexpressed Arabidopsis protoplasts.
HIRA-Myc was copurified with FRI-HA but not with the HA anti-
body-coupled beads (Figure 4D). Together, these results indicate
that FRI-C directly enriches H3.3 deposition at FLC by interacting
with its chaperone HIRA complex.

In plants, H3K4me3 and H3K36me3 are accumulated at
the TSS of transcribed genes (Sequeira-Mendes et al., 2014;
Liu et al., 2019). A similar pattern was observed at the FLC
locus (Figure 2, A, C, and D; Yang et al., 2014; Li et al., 2016).
However, H3.3 is generally enriched around the 30 gene end
(Stroud et al., 2012; Wollmann et al., 2012). Moreover,
though FRI enhances H3K4me3 and H3K36me3 levels
mainly around the FLC 50 region, the elevated deposition of
H3.3 mediated by FRI is more predominant toward the gene
body and 30 end (Figures 2A; 3, D and E; 4A). At the FLC lo-
cus, a peak of H3.3 was also detected at TSS (Figures 2A,
4A). The H3.3 enrichment at both gene ends is a signature
chromatin state for moderately expressed genes with a gene
loop structure (Liu et al., 2016). The 50 and 30 of FLC form a
gene loop and this structure is enhanced by FRI (Crevillen et
al., 2013; Li et al., 2018). We thus performed a chromosome
conformation capture (3C) experiment to examine the im-
pact of H3.3 on 50 to 30 looping. Interestingly, the loss of
H3.3 impaired loop formation at FLC (Figure 4E). Thus, H3.3
facilitates FLC 50 to 30 loop formation (Figure 4F).
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H3.3 and H2A.Z are both required for FLC activation
but oppose each other at the FLC chromatin
Activation of FLC and its homologs also depends on the chro-
matin remodeling complex SWR1-C that deposits H2A.Z.
Disruption of SWR1-C led to downregulated FLC, MAF4, and
MAF5 expression and accelerated flowering (Noh and
Amasino, 2003; Deal et al., 2007), presumably due to the lack
of H2A.Z at their chromatin. To directly address the impact
of H2A.Z on flowering gene expression, we used a near-null
h2a.z mutant defective in all three H2A.Z coding genes, which
similarly showed early flowering phenotype (Figure 5, A–C;
Coleman-Derr and Zilberman, 2012). In addition to FLC,
MAF4, and MAF5, the loss of H2A.Z led to the reduced ex-
pression of FLM and MAF3 (Figure 5D). Thus, our results con-
firmed that H2A.Z activates FLC and its homologs.

We sought to investigate how H3.3 and H2A.Z, both of
them required for the activation of FLC, interact at its loci.
H2A.Z is enriched at both the 50 and 30 of FLC (Figures 2A,
5E), consistent with a similar pattern reported previously
(Deal et al., 2007). Interestingly, H3.3 knockdown enhanced
H2A.Z occupancy at FLC (Figure 5E), despite reduced FLC
expression in h3.3kd. To examine H3.3 accumulation in the
absence of H2A.Z, HTR5-GFP enrichment was quantified by
ChIP-qPCR after it was introduced into h2a.z mutant. A
slight induction of HTR5-GFP levels was detected toward
the FLC 30 end (Figures 2A, 5F). This is not due to the in-
creased expression of HTR5-GFP, as its protein levels were
rather decreased in h2a.z for unknown reasons
(Supplemental Figure S4B). We also confirmed that FLC ex-
pression was reduced in HTR5-GFP;h2a.z (Supplemental
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Figure S4C). Thus, although both are activators of FLC, H3.3
and H2A.Z antagonize each other at the FLC locus.

We next tested the genetic relationship of H3.3 and
H2A.Z in flowering by crossing h3.3kd with h2a.z. H3.3
knockdown in h2a.z further enhanced the reduction of espe-
cially FLC and FLM transcripts (Figure 5D), and concomi-
tantly accelerated flowering in both long-day and short-day
conditions (Figure 5, B and C). Together, these results sug-
gest close cooperation of H3.3 and H2A.Z on FLC activation
and the presence of both H3.3 and H2A.Z is required to
maintain FLC at a transcription active state in Col, while
lacking of either one (even when the enrichment of the
other one is increased) leads to a reduction in FLC
expression.

