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Abstract
The epigenetic features of defined chromosomal domains condition their biochemical and functional properties. Therefore,
there is considerable interest in studying the epigenetic marks present at relevant chromosomal loci. Telomeric regions,
which include telomeres and subtelomeres, have been traditionally considered heterochromatic. However, whereas the het-
erochromatic nature of subtelomeres has been widely accepted, the epigenetic status of telomeres remains controversial.
Here, we studied the epigenetic features of Arabidopsis (Arabidopsis thaliana) telomeres by analyzing multiple genome-
wide ChIP-seq experiments. Our analyses revealed that Arabidopsis telomeres are not significantly enriched either in
euchromatic marks like H3K4me2, H3K9ac, and H3K27me3 or in heterochromatic marks such as H3K27me1 and
H3K9me2. Thus, telomeric regions in Arabidopsis have a bimodal chromatin organization with telomeres lacking significant
levels of canonical euchromatic and heterochromatic marks followed by heterochromatic subtelomeres. Since heterochro-
matin is known to influence telomere function, the heterochromatic modifications present at Arabidopsis subtelomeres
could play a relevant role in telomere biology.

Introduction
Telomeres guarantee the replication of chromosome ends,
prevent genome instability, and influence relevant biological
processes like the proliferative capacity of stem cells, illness,
aging, and cancer (Blackburn et al., 2015). In Arabidopsis, telo-
meres consist of tandem arrays of the plant type telomeric
repeat unit (CCCTAAA/TTTAGGG) that spread 2.5–5 kb
(Richards and Ausubel, 1988). These repeats are also present
at internal chromosomal loci, where they have been related
to genome instability. However, the function of these intersti-
tial telomeric sequences (ITSs) remains largely unknown
(Aksenova and Mirkin, 2019).

The length of telomeres and their chromatin organization
influence telomere functions (Venditti et al., 1999; Nishibuchi
and Déjardin, 2017; de Lange, 2018). The basic units of chro-
matin are the nucleosomes, which consist of 146 bp of DNA
wrapped around a histone octamer containing two dimers

of histones H2A–H2B and a tetramer of histones H3 and H4
(Luger et al., 1997). These basic chromatin units fold into
more complex organizations that ultimately contribute to
compact DNA and regulate its metabolism (Jung and Kim,
2021). Two main kinds of chromatin organizations are found
within the nucleus of eukaryotic cells: euchromatin and
heterochromatin. Euchromatin usually associates with single-
copy sequences and has an open conformation that can
allow transcription. In turn, heterochromatin associates with
repetitive elements usually located at pericentromeres, is
compact, and generally silenced. It can be observed in inter-
phase nuclei as densely stained nuclear areas known as chro-
mocenters (Nishibuchi and Déjardin, 2017; Vergara and
Gutierrez, 2017). When euchromatin acquires a closed con-
formation by the action of the Polycomb Repressive
Complexes 1 and 2 (PRC1 and PRC2), it is referred to as pol-
ycomb chromatin or facultative heterochromatin. This type

R
es

ea
rc

h
R

ep
o

rt

Received April 14, 2022. Accepted September 22, 2022. Advance access publication October 11, 2022
VC The Author(s) 2022. Published by Oxford University Press on behalf of American Society of Plant Biologists.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,

and reproduction in any medium, provided the original work is properly cited.

Open Access

https://doi.org/10.1093/plphys/kiac471 PLANT PHYSIOLOGY 2023: 191: 47–55

https://orcid.org/0000-0001-5866-1352
https://orcid.org/0000-0003-1841-540X
https://academic.oup.com/plphys/pages/general-instructions


of chromatin regulates development and differentiation by si-
lencing specific genes through mechanisms that differ from
those that operate at heterochromatin (Schuettengruber
et al., 2017).

In Arabidopsis (Arabidopsis thaliana), euchromatin associ-
ates with different epigenetic marks that allow transcription
including H3K4me1,2,3, H3K36me1,2,3, H4K20me2,3, and
histones acetylation. When Arabidopsis euchromatin is la-
beled with the repressive H2AK121ub and H3K27me3 marks
by the PRC1 and PRC2 complexes, respectively, it acquires a
closed conformation that can lead to gene silencing. A
closed conformation is also found within Arabidopsis het-
erochromatin, which silence mobile elements through the
establishment of repressive marks such as DNA methylation,
H3K9me2, and H3K27me1 (Fuchs et al., 2006; Roudier et al.,
2011; Vergara and Gutierrez, 2017; Yin et al., 2021). Thus,
the specific combinations of epigenetic marks at defined
Arabidopsis domains condition their biochemical and func-
tional properties. Therefore, there is interest in knowing the
epigenetic characteristics of defined chromosomal loci.

