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Summary

� Developmental phase transitions are often characterized by changes in the chromatin land-

scape and heterochromatin reorganization. In Arabidopsis, clustering of repetitive heterochro-

matic loci into so-called chromocenters is an important determinant of chromosome

organization in nuclear space. Here, we investigated the molecular mechanisms involved in

chromocenter formation during the switch from a heterotrophic to a photosynthetically com-

petent state during early seedling development.
� We characterized the spatial organization and chromatin features at centromeric and peri-

centromeric repeats and identified mutant contexts with impaired chromocenter formation.
� We find that clustering of repetitive DNA loci into chromocenters takes place in a precise

temporal window and results in reinforced transcriptional repression. Although repetitive

sequences are enriched in H3K9me2 and linker histone H1 before repeat clustering, chromo-

center formation involves increasing enrichment in H3.1 as well as H2A.W histone variants,

hallmarks of heterochromatin. These processes are severely affected in mutants impaired in

replication-coupled histone assembly mediated by CHROMATIN ASSEMBLY FACTOR 1

(CAF-1). We further reveal that histone deposition by CAF-1 is required for efficient

H3K9me2 enrichment at repetitive sequences during chromocenter formation.
� Taken together, we show that chromocenter assembly during post-germination develop-

ment requires dynamic changes in nucleosome composition and histone post-translational

modifications orchestrated by the replication-coupled H3.1 deposition machinery.

Introduction

Eukaryotic nuclear DNA is organized in chromatin. Different
arrangements of arrays of nucleosomes, the basic subunits of
chromatin, result in distinct higher-order chromatin structures
within the nucleus. Although most active genes reside in open,
transcription-permissive euchromatin, heterochromatin com-
prises mostly repetitive sequences and transposable elements that
are transcriptionally silenced. Establishment and maintenance of
heterochromatin is critical for chromosome segregation and
genome integrity by preventing transcription and illegitimate
recombination of repeated elements.

In certain yeast, animal and plant species, heterochromatin
clusters in conspicuous, cytologically visible domains termed
chromocenters (CCs). The formation of CCs is thought to con-
tribute to heterochromatin stability by compartmentalizing repet-
itive elements and transposons away from euchromatin, and so

favoring concentration of chromatin silencing factors in specific
subnuclear domains (Almouzni & Probst, 2011). Beyond its role
in the transcriptional control of repetitive elements, nuclear orga-
nization of heterochromatin has a role in structuring the genome
within the nuclear space. In Arabidopsis thaliana, CCs have been
shown to contribute to the arrangement of chromosome territo-
ries by anchoring loops of gene-rich euchromatic domains
(Fransz et al., 2002; Feng et al., 2014). Diploid Arabidopsis
nuclei contain approximately six to 10 CCs mainly comprising
clustered centromeric, pericentromeric and rDNA repeats, as well
as transposable elements (Probst et al., 2003; Simon et al., 2015).
These CCs are not randomly organized in the nucleus, but local-
ize preferentially at the nuclear periphery (Fang & Spector, 2005;
Poulet et al., 2017). The number and distribution of CCs as well
as the genetic elements forming a specific CC vary between cell-
types and developmental stages with different gene expression
programs (Mayer et al., 2005; Fransz et al., 2006; Benoit et al.,
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2013), reflecting their role in organizing euchromatin in the
nucleus. Furthermore, CCs are dynamically reorganized in
response to developmental or environmental stimuli (Probst &
Mittelsten Scheid, 2015). CCs transiently decondense in
response to prolonged heat stress (Pecinka et al., 2010), pathogen
infection (Pavet et al., 2006) or upon dedifferentiation into pro-
toplasts (Tessadori et al., 2007a), but are also dynamically rear-
ranged during somatic-to-reproductive cell fate transitions in
spore mother cells (She et al., 2013; She & Baroux, 2015), in leaf
tissue during developmental phase changes such as floral transi-
tion (Tessadori et al., 2007b) or in cotyledons during photomor-
phogenesis (Bourbousse et al., 2015; Snoek et al., 2017) and
germination (van Zanten et al., 2011). In dry seeds, chromatin of
cotyledon nuclei is highly condensed but a transient disruption
of CCs occurs during seed imbibition, translating into dispersion
of centromeric and pericentromeric repeats in the nuclear volume
immediately after germination (van Zanten et al., 2011). CC re-
assembly then takes place in developing cotyledons between two
and five days after germination (Mathieu et al., 2003; Douet
et al., 2008). Dynamics of chromatin modifications occurring at
repetitive sequences and molecular features driving CC
re-assembly during this developmental window are poorly
understood.

Repetitive elements forming CCs are enriched in repressive
chromatin marks, including DNA methylation and histone post-
translational modifications such as di-methylation of histone H3
Lys-9 (H3K9me2) and monomethylation of H3 Lys-27
(H3K27me1) (Probst et al., 2003; Martens et al., 2005; Mathieu
et al., 2005), which can form a binding platform for specific
reader proteins. Heterochromatin further shows high nucleoso-
mal density and low DNAse I accessibility, landmarks of a com-
pact chromatin state (Chodavarapu et al., 2010; Shu et al., 2012),
possibly dampening its accessibility by transcription factors and
the transcriptional machinery. In addition, through the incorpo-
ration of histone variants, biophysical features of the nucleosome
can be modified with impacts on transcriptional competence and
higher-order chromatin organization. For example, the histone
H2A variant H2A.Z is a major regulator of gene transcription
(Jin et al., 2009; Thakar et al., 2009; Sura et al., 2017), whereas
nucleosomes comprising the variant H2A.W are hallmarks of
heterochromatin. Indeed, H2A.W has been shown in vitro to
promote long-range chromatin fiber-to-fiber interactions through
its conserved C-terminal tail and to increase higher-order chro-
matin condensation in vivo (Yelagandula et al., 2014). Histone
H3 variant H3.3 correlates with active gene expression (Stroud
et al., 2012; Wollmann et al., 2012, 2017; Shu et al., 2014; Duc
et al., 2017), its incorporation results in more unstable
nucleosomes (Jin et al., 2009; Thakar et al., 2009) and a tran-
scription-permissive chromatin state, whereas H3.1 is enriched
at transcriptionally inactive chromatin (Stroud et al., 2012;
Wollmann et al., 2012). Another feature of heterochromatin is
the presence of linker histones H1 that bind to DNA both at the
entry and exit site of the nucleosome particle and which are
enriched at CCs (She et al., 2013; Fyodorov et al., 2018).
Although the characteristics of heterochromatin in leaf tissues
with conspicuous CCs were well defined in previous reports, few