H3K36me3 is not required for H3.3 accumulation at
FLC
The above results suggest that H3.3 regulates chromatin
modifications at FLC. To investigate the impact of chromatin
modifications on H3.3 deposition, we examined H3.3 enrich-
ment with mutants defective in chromatin modifications.
EFS deposits H3K36me3 at FLC to stimulate its expression.
We measured HTR5-GFP accumulation at FLC in efs mutant,
in which FLC expression is reduced (Supplemental Figure
S4C). The HTR5-GFP protein expression levels and its enrich-
ment at FLC were comparable to that in WT (Figure 5F;

Supplemental Figure S4B), suggesting that H3K36me3 is not
required for H3.3 deposition.

H3.3 knockdown affects H3K4me3 at a subset of
loci
A previous study has shown that H3.3 knockdown had little
impact on H3K4me3 globally when all the genes were evalu-
ated, while H3K36me3 enrichment was affected especially at
misexpressed genes upon the loss of H3.3 (Wollmann et al.,
2017). To further investigate the impact of H3.3 at
H3K4me3 in detail, we analyzed the published ChIP-seq data
generated using h3.3kd-3 seedlings to identify genes with al-
tered H3K4me3 levels. ChIP-seq detected less H3K4me3 at
FLC, MAF4, and MAF5 in h3.3kd-3, confirming that H3.3 is
required for H3K4me3 at these loci (Supplemental Figure
S5A). The lack of H3.3 led to strong H3K4me3 reductions at
761 loci (>1.5-fold change), while 116 loci gained H3K4me3
in h3.3kd (Figure 6, A and B; Supplemental Table S1). In line
with the role of H3K4me3 in gene activation, genes with re-
duced H3K4me3 showed lower expression levels in h3.3kd
(Figure 6C). Notably, the H3K4me3 is broadly distributed at
these genes, albeit it is generally enriched around the TSS
(Figure 6B). Such a distribution pattern resembles H3K4me3
enrichment at genes with short length (Li et al., 2016). We
thus examined the length of genes that displayed H3K4me3
reduction in h3.3kd and found that they were indeed
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enriched with short genes (Figure 6D). H3.3 distribution was
further analyzed by profiling chromatin occupancy of HTR5-
GFP in seedlings using ChIP-seq. Like H3K4me3, H3.3 tended
to occupy the whole body of short genes (Supplemental
Figure S5B). Moreover, genes with reduced H3K4me3 in
h3.3kd had less H3.3 accumulation compared with the
average level (Figure 6E), suggesting that the H3K4me3 is
more vulnerable at genes where H3.3 could be nearly de-
pleted when a limited amount of it is available in h3.3kd
(Figure 6F).

Discussion
On the Arabidopsis genome, H3.3 preferentially associates
with active genes, but the function of H3.3 on transcription
and chromatin regulation is still not clear. The knockdown
of H3.3 causes leaf serration, reduced fertility, and misexpres-
sion of particularly responsive genes (Wollmann et al., 2017).
The early flowering phenotype and reduced expression of
FLC and its homologs in h3.3kd indicate that H3.3 also regu-
lates the floral transition (Figure 1; Supplemental Figure S1).
The loss of H3.3 may directly affect transcription as
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H3.3-containing nucleosomes are less stable (Jin and
Felsenfeld, 2007). However, the majority of the H3.3-enriched
genes expressed normally upon H3.3 knockdown, suggesting
that the loss of H3.3 itself may not directly or be significant
enough to affect transcription (Wollmann et al., 2017). Our
results show that H3.3 promotes the deposition of active
histone modifications at FLC, MAF4, and MAF5 (Figure 2;
Supplemental Figure S2). Moreover, H3K4me3 reduction in-
duced by H3.3 knockdown is coupled with reduced gene
transcription (Figure 6C). It is possible that decreased active
histone modifications, together with the lack of H3.3 deposi-
tion, contribute to the reduced expression of FLC and its
homologs in h3.3kd.