One of the major Arabidopsis heterochromatic marks is
cytosine methylation (Roudier et al., 2011; Vergara and
Gutierrez, 2017). Arabidopsis has significant levels of cytosine
methylation in the CG, CHG, and CHH contexts (where H is
A, C, or T), which are established and/or maintained by spe-
cific DNA methyltransferases (Du et al., 2015). Methylation
in all sequence contexts is established de novo by the
DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2)
through the RNA-directed DNA methylation (RdDM) path-
way. Then, methylation is spread and maintained by
METHYLTRANSFERASE 1 (MET1), CHROMOMETHYLASES 2
and 3 (CMT2 and CMT3), and also DRM2. Whereas MET1
and CMT3 are the major Arabidopsis CG and CHG methyl-
transferases, respectively, CMT2 and DRM2 maintain methyl-
ation at CHH sites and, to a lower extent, at CHG sites.
CMT3, CMT2, and DRM2 can associate with the heterochro-
matic H3K9me2 mark to maintain non-CGm (Law et al.,
2011, 2013; Du et al., 2012; Stroud et al., 2014). In turn,
the histone methyltransferases SU(VAR)3–9 HOMOLOG4/
KRYPTONITE (SUVH4/KYP), SUVH5, and SUVH6 bind to
methylated cytosines to maintain H3K9me2 (Jackson et al.,
2002, 2004; Ebbs and Bender, 2006; Stroud et al., 2013). Thus,
DNA and histone methyltransferases create a positive inter-
dependent feedback loop that reinforces heterochromatin
spreading and maintenance. Consequently, non-CGm is
largely required for H3K9me2 and vice versa (Du et al., 2015;
Wendte and Schmitz, 2018).

Arabidopsis heterochromatin is also characterized by
H3K27me1, which is established by the ARABIDOPSIS
TRITHORAX-RELATED PROTEINS 5 and 6 (ATXR5 and
ATXR6). The establishment of H3K27me1 by these proteins
has been shown to confer genome stability by inhibiting re-
replication and transcription of mobile elements within het-
erochromatin. Whereas H3K27me1 is largely unaffected in
suvh4/5/6 and in DNA methyltransferases mutants, DNA
methylation and H3K9me2 are largely unaffected in the

atxr5/6 mutant. However, DNA methyltransferases and
SUVH4/5/6 are required for the over-replication of hetero-
chromatin observed in atxr5/6 (Mathieu et al., 2005; Jacob
et al., 2009, 2010; Stroud et al., 2012a; Feng et al., 2017).
Thus, although H3K27me1 and DNA methylation/H3K9me2
seem to be maintained by independent pathways, they con-
tribute to silence mobile elements and to control DNA rep-
lication within heterochromatin.

The presence of the histone H3.1 variant also characterizes
Arabidopsis heterochromatin. Whereas histone H3.1 associ-
ates with heterochromatic regions of the Arabidopsis ge-
nome, histone H3.3 is preferentially found at the 30-end of
transcriptionally active genes and does not co-localize with
heterochromatic marks (Stroud et al., 2012b; Wollmann
et al., 2012; Vaquero-Sedas and Vega-Palas, 2013). Therefore,
both histones H3 variants target different genomic loci.
Arabidopsis histones H3.1 and H3.3 differ in four residues.
Residues at position 31 in both variants condition their asso-
ciation with heterochromatin or euchromatin. At this posi-
tion, histones H3.1 and H3.3 contain alanine and threonine,
respectively (Ray-Gallet and Almouzni, 2021). Whereas ala-
nine in histone H3.1 allows monomethylation of lysine 27
by the ATXR5 and ATXR6 methyltransferases, threonine 31
in histone H3.3 impairs lysine 27 monomethylation. Thus,
whereas histone H3.1 can be monomethylated at lysine 27,
histone H3.3 should not be labeled with this heterochro-
matic mark (Jacob et al., 2009, 2010, 2014).

