Scientific Report

L W

SOURCE TRANSPARENT
DATA PROCESS

EMBO

reports

Meristem-specific expression of epigenetic
regulators safeguards transposon silencing

in Arabidopsis
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Abstract

In plants, transposable elements (TEs) are kept inactive by tran-
scriptional gene silencing (TGS). TGS is established and perpetu-
ated by RNA-directed DNA methylation (RADM) and maintenance
methylation pathways, respectively. Here, we describe a novel
RdADM function specific for shoot apical meristems that reinforces
silencing of TEs during early vegetative growth. In meristems,
RADM counteracts drug-induced interference with TGS mainte-
nance and consequently prevents TE activation. Simultaneous
disturbance of both TGS pathways leads to transcriptionally active
states of repetitive sequences that are inherited by somatic tissues
and partially by the progeny. This apical meristem-specific mecha-
nism is mediated by increased levels of TGS factors and provides a
checkpoint for correct epigenetic inheritance during the transition
from vegetative to reproductive phase and to the next generation.
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Introduction

Genomes of higher plants contain a high proportion of transposable
elements (TEs). Nearly all TE families are represented with some
potentially mobile copies. This endangers genome stability, espe-
cially if transposition were to occur in cells forming the germline
and offspring. Plant evolution has brought about an efficient protec-
tion mechanism against extensive TE activity by preventing their
expression via transcriptional gene silencing (TGS). This is mediated
by epigenetic regulation through DNA methylation and repressive
histone modifications [1,2]. In short, TE transcription triggers an
RNA-directed DNA methylation (RADM) mechanism that involves

de novo DNA methylation [3,4]. Depending on the sequence
context, different pathways ensure correct maintenance and
transmission of established DNA methylation patterns [5,6]. Con-
versely, disturbance of RADM and maintenance pathways allows
the transcription of specific TEs [1,7,8].

Unlike in mammals, where DNA methylation is largely erased
and then re-established during germ cell maturation and zygote
formation, plant DNA methylation is considered to be generally
stable [1]. However, reinforced silencing of TEs has been proposed
in gametes and the early embryo via mobile siRNAs produced in
companion cells [9-11]. This suggests an important role for RADM
in surveying the genome of gametes and early zygotes.

Gamete formation in plants occurs late during development, and
cells undergo numerous cell divisions before flowering. In addition,
the formation of secondary meristems widens the range of cells that
can contribute to progeny. Therefore, any loss of TE silencing during
the vegetative phase [12,13] can lead to the transmission of active
TEs to the next generation.

Here, we show that release of TGS control upon treatment with
the DNA methylation inhibitor zebularine [14] is observed only in
tissues inherited from the embryo, but not in newly developing
parts of the plant. Functional analysis identifies RADM as an
important regulator of TGS maintenance in newly formed tissues,
and lack thereof leads to an increased inheritance of active states
to the next generation. Various meristematic tissues display
enhanced expression of genes required for TGS, and we propose
that this tissue-specific coordinated expression is required to
enforce epigenomic stability and germline protection during vege-
tative growth.

Results and Discussion

DNA methylation inhibitors cause tissue-specific transcriptional
reactivation of repetitive DNA

The cytidine analog zebularine induces transient DNA hypomethyla-
tion and transcriptional activation of otherwise silent sequences in
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wild-type (WT) Arabidopsis [15]. To analyze the mechanism gov-
erning re-methylation and re-silencing, we applied zebularine to the
line TS-GUS (6b5, LS) [16] containing a transcriptionally silent
B-glucuronidase transgene that is activated throughout the entire
plant in the background of epigenetic mutants like ddmI (Fig 1A)
[5]. While mock-treated plants showed no GUS staining (Fig 1B),
growth in the presence of 20 or 40 pM zebularine or 400 uM
5-azadeoxycytidine released GUS silencing in cotyledons, but nei-
ther in true leaves of all stages nor in floral tissues (Fig 1C and D
and Supplementary Fig S1). In addition, no GUS signal was detected
in selfed progenies from zebularine-treated WT plants (Supplemen-
tary Fig S1), suggesting that the loss of silencing was restricted to
embryonic tissues only. This was confirmed after zebularine appli-
cation to a TS-GFP reporter line containing a repetitive silent GFP
marker [17] that showed an even sharper separation between
GFP-positive cotyledons, hypocotyl, and root and the GFP-negative
true leaves around the SAM (Fig 1E and F, arrowhead).
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Figure 1. DNA methylation inhibitors induce tissue-specific reactivation

of transcriptionally silenced repeats.

A TS-GUS expression in ddm1.