In the absence of FRI, H3.3 is enriched at both FLC 50 and
30 ends (Figure 4A). In winter annuals, FRI directly associates
with HIRA and stimulates H3.3 deposition at FLC gene body
and 30 end (Figure 4, A–D), and elevated H3.3 facilitates FRI-
induced 50 end enrichment of H3K4me3 and H3K36me3 at
FLC (Figure 3, D and E). We show that H3.3 promotes the
FLC 50 to 30 looping (Figure 4E), which may explain how 30-
enriched H3.3 enhances active histone modifications at the
50 end. The COMPASS-like complex binds both the FLC 50

and 30 ends and is required for FRI-induced loop formation.
In addition, H3K4me3 at the FLC 30 end is moderately in-
duced by FRI (Li et al., 2018). H3.3 accumulation at the 30

end may enhance the activity of histone modifiers and/or
stabilize their binding at the spatially nearby 50 and 30 ends,
resulting in increased active histone modifications and gene
loop formation (Figure 4F). It has been reported that genes
with a loop structure tend to carry H3.3 at both gene ends
(Liu et al., 2016), a pattern similar to that at FLC. Therefore,
it is of great interest to further investigate the general func-
tion of H3.3 at genes with a loop structure.

We found that H3.3 knockdown has minimal effects on
H3K4me3 levels at long genes, where H3K4me3 is enriched
at the 50 end; while H3.3 is highly accumulated at the 30 end
(Supplemental Figure S5B; Li et al., 2016). In contrast,
H3K4me3 is strongly reduced in h3.3kd at particularly short
genes, at which H3.3 and H3K4me3 share similar distribution
patterns and localize across the whole genic region (Figure
6B; Supplemental Figure S5B; Li et al., 2016), suggesting that
H3.3 may serve as a substrate for H3K4me3 or directly regu-
late H3K4me3 at nearby nucleosomes. This is in line with
the reduction of H3K4me3 in h3.3kd at the 50 end of FLC, a
long gene (�6 kb) but accumulates H3.3 around both TSS
and TES. We also noted that genes with strong H3K4me3
reductions in h3.3kd carry less H3.3 than average (Figure 6E).
h3.3kd plants show mild developmental defects, whereas
h3.3 knockout lines are not viable, indicating that a substan-
tial amount of H3.3 is still available in h3.3kd (Wollmann et
al., 2017). It is possible that at genes with little H3.3, the lack
of H3.3 supply caused by H3.3 knockdown could lower its
levels below a critical threshold essential for the mainte-
nance of H3K4me3, yet genes with high H3.3 levels may still
carry enough H3.3 for H3K4me3 deposition (Figure 6F).
Further studies using materials with stronger H3.3

impairment would help to provide a more comprehensive
view of the function of H3.3 in histone modifications and
chromatin regulation in plants.

Our study shows that although H3K36me3 requires H3.3,
the deposition of H3.3 at FLC is independent of H3K36me3
(Figure 5F). Hence, H3.3 incorporation is likely the prerequisite
of H3K36me3. Recent studies in animals have shown that the
phosphorylation at Serine31, a specific amino acid on H3.3, di-
rectly impacts H3K36me3 and H3K27ac in-cis (Armache et al.,
2020; Sitbon et al., 2020). Plant H3.3 proteins contain a specific
threonine at residue 31, which might undergo phosphorylation.
It is of note that the alanine at position 31 on H3.1 is specifi-
cally recognized by ARABIDOPSIS TRITHORAX-RELATED
PROTEIN 5 (ATXR5) and ATXR6, two plant-specific methyl-
transferases preferentially catalyzing H3K27me1 on H3.1 (Jacob
et al., 2009, 2014). The A31 residue on plant H3.1 is also re-
quired for the H3K27me3 maintenance, mediated specifically
by H3.1 (Jiang and Berger, 2017). The distinct amino acids on
H3.1 and H3.3 may stimulate or exclude specific enzymes, and
thus enable H3.1 and H3.3 to serve as favored substrates for
different types of histone modifications. Alternatively, H3.3 may
attract specific binding partners and engage the configuration
of chromatin structure suitable for active histone modifications.