Telomeric regions, which include telomeres and subtelo-
meres, have been traditionally considered heterochromatic.
However, whereas the heterochromatic nature of subtelo-
meres has been widely accepted, the epigenetic status of
telomeres remains controversial. This has been largely due
to the difficulty to study telomere epigenetics, not only in
Arabidopsis but in many other organisms (Vaquero-Sedas
and Vega-Palas, 2011). The epigenetic modifications of telo-
meres are usually analyzed by microscopy or by chromatin
immunoprecipitation (ChIP). However, these analyses could
be challenged by subtelomeres and/or ITSs. Whereas telo-
meres and subtelomeres cannot be differentiated by stan-
dard microscopy techniques, telomeres and ITSs might not
be differentiated in ChIP analyses because both kinds of loci
contain telomeric repeats. In addition, ChIP analyses of telo-
meres should be properly controlled. Hence, studies focused
on the epigenetic features of telomeres have to be carefully
designed and interpreted (Vaquero-Sedas and Vega-Palas,
2019).

Here, we have studied the epigenetic status of Arabidopsis
telomeres by analyzing multiple genome-wide ChIP-seq
experiments. Since we have been able to differentiate be-
tween telomeric reads and reads arising from ITSs, these
ChIP-seq analyses have allowed us to study the epigenetic
features of telomeres independently of ITSs with high levels
of statistical confidence (see “Materials and methods”). This
revealed that, in relation to the whole genome, Arabidopsis
telomeres are not enriched in H3K4me2, H3K9ac,
H3K27me3, H3K27me1, or H3K9me2. Our results support
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that telomeric regions in Arabidopsis have a bimodal chro-
matin organization with telomeres lacking significant levels
of canonical euchromatic and heterochromatic modifica-
tions and subtelomeres organized as heterochromatin.

Results

Preferential association of epigenetic marks with
single copy and repetitive DNA
Since heterochromatin is known to be enriched in different
kinds of repetitive elements and euchromatin usually associ-
ates with gene-rich regions, we decided to analyze whether
some Arabidopsis epigenetic marks that label euchromatin
or heterochromatin associate preferentially with single copy
or repetitive DNA sequences. We focused on three euchro-
matic marks (H3K4me2, H3K9ac, and H3K27me3) and on
two heterochromatic marks (H3K27me1 and H3K9me2).
Not surprisingly, we found that whereas the euchromatic
marks associate preferentially with single copy sequences of
the Arabidopsis genome, the heterochromatic marks tend
to associate with repetitive sequences (Figure 1). This result
corroborates that these epigenetic marks are hallmarks of
euchromatin and heterochromatin, respectively, and, there-
fore, faithfully allows the analysis of the epigenetic status of
Arabidopsis telomeres.

Arabidopsis telomeres are not enriched in canonical
euchromatic or heterochromatic marks
To get insight into the epigenetic status of Arabidopsis telo-
meres, we decided to determine the enrichment levels of
the different epigenetic marks at telomeres with regard to
the whole Arabidopsis genome and also with regard to the
178 bp satellite repeats, which have been usually studied as
heterochromatic reference (Fransz et al., 1998; Lindroth
et al., 2001, 2004; Johnson et al., 2002; Zhang et al., 2008;
Vaquero-Sedas and Vega-Palas, 2013). For each epigenetic
mark, we analyzed multiple genome-wide ChIP-seq experi-
ments available at the Sequence Read Archive of NCBI. In
this way, we strengthened the statistical levels of significance
of the ChIP-seq analyses. We detected higher levels of eu-
chromatic marks at Arabidopsis telomeres than at the 178
bp satellite repeats (Figure 2A). However, these enhanced
levels of euchromatic marks are not statistically significant.
Even more, the levels of euchromatic marks at telomeres are
not enriched with regard to the whole genome, with some
of them being significantly depleted (Figure 2B). In turn, the
levels of the heterochromatic marks are significantly lower
at telomeres than at the satellite repeats (Figure 2A) and are
significantly enriched at the satellite repeats with regard to
the whole genome (Figure 2B). In addition, these hetero-
chromatic marks are not enriched (H3K9me2) or are signifi-
cantly depleted (H3K27me1) at telomeres with regard to
the whole genome (Figure 2B). Thus, our ChIP-seq analyses
show that Arabidopsis telomeres are not enriched in canoni-
cal euchromatic or heterochromatic marks with regard to
the whole genome. By contrast, the 178 bp satellite repeats
are enriched in heterochromatic marks.