B GUS signal is absent in mock-treated WT TS-GUS plants.

C, D Tissue-specific reactivation of TS-GUS after treatment with (C) 40 uM
zebularine for 3 weeks and (D) 400 pM 5-azacytidine for 3 days and
subsequent recovery for 1 week.

E, F Tissue-specific reactivation of a transcriptionally silent TS-GFP transgene
after the treatment with 40 uM zebularine under visible (E) and GFP
fluorescence (F) light.

G Northern blot detection of transcription from TS/ repeats in cotyledons
(CO) and true leaves (TL) of 14-day-old mock- or 20 uM zebularine-
treated seedlings.

H  Quantitative reverse transcription PCR measurements of zebularine-
induced transcription of TEs in cotyledons and the first pair of true leaves
of WT plants. Based on the pool of approximately 20 plants in one
biological replicate.

Data information: In (D) and (F): arrows point to meristem tissues lacking GUS
and GFP signals.
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Zebularine-induced tissue-specific reactivation holds true also for
endogenous repeats. We dissected cotyledons and the first pair of
true leaves from plantlets grown for 14 days either on drug-free
medium, continuously on zebularine, or on 20 uM zebularine for
7 days followed by 7-day recovery on drug-free medium. Northern
blot and/or quantitative reverse transcription PCR (qRT-PCR)
analysis of Transcriptionally Silent Information (TSI) repeats, LINEI-
4, MULE2, and Ta3 revealed no signal in mock-treated plants, while
zebularine treatment—independent of recovery—released silencing
only in cotyledons (Fig 1G and H).

To exclude that the lack of reactivation in true leaves was due to
reduced uptake of zebularine, loss of inhibitor activity, or its dilu-
tion via DNA replication, we compared DNA methylation of centro-
meric repeats between cotyledons and the first pair of true leaves,
for mock- and zebularine-treated plants. Methylation-sensitive
Southern blots indicate that zebularine treatment reduces methyla-
tion in both tissues (Supplementary Fig S1C). Furthermore, fluores-
cence in situ hybridization (FISH) with centromeric repeat
sequences revealed reduced heterochromatin condensation in nuclei
from cotyledons and true leaves of inhibitor-treated plants (Supple-
mentary Fig S1D). However, the degree of decondensation was less
complete in true leaves (i.e., nuclei with full decondensation of all
chromocenters), which may indicate slight differences in zebularine
activity or stability in specific tissues.

Taken together, the tissue-specific activation of silent repeats
after zebularine treatment argues for a regulatory mechanism that
corrects the loss of TGS during early vegetative growth.

RADM components secure repeat silencing in true leaves in spite
of inhibitor treatment

To investigate the molecular basis of the tissue-specific difference in
TGS, we introgressed the TS-GUS transgene into mutants associated
with TGS and chromatin regulation. In agreement with a previous
report [5], during mock treatment, we observed full TS-GUS reacti-
vation only in ddm1 or metl, and none or weak cotyledon-specific
activation in cmt3, kyp, lhpl, fasl, fas2, hda6, and RdADM mutants
(Fig 2A, upper panel and Supplementary Fig S2). These tissue-
specific activation patterns resembled those after zebularine treat-
ment and prompted us to expose the low activating mutants to
20 uM  zebularine, scoring for potential combinatorial effects.
Remarkably, zebularine treatment led to strong GUS expression in
true leaves of ago4, drml/drm2, drdl, and rdr2, while no true leaf
GUS staining was observed in cmt3, fasi, fas2, kyp, lhpl, or hda6,
suggesting that RADM components are involved in mediating
re-silencing (Fig 2A and Supplementary Fig S2B, bottom panel).

In addition, we observed elevated true leaf-specific transcription
for LINE1-4, MULE2, and TSI in zebularine-treated drml/drm2,
drdl, and dcl3, in comparison with treated WT plants (Fig 2B and
Supplementary Fig S2). Activation of Ta3, an element regulated
mainly by methylation of histone H3 lysine 9 and CHG [18], was
not further induced in true leaves of zebularine-treated mutant
plants (Fig 2B and Supplementary Fig S2). A similar response of
LINEI-4 in WT accessions Col-0 and Ws-2 indicated that this was
independent of the different genetic background of the mutants
(Supplementary Fig S2D).

In order to measure the combined effect of zebularine and
defective RADM on DNA methylation in true leaves, we performed
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Figure 2. Release of transcriptional silencing in true leaves upon the inhibition of DNA methylation in plants impaired in RADM.