studies have yet addressed the dynamic nature of CC structures
and the implicated changes in chromatin features (Tessadori et
al., 2007a,b; van Zanten et al., 2012; She et al., 2013). To learn
about the mechanisms involved in the formation of higher-order
chromatin structures, we have taken advantage of the progressive
formation of chromocenter structures that takes place during
post-germination development and investigated the changes in
histone variants and modifications in this dynamic system. We
show that centromeric and pericentromeric repeats gather with
similar dynamics into CC structures, a rearrangement that
matches with consolidation of transcriptional repression of peri-
centromeric repeats during cotyledon post-germination develop-
ment. We find that despite absence of most CCs early after
germination, repetitive elements are already enriched in the hete-
rochromatin-characteristic H3K9me2 mark and the linker his-
tone H1. Instead, formation of CCs correlates with an increase in
H3.1 and H2A.W variant occupancy that have the potential to
modify nucleosome stability and chromatin fiber–fiber interac-
tion, respectively. In agreement with increasing H3.1 occupancy,
we find evidence that CHROMATIN ASSEMBLY FACTOR 1
(CAF-1)-mediated histone deposition, but not the replication-
independent deposition mediated by the HISTONE
REGULATOR (HIR) complex is required for proper CC forma-
tion. Loss of CAF-1 not only affects H3.1 and H2A.W enrich-
ment, but also reduces H3K9me2 levels. We conclude that the
CAF-1 mediated nucleosome assembly machinery coordinates
nucleosomal occupancy and composition and contributes to the
setting and propagation of post-translational modifications, ulti-
mately influencing higher-order chromatin formation.

Materials and Methods

Plant material and growth conditions

Mutant Arabidopsis thaliana lines were obtained from the Not-
tingham Arabidopsis Stock Center (NASC) and/or have been
kindly provided by other laboratories. Homozygous mutants
fas2-5 (SALK_147693), a knock-out allele for the FAS2 subunit
of the CAF-1 complex, fas1-4 (SAIL-662-D10), a knock-down
allele for the FAS1 subunit of the CAF-1 complex (Duc et al.,
2015), hira-1 (WiscDsLox362H05), htr9-1 (SALK_148171),
h2a.w.6 (SALK_024544.32) and h2a.w.7 (GK_149G05) are in
the Columbia background and were identified by PCR-based
genotyping. h2a.w.6 h2a.w.7 double mutants were generated by
crosses of single mutants. Transgenic plants expressing Myc-
tagged H3.1 and H3.3 (Stroud et al., 2012) were kindly provided
by C. Gutierrez. Transgenic plants expressing H3.1 (HTR9) with
a FLAG-HA tag, termed here epitope tagged H3.1 (eH3.1)
under control of its endogenous promoter were described previ-
ously (Duc et al., 2017). T3 monolocus homozygous lines were
crossed with fas2-5 mutants to obtain eH3.1 fas2-5 lines.

For in vitro culture, seeds were surface-sterilized and sown on
germination media containing 0.8% w/v agar, 1% w/v sucrose
and 19 Murashige & Skoog salts (MS, M0255; Duchefa Bio-
chemie, Haarlem, Netherlands). After 2 d of stratification at 4°C
in the dark, seedlings were grown under 16 h : 8 h, light : dark
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cycles at 23°C. Cotyledons were harvested at 78, 102, 126 or
150 h after transfer to the growth chamber, corresponding to
time points 2, 3, 4 or 5 d after germination (dag), respectively.

RNA extraction and RT-qPCR

Total RNAs were extracted from dissected and shock-frozen
cotyledons using Tri-Reagent (Euromedex, Souffelweyersheim,
France), treated with RQ1 DNase I (Promega, Madison, WI,
USA) and purified with Phenol-Chloroform. Reverse transcrip-
tion was primed either with oligo(dT)15 or random hexamers
supplemented with reverse primers for TSI and Ta3 using M-
MLV reverse transcriptase (Promega). Transcript levels were
determined by quantitative polymerase chain reaction (qPCR)
with the LightCycler® 480 SYBR Green I Master kit (Roche,
Basel, Switzerland) (Roche, Basel, Switzerland) on the Roche
LightCycler® 480 and normalized to MON1 (At2g28390) tran-
script levels (Czechowski et al., 2005), using the comparative
threshold cycle method.

3D-quantification of nuclear parameters

Col-0 wild type (WT) seedlings were harvested 78 h and 150 h
after transfer of the seeds to the growth chamber. In brief, cotyle-
dons were collected and fixed using 1% formaldehyde and 10%
DMSO in 19 PBS with 6.7 mM EGTA (pH 7.5) under vacuum
for 5 min and incubated for 25 min at room temperature (Desset
et al., 2018). Tissues were then washed with methanol and
ethanol to obtain transparent tissue preparations. After rehydra-
tion, fixed tissues were stained overnight at 4°C in a solution of
Hoechst 33258 (Sigma, St Louis, MO, USA) at 0.25 lg ml�1 in
PBS. Stained cotyledons were placed on a slide in PBS : glycerol
(20 : 80) solution and covered with a coverslip for microscopic
observations using structured illumination microscopy to pro-
duce confocal-like images using an Optigrid module (Leica
Microsystems MAAF DM 16000B) with a 963 oil objective.
The IMAGEJ plugin NUCLEUSJ was used to characterize nuclear
morphology and chromatin organization (Poulet et al., 2015).

Fluorescence in situ hybridization

For fluorescence in situ hybridization (FISH), in vitro-grown
cotyledons aged from 2 to 5 dag were fixed in ethanol-acetic acid
(3 : 1 v/v) and FISH was performed as described (Bowler et al.,
2004). Slides were analyzed with a Zeiss Axio Imager Z.1 micro-
scope equipped with a Zeiss AxioCam MRm camera system and
images processed with IMAGEJ and Adobe PHOTOSHOP. More than
200 nuclei were scored per condition using a double-blind exper-
imental setup. Only nuclei in which all 180-bp and
Transcriptionally Silent Information (TSI) repeats are clustered in
CCs are scored as ‘clustered’.