Nucleosomes containing both H3.3 and H2A.Z are unsta-
ble (Jin and Felsenfeld, 2007). At Arabidopsis gene loci, H3.3
overall opposes H2A.Z accumulation especially at the 30

gene end (Wollmann et al., 2017). Our results confirmed the
antagonism between H3.3 and H2A.Z at FLC (Figure 5, E
and F). H2A.Z is often associated with transcriptional repres-
sion, but at the FLC locus it activates its expression.
Interestingly, it has been reported that the H2A.Z abun-
dance at FLC is not positively associated with FLC expression
levels, rather the less FLC is expressed, the higher H2A.Z is
enriched (Deal et al., 2007). This is in line with our observa-
tions that H3.3 knockdown induces H2A.Z accumulation
but leads to decreased FLC expression. These results suggest
that in Col, the presence of both H3.3 and H2A.Z is required
for the FLC activation while lacking either one compromises
FLC expression. Hence, balanced H3.3 and H2A.Z deposition
may help to smooth the transcription process and establish
a competent state for FLC transcription. H3.3 and H2A.Z are
both enriched at the FLC 50 and 30 ends (Figures 4A; 5, E
and F). It is tempting to speculate that at FLC, H3.3 and
H2A.Z co-exist in the same nucleosomes, which are highly
sensitive to disruption. In contrast, the loss of either H2A.Z
or H3.3 increases the nucleosome stability and transcription
blockage at FLC, resulting in a less competent state for
transcription.

Materials and methods

Plant materials and growth conditions
Arabidopsis (A. thaliana) h3.3kd lines (Wollmann et al.,
2017), h2a.z (Coleman-Derr and Zilberman, 2012), FRI-Col
(Lee et al., 1994), fve-4 (Kim et al., 2004), fld-3 (He et al.,
2003), flc-3 (Michaels and Amasino, 1999), efs-3 (Kim et al.,
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2005), and HTR5-GFP (Wollmann et al., 2012) were described
previously. Since in h2a.z (hta8; hta9; hta11), the hta8 mu-
tant was derived from the Ws (Wassilewskija) background,
h2a.z was backcrossed with Col three times prior to any
analyses. Plants were grown in long days (16 h light/8 h
dark) or short days (8 h light/16 h dark) at �22�C.

RNA analysis
Total RNAs from 10-day-old seedlings were extracted with
Minibest plant RNA extraction kit (Takara). Reverse tran-
scription was performed using TransScript one-step gDNA
removal and cDNA synthesis supermix (TransGen). RT-qPCR
was carried out on an Applied Biosystems QuantStudio 6
Flex Real-Time PCR System using TransStart top green qPCR
supermix (TransGen). TUB2 was used as an endogenous
control for normalization. Primers used for amplification are
listed in Supplemental Table S2.

For the analysis of published RNA-seq data (Wollmann
et al., 2017), reads were mapped to the Arabidopsis genome
(TAIR10) using Hisat2 (Kim et al., 2019). Reads per gene
were counted by HTseq (Anders et al., 2015), and transcripts
per million values were generated using R.

ChIP-qPCR
ChIP experiments were carried out using sonicated chroma-
tin extracted from 10-day-old seedlings as previously de-
scribed (Jiang and Berger, 2017). Immunoprecipitations were
performed with anti-H3 (Abcam, ab1791), anti-H3K4me3
(Abcam, ab8580), anti-H3K36me3 (Abcam, ab9050), anti-
H3K27me3 (Millipore, 07-449), and anti-H2A.Z (Yelagandula
et al., 2014) antibodies. ChIP with HTR5-GFP-related lines
were conducted with GFP-trap agarose beads (Chromotek,
gta-20). The amounts of immunoprecipitated DNA were
quantified by quantitative real-time PCR (qPCR). Primers
used for amplification are specified in Supplemental
Table S2.

