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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Telomerase, an enzyme responsible for the maintenance of linear chromosome ends, is precisely regulated during

plant development. In animals, involvement of the epigenetic state of the telomerase reverse transcriptase (TERT)

gene in the complex regulation of telomerase activity has been reported. To reveal whether epigenetic mechanisms

participate in the regulation of plant telomerase, the relationship between telomerase activity in tissues of

Arabidopsis thaliana and DNA methylation and histone modifications in the A. thaliana TERT (AtTERT) upstream

region was studied. As expected, a gradual decrease of telomerase activity during leaf maturation was observed.

A different pattern with a more progressive loss of telomerase activity and AtTERT transcription during leaf
development was revealed in MET1 gene-knockout mutants. Analysis of DNA methylation in the AtTERT upstream

region showed low levels of methylated cytosines without notable differences between telomerase-positive and

telomerase-negative wild-type tissues. Surprisingly, a high level of CG methylation was found in the AtTERT coding

region, although this type of methylation is a characteristic attribute of constitutively expressed genes. Analysis of

chromatin modifications in the AtTERT upstream region and in exon 5 showed increased loading of the H3K27me3

mark in the telomerase-negative mature leaf compared to telomerase-positive seedlings, whereas H3K4me3,

H3K9Ac, and H3K9me2 were approximately at the same level. Consistently, the chromatin structure of the AtTERT

gene was maintained. These results are discussed in the context of the general involvement of epigenetic
mechanisms in the regulation of gene expression and with respect to similar studies performed in animal models.

Key words: Arabidopsis thaliana, developmental regulation, DNA methylation, histone modifications, telomerase.

Introduction

Telomerase is a ribonucleoprotein enzyme complex responsible
for the synthesis of telomeres, specialized nucleoprotein

structures at the ends of linear eukaryotic chromosomes.

Telomerase consists of a catalytic subunit, telomerase reverse

transcriptase (TERT), and a telomerase RNA (TR) subunit

which serves as a template for the elongation of the telomere

motif. Telomerase activity is strictly regulated during plant

development. Analysis of model plants including Arabidopsis

(Fitzgerald et al., 1996), Silene latifolia (Riha et al., 1998),
tobacco (Fajkus et al., 1998), barley (Heller et al., 1996),

soybean (Fitzgerald et al., 1996), and tomato (Broun et al.,
1992) has revealed active telomerase in organs and tissues

containing dividing meristem cells (seedlings, root tips,

blossoms, floral buds) and in cell cultures (Fajkus et al., 1996).

On the other hand, telomerase activity was abolished in organs

formed by terminally differentiated cells, e.g. stems or mature

leaves. In this respect, the pattern of telomerase activity in

plants resembles that in humans, but with a notable difference:

telomerase down-regulation in terminally differentiated plant
cells is reversible and highly dynamic, as is their differentiation

Abbreviations: AtTERT, A. thaliana TERT; ChIP, chromatin immunoprecipitation; hTERT, human TERT; TERT, telomerase reverse transcriptase; TR subunit, telomerase
RNA subunit.
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status itself, and reflects the totipotent character of plant cells

(Fajkus et al., 1998). Nevertheless, the general pattern of

telomerase activity is different even among mammalian model

species; while in most human adult somatic tissues telomerase

expression and activity are undetectable or very low, mouse

somatic tissue cells express a detectable amount of the TERT

mRNA (Horikawa et al., 2005). This indicates that develop-

mental regulation of telomerase is not driven by simple and
generally valid mechanisms.

In plants, the molecular mechanisms of telomerase

regulation at both the cellular and organism levels are far

from being elucidated. These processes include regulation of

telomerase transcription (Fitzgerald et al., 1996; Oguchi

et al., 1999), alternative splicing of TERT gene transcripts

(Heller-Uszynska et al., 2002; Rossignol et al., 2007), and

post-translational modifications of telomerase (Oguchi
et al., 2004). A recent description of the Arabidopsis TR

subunit suggested a possible involvement of two variant

RNA subunits in formation of telomerase nucleoprotein

complexes, yielding telomerases of different activity

(Cifuentes-Rojas et al., 2011). Moreover, strong regulatory

elements downstream of the transcription start site were

identified in our previous study (Fojtova et al., 2011),

demonstrating an enormous complexity of the plant
telomerase regulation process.