A
B

Representative examples of GUS staining of whole seedlings (top and middle row) or their first true leaves (bottom row) after mock or zebularine treatments.
Quantitative reverse transcription PCR measurements of zebularine-induced reactivation from TEs in cotyledons (CO) and true leaves (TL) in transcriptional gene

silencing mutants compared to WT. Based on the pool of approximately 20 plants in one biological replicate.

DNA methylation analysis by bisulfite sequencing. Shown is percent cytosine methylation in all sequence contexts for MULE2 and LINEI-4 in true leaves and

cotyledons of mock- and zebularine-treated WT and drd1. A minimum of 15 unique clones were scored per experiment.

Source data are available online for this figure.

bisulfite sequencing at defined copies of LINEI-4 and MULE2 in WT
and drd1I plants (Fig 2C). Compared to untreated WT plants, lack of
DRD1 resulted in a reduction in methylated cytosines by 15% in
cotyledons (mostly at CHG and CHH), while in true leaves, only
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minor changes could be measured (< 10% reduction). Importantly,
additional zebularine treatment in drdl plants resulted in a more
pronounced hypomethylation compared to zebularine treatment or
lack of drdl alone (Fig 2C). The additive effect of zebularine—
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although at low dose—exceeded the 15% reduction at both ana-
lyzed targets in true leaves, compared to untreated WT controls,
and affected all sequence contexts (Fig 2C). Surprisingly, we
observed that asymmetric methylation increased after zebularine
treatment in cotyledons (Fig 2C).

To further validate that RADM antagonizes DNA methylation
interference by zebularine, we germinated WT and drdl TS-GUS
plants on zebularine-free medium and transferred the seedlings after
6 days to zebularine-containing medium for additional 6 days
(Fig 3A). Owing to the dependence on DNA replication, zebularine-
mediated reactivation was observed only in tissues that proliferated
during drug treatment such as newly grown parts of the root
(Fig 3A). Thus, absence of replication in developed hypocotyl, coty-
ledons, and adult root regions protected against zebularine-
mediated reactivation (Fig 3A). In addition, the lack of drd1 resulted
in TS-GUS reactivation in true leaves, validating that RdADM antago-
nizes the effect of zebularine treatment in true leaves (Fig 3A).
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Figure 3. Zebularine treatment of RADM mutants results in stochastic
and transgenerational inheritance of active repetitive elements.

A TS-GUS reactivation in WT and drd1 after 6-day mock treatment followed
by 6-day 20 uM zebularine treatment. Arrowheads indicate zebularine-
mediated reactivation in tissues grown in the presence of the inhibitor.

B Representative examples of selfed (S1) seedlings from zebularine-treated
SO mutant plants with varying degree of TS-GUS reactivation in
cotyledons and true leaves (I-V). Categories show plants with increasing
degree of TS-GUS reactivation in true leaves (arrows).

C, D Percentage of S1 seedlings with varying GUS reactivation from SO mock-
treated and 20 uM zebularine-treated plants (C). Percentage of F1
seedlings with varying GUS reactivation from crosses between WT and
mutant plants with or without zebularine (D). Approximately 100
seedlings were scored per genotype and treatment. The classification is
based on (B).
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Taken together, these results indicate that release of repression
from a subset of TEs in true leaves requires simultaneous chemical
interference with DNA methylation and genetic interference with
the RADM pathway. Hence, we suggest a central role of RdADM in
mediating re-silencing of TEs in vegetative tissues by correcting for
induced inefficiency in TGS maintenance. In contrast to TE re-silencing
after genetic deletions of DDM1 that usually requires several genera-
tions [19], partial removal of methylation by zebularine is restored
immediately.

Lack of RADM components allows the inheritance of inhibitor-
activated states

To address the inheritance of reactivated states, we screened
TS-GUS activity in adult tissues that developed after recovery
from zebularine treatment. Except for noticeable TS-GUS activity
in the rosette leaves of 3-week-old drdl and in the vascular sys-
tem of 5-week-old ago4 plants, GUS expression in the remaining
mutant lines was restricted to rare sectors varying in shape,
size, and position between individual plants (Supplementary Fig
S3B). These apparently stochastic effects were also evident from
quantitative mRNA measurements for the expression of endoge-
nous TEs, where independent biological replicates showed drastic
differences between mutants or between targets (Supplementary
Fig S3C).