The absence of heterochromatic marks enrichment at
Arabidopsis telomeres might seem surprising considering its
repetitiveness and that pericentromeric and subtelomeric
ITSs are heterochromatic (Vaquero-Sedas et al., 2011; Farrell
et al., 2022). However, the unique characteristics of telomeric
sequences and their nucleosomal organization should
contribute to explain why telomeres are not labeled with
heterochromatic marks (see below).

Discussion
Although the results shown here are compatible with our
previous epigenetic analyses of Arabidopsis telomeres, they
render a more complete and statistically significant view
that should be highlighted. Following, we summarize our
previous results and discuss them together with our current
findings. In addition, we comment on additional epigenetic
analyses of Arabidopsis telomeres.

Following an approach similar to the one reported here,
we have previously studied the epigenetic features of
Arabidopsis telomeres by analyzing a specific genome-wide
ChIP-seq experiment (Vaquero-Sedas et al., 2012). In

Figure 1 Euchromatic and heterochromatic marks preferentially asso-
ciate with single-copy and repetitive DNA sequences, respectively.
Whereas euchromatic marks (H3K4me2, H3K9ac, and H3K27me3) are
shown in the left, heterochromatic marks (H3K27me1 and H3K9me2)
are shown in the right. Box plots represent the percentages of input
(I) and immunoprecipitated (IP) reads mapping to unique sequences
(RMUS) for the different epigenetic modifications. Elements in each
boxplot: center line, median; box limits, upper and lower quartiles;
whiskers, 1.5� interquartile range; and points, outliers. The number
of experiments analyzed (n) and the statistical levels of enrichment or
depletion significance (p) are also indicated. P values were determined
using the Student’s t test (H3K4me2, H3K9ac, H3K27me1, and
H3K9me2) or the test of Kolmogorov–Smirnov (H3K27me3), depend-
ing on whether the distributions of enrichments were normal or not
according to the Shapiro–Wilk test. This figure was made using the
data provided in Supplemental Table S1.
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agreement with the results shown here, we found higher lev-
els of euchromatic marks and lower levels of heterochro-
matic marks at Arabidopsis telomeres than at the 178 bp
repeats. Whereas we detected higher levels of H3K4me2 and
H3K9ac (250% and 300%, respectively), we found lower lev-
els of H3K9me2 and H3K27me1 (about 10%) (Vaquero-
Sedas et al., 2012; Luo et al., 2013). We observed similar

results after analyzing a rice (Oryza sativa) ChIP-seq experi-
ment. In rice, we detected higher levels of H3K4me2 and
H3K9ac (190% and 270%, respectively) and lower levels of
cytosine methylation (10%) at telomeres than at the hetero-
chromatic Cent0 satellite repeats (Cheng et al., 2002; Lee
et al., 2006; Yan et al., 2010; Vaquero-Sedas et al., 2012). In
addition, we found that both Arabidopsis and rice telomeres
had higher levels of H3K27me3 than the satellite repeats
(about 400%). Thus, our previous ChIP-seq analyses revealed
higher levels of euchromatic marks at telomeres than at
heterochromatic satellite repeats. Based on these results,
we argued that Arabidopsis telomeres are labeled with eu-
chromatic marks and have low levels of heterochromatic
marks. However, we could not calculate statistical levels of
significance and did not address the enrichment of the
different marks at telomeres with regard to the whole
genome because the input sample was not available in one
of the two ChIP-seq studies analyzed.