The involvement of the chromatin state and epigenetic

mechanisms in regulation of the TERT gene were

demonstrated in animal models (reviewed in (Zhu et al.,

2011)). Hyperacetylated and H3K4-methylated histones were

associated with human TERT (hTERT) expression in

telomerase-positive cells, while H3K9 and H3K20 methyla-

tion marked histones in telomerase-negative cells. Although

the sequence of the hTERT locus including the promoter

region meets parameters for the CpG islands, no unambigu-

ous correlation between promoter methylation and activity

exists. Association of hTERT promoter methylation with the

loss of its activity is evidenced by the demethylation-induced

increase of hTERT transcription in immortalized fibroblasts

(Devereux et al., 1999) and binding of methyl-CpG-binding

domain protein 2 (MBD 2) to the hypermethylated hTERT

promoter in HeLa cells (Chatagnon et al., 2009). On the

other hand, demethylation in tumour cell lines with high

telomerase activity was correlated with a significant reduction

of hTERT transcription (Guilleret and Benhattar, 2003). It is

supposed that in this case methylation prevents the transcrip-

tional repressors from binding, but a small methylation-free

region near the transcription start site is able to ensure

hTERT transcription. Nevertheless, in most normal somatic

cells with a basal level of telomerase activity the hTERT

promoter is hypomethylated (Dessain et al., 2000). As

regards chromatin structure, it was shown that cell differen-

tiation was associated with the loss of DNaseI-hypersensitive
sites in the human and mouse TERT promoters and their

upstream regions (Wang et al., 2009), showing that changes

of chromatin structure leading to its more condensed state

are connected with hTERT transcriptional silencing.

In this work, telomerase activity during Arabidopsis

thaliana development was correlated with the A. thaliana

TERT (AtTERT) epigenetic pattern. While DNA methyla-

tion did not seem to be involved in the gradual attenuation

of telomerase transcription during leaf maturation, the

repressive chromatin modification signal – trimethylation

of lysine 27 in histone H3 (H3K27me3) – was installed in

the AtTERT upstream and gene body regions in telomerase-

negative tissue. Nevertheless, no significant change in the

general chromatin structure accompanied the H3K27me3
loading, and developmentally silenced AtTERT maintained

the euchromatin-specific modifications.

Materials and methods

Plant material

A. thaliana seedlings of the Columbia-0 ecotype and a ddm1
(At5g66750) mutant (ddm1-8 strain, SALK000590) were purchased
from the Nottingham Arabidopsis Stock Centre (Alonso et al.,
2003), and seedlings of the mutant plant with a T-DNA insertion in
the MET1 gene (At5g49160, met1-3 strain; Saze et al., 2003) were
kindly provided by Dr Ales Pecinka (GMI, Vienna, Austria).
Primers for genotyping are described in Supplementary Table S1.
Seeds were placed on half-strength Murashige–Skoog (Duchefa
Biochemie, Haarlem, The Netherlands) agar plates and grown under
cycles of 8 h light (illumination 100 lmol m�2 s�1), at 21 �C and
16 h dark at 19 �C. After 7 days, seedlings were collected for
analyses. Plants were grown in soil from 2 week-old seedlings under
the same light/dark conditions favouring leaf growth. Leaves were
harvested from 6–8 week-old plants as depicted in Fig. 1A.