ChIP-seq analysis
To analyze genome-wide H3K4me3 changes in h3.3kd, pub-
lished ChIP-seq datasets were downloaded (Wollmann et al.,
2017), and reads were aligned to the Arabidopsis genome
(TAIR10) with Botiew2 (Langmead and Salzberg, 2012).
Reads were filtered for duplicated reads by using Picard
MarkDuplicates (https://github.com/broadinstitute/picard).
For data visualization, bigwig coverage files of H3K4me3 rela-
tive to H3 (log2 ratio) were generated using deepTools utility
bamCoverage with a bin size of 10 bp (Ramirez et al., 2014).
To identify differential H3K4me3 enriched genes, the average
scores for H3K4me3/H3 over the whole gene body were cal-
culated with deepTools utility multiBigwigSummary, genes
with H3K4me3/H3 ratio more than one in Col were retained
for further analysis and differential genes were called by re-
quiring more than 1.5-fold difference in h3.3kd compared
with Col. Average ChIP-seq profiles were generated using
deepTools utility plotProfile.

To profile HTR5-GFP enrichment in 10-day-old seedlings,
materials were ground with liquid nitrogen into fine powder

and fixed with 1% (v/v) formaldehyde, followed by nuclei ex-
traction and micrococcal nuclease (Sigma, N5386) digestion
to generate mononucleosomes as previously described (Jiang
and Berger, 2017). Immunoprecipitation was performed with
GFP-trap agarose beads (Chromotek, gta-20). ChIP-recovered
DNA was subjected to library preparation with VAHTS uni-
versal DNA library prep kit for Illumina (Vazyme, ND607)
according to manufacturer’s instruction and sequenced with
HiSeq 2500 to generate paired-end 150-bp reads. Adapter
trimming was performed and low quality reads were filtered
with fastp (Chen et al., 2018). Reads were mapped to the
Arabidopsis genome (TAIR10) with Botiew2 (Langmead and
Salzberg, 2012), and filtered for duplicated reads by using
Picard MarkDuplicates (https://github.com/broadinstitute/pi
card). For data visualization, bigwig coverage files of HTR5-
GFP relative to input (log2 ratio) were generated using
deepTools utility bamCoverage with a bin size of 10 bp
(Ramirez et al., 2014). Average ChIP-seq profiles were gener-
ated using deepTools utility plotProfile.

Pull-down assay
Full-length coding regions of HIRA and FRI were cloned into
pGEX-5X-2 and pRSETA for the production of GST-HIRA
and His-FRI proteins respectively. Proteins were expressed
using Escherichia coli BL21 (DE3) by IPTG induction. GST-
HIRA and His-FRI were mixed together with glutathione-aga-
rose resin (GE Healthcare) in pull-down buffer (50-mM Tris
pH 7.5, 150-mM NaCl, 1-mM EDTA, 0.5% Nonidet P-40, pro-
tease inhibitor cocktail) at 4�C overnight. After washing four
times with pull-down buffer, proteins retained on the beads
were eluted by boiling with sodium dodecyl sulfate (SDS)
loading buffer, separated by SDS–polyacrylamide gel electro-
phoresis, and detected with anti-GST (Sigma, G7781) and
anti-His (CWBio, CW0286) antibodies. Primers used for gen-
erating constructs are listed in Supplemental Table S2.

Western blot
To analyze HTR5-GFP expression, total proteins extracted
from 10-day-old seedlings were transferred to a 0.2-lm ni-
trocellulose membrane and detected with anti-GFP
(TransGen, HT801) and anti-Actin (CWBio, CW0264)
antibodies.

Bimolecular fluorescence complementation
The full-length coding sequences of FRI and HIRA were
cloned into pEarleyGate201-YN and pEarleyGate202-YC vec-
tors (Lu et al., 2010) via gateway technology (Thermo Fisher
Scientific) and subsequently transformed into Agrobacterium
tumefaciens strain GV3101. The Agrobacterium strains har-
boring YN, YC, and mRFP-AHL22 were coinfiltrated into
Nicotiana benthamiana plant leaves. YFP and mRFP signals
were observed 2–3 days after infiltration using a Zeiss confo-
cal laser scanning microscope. For detecting YFP signals,
excitation was performed at 514 nm (2% laser intensity),
and emission was collected at 519–579 nm (gain: 972).
For detecting mRFP signals, excitation was performed at
561 nm (2% laser intensity), and emission was collected
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at 578–650 nm (gain: 700). Primers used for generating con-
structs are listed in Supplemental Table S2.