We have also analyzed previously the epigenetic features
of Arabidopsis telomeres by ChIP followed by hybridization
with a telomeric probe (ChIP-hyb) (Vaquero-Sedas et al.,
2011). To accomplish this, we first had to set up the ChIP-
hyb technique because 70% of the signal detected after hy-
bridizing Arabidopsis genomic DNA with a telomeric probe
under stringent conditions corresponds to ITSs (Gámez-
Arjona et al., 2010). The different DNA sequence organiza-
tions of Arabidopsis telomeres and ITSs facilitated this task.
In Arabidopsis, telomeres are essentially composed of perfect
telomeric repeat arrays, which do not contain restriction
sites. By contrast, ITSs usually contain short stretches of per-
fect telomeric repeats interspersed with degenerate telo-
meric repeats that contain restriction sites. By digesting the
input and immunoprecipitated DNA samples obtained after
performing ChIP experiments with a specific restriction en-
donuclease (Tru9I), we could separate telomeres from ITSs
by electrophoresis (Vaquero-Sedas et al., 2011). Then, by
comparing the hybridization signals obtained before and af-
ter digesting the input and immunoprecipitated DNA sam-
ples with Tru9I, we could estimate the enrichment levels of
different epigenetic modifications at telomeres versus ITSs.
We found higher levels of euchromatic marks such as
H3K4me2 and H3K9ac at telomeres than at ITSs (about
170%). In addition, we detected lower levels of heterochro-
matic marks such as DNA methylation, H3K9me2, and
H3K27me1 at telomeres than at ITSs (30%–50%) (Vaquero-
Sedas et al., 2011). These results also prompted us to argue
that Arabidopsis telomeres are labeled with euchromatic
marks and have low levels of heterochromatic marks.

With regard to DNA methylation, we have also addressed
the DNA methylation status of Arabidopsis telomeres by an-
alyzing Whole Genome Bisulfite Sequencing (WGBS) experi-
ments (Vega-Vaquero et al., 2016). WGBS experiments
involve the treatment of DNA with sodium bisulfite, the
PCR amplification of the resulting DNA samples, and the se-
quencing of the bisulfite modified DNA strand. Since bisul-
fite deaminates unmethylated cytosines generating uracil,
unmethylated cytosines are detected as thymines after PCR

Figure 2 Arabidopsis telomeres are not enriched in canonical euchro-
matic or heterochromatic marks. A, Enrichment levels of the different
euchromatic and heterochromatic marks at telomeres [(CCCTAAA)5

and (TTTAGGG)5] versus the 178 bp satellite repeats (Cen1 and
Cen2). B, Enrichment levels of the different histone modifications at
telomeres and at satellite repeats with regard to the whole genome. In
both panels, sample sizes for the different epigenetic modifications are
the same than in Figure 1, error bars represent the standard error of
the mean, and asterisks label significantly enriched or depleted modifi-
cations. The levels of significance are as follows: *P5 0.05, **P5 0.01,
***P5 0.001. The statistical test used in each case is indicated in
Supplemental Table S1, which also contains additional statistical
information.
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amplification. By contrast, methylated cytosines are not
modified by bisulfite and remain as cytosines after amplifica-
tion (Frommer et al., 1992; Clark et al., 1994). Our analysis
of WGBS studies showed that Arabidopsis telomeric cyto-
sines are converted to thymines after bisulfite treatment.
Therefore, they are not methylated. We further confirmed
this result by performing methylation-dependent restriction
enzyme analyses (Vega-Vaquero et al., 2016). Whereas the
178 bp repeats are readily digested with the methylation-
dependent enzymes FspEI and MrcBC, telomeres are not
digested by these enzymes. Thus, three different approaches
including ChIP-hyb, the analysis of WGBS data, and restric-
tion enzyme analyses support that Arabidopsis telomeres do
not undergo cytosine methylation.

We have also studied previously the association of histo-
nes H3.1 and H3.3 with Arabidopsis telomeres by analyzing
ChIP-seq experiments (Wong et al., 2009; Goldberg et al.,
2010; Lewis et al., 2010; Vaquero-Sedas and Vega-Palas,
2013). In this case, we could determine telomeric enrich-
ment values with regard to the whole genome. By analyzing
two independent genome-wide ChIP-seq studies, we found
that the levels of histone H3.3 are enriched at Arabidopsis
telomeres with regard to the whole genome (about 450%)
and with regard to the 178 bp satellite repeats (about
1400%). In turn, the levels of H3.1 are depleted at telomeres
with regard to the whole genome and with regard to the
satellite repeats (about 40%). Thus, we concluded that
Arabidopsis telomeric DNA associates with nucleosomes
that contain the histone H3.3 variant, which has also been
found in mammal telomeres (Wong et al., 2009; Goldberg
et al., 2010; Lewis et al., 2010; Vaquero-Sedas and Vega-Palas,
2013). In turn, Arabidopsis pericentromeric nucleosomes as-
sociate with histone H3.1 (Stroud et al., 2012b; Wollmann
et al., 2012; Vaquero-Sedas and Vega-Palas, 2013).