Analysis of telomerase activity (TRAP assay)

Telomerase extracts from Arabidopsis tissues were prepared as
described (Fitzgerald et al., 1996; Sykorova et al., 2003). Telomerase
activity was analysed according to the protocol in (Fajkus et al.,
1998). First, 1 ll of 10 lM TS21 substrate primer (Supplementary
Table S1) was mixed with 1 ll of telomerase extract (protein
concentration 50 ng ll�1). Primer elongation proceeded in 25 ll of
the reaction buffer at 26 �C for 45 min. After extension, telomerase
was heat-inactivated and samples were cooled to 80 �C. Then, 1 ll
of 10 lM TELPR reverse primer (Supplementary Table S1) and
2 units of DyNAzymeII DNA polymerase (Finnzymes, Espoo,
Finland) were added to start PCR amplification of telomerase
extension products (35 cycles of 95 �C/30 s, 65 �C/30 s, 72 �C/30 s)
followed by a final extension (72 �C/5 min). Products of TRAP
reactions were analysed by electrophoresis on a 12.5% polyacryl-
amide gel in 0.53TBE buffer; the gel was stained with GelStar
Nucleic Acid Gel Stain (LONZA, Basel, Switzerland) and signals
were visualized using the LAS-3000 system (FujiFilm, Tokyo,
Japan). Telomerase activity and processivity were deduced from the
intensity and extension of the TRAP products ladder, respectively.
The quantitative version of the TRAP assay was performed as

described in Herbert et al. (2006) using FastStart SYBR Green
Master (Roche, Basel, Switzerland) and TS21 and TELPR
primers. Samples were analysed in triplicates in a 20 ll reaction
mix. Ct values were determined using Rotorgene6000 (Qiagen,
Hilden, Germany) software and relative telomerase activity was
calculated by the DCt method (Pfaffl, 2004).

RNA isolation and RT-PCR analysis

Total RNA was isolated from Arabidopsis tissues using the
RNeasy Plant Mini Kit (Qiagen) followed by DNase I treatment
(TURBO DNA-free; Applied Biosystems/Ambion, Foster City,
CA, USA) according to the manufacturer’s instructions. The
quality and quantity of RNA was checked by electrophoresis on 1%
(w/v) agarose gels and by absorbance measurements
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(NanoPhotometr IMPLEN). cDNA was prepared by reverse tran-
scription of 1 lg of RNA using M-MuLV reverse transcriptase (New
England Biolabs, Hitchin, Herts, UK) and Random Nonamers
(Sigma-Aldrich, St Louis, MO, USA). Quantification of the AtTERT
transcript relative to the ubiquitin reference transcript was done using
FastStart SYBR Green Master (Roche) on the Rotorgene6000
(Qiagen). One ll of five-times-diluted cDNA was added to the 20 ll
reaction mix; the final concentration of each forward and reverse
primer was 0.25 lM (Supplementary Table S1). Reactions were done
in triplicates; the PCR programme consisted of 15 min of initial
denaturation at 94 �C followed by 40 cycles of 30 s at 94 �C, 30 s at
56 �C, and 30 s at 72 �C. Analyses were performed for at least two
biological replicates in three technical replicates. Transcription in the
respective tissue was calculated as the fold increase/decrease relative
to wild-type 7 day seedlings (DDCt method (Pfaffl, 2004)).

DNA isolation and analysis of DNA methylation

Total genomic DNA was isolated from 1 g of 7 day seedlings and
6–8 week-old leaves by the cetyltrimethylammonium bromide
method as described in Kovarik et al. (2000).
Bisulphite conversion of genomic DNA was done by the EpiTect

Bisulfite Kit (Qiagen) in which non-methylated cytosines are
converted to uracils and amplified as thymines in the subsequent
PCR, while 5-methylcytosines are resistant in this reaction (Clark
et al., 1994). Sequences of primers for amplification of the
AtTERT upstream region (284 bp fragment) and AtTERT exon 5
(476 bp fragment) are listed in Supplementary Table S1. PCR was
done using DyNAzymeII DNA polymerase in a programme
consisting of initial denaturation (2 min) and 40 cycles of 30 s at
94 �C, 30 s at 56 �C and 40 s at 72 �C followed by a final extension
(72 �C/5 min). PCR products were cloned using a TOPO TA
cloning kit (Invitrogen, Carlsbad, CA, USA) and sequenced
(Macrogene, Seoul, South Korea). Methylation of cytosines
located in the respective sequence context was analysed by
CyMATE software (Hetzl et al., 2007) in the 224 bp AtTERT
upstream region (close to the ATG site) where the sequencing
signals were convincingly seen, and in the AtTERT exon 5.