Protein immunolocalization

For immunofluorescence assays, dissected cotyledons were fixed
in 4% formaldehyde (Sigma) in Tris buffer, finely chopped in

Lysis Buffer (15 mM Tris-HCl pH 7.5, 80 mM KCl, 2 mM
EDTA, 0.5 mM spermidine, 0.5 mM spermine, 20 mM NaCl,
0.1% Triton X-100) and the homogenate filtered through a 30-
lm filter before centrifugation. The nuclei pellet was resus-
pended in sorting buffer (100 mM Tris-HCl pH 7.5, 50 mM
KCl, 2 mM MgCl2, 0.05% Tween 20 and 5% sucrose) and
deposited onto a microscope slide before air-drying. Nuclei
preparations were fixed in 2% formaldehyde in PBS, washed
with water and air-dried. Slides were incubated with the anti-
HA antibody (Abcam, Cambridge, UK; batch GR218331-6)
overnight, and the primary antibody was revealed with a sec-
ondary anti-rabbit antibody coupled to Alexa-488 (Molecular
Probes, Eugene, OR, USA). Slides were mounted in Vectashield
(Vector Laboratories, Peterborough, UK) with 40,6-diamidino-
2-phenylindole (DAPI) (2 lg ml�1). For microscopic observa-
tion, a fluorescence light microscope DM6000B (Leica,
Wetzlar, Germany) with a digital CMOS ORCA – Flash4.0
camera (Hamamatsu, Hamamatsu City, Japan) was used.

Chromatin immunoprecipitation

Chromatin was isolated from cotyledons as described (Bowler
et al., 2004) after formaldehyde cross-linking. Chromatin was
sheared using a Diagenode Bioruptor (10 cycles, 30 s ON, 90 s
OFF). Chromatin immunoprecipitation (ChIP) was carried out
with the LowCell# ChIP kit (Diagenode, Seraing, Belgium) fol-
lowed by qPCR quantification. For each ChIP shown in Figs 4
and 5 (see later), WT and fas2-5 samples at 2 and 5 dag were pro-
cessed together. To adjust for different IP efficiencies between the
independent ChIP experiments, IP levels normalized to input
(for H3, H2A.W and H1) or H3 (for H3K9me2) were set to 1
for Ta3 in the Col-0 2-dag sample. Anti-H3 (ab1791, Abcam,
batches GR242835-1, GR265016-1 and GR172700-1), anti-
H3K9me2 (ab1220, Abcam, batch GR166768-3), anti-
H2A.W.6 (Yelagandula et al., 2014), kindly provided by Z.
Lorkovic and F. Berger), anti-H1 (AS11 801, Agrisera, V€an€aus,
Sweden; batch 1512), anti-Myc (05-724, Millipore, Burlington,
MA, USA; batch 2720363) and FLAG-coupled magnetic beads
(M8823, Sigma, batch SBL1128V) were used.

Primers

All primer sequences are listed in Supporting Information
Table S1.

Statistical analysis

A two-sided Student’s t-test was used for mean comparison for
FISH analyses, transcript levels and local enrichments determined
by ChIP-qPCR. Asterisks in the figures indicate statistically sig-
nificant differences (•, P < 0.1; **, P < 0.05; **, P < 0.01; ***,
P < 0.001). Hashtags denote statistically significant differences
between WT and fas2-5 at the same time point (♯, P < 0.1; ♯♯,
P < 0.05). Statistical significance for nuclear morphometric
parameters determined with NUCLEUSJ was determined using a
nonparametric Kruskal–Wallis test (*, P < 0.05; **, P < 0.01;
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***, P < 0.001). Hashtags denote statistically significant differ-
ences between WT and fas2-5 at the same time point (♯♯♯,
P < 0.001).

Results

Progressive formation of CCs during postgermination
development is associated with transcriptional repression

The first days of postgermination development involve important
rearrangements of nuclear architecture (Mathieu et al., 2003;
Douet et al., 2008). To gain a global view of the changes in
nuclear features and chromatin organization during this develop-
mental time window, we fixed cotyledons from seedlings at 2 and
5 dag, acquired 3D-images of epidermis nuclei after DNA stain-
ing with Hoechst (Fig. 1a) and measured parameters relative to
nuclear morphology and CC organization. We find that nuclei
change their shape during this developmental time window,
nuclei at 5 dag being more elongated than those at 2 dag
(Fig. 1b). As CCs are highly condensed chromatin domains that
stain intensively with DNA-intercalating agents, they can be seg-
mented from the lightly stained euchromatic regions and their
characteristics quantified (Poulet et al., 2015). Between 2 and
5 dag, the median CC number increased significantly from six to
eight CCs and the total CC volume increased significantly from a
median volume of 3.3 to 4.4 lm3 resulting in an elevated relative
heterochromatin volume (RHV) of the nuclei at 5 dag (Fig. 1b).
Together, this suggests gradual changes in the organization of
repetitive sequences that form CCs.

In order to get a higher resolution view on the organization of
specific repetitive sequences in the nucleus, we performed FISH
targeting centromeric (180-bp) and pericentromeric (TSI) repeats
present on all chromosomes (Probst et al., 2003). We quantified
the organization of heterochromatic repeats into CCs by assessing
the percentage of nuclei with fully clustered FISH signals
(Fig. 1c,e). At 2 dag, cotyledon nuclei exhibit small heterochro-
matic foci, visible by DAPI staining, which we refer to as ‘pre-
CCs’, and only c. 25% of the nuclei reveal completely clustered
repeats compared to c. 80% at 5 dag (Fig. 1d,e). The analyzed
centromeric and pericentromeric sequences cluster into CCs with
a precise temporal arrangement and with similar dynamics. Cen-
tromeric and pericentromeric repeats, as well as most transpos-
able elements are transcriptionally silent (Steimer et al., 2000;
May et al., 2005). To test whether the different arrangement of

repetitive sequences influences their transcription, we quantified
transcript levels of TSI repeats and the pericentromeric Ta3 retro-
transposon (Konieczny et al., 1991) by RT-qPCR using total
RNA isolated from dissected cotyledons. We reproducibly
observed approximately four-fold higher transcript levels of TSI
and Ta3 transcripts in cotyledons 2 dag, when these genomic
regions are dispersed in 75% of the nuclei (Fig. 1f), compared to
5 dag. We conclude that heterochromatic repeats progressively
cluster into CCs between 2 to 5 dag and that CC formation cor-
relates with reduced levels of TSI and Ta3 transcripts.