Both our previous results and the results reported here re-
veal that Arabidopsis telomeres have low levels of hetero-
chromatic marks including DNA methylation, H3K9me2,
and H3K27me1. In addition, both sets of results display
higher levels of H3K4me2, H3K9ac, and H3K27me3 at telo-
meres than at heterochromatic elements such as ITSs or 178
bp repeats. However, our current results reveal that these
enhanced levels of euchromatic marks are not statistically
significant. Even more, these euchromatic marks are not
enriched at telomeres with regard to the whole genome.
Therefore, telomeres are not significantly enriched in
H3K4me2, H3K9ac, and H3K27me3.

Although the enhanced levels of euchromatic marks that
we have detected at telomeres with regard to heterochro-
matic elements are not statistically significant, their validity
is likely since we have detected them by different means.
They could be explained by assuming that low levels of
euchromatic marks associate with Arabidopsis telomeres
and not with large heterochromatic blocks containing ITSs
and 178 bp repeats. Alternatively, enhanced levels of euchro-
matic marks might be detected at telomeres due a border
effect. This border effect entails the influence of subtelo-
meric chromatin on ChIP-hyb or ChIP-seq analyses of

telomeres, as previously discussed (Vaquero-Sedas and Vega-
Palas, 2019). Its magnitude should depend on the length of
telomeres and of the immunoprecipitated chromatin
fragments. Since subtelomeric heterochromatin only extends
1–2 kb from the telomere–subtelomere boundaries,
antibodies against euchromatic marks located near to the
centromeric side of subtelomeric heterochromatin might
immunoprecipitate with low frequency DNA fragments
containing the centromeric side of certain telomeres. In this
context, it is interesting to note that there are transcrip-
tionally active genes and H3K27me3 domains near to
certain Arabidopsis telomere–subtelomere boundaries (see
browser at https://gbrowse.mpipz.mpg.de/cgi-bin/gbrowse/
arabidopsis10_turck_public for H3K27me3 domains)
(Vrbsky et al., 2010; Dong et al., 2012; Zhou et al., 2018).

A border effect could also explain why H3K9me2 is not
significantly depleted at telomeres with regard to the whole
genome (Figure 2B). Since subtelomeric heterochromatin is
enriched in H3K9me2, antibodies recognizing H3K9me2
might immunoprecipitate subtelomeric DNA fragments
containing the centromeric side of telomeres with low fre-
quency. Even more, these antibodies could directly immuno-
precipitate the centromeric side of telomeres within the
telomere–subtelomere boundaries, which undergo very low
levels of cytosine methylation (Farrell et al., 2022). This bor-
der effect would not be observed for H3K27me1 because
the levels of this epigenetic mark within subtelomeric
heterochromatin are lower than those of H3K9me2 (M.I.
Vaquero-Sedas and M.A. Vega-Palas, unpublished data).

Finally, a border effect could also help explain why some
studies performed by other groups have reported the pres-
ence of euchromatic marks (H3K4me2, H3K4me3, and
H3K27me3) and heterochromatic marks (cytosine methyla-
tion, H3K27me1, and H3K9me2) at telomeres after perform-
ing ChIP-hyb analyses (Vrbsky et al., 2010; Ogrocká et al.,
2014; Sováková et al., 2018; Adamusová et al., 2020).
However, ITSs might have also influenced those studies be-
cause the dot-blots hybridized after performing the ChIP
experiments included both telomeres and ITSs.