Co-IP assay
To express tag-fused FRI and HIRA, CaMV 35S promoter
was first inserted into pGWB513 and pGWB516 (Nakagawa
et al., 2007), subsequently the full-length coding sequences
of FRI and HIRA except stop codon were inserted to fuse
with HA and Myc in pGWB513 and pGWB516 respectively.
Protoplast transformation was performed as previously de-
scribed (Cheng et al., 2015). After transformation, proto-
plasts were kept overnight and subjected to total protein
extraction with Co-IP buffer (50-mM HEPES, pH 7.5, 150-
mM KCl, 1-mM EDTA, 1-mM DTT, 0.3% Triton X-100, pro-
tease inhibitor cocktail). After centrifugation, the superna-
tant was incubated with anti-HA beads (Thermo scientific,
88836) for overnight. Tagged proteins were detected with
anti-Myc (Easybio, BE2011) and anti-HA (CST, 3724) anti-
bodies. Primers used for generating constructs are listed in
Supplemental Table S2.

3C experiment
3C experiment was performed as previously described
(Louwers et al., 2009; Crevillen et al., 2013; Li et al., 2018).
Briefly, nuclei extracted from freshly collected 10-day-old
seedlings were fixed with 2% formaldehyde and subse-
quently lysed with 0.2% SDS at 65�C for 30 min. SDS was se-
questered with 2% Triton X-100 at 37�C for 1 h. BamHI and
BglII were used to digest chromatin overnight and were
inactivated with 1.6% SDS. After the sequestration of SDS
with 1% Triton X-100, ligation was performed at 16�C for 5
h with T4 DNA ligase, followed by reverse crosslink and
DNA recovery.

Relative interaction frequencies were quantified and calcu-
lated as described previously (Crevillen et al., 2013; Li et al.,
2018). Amplifications of a loading control region that does
not contain restriction sites were used to normalize DNA
concentration between samples. Primer efficiency was nor-
malized by amplification with a control template DNA con-
sists of equal amounts of all possible ligation products,
which was generated by ligating a BamHI and BglII cut plas-
mid containing an 11-kb FLC genomic fragment (Li et al.,
2018). Values are averages of three biological replicates.
Primers used for amplification were adopted from a previous
study (Li et al., 2018).

Statistical analysis
Statistical significance was determined with two-tailed
Student’s t test, one-way Analysis of Variance (ANOVA)
with Tukey’s test or Mann–Whitney U test.

Data availability
The published H3K4me3 and RNA-seq datasets were down-
loaded from GEO GSE96873. The ChIP-seq data of HTR5-
GFP in seedlings are available in the GEO under accession
number GSE167384.

Accession numbers
FLC (AT5G10140), FLM/MAF1 (AT1G77080), MAF2
(AT5G65050), MAF3 (AT5G65060), MAF4 (AT5G65070), MAF5
(AT5G65080), HIRA (AT3G44530), ASF1a (AT1G66740), ASF1b
(AT5G38110), FRI (AT4G00650), FVE (AT2G19520), FLD
(AT3G10390), EFS/SDG8 (AT1G77300), HTR5 (AT4G40040).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Flowering phenotype and gene
expression analyses in h3.3kd lines.

Supplemental Figure S2. Chromatin modification changes
at MAF4 and MAF5 in h3.3kd-1.

Supplemental Figure S3. h3.3kd-1 represses the late flow-
ering phenotype of fve-4 and fld-3.

Supplemental Figure S4. HTR5-GFP and FLC expression
in HTR5-GFP-related lines.

Supplemental Figure S5. ChIP-seq analysis of H3K4me3
and HTR5-GFP distribution.

Supplemental Table S1. List of genes at which H3K4me3
changed more than 1.5-fold in h3.3kd-3.

Supplemental Table S2. Primer sequences used in this
study.
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