Analysis of histone modifications by chromatin

immunoprecipitation

Histone modifications by chromatin immunoprecipitation (ChIP)
were analysed using the EpiQuik� Plant Chip Kit (Epigentek,
Farmingdale, NY, USA). Chromatin was crosslinked for 15 min in
1% formaldehyde (Sigma-Aldrich), fragmented by sonication
(Bioruptor; Diagenode, Liège, Belgium) to an average fragment
length of 500 bp, and immunoprecipitated by antibodies against
H3K9me2 (Abcam, Cambridge, UK), H3K4me3 (Abcam), H3K9Ac
(Abcam), or H3K27me3 (Millipore, Billerica, MA, USA). A total of
20 ng of purified DNA from the immunoprecipitated fractions was
subjected to PCR using primers for the AtTERT upstream region
and the exon 5 (Supplementary Table S1) and DyNAzymeII DNA
polymerase with the same PCR programme as described for analysis
of DNA methylation. Quantitative PCR was performed as described
for RT-PCR analysis. Results were evaluated statistically using the
two-tailed Student’s t test; a P value of <0.05 was considered as
statistically significant.

Results

Gradual decrease of telomerase activity during leaf
maturation

Telomerase activity was determined by the TRAP assay in

A. thaliana 7 day seedlings and leaves of different ages

(Fig. 1A). A gradual decrease of telomerase activity during

leaf maturation was observed (Fig. 1B, 1C). Telomerase

activity comparable to or even higher than that in 7 day

seedlings was observed in young leaves (leaf A, Fig. 1A). In

a so-called middle-aged leaf (leaf B), telomerase activity was

Fig. 1. Telomerase activity dynamics in Arabidopsis wild-type and

methylation mutant tissues. (A) Strategy for collection of leaves at

different developmental stages. (B) In vitro telomerase activity

assays. Telomerase activity was determined in extracts from 7 day

seedlings and from leaves collected from the Columbia wild-type

(Col), met1-3, and ddm1-8 plants using the TS21 and TELPR

primers (Supplementary Table S1). Lanes show: –, negative

controls (no protein extract in the reaction); leaf A, young leaf; leaf

B, middle-aged leaf; leaf C, mature leaf. (C) Quantitative analysis of

telomerase activity in leaves. Analysis was based on SYBR Green I

fluorescence detection and was performed using at least two

biological replicates (three technical replicates for each). The DCt
method (Pfaffl, 2004) was used to calculate relative telomerase

activity. Analyses were done for two biological replicates in three

technical replicates; error bars show SD.
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around the level in seedlings and was absent or very low in

mature leaves (leaf C).

The dynamics of telomerase activity during plant

development are believed to be correlated with TERT

promoter activity, i.e. with the level of the transcript for the

telomerase protein subunit. A good correlation between

AtTERT transcription and telomerase activity was observed

(Supplementary Fig. S1).

Telomerase dynamics is affected in leaves of the met1-3
mutant

Numerous studies have shown that DNA methylation plays
an important role in the modulation of promoter activity.

Although the precise range of the AtTERT promoter has not

been characterized yet, a minimal telomerase promoter has

recently been identified using a collection of T-DNA insertion

lines as a sequence 271 bp upstream of the ATG signal

(Fojtova et al., 2011). To investigate cytosine methylation in

this putative promoter, primers delimiting the region from

position –284 to the ATG codon (Supplementary Table S1)
were designed to amplify sodium bisulphite-modified DNA

templates. The number of methylated cytosines is very low in

this region and there is no notable difference in cytosine

methylation between telomerase-positive (7 day seedlings)

and -negative (mature leaves) tissues (Supplementary Fig.