The reactivation in adult tissues made us ask whether such
stochastic activation can be transmitted to the next generation.
Selfed progeny (S1) of mock- and zebularine-treated WT, drdI,
ago4, and drml/drm2 (SO) were grown on zebularine-free media
and compared by GUS staining (Fig 3B). WT seedlings showed
no staining, irrespective of the treatment, indicating full
re-establishment of TS-GUS silencing. S1 plantlets obtained from
mock-treated mutants displayed low GUS levels in cotyledons, as
observed previously (Fig 2A). However, zebularine treatment of
the parental plants during the first 3 weeks of vegetative growth
led to an enhanced GUS staining in cotyledons of drml/drm2
and furthermore in true leaves of drdl and ago4 S1 progeny
(Fig 3B and C). The differential degree of inheritance between
individual RdDM mutants stems most likely from variable
strength of silencing in the parental plants. Importantly, inheri-
tance of active GUS was found in reciprocal crosses with mock-
treated drdl and ago4 plants, but was abolished in crosses with
WT plants (Fig 3D).

The compromised re-silencing of repeats in zebularine-treated
RdDM mutants provides evidence for a safeguarding function of the
RdDM pathway during vegetative growth and consequently for the
next generation. Genetic deletions of AGO4, DRDI, or DRM2
allowed the formation of clonal patches of active transgenes in later
developing parts of the plant and increased the frequency of trans-
mission of the active state to progeny. The mosaic-like expression
patterns in the progeny likely reflect incomplete demethylation in
different cells during zebularine treatment, resulting in epigenetic
chimeras and differential representation of the affected cells after
subsequent cell divisions. Crosses with WT plants providing func-
tional AGO4 and DRD1 could prevent the transmission of the acti-
vated state to the next generation, demonstrating the requirement of
the RADM pathway for restoring silencing at re-activated repetitive
elements.
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Expression of RADM and chromatin regulator genes is
significantly increased in the SAM

The above observations suggested a qualitative and quantitative dif-
ference in the degree of TGS control and its reinforcement in differ-
ent tissues. Based on the clear exemption of the meristematic region
from TS-GFP and TS-GUS activation in zebularine-treated seedlings
(Fig 1D and F), we argued that the SAM could play a primary role
in mediating this tissue-specific response. We compared gene
expression in the vegetative SAM, cotyledons, true leaves, and a set
of 49 different tissues in published ATH1 microarray data [20]. First,
we focused on a set of 16 genes known to be involved in TGS
(Fig 4A). All of them had highest expression levels in the SAM

A12'

Epigenetic control in plant meristems  Tuncay Baubec et al

sample, compared to cotyledons, true leaves, or average intensities
calculated across all tissues (Fig 4A, and validated by qRT-PCR for
a subset of genes; Supplementary Fig S4). This indicated that the
stringent silencing observed in true leaves might originate from a
high abundance of TGS factors in the SAM. This is in agreement
with gene expression analysis of cells in the Arabidopsis shoot
apical stem cell niche [21]. In contrast, a control group of house-
keeping genes failed to show similar differences between the
analyzed samples (Supplementary Fig S4B).

We observed that genes involved in the maintenance of TGS
(MET1, DDM1, CMT3, or FAS1) were less expressed in cotyledons
compared to true leaves, most likely owing to lower proliferation
rates in cotyledons. Nevertheless, a direct comparison between both
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Figure 4. Genes connected with transcriptional gene silencing show higher expression in meristematic tissues.

A Robust multiarray averaging (RMA)-normalized expression array values from probe sets corresponding to selected chromatin regulator genes in 7-day-old cotyledons
(green), true leaves (blue), and vegetative shoot apical meristem (SAM) (red) compared to the average intensity in 49 different tissues or developmental stages (gray,
see also C). Standard deviation from three biological replicates (individual tissues) or across all arrays (average) is indicated.

B Venn diagrams representing significant differential gene expression between SAM and cotyledons or true leaves. The total number of differentially expressed probes

and the percent (in parentheses) are shown.

C Heatmap and hierarchical clustering visualizing normalized tissue-specific expression of selected TGS genes across 49 different Arabidopsis tissues or developmental

stages.
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tissues failed to detect significant differences in the expression of
additional genes involved in chromatin regulation between cotyle-
dons and true leaves (Supplementary Table S1 and Fig 4C). We next
explored whether the elevated expression of chromatin regulators in
the SAM tissue was due to a global increase in transcription by
directly comparing expression to cotyledons or true leaves. No
significant difference was found in the number of up- and down-
regulated protein-coding genes, suggesting that the overall transcrip-
tional activity is not elevated in SAM tissues (Fig 4B and
Supplementary Table S2). However, genes encoding chromatin reg-
ulators were sixfold enriched in the SAM up-regulated (4.4%) ver-
sus the SAM down-regulated probe sets (0.7%) (Fig 4B;
Supplementary Fig S4C and E and Supplementary Table S2). Never-
theless, the lower abundance of chromatin regulators in young and
adult leaf tissues is sufficient to maintain TGS under standard condi-
tions (Fig 4B; Supplementary Fig S4D and Supplementary Table S2).