Concluding remarks
Telomeres in Arabidopsis have low levels of heterochromatic
marks such as DNA methylation, H3K9me2, and H3K27me1.
The low levels of H3K27me1 at Arabidopsis telomeres are in
agreement with their association with the euchromatic
histone H3.3 variant. Since histone H3.3 cannot be mono-
methylated at lysine 27 by ATXR5 and ATXR6, telomeric
nucleosomes are not expected to be labeled with
H3K27me1 (Vaquero-Sedas and Vega-Palas, 2013; Jacob
et al., 2014). In addition, since Arabidopsis telomeres do not
undergo DNA methylation, they are not expected to be
labeled with H3K9me2 because DNA methylation is largely
required for H3K9me2 and vice versa (Du et al., 2015;
Vega-Vaquero et al., 2016). Thus, heterochromatic marks
should be essentially absent from Arabidopsis telomeres. In
addition, euchromatic marks like H3K4me2, H3K9ac, and
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H3K27me3 are not enriched at telomeres with regard to the
whole genome. Therefore, Arabidopsis telomeres are not
enriched in canonical euchromatic or heterochromatic
marks.

The nature of telomeric chromatin is certainly singular
because it has short nucleosomes containing histone H3.3
and associates with telomeric proteins involved in telomere
protection and replication (Blackburn et al., 2015). Hence, it
doesn’t fit well within the canonical classification of chroma-
tin into euchromatin or heterochromatin. However, the
proper function of Arabidopsis or human telomeres requires
the integrity of heterochromatin (Nishibuchi and Déjardin,
2017; de Lange, 2018). Indeed, mutations in DNA or histone
methyltransferases involved in heterochromatin mainte-
nance are known to shorten Arabidopsis telomeres
(Vaquero-Sedas et al., 2011; Ogrocká et al., 2014; Vaquero-
Sedas and Vega-Palas, 2014). Considering that subtelomeres
are heterochromatic and that heterochromatin influences
telomere function, we decided to refer to the chromatin
organization of Arabidopsis telomeric regions as bimodal.
This bimodal organization includes telomeres lacking signifi-
cant levels of canonical euchromatic and heterochromatic
marks and subtelomeres labeled with heterochromatic mod-
ifications that could play a relevant role in telomere biology
(Vaquero-Sedas et al., 2011; Vega-Vaquero et al., 2016).

Materials and methods

Identification of telomeric and 178 bp repeats reads
in ChIP-seq studies
We have identified the DNA sequences that reveal telo-
meres but not ITSs in genome-wide ChIP-seq experiments
when using the recently released Col-XJTU Arabidopsis
(A. thaliana) genome as reference (Wang et al., 2021).
This more recent version of the genome has been assembled
using Nanopore and HiFi long reads and is more complete
and accurate than TAIR10. It includes more repetitive DNA
sequences and, therefore, contains more centromeric and
pericentromeric repeats. We estimated the number of times
that the sequence (CCCTAAA)5 appears at internal chromo-
somal loci and at Arabidopsis telomeres. For that purpose,
we first determined the number of times that the sequence
(CCCTAAA)5 appears at internal chromosomal loci in the
Col-XJTU genome. In the case that a specific ITS contained
six perfect tandem telomeric repeats, we counted two over-
lapping (CCCTAAA)5 sequences. If the ITS contained seven
perfect tandem telomeric repeats, we counted three over-
lapping (CCCTAAA)5 sequences and so on. We found 109
(CCCTAAA)5 sequences at internal positions in the five
chromosomes of the Arabidopsis Col-XJTU genome, includ-
ing subtelomeric regions. To estimate the number of times
that the sequence (CCCTAAA)5 is found at Arabidopsis
telomeres we didn’t use the Col-XJTU genome because it
does not contain the complete sequences of all telomeres.
Instead, we assumed that A. thaliana (Col-0) telomeres are
composed of perfect tandem telomeric repeats arrays that
spread about 3,750 bp, which is supported by previous

reports (Richards and Ausubel, 1988; Shakirov and Shippen,
2004). This notion is also supported by the Col-XJTU ge-
nome, which mainly contains perfect arrays of tandem telo-
meric repeats at telomeres. We estimated that the five
Arabidopsis chromosomes should contain about 5,350 over-
lapping (CCCTAAA)5 sequences at telomeres [(3750/7) �
10]. Thus, when the frequency of reads containing the se-
quence (CCCTAAA)5 is determined in input samples of
Arabidopsis ChIP-seq experiments, only 2% of these reads
should correspond to ITSs [(109 � 100)/(109 + 5350)].
Consequently, perfect arrays of telomeric repeats containing
five repeats or more represent telomeres in Arabidopsis
ChIP-seq experiments. Therefore, we decided to identify as
telomeric reads those containing the sequences (CCCTAAA)5