S2). Based on these results, DNA methylation in the putative

promoter region is not a dominant factor in the regulation of

AtTERT transcription.
The above results were complemented by an analysis of

mutant plants defective in pathways crucial for the mainte-

nance of cytosine methylation. Analysis of telomerase

activity in seedlings of met1-3 and ddm1-8 mutants revealed

patterns fully comparable to the wild type (Fig. 1B, left

panel), and no significant changes in AtTERT transcription

were detected (Fig. 2A).

The ddm1-8 mutant plants showed telomerase activities in
young (leaf A) and old (leaf C) leaves to be more or less

comparable to those in leaves of the corresponding

developmental stage in wild-type plants (Fig. 1B), although –

according to the results of quantitative assays (Fig. 1C) –

telomerase activity in the ddm1-8 young leaf is lower than in

wild-type Columbia tissues, approaching the value observed

in the middle-aged wild-type leaves (leaf B). Surprisingly, in

repeated analyses met1-3 mutants revealed considerably lower
telomerase activity in young leaves (Fig. 1B, 1C). The

amounts of AtTERT transcript in young leaves of one plant

heterozygous for a T-DNA insertion in the MET1 gene and of

two plants homozygous for this insertion were close to the

detection limit (Fig. 2B), i.e. significantly lower than in the

corresponding wild-type samples, in which AtTERT transcrip-

tion was even higher as compared to that in 7 day seedlings

(Supplementary Fig. S1). Based on these analyses, it is
possible to hypothesize that a complex pattern of phenotypic

defects connected to the loss of MET1 function (Mathieu

et al., 2007) encompasses disruption of telomerase develop-

mental regulation, leading to an early loss of telomerase

expression and activity in the mutant leaves. But in contrast

to observations suggesting that the phenotypic consequences

of CG methylation erasure are not simply overcome by the

reintroduction of the function of both MET1 alleles,

AtTERT transcription (Fig. 2B) and telomerase activity (not

shown) are fully reverted in plants segregated from the

mutant background.

AtTERT is CG-methylated in the gene body region

Although the AtTERT putative promoter region is not

methylated in either of the tissues tested, methylation in exon

5 in Arabidopsis was detected by high-throughput methylation

Fig. 2. Analysis of AtTERT transcription in methylation mutants.

(A) AtTERT transcription in 7 day seedlings from methylation mutants.

Analysis was done using four biological replicates of seedlings from

four ddm1-8 homozygous plants and from four met1-3 heterozygous

plants. Amplification of a 110 bp fragment of the AtTERT exon 1 was

expressed relative to the ubiquitin endogenous control. The DDCt
method (Pfaffl, 2004) was used to calculate AtTERT transcription.

Error bars show SD. No significant change of the AtTERT transcript

level as compared to wild-type seedlings was observed. Col,

Columbia wild-type. (B) AtTERT transcription in young leaves from

met1-3 plants (one heterozygous and two homozygous representa-

tives; homozygous plants were selected with extremely low fre-

quency and did not grow up to the reproductive stage, as previously

reported by Saze et al., 2003) and from segregated wild-type plants.

AtTERT transcription in met1-3 young leaves was significantly lower

compared to wild-type samples (Supplementary Fig. S1).
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analysis (http://signal.salk.edu/cgi-bin/methylome?GENE¼
At5g16850) (Zhang et al., 2006). In agreement with this

report, a relatively high level of CG methylation was detected

in 7 day seedlings and mature leaves of wild-type plants using

a primer set delimiting a 476 bp region of the AtTERT fifth

exon (Fig. 3). CHG and CHH methylations were low and

close to the average levels reported for the whole A. thaliana

genome (6.7 and 1.7%, respectively). A significant decrease of
methylation in CG doublets was observed in met1-3 and

ddm1-8 tissues, which was more pronounced in met1-3

mutants where CG methylation dropped to a level comparable

to those of CHG and CHH. As in the wild type, the amount

of methylated cytosines was comparable in different tissues of

both mutant plants (Fig. 3).