H3.1 occupancy increases at repetitive sequences during
CC formation

In order to gain further insight into changes of local chromatin
features during CC formation at these repetitive elements, we
explored histone dynamics and nucleosome composition. The
first step in nucleosome assembly is the deposition of the H3–H4
tetramer (Smith & Stillman, 1991). We therefore investigated
nucleosome composition in the replicative histone H3.1 and the
replacement variant H3.3 using ChIP. H3.1 and H3.3 differ by
only four amino acids and no discriminant antibody is available
in plants. Hence, we used plant lines expressing translational
fusions of H3.1 (HISTONE THREE RELATED 13; HTR13)
and H3.3 (HTR5) with a Myc-tag (Stroud et al., 2012) to specif-
ically immuno-precipitate either H3.1 or H3.3. We noticed
dynamic variations in H3.1 enrichment, with an increase in H3.1
occupancy at centromeric 180-bp repeats, pericentromeric
sequences TSI and Ta3 at 5 dag compared to 2 dag (Fig. 2a). The
observed H3.1 enrichment cannot be explained by higher H3.1
transcript levels, because those are lower at 5 dag than at 2 dag
(Fig. S1a). To test H3.1 occupancy dynamics of another inde-
pendent H3.1 gene product and to take into account potential
changes in total H3.1 levels in the H3.1-Myc tagged lines, we
used a transgenic epitope tagged H3.1 (eH3.1) line expressing
the HTR9 coding sequence fused to a short FLAG-HA epitope
under control of the endogenous promoter in a htr9 mutant
background (Duc et al., 2017). Immunofluorescence staining of
cotyledon nuclei showed that HTR9-FLAG-HA is first enriched
at the few visible conspicuous ‘pre-CC’ structures at 2 dag and
then in all mature CCs at 5 dag (Fig. 2b). Quantification by anti-
FLAG ChIP (Fig. 2c) revealed higher H3.1 occupancy at 5 dag
compared to 2 dag at heterochromatic regions, whereas it
remained low at two genes with different expression levels

Fig. 1 Gradual clustering of repetitive elements into chromocenters correlates with reinforcement of transcriptional silencing. (a) Representative wild-type
(WT) Arabidopsis thaliana cotyledon epidermis nuclei at 2 and 5 d after germination (dag) stained with Hoechst. (b) Quantification of nuclear elongation,
chromocenter (CC) number, total CC volume per nucleus and the relative heterochromatin volume (RHV) in WT cotyledon nuclei at 2 and 5 dag as
determined with NUCLEUSJ. The box represents the 25–75th percentiles, and the median is indicated. The whiskers are equal to 1.59 the interquartile range.
Outliers are represented by dots; 2 dag, n = 133; 5 dag, n = 134. *, P < 0.05; ***, P < 0.001 (Kruskal–Wallis nonparametric test). (c, d) Representative nuclei
submitted to DNA fluorescence in situ hybridization (FISH) with probes for 180-bp (red) and Transcriptionally Silent Information (TSI) (green) sequences
and counterstained with 40,6-diamidino-2-phenylindole (DAPI) (grey). (c) Example of a clustered (top) and dispersed (bottom) organization of centromeric
and pericentromeric sequences. (d) Representative nuclei from cotyledons aged 2, 3, 4 or 5 dag. (e) Percentage of nuclei (� SEM from seven biological
replicates) with complete clustering of 180-bp or TSI repeats in CCs, n > 700. ***, P < 0.001 (Student’s t-test). (f) Reverse transcription polymerase chain
reaction analysis of TSI (left) and Ta3 (right) transcript levels in WT cotyledons at 2, 3, 4 and 5 dag. Histograms show normalized expression � SEM from at
least two biological replicates. •, P < 0.1; *, P < 0.05 (Student’s t-test). Bars: (a) 1 lm; (c, d) 5 lm.
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(UEV1C and HXK1; Duc et al., 2015) and at an intergenic
region. This showed a strong differential enrichment in H3.1
between heterochromatin and euchromatin in nuclei of 5 dag

cotyledons. By contrast, H3.3 occupancy is high at active genes
and low at heterochromatin already at 2 dag, remaining globally
unchanged during this time window with only modest reduction
at TSI repeats by 5 dag (Fig. 2d).

Together, these observations reveal that centromeric and peri-
centromeric repeats have a specific nucleosomal composition dur-
ing early seedling development, with lower H3.1 occupancy in
cotyledon nuclei early after germination compared to 5 dag. In
agreement, data mining of recent transcriptomics data
(Kawakatsu et al., 2017) revealed low to undetectable transcript
levels of most H3.1-encoding genes in dry seeds and re-
expression during germination (Fig. S1b). The increasing H3.1
levels observed at centromeric and pericentromeric repeats during
CC formation suggests a role for H3.1 deposition in the estab-
lishment of CCs as specialized chromatin domains.