or (TTTAGGG)5. Most of these reads only contain tandem
arrays of the corresponding telomeric repeats. We counted
both kinds of telomeric reads in the input and immunopreci-
pitated DNA samples and used them to calculate telomeric
enrichment values. In addition, and for comparison, reads
containing the sequences TTGGCTTTGTATCTTCTAACAAG
(Cen1) and CATATTTGACTCCAAAACACTAA (Cen2) were
counted and used to calculate the enrichment levels at the
178 bp satellite repeats, which served as heterochromatic ref-
erence (Zhang et al., 2008). Although a fraction of the 178
bp sequences associates with CENH3 chromatin, the sur-
rounding 178 bp repeats associate with H3.1 chromatin.
Since Cen1 and Cen2 do not contain motifs specifically asso-
ciated with CENH3 chromatin (Zhang et al., 2008), these
sequences are present at the 178 bp repeats that associate
with CENH3 chromatin and also at the 178 bp repeats that
associate with H3.1 chromatin. Thus, they allowed us to ana-
lyze the chromatin of the 178 bp satellite repeats as an aver-
age, which is known to be enriched in heterochromatic
marks (Fransz et al., 1998; Lindroth et al., 2001, 2004; Johnson
et al., 2002; Zhang et al., 2008; Vaquero-Sedas and Vega-
Palas, 2013). Therefore, four different kinds of reads arising
from telomeres or from the 178 bp repeats were analyzed in
this study.

Determination of enrichment levels
First, for every ChIP-seq study analyzed, the input and
immunoprecipitated Fastq files were uploaded from the
NCBI Sequence Read Archive to Galaxy public servers
(https://usegalaxy.org and https://usegalaxy.eu) and aligned
with the Arabidopsis Col-XJTU reference genome using
Bowtie2 with default parameters (Afgan et al., 2016; Galaxy
Community, 2022). The mapping reads were selected and
counted, and the number of telomeric and 178 bp reads
were determined by using the filter and sort and the text
manipulation options at the servers. Then, the frequencies
of telomeric and 178 bp repeats reads in the input and
immunoprecipitated samples were calculated by dividing
the number of each kind of read between the total number
of mapping reads.

For each study, enrichment values at telomeres or at the
178 bp repeats with regard to the whole genome were cal-
culated by dividing the immunoprecipitation frequencies
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between the frequencies of the corresponding input sam-
ples. In addition, enrichment values at telomeres versus the
178 bp satellite repeats were calculated by dividing the telo-
meric reads enrichment values between the 178 bp reads
values. Then, for every specific mark, enrichment values
from different studies were pooled together and statistical
levels of significance were determined using the Student’s t
test or the test of Wilcoxon, depending on whether the dis-
tributions of enrichments were normal or not according to
the Shapiro–Wilk test (Supplemental Table S1).

Determination of the percentages of reads mapping
to unique sequences
For every input and immunoprecipitated sample analyzed,
reads mapping to unique sequences (RMUS) values were
calculated by dividing the number of reads that map only
once to the Arabidopsis genome between the total number
of mapping reads. Both kinds of data were obtained after
aligning the Fastq files to the Arabidopsis Col-XJTU refer-
ence genome with Bowtie2. Then, for every epigenetic mark,
RMUS corresponding to the input samples of different stud-
ies were pooled together as well as RMUS corresponding to
immunoprecipitated samples. Statistical levels of significance
of pair-wise comparisons were performed as mentioned
above (Supplemental Table S1).

As previously mentioned, the results shown in this manu-
script have been elaborated using the Col-XJTU genome
that has been recently released, which does not include the
chloroplast and mitochondrial genomes (Wang et al., 2021).
Interestingly, similar results are obtained when using the
Col-XJTU genome plus the chloroplast and mitochondrial
genomes (NCBI Reference Sequences NC_000932.1 and
NC_037304.1, respectively) or the build in TAIR10 reference
genome displayed in the Galaxy servers, which also include
the genomes of the organelles (see Supplemental Table S2).

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

Supplemental Table S1. Determination of enrichment
values and statistical levels of significance.

Supplemental Table S2. Summary of enrichment data us-
ing different reference genomes for alignment.
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