AtTERT gene silencing is accompanied by increased
loading of the H3K27me3 epigenetic mark, but the
region maintains its euchromatic nature

Modifications of histone amino acid residues represent

crucial determinants of chromatin structure and activity of

the corresponding DNA regions. We analysed the distribu-

tion of four selected chromatin epigenetic marks in the

AtTERT upstream region and in exon 5 of telomerase-

positive (7 day seedlings) and telomerase-negative (mature
leaf) tissues. Crosslinked and sonicated chromatin was

immunoprecipitated using antibodies against H3K4me3 (a

euchromatin-specific epigenetic mark), H3K9me2 (hetero-

chromatin, mainly constitutive), H3K27me3 (heterochroma-

tin in developmentally silenced regions), and H3K9Ac

(euchromatin). Primers for PCR covered the region from

–336 bp to the ATG position and 476 bp region of exon 5

(Supplementary Table S1).
AtTERT upstream and exon 5 regions are clearly

associated with the euchromatin-specific histone modifica-

tions H3K4me3 and H3K9Ac in both telomerase-positive

and telomerase-negative tissues, while levels of H3K9me2

are low (Fig. 4). These results suggest that the general

chromatin environment in the AtTERT gene is not mark-

edly altered during plant development. Correspondingly,

the pattern of micrococcal nuclease digestion of AtTERT

chromatin is comparable in nuclei isolated from 7 day

seedlings and from mature leaves (Supplementary Fig. S3).

In agreement with previously published results obtained from

analysis of 10 day seedlings (Turck et al., 2007; Zhang et al.,

2007; Roudier et al., 2011), low signals for the H3K27me3

fraction were detected in 7 day seedlings. In the mature leaf,

the intensity of this signal increased significantly in both

analysed regions (Fig. 4). A similar pattern of distribution of
chromatin marks was observed in 7 day seedlings and mature

leaves of met1-3 mutant plants (Supplementary Fig. S4).

Discussion

Epigenetic modifications of promoter sequences are strong

determinants of their transcriptional potency. While

promoter-associated DNA methylation is generally consid-

ered as a silencing mark, the pattern of histone modifica-

tions is more complex and displays both organism- and

locus-specific features (Fransz et al., 2006; Hon et al., 2009).

A detailed methylation map of the A. thaliana genome was

obtained using high-throughput sequencing approaches

(Zhang et al., 2006), and the low level of methylated cytosines

observed in the AtTERT upstream region (Supplementary

Fig. S2) is in accordance with this map. Using mammalian
models, convincing data showing involvement of epigenetic

mechanisms in telomerase developmental regulation have

been reported. While the function of TERT promoter

methylation was rather ambiguous, as an increase of pro-

moter activity was observed to accompany both hypo- and

hypermethylated states, the role of native chromatin environ-

ment including histone modifications for tight hTERT gene

regulation was clearly demonstrated (reviewed in Zhu et al.,
2011). In our study, no correlation was observed between

AtTERT transcription and methylation of the putative

minimal promoter. Nevertheless, based on the conclusions of

Vaughn et al. (2007), methylation of promoters in Arabidopsis

is a relatively rare event and in this respect DNA methylation

is not broadly involved in the regulation of gene expression.

Interestingly, along the AtTERT gene methylation in the

CG sequence context was detected in the fifth exon (Fig. 3).
This type of methylation, termed gene body methylation, has

been found in both plant and mammalian genomes (Lorincz

et al., 2004; Cokus et al., 2008; Lunerova-Bedrichova et al.,

2008). In Arabidopsis, genes methylated in transcribed

regions are generally constitutively expressed and display

lower tissue specificity compared to genes with methylated

promoters (Zhang et al., 2006). In a more detailed study

(Aceituno et al., 2008) gene body methylation was negatively
correlated with gene responsiveness, i.e. capacity to change

expression under developmental and environmental stimuli.