Chromatin assembly mediated by CAF-1 is required for CC
formation

H3.1 is deposited by the CAF-1 complex that operates in a
DNA-synthesis dependent manner (Otero et al., 2016; Jiang &
Berger, 2017), whereas the HIR complex is responsible for
assembly of the replacement variant H3.3 (Nie et al., 2014; Duc
et al., 2015). FASCIATA 1 (FAS1), FASCIATA 2 (FAS2) and
HISTONE REGULATOR A (HIRA), encoding two subunits of
the Arabidopsis CAF-1 complex, and the central subunit of the
HIR complex, respectively, are expressed during early post-
germination development in cotyledons (Fig. S2a). FAS1 tran-
script levels are approximately seven-fold lower at 5 dag com-
pared to 2 dag following the pattern of H3.1 encoding genes
(Fig. S2a), corroborating previous observations obtained using a
ProFAS1::GUS reporter gene (Ramirez-Parra & Gutierrez,
2007). Arabidopsis mutants lacking functional CAF-1 and HIR
complexes are viable (Kaya et al., 2001; Nie et al., 2014; Duc
et al., 2015) allowing us to test whether CC dynamics are altered
in the respective histone chaperone mutant backgrounds. We first
confirmed that loss of CAF-1 impacts H3.1 incorporation in our
lines. Indeed, when the eH3.1 locus was introgressed into fas2-5
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Fig. 2 Dynamic H3.1 occupancy at repetitive sequences during
chromocenter formation. (a) H3.1 (HTR13-Myc) occupancy determined by
Myc-ChIP-qPCR relative to input at 180-bp centromeric repeats,
pericentromeric repeats Transcriptionally Silent Information (TSI), the
retrotransposon Ta3, an intergenic region (IG) and two genes (UEV1C and
HXK1) in Arabidopsis thaliana cotyledons at 2 and 5 d after germination
(dag). (b) Subnuclear localization of HTR9-FLAG-HA (eH3.1) revealed by
immunostaining (green) in nuclei of cotyledons aged 2 or 5 dag. DNA is
counterstained with 40,6-diamidino-2-phenylindole (DAPI) (grey). Bar,
5 lm. (c) H3.1 occupancy determined by FLAG-ChIP-qPCR relative to input
in cotyledons from wild-type (WT) plants aged 2 or 5 dag at the same
targets as in (a). (d) H3.3 (HTR5-Myc) occupancy as determined by Myc-
ChIP-qPCR relative to input in cotyledons fromWT plants aged 2 or 5 dag
at the same targets as in (a). Histograms in (a, c, d) show mean
percentage� SEM relative to input for two or three biological replicates and
occupancy at Ta3 in each chromatin immunoprecipitation (ChIP) was set to
1. Each panel includes the no-antibody fraction (Mock) for comparison
(light colors), which is shown to scale and might be hardly visible in some
panels. •, P < 0.1; *, P < 0.05; ***, P < 0.001 (Student’s t-test).
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mutants to specifically follow H3.1 loading, we detected reduced
H3.1 incorporation in fas2-5 mutant plantlets by Western blot
analysis of nuclear histones (Fig. S2b–d; Methods S1). We then
quantified the clustering of centromeric and pericentromeric
repeats by FISH in fas1-4, fas2-5 and hira-1 mutant plants

(Figs 3a,b, S2e,f). At 4 dag, significantly fewer (c. 45% in fas2-5
vs c. 70% in WT) nuclei with completely clustered centromeric
and pericentromeric repeats can be observed and only c. 55% of
the fas2-5 mutant nuclei compared to c. 80% in WT reach an
organization in which all repeats are clustered in CCs at 5 dag
(Fig. 3b). Altered CC formation was confirmed in fas1-4
mutants, whereas loss of HIRA did not negatively affect CC for-
mation (Fig. S2e,f). 3D analysis of cotyledon nuclei stained with
Hoechst further revealed a reduced total volume of CCs and a
reduced RHV in fas2-5 mutants relative to the respective WT
developmental stage (Fig. 3c). Furthermore, the total CC volume
and the RHV did not increase significantly between 2 and 5 dag
in the mutant context, confirming that the dynamics of CC reor-
ganization are affected. The number of CCs rose between 2 and
5 dag in fas2-5, but even fewer CCs could be detected at 2 dag
compared to WT (Fig. 3c).

Taken together, although HIRA-mediated replacement his-
tone deposition does not impair clustering of repetitive elements
into CCs, loss of CAF-1 function affects CC formation, suggest-
ing a primary role for H3.1 incorporation in heterochromatin
organization in cotyledons.

Linker histone H1 and H2A.W enrichment during CC
formation

We hypothesized that impaired nucleosome assembly coupled to
DNA replication could impact nucleosome occupancy, nucleo-
some composition and ultimately CC formation. We therefore
first analyzed whether deficient H3.1 incorporation in fas2-5
mutants might be compensated by higher H3.3 expression.
Although transcript levels of the H3.3-encoding genes HTR5 and
HTR8 are only moderately increased in CAF-1 mutants, the
H3.3-like genes HTR14 and in particular HTR6 are expressed to
c. two-fold and c. 70-fold higher levels, respectively, in the fas2-5
mutant at 2 dag (Fig. S3a,b). Again, this could promote differen-
tial nucleosome composition in fas2-5 mutants compared to
WT. We then assessed H3 occupancy by H3-ChIP at 2 and 5 dag
in WT and fas2-5 mutant plants. Albeit this analysis does not dif-
ferentiate between the diverse H3 variants, we found a small, but
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Fig. 3 CHROMATIN ASSEMBLY FACTOR 1 (CAF-1) is required for
chromocenter formation. (a) Representative nuclei from wild-type (WT)
and fas2-5mutant Arabidopsis thaliana cotyledons stained with 40,6-
diamidino-2-phenylindole (DAPI) (grey). For fas2-5mutant nuclei
distribution of 180-bp (red) and Transcriptionally Silent Information (TSI)
(green) sequences revealed by DNA fluorescence in situ hybridization
(FISH) is shown. Bar, 5 lm. (b) Percentage of nuclei (� SEM from two
biological replicates) in WT and fas2-5mutants with complete clustering
of 180-bp and TSI repeats in chromocenters (CCs,) n > 200. *, P < 0.05;
**, P < 0.01 (Student’s t-test). (c) Boxplots showing total CC number, total
CC volume per nucleus and the relative heterochromatin volume (RHV) in
fas2-5mutants standardized using the WT mean set as 1 (red dashed line)
for the corresponding developmental stage. The box represents the 25–
75th percentiles, and the median is indicated. The whiskers are equal to
1.59 the interquartile range. Outliers are represented by dots. Two days
after germination (dag) vs 5 dag in fas2-5: ***, P < 0.001; WT vs fas2-5 at
the corresponding dag: ###, P < 0.001 (nonparametric Kruskal–Wallis test);
2 dag, n = 114; 5 dag, n = 106.
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consistent increase in H3 occupancy between 2 and 5 dag in WT
plants, which is lost in fas2-5 mutant cotyledons (Fig. 4a).

Linker histones have been associated with condensed chro-
matin and are suggested to stabilize higher-order chromatin
structures (Fyodorov et al., 2018). To explore a possible role for
H1 in CC formation, we investigated the distribution of H1
using a commercially available H1 antibody (She et al., 2013).
We first confirmed that the resulting enrichment profile reflects
the one obtained by immunoprecipitating a green fluorescent
protein (GFP)-tagged H1.1 protein (She et al., 2013) (Fig. S3c)
and then assessed endogenous H1 occupancy in WT and fas2-5
mutant cotyledons using the anti-H1 antibody. H1 occupancy is
higher in heterochromatin than in euchromatin at 2 dag and

5 dag in WT, as expected (Rutowicz et al., 2015), and this was
also the case in fas2-5 mutant cotyledons. Moreover, H1 occu-
pancy varies only marginally during CC formation or in absence
of replication-coupled histone assembly (Fig. 4b).

Next, we investigated the distribution of the histone variant
H2A.W using an antibody directed against the H2A.W.6 protein
encoded by HTA6, the most highly expressed H2A.W encoding
gene in Arabidopsis (Fig. S3d) (Yelagandula et al., 2014). Inter-
estingly, H2A.W.6 occupancy increases during CC formation,
H2A.W.6 enrichment at repetitive sequences being c. two-fold
higher at 5 dag compared to 2 dag (Fig. 4c). Given the ability of
H2A.W to promote chromatin fiber–fiber interactions, this sug-
gests that deposition of H2A.W.6 during this developmental
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Fig. 4 Loss of CHROMATIN ASSEMBLY FACTOR 1 (CAF-1) correlates with reduced H3 occupancy and affects H2A.W.6 enrichment at transposons. (a)
H3, (b) H1 and (c) H2A.W.6 occupancy in wild-type (WT) and fas2-5mutant Arabidopsis thaliana cotyledons at 180-bp, Transcriptionally Silent
Information (TSI), Ta3 and CACTA, three genes (UEV1C, ACT2 and HXK1) and an intergenic region (IG) at 2 and 5 d after germination (dag) as
determined by chromatin immunoprecipitation (ChIP)-quantitative polymerase chain reaction (qPCR). Histograms present mean percentages� SE for at
least three biological replicates. Enrichment at Ta3 at 2 dag in WT was set to 1. 2 dag vs 5 dag WT: •, P < 0.1; *, P < 0.05; **, P < 0.01. WT vs fas2-5 at the
corresponding dag: #, P < 0.1; ##, P < 0.05 (Student’s t-test). Each panel includes the no-antibody fraction (Mock) for comparison (light colors), which is
shown to scale and might be hardly visible in some panels. (d) Percentage of nuclei (� SEM from two biological replicates) in WT and h2a.w.6 h2a.w.7

double mutants with complete clustering of 180-bp and TSI repeats in chromocenters (CCs), n > 200. *, P < 0.05; **, P < 0.01 (Student’s t-test).
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time window contributes to the clustering of repetitive sequences
into CCs. To test this hypothesis, we used h2a.w.6 h2a.w.7 dou-
ble mutants to assess CC formation in cotyledons with reduced
H2A.W content. Clustering of 180-bp as well as TSI sequences is
significantly impaired in plants with reduced H2A.W occupancy
(Fig. 4d), confirming an important role for H2A.W deposition in
CC formation (Yelagandula et al., 2014). We then analyzed
whether deficient H3.1 deposition in fas2-5 mutants would affect
H2A.W.6 occupancy. In fas2-5 mutant cotyledons, H2A.W.6
occupancy is significantly reduced at Ta3 and the CACTA trans-
poson situated in the heterochromatic knob on chromosome 4,

in agreement with lower nucleosomal occupancy observed at
these transposable elements (Fig. 4a,c).

Taken together, the presence of H1 precedes clustering of cen-
tromeric and pericentromeric sequences into CC structures and
H1 deposition seems to be unaffected in plants lacking CAF-1.
Instead, incorporation of H2A.W contributes to CC formation
and is impaired in the absence of CAF-1.

Deficient replication-coupled H3.1 deposition affects
H3K9me2 enrichment

Centromeric and pericentromeric repetitive sequences are highly
di-methylated at H3K9 and H3K9me2 distribution globally cor-
relates with H3.1 occupancy (Stroud et al., 2012; Wollmann
et al., 2012). Furthermore, in mammals, H3.1 is preferentially
enriched in H3K9me3 compared to H3.3 (Loyola et al., 2006),
leaving the possibility that H3K9me2 might also be differentially
enriched on H3.1 and H3.3 in plants. We therefore probed
whether deficient H3.1 deposition may affect H3K9me2 levels
during CC formation. ChIP analysis with a H3K9me2-specific
antibody in WT and fas2-5 mutants revealed that repetitive
sequences are strongly enriched in H3K9me2 as early as 2 dag
compared to the intergenic or genic regions tested and no further
enrichment is observed at 5 dag when CCs are completely formed
(Fig. 5a). The H3K9me2 mark is therefore set before CC forma-
tion. In fas2-5 mutants, we reproducibly find 1.5 to two-fold less
H3K9me2 at 2 and at 5 dag compared to the corresponding time
points in WT plants (Fig. 5a), indicating that replication-coupled
nucleosome assembly is required for efficient H3K9 di-
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Fig. 5 CHROMATIN ASSEMBLY FACTOR 1 (CAF-1) is required for
H3K9me2 deposition at heterochromatic repeats. (a) H3K9me2
enrichment in wild type (WT) and fas2-5 Arabidopsis thalianamutants
relative to H3 occupancy at 180-bp, Transcriptionally Silent Information
(TSI), Ta3 and CACTA, three genes (UEV1C, ACT2 and HXK1) and an
intergenic region (IG) at 2 and 5 d after germination (dag) as determined
by chromatin immunoprecipitation (ChIP)-quantitative polymerase chain
reaction (qPCR). Enrichment at Ta3 at 2 dag in WT was set to 1.
Histograms present mean percentages � SE for four biological replicates.
WT vs fas2-5 at the corresponding dag (Student’s t-test): #, P < 0.1; ##,
P < 0.05. (b) H3K9me2 enrichment at 5 dag in WT and h2a.w.6 h2a.w.7
mutants relative to H3 at 2 and 5 dag as determined by ChIP-qPCR at the
same targets as in (a). Ta3 for one biological replicate was set to 1.
Histograms present mean percentages � SE for three biological replicates.
(c) Model for local chromatin changes during chromocenter (CC)
formation. Early after germination repetitive centromeric and
pericentromeric sequences show low H3.1 and H2A.W occupancy but are
already highly enriched in H3K9me2 and H1 compared to euchromatin.
H3K9me2 and linker histone H1 enrichment therefore precedes
organization into CC structures. During postgermination development,
nucleosome occupancy increases modestly with concomitant changes in
the H3.1 : H3.3 ratio at repetitive sequences; likely due to new H3.1
deposition during DNA replication, maybe involving H3.3 removal.
Together with new H2A.W deposition, altered nucleosome stability in
presence of H3.1 may promote CC formation and consolidate
transcriptional silencing. Tightly coordinated replication-coupled histone
assembly mediated by CAF-1 may favor H2A.W incorporation at specific
sites as well as H3K9 methylation, possibly coupling post-translational
modifications of non-nucleosomal histones with their subsequent
deposition.
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methylation. We confirmed this observation in the fas1-4 allele
(Fig. S4a).