The protein subunit of telomerase does not fit this general

rule, because its expression changes significantly during plant

development and the function of the gene body methylation

in the AtTERT locus remains enigmatic. A connection

between AtTERT gene methylation and alternative splicing

of the AtTERT transcript (Rossignol et al., 2007) may be
a promising possibility. Unfortunately, testing of this hy-

pothesis is methodically rather difficult due to the very low

level of the alternatively spliced AtTERT transcript which

reduces the reproducibility of quantitative RT-PCR assays

(M. Fojtová, unpublished results).

Interesting findings arise from the analysis of the AtTERT

transcription in met1-3 mutant leaves. Low levels of AtTERT

transcripts and telomerase activity were found in developing
leaves of met1-3 mutants (Fig. 1B, 1C, 2B), while in wild-type

young leaves both values were even higher as compared to

seedlings (Supplementary Fig. S1). This observation might

indicate impaired developmental regulation of the AtTERT

gene in met1 mutants. We should however be careful about

drawing such conclusions, and take into consideration

possible moderate variations in the leaf developmental stage

(although in all cases, leaves of approximately the same age
were collected for analyses), and the very small size (due to

their retarded growth) of met1-3 mutants leaves considered as
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Fig. 3. Analysis of DNA methylation in AtTERT exon 5 by bisulphite genomic sequencing. (A) Distribution of methylated cytosines along

the 476 bp region of exon 5. Seven day seedlings and mature leaves (leaf C, Fig. 1A) from wild-type and methylation mutants were

subjected to analysis. Col, Columbia wild-type; CG methylation, red circles; CHG methylation, blue squares; methylation of cytosines in

a non-symmetrical sequence context, green triangles; filled symbols, methylated cytosine; empty symbols, non-methylated cytosine.

Twelve cytosines in CG, 14 cytosines in CHG, and 53 cytosines in CHH were evaluated. (B) Graphical representation of the methylated

cytosine content in the respective sequence context in tissues of wild-type and methylation mutant plants. Note the comparable level of

methylated cytosines in tissues of the same genotype. In all met1-3 and ddm1-8 clones, the level of methylated cytosines in a CG

sequence context was decreased significantly, and this drop was more pronounced in the met1-3 mutant background. meAVG, average

cytosine methylation.
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young leaves. Further comprehensive research including

analysis of other crucial mutations in related pathways is

necessary to clarify this topic definitely.

The recently published map of the main epigenetic states in

Arabidopsis chromatin revealed distinct combinations of 12

chromatin marks defining active genes, repressed genes, silent

repeat elements, and intergenic regions (Roudier et al., 2011).

According to the present data, AtTERT chromatin was
associated with the histone marks H3K4me3, H3K4me2,

H3K36me3, and H3K27me1 in 10-day seedlings. Except for

the H3K27me1 modification which is prevalent in silent

transposable elements, the other modifications are convinc-

ingly linked with transcriptionally active genes, in accordance

with our result demonstrating enrichment of AtTERT chro-

matin in H3K4me3 and H3K9Ac marks in 7 day seedlings.

In telomerase-negative samples, increased H3K27me3 loading
in the AtTERT upstream and exon 5 regions was observed

(Fig. 4) while signals for the other modifications (H3K4me3,

H3KAc, and H3K9me2) were more or less comparable in

both telomerase-positive and telomerase-negative tissues. The

simultaneous presence of H3K4me3 and H3K27me3 in this

locus seems to be rather contradictory with the data of

Roudier et al. (2011) and Ha et al. (2011), which show low

association of these marks. Because the levels of H3K4me3
and H3K9Ac remained reproducibly high in both regions

analysed and based on results of micrococcal nuclease di-

gestion (Supplementary Fig. S3), one can speculate that –

despite the increased H3K27me3 loading – the AtTERT

chromatin maintained the euchromatin state in telomerase-

negative tissue. Moreover, silencing of FLC gene transcription

during the plant transition to flowering – representing a typical

example of developmental gene regulation – is accompanied,
besides distinctive H3K27me3 loading, by a significant de-

crease of H3K4me3 and H3KAc and even an increase of

H3K9me2 (see Bastow et al., 2004; reviewed by Deal and

Henikoff, 2011). To verify the necessity of H3K27me3 for the

AtTERT silencing, analysis of telomerase dynamics in plants

with loss of function of terminal flower 2 (TFL2)/like

heterochromatin protein 1 (LHP1) might be informative.