In order to investigate if reduction in H3K9me2 levels indeed
results from impaired DNA-synthesis dependent histone deposi-
tion, we first confirmed that the expression of the three major his-
tone methyltransferase (HMT) genes SUPPRESSOR OF
VARIEGATION 3-9 HOMOLOGUE 4 (SUVH4), SUVH5 and
SUVH6 (Ebbs, 2006) is not negatively affected in fas2-5 mutant
cotyledons (Fig S4b). Then, to exclude the hypothesis that defec-
tive CC organization perturbs HMT function and is causative for
the reduction in H3K9me2, we assessed H3K9me2 levels in
h2a.w.6 h2a.w.7 double mutants with perturbed CC organiza-
tion. Despite deficient CC organization at 5 dag in this mutant
background (Fig. 4d), H3K9me2 levels are not significantly dif-
ferent between the h2a.w mutant and WT chromatin (Fig. 5b),
excluding a role for nuclear organization of pericentromeric
sequences per se in H3K9me2 deposition. Taken together, these
results reveal a role for replication-coupled histone deposition in
promoting H3K9 methylation at repetitive sequences in Ara-
bidopsis.

Discussion

Cytological studies have provided insights into the dynamics of
chromatin organization during developmental phase transitions
in plants. Chromocenter (CC) formation during the transition
from heterotrophic to autotrophic growth in the young seedling
that we have investigated here is thought to correlate with massive
changes in gene expression occurring simultaneously with impor-
tant alterations in nuclear architecture (Mathieu et al., 2003;
Douet et al., 2008; Pontvianne et al., 2010; van Zanten et al.,
2011). Preceding the progressive CC establishment in this devel-
opmental time window is nuclear expansion and chromatin
decondensation of the highly condensed chromatin in the dry
seed that are induced by imbibition (van Zanten et al., 2011).
Here we show that CC numbers and volume rise during seedling
growth within the cotyledon tissue, correlating with simultaneous
clustering of individual centromeric and pericentromeric repeats
observed by FISH. These rearrangements occur with a well-
defined pattern, therefore allowing the study of the consequences
of altered histone deposition and modifications on naturally
occurring changes in nuclear and chromatin organization.
Indeed, our results imply tightly temporally controlled molecular
mechanisms and establish a link between histone H3.1 and
H2A.W enrichment and chromocenter formation during
seedling development.

Chromatin changes during CC formation

Given its involvement in chromatin fiber compaction (Fan et al.,
2005; Fyodorov et al., 2018) and its enrichment at heterochro-
matin (Rutowicz et al., 2015), the linker histone H1 is an inter-
esting candidate to be involved in CC formation. Indeed, H1
loss is associated with chromatin relaxation and emerged as a
common feature of epigenetic reprogramming in mammals
(Hajkova et al., 2008) and plants (She et al., 2013). However,

despite dispersion of repeats in most nuclei at 2 dag, H1 is
enriched at heterochromatic sequences compared to genes before
their organization into CCs and does not increase further. H1
incorporation is therefore not sufficient for CC dynamics during
cotyledon development. Instead, we find that core components
of the nucleosomes dynamically change at repetitive sequences
including the histone H3.1 and H2A.W.6 variants (Fig. 5c). Due
to their influence on nucleosome stability (Jin & Felsenfeld,
2007) and chromatin fiber–fiber interaction (Yelagandula et al.,
2014), respectively, the structural characteristics of the nucleo-
some induced by these variants have the potential to promote
CC formation and to reinforce transcriptional repression. The
most striking difference at the nucleosomal level between dis-
persed and condensed repetitive sequences is the enrichment in
the replicative histone H3.1. Several studies indicated that in Ara-
bidopsis DNA replication is transiently activated at germination
(Barroco et al., 2005), in agreement with expression of genes
encoding H3.1, and FAS1 and FAS2 (subunits of the CAF-1
complex) upon imbibition and germination. Cells proliferate in
the cotyledon (Masubelele et al., 2005) and then undergo
endoreplication from 2 dag during tissue growth (Ramirez-Parra
& Gutierrez, 2007), which is also evidenced by more elongated
nuclei at day 5. Furthermore, ongoing DNA synthesis in cotyle-
dons has been shown by incorporation in of the nucleotide
analog 5-ethynyl-20-deoxyuridine (EdU) 7-d-old seedlings (Jiang
& Berger, 2017), together suggesting that DNA-synthesis-
dependent deposition can explain the observed increased H3.1
occupancy at repetitive sequences at 5 dag. To explain the
increase in H3.1 occupancy specifically at heterochromatin, we
can envisage that after a genome-wide incorporation during S-
phase, H3.1 is exchanged to H3.3 either in a transcription-
dependent manner at the genic regions analyzed here or globally
in euchromatin as described previously during the transition
from cell proliferation to differentiation in the root (Otero et al.,
2016). Interestingly, most H3.1-encoding genes are not
expressed in the dry seed (Kawakatsu et al., 2017; Narsai et al.,
2017), in agreement with absence of replicative activity (Barroco
et al., 2005) pointing towards a peculiar H3.1 : H3.3 balance in
the dry seed that might favor chromatin decondensation during
germination. Furthermore, the resumption of replication activity
after germination renders this developmental time window par-
ticularly suitable to decipher changes in chromatin and nuclear
organization linked to DNA replication coupled histone deposi-
tion.

In support for an important function of the observed changes
in the core histone composition in CC formation, the number of
nuclei with fully formed CCs is significantly reduced in fas1 and
fas2 mutants, but not in hira mutants deficient in H3.3 incorpo-
ration, echoing the requirement for CAF-1 in the formation of
higher-order chromatin domains during early mouse develop-
ment (Houlard et al., 2006; Akiyama et al., 2011). An effect of
CAF-1 loss on the clustering of repetitive sequences into CCs is
not restricted to cotyledons, but also has been observed in mature
leaf tissue and roots (Kirik et al., 2006; Sch€onrock et al., 2006).
In addition to H3.1, our data argue for a critical role of H2A.W
incorporation in CC formation in the cotyledon likely due to the
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intrinsic properties of H2A.W to promote long-range nucleo-
some–nucleosome interactions (Yelagandula et al., 2014). In
agreement, H2A.W.6 enrichment at repetitive sequences is
dynamic between 2 and 5 dag and increases in a pattern reminis-
cent of H3.1. Furthermore, repeat clustering in cotyledons is
strongly reduced in mutants lacking two of the three H2A.W-
encoding genes, as observed in mature leaves (Yelagandula et al.,
2014). Although we find evidence that H3.1 and H2A.W.6
incorporation play a critical role in CC formation, we do not
exclude the implication of other DNA- or chromatin-binding
proteins (Jagannathan et al., 2018).

Impact of deficient replication-coupled histone deposition

Enrichment in histone H3 Lys-9 (H3K9) methylation is a char-
acteristic feature of heterochromatin in plants and animals. Cen-
tromeric and pericentromeric domains in Arabidopsis cotyledons
are strongly enriched in H3K9me2 even in the absence of CCs at
2 dag or in h2a.w mutants, similar to previous observations in
leaf tissue (Yelagandula et al., 2014). Consequently, CC forma-
tion is not a prerequisite for proper H3K9me2 methylation.
Moreover, H3K9me2 loss in the triple methyltransferase mutant
suvh4 suvh5 suvh6 has only a subtle effect on CC organization
(Stroud et al., 2014). Hence, our results rather propose changes
in the core histone variants as being critical for CC formation.

We find, however, that H3K9me2 levels during cotyledon
development are reduced in the absence of functional CAF-1
complexes. Therefore, setting of H3K9me2 could be intimately
linked to DNA replication. In mammals, CAF-1 was shown to
play a central role in coordinating histone assembly with inheri-
tance of histone modifications (Sarraf & Stancheva, 2004; Loyola
et al., 2009; Probst et al., 2009). The same was observed for
HETEROCHROMATIN PROTEIN 1 during heterochromatin
replication (Quivy et al., 2004). Furthermore, in plants, CAF-1
mediated H3.1 incorporation has recently been shown to be
required for inheritance for H3K27me3 methylation, a process
that involves the direct interaction between the largest subunit of
the CAF-1 complex, FAS1 and Polycomb group proteins (Jiang
& Berger, 2017). Our results now bring evidence that DNA-
synthesis-dependent histone deposition is involved in the mainte-
nance of H3K9me2. Several scenarios can be envisaged.

The uncoupling of DNA synthesis and chromatin assembly in
the absence of CAF-1 increases the time between replication fork
passage and chromatin assembly. Setting of H3K9me2 methyla-
tion is then delayed until compensatory complexes such as HIR
and ALPHA THALASSEMIA-MENTAL RETARDATION X-
LINKED (ATRX) (Nie et al., 2014; Duc et al., 2015, 2017) have
restored nucleosome occupancy to allow for subsequent deposi-
tion of histone post-translational modifications.

Alternatively, similar to H3K27 monomethylation by
ARABIDOPSIS THRITHORAX-RELATED PROTEIN 5
(ATXR5) and ATXR6 (Jacob et al., 2014; Jiang & Berger,
2017), we can envisage replication-coupled modifications of his-
tones bound to the CAF-1 complex. Such a mechanism has been
suggested in mammals for the histone methyltransferase
SETDB1 (Sarraf & Stancheva, 2004; Loyola et al., 2009).

Finally, similarly to ATXR5 and ATXR6 (Jacob et al., 2014),
histone H3K9 methylases may exhibit some preference for the
incorporated histone variants. We also found enhanced expres-
sion of the H3.3-like encoding genes HTR6 and HTR14 in
fas2-5 mutants. Although it is not clear yet how and where H3.6
and H3.14 are deposited, and whether these H3.3-like variants
could be enriched at heterochromatin, it is intriguing to specu-
late that this incorporation might influence subsequent post-
translational modifications. Indeed, the threonine 11 residue
conserved in H3.1 and H3.3 is substituted by a histidine in
H3.6 and H3.14 variants. This difference could impact histone
methylation, as for example in mammals the histone methyl-
transferase G9a requires the heptapeptide at position 6–12 of
the histone H3 tail (TARKSTG) as the minimal substrate
(Rathert et al., 2008). Whether, H3K9me2 levels could be only
transiently affected in CAF-1 mutants and correctly set later in
development remains to be explored, but at least nucleosomal
occupancy is only weakly affected in adult leaves of CAF-1
mutants, suggesting that compensatory mechanisms using alter-
native histone chaperone pathways are involved (Mu~noz-Viana
et al., 2017).

As the first step in nucleosome assembly, deposition of the
H3-H4 tetrameres has the potential to impact H2A-H2B depo-
sition. Indeed, we observed that in the absence of CAF-1,
H2A.W.6 occupancy is lower at heterochromatic regions such
as Ta3 and CACTA. Although we cannot exclude that this is
reflecting reduced nucleosomal occupancy in fas2 mutants, it is
tempting to speculate that H2A.W deposition could be con-
nected to CAF-1 activity during replication-coupled chromatin
assembly. By contrast, we find no evidence that the altered chro-
matin composition in CAF-1 mutants negatively influences H1
deposition.

Taken together, we find that histone deposition and histone
modifications function together in a highly dynamic manner to
orchestrate CC formation. Proper chromatin assembly at the
replication fork by CAF-1 likely facilitates de novo setting and
propagation of H3K9me2 and may influence deposition of
H2A.W. Our study shows that defective chromatin assembly in
the absence of a functional CAF-1 complex impairs H3.1 deposi-
tion at repetitive elements, the coordinated setting of repressive
chromatin marks and ultimately CC formation.

Conspicuous CC structures are a common feature of nuclear
organization among several organisms. Our data further estab-
lish a correlation between CC formation and consolidation of
transcriptional repression at heterochromatic repeats. Moreover,
tight chromatin compaction may help in maintaining other
heterochromatin features, such as late replication timing. Alter-
natively, it may contribute to minimizing recombination
between sequences by restricting opportunities for interaction
(Quivy et al., 2004; Feng et al., 2014; Grob et al., 2014) and
by preserving the full chromosome complement within the
nucleus (Jagannathan et al., 2018). As CCs potentially play an
essential role in organizing euchromatic loops in the 3D space
of the nucleus (Fransz et al., 2002), it will be intriguing to
explore how CC reorganization during seedling growth impacts
the organization of euchromatin in nuclear space and how it
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contributes to reprogram gene expression patterns during the
transition from heterotrophic to autotrophic growth.
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