TFL2/LHP1 is essential for the establishment of the
H3K27me3 repressive modification at developmentally

regulated genes (Turck et al., 2007) and loss of its

Fig. 4. Analysis of histone modifications in the AtTERT upstream

region and in exon 5 by ChIP. DNAs from immunoprecipitated

fractions of chromatin were purified and a 336 bp region upstream

of the ATG signal and a 476 bp region of the fifth exon were

amplified using classical (A) or quantitative (B) PCR (qPCR).

(A) A representative example of PCR amplification of the AtTERT

upstream region and of exon 5 in immunoprecipitated fractions.

Signals of euchromatin-specific marks (H3K4me2, H3K9Ac) were

strong in both tissues analysed; signals for the modification typical

for constitutive heterochromatin (H3K9me2) were below the de-

tection limit. Note the distinct H3K27me3 band in the leaf samples.

(B) Two biological replicates of wild-type seedlings and mature

leaves were immunoprecipitated and subjected to quantitative

PCR. Signal from the immunoprecipitated fractions was expressed

relative to that from the total input chromatin. The amount of the

H3K27me3 mark increased in the telomerase-negative tissue (leaf)

in both regions analysed (P < 0.01 in the AtTERT upstream region;

P < 0.05 in the exon 5).
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function leads to a broad range of developmental defects

(Gaudin et al., 2001).

In recent reports, independence of H3K27me3 and DNA

methylation (Zhang et al., 2007) and even mutual exclusiv-

ity of these modifications (Weinhofer et al., 2010) were

demonstrated. In this context, essentially the same patterns

of histone modifications, including increased H3K27me3

loading in telomerase-negative tissue in the methylation-free
upstream region and in exon 5 with an increased level of

methylated cytosines, are very interesting. Since histone

modifications are comparable in mature leaves of the met1-3

mutant (Supplementary Fig. S4) and of the wild type

(Fig. 4), it seems that H3K27me3 loading is in no way

affected by cytosine methylation in exon 5.

Taken together, our analysis of the epigenetic states of the

TERT gene in telomerase-positive and telomerase-negative
Arabidopsis tissues reveals differential levels of H3K27me3

modification. Nevertheless, in contrast to the situation in

mammalian cells where chromatin surrounding the active

TERT gene is associated with euchromatin-specific histone

modifications (hyperacetylation and H3K4 methylation),

while chromatin of the silenced hTERT gene is marked by

H3K9 methylation and H4K20 methylation (i.e. modifica-

tions typical for silenced and even heterochromatic regions;
Wang et al., 2009), such notable changes of native chromatin

environment are not associated with TERT gene silencing in

Arabidopsis. Although immediate promoter status generally

results from a complex interplay of many cellular factors, the

observed differences between animal and plant cells in the

mechanisms involved in developmental regulation of TERT

may reflect a unique attribute of plants – their totipotency –

which accords with a reversible and dynamic character of
telomerase silencing (Fajkus et al., 1998).

Supplementary material

Supplementary material is available at JXB online.

Supplementary Table S1. Sequences of primers used in

genotyping the mutant lines, telomerase activity assay,

quantitative analysis of transcription, analysis of methyla-

tion by bisulphite genomic sequencing (BGS), and analysis
of chromatin modifications (ChIP).

Supplementary Fig. S1. AtTERT transcription in wild-

type leaves.

Supplementary Fig. S2. Analysis of DNA methylation in

AtTERT upstream region by bisulphite genomic sequencing.

Supplementary Fig. S3. Micrococcal nuclease digestion of

nuclei isolated from Arabidopsis seedlings and leaves.

Supplementary Fig. S4. Analysis of histone modifications
in the met1-3 seedlings and mature leaves.
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