Besides the vegetative SAM, we observed coordinated and
increased expression of genes involved in establishment and main-
tenance of TGS in other meristematic tissues with rapidly dividing
cells, including all apical meristems at different developmental
stages (e.g., vegetative growth and transition to flowering), early
stages of flower development, and all stages of carpel development
(Fig 4C and Supplementary Fig S4F). In contrast, tissues growing
mostly by cell expansion, such as hypocotyl, stem internodes, coty-
ledons, or differentiated leaves, had generally lower expression from
the same set of genes.

Taken together, this suggests that the elevated expression of the
RdDM pathway and other chromatin regulators in meristems func-
tions as a relay mechanism that ensures correct propagation of
silent states to new tissues and organs, including the germline. Cell-
type specific differences in TGS were previously reported for
gametophytes and early embryonic phases of plant development
where specific components of TGS are coordinately up- or down-
regulated in terminally differentiated companion cells [9-11].
Although still a matter of debate [22], it has been proposed that this
could lead to the generation of small RNAs complementary to TEs
that reinforce silencing in the germline [9,11]. This suggests silenc-
ing checkpoints throughout gametogenesis and seed development.
Preferential reinforcement of silencing in meristematic tissues, as
reported here, would present a similar checkpoint during vegetative
growth prior to formation of the next generation. Combined action
of all three checkpoints could provide a robust surveillance mecha-
nism that ensures silencing of TEs during vegetative growth and
sexual propagation.

Materials and Methods

Plant material, growth conditions, and chemical treatments

The A. thaliana Col-0 TS-GUS (L5, 6b5) line [5,16] was crossed with
the mutants: rdr2-1 [23]; drdI1-6 [24]; kyp (SALK 041474); fasl
(SAIL_662.D10); fas2 (SALK_033228); hda6 allele rtsi-1 [25]; cmt3
in Ws-2 [26], drm1/drm2 double mutant in Ws-2 [7]; ago4-1 in Lerl
[27] and ddm1-S in Zh [28]. The segregating F2 plants were geno-
typed and lines homozygous for the TS-GUS locus and the mutations
or the WT alleles were used for analyses. Plant treatments were per-
formed as described [15]. In brief, sterilized seeds were grown on
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agar-solidified germination medium containing 20 or 40 pM zebul-
arine (Sigma) in growth chambers under 16-h light/8-h dark cycles
at 21°C. Recovery was allowed after transferring zebularine-treated
seedlings to drug-free medium or soil. 5-Azacytidine (Sigma) treat-
ment was performed by germinating seeds for 3 days in water con-
taining 400 uM  5-azacytidine (refreshed every 24 h) and
subsequent recovery on drug-free medium for 7 days. To analyze
the long-term effects, three plants with or without zebularine treat-
ment were transferred to soil and analyzed 3 weeks later for TS-GUS
activation in cauline leaves. Their seeds (S1) were grown on zebul-
arine-free media and analyzed.

GUS and GFP detection and FISH

GUS staining was performed as described [15]. Samples were ana-
lyzed using a Leica MZ16FA binocular microscope with a Leica
DFC300FX CCD camera. GFP was analyzed under UV illumination
with a Leica GFP1 filter (425/60-480 nm). Nuclei were isolated,
centromeric repeat probes prepared and FISH performed as
described [15]. Images were acquired using a Zeiss Axioplan 2
microscope.

Tissue dissection, nucleic acid isolation, and gel-blots

Cotyledons, the first pair of true leaves, and tissues enriched for
SAM and RAM were dissected from 2-week-old seedlings grown
either on 20 pM zebularine or on drug-free medium. DNA was
extracted with Phytopure (GE Healthcare) and RNA with RNeasy
(Qiagen). Gel blot analyses were performed as described [15].

Bisulfite sequencing

DNA was isolated from cotyledons and true leaves of WT and drdl
grown on mock and 20 uM zebularine-containing media for
14 days. Samples were bisulfite-treated by EpiTect kit (Qiagen), and
MULE2 and LINEI-4 (Chr_2:6,881,271-6,881,800; Chr_2:378,248-
378,792, respectively) were amplified from the converted DNA
using primers listed in the Supplementary Table S4. At least 15
unique reads per sample were analyzed by CyMATE [29].

qRT-PCR

DNase I-treated RNA was reverse-transcribed with random hexamer
primers using RevertAid MuLV-RTase, RNaseH- (MBI Fermentas).
gRT-PCR was done with SensiMix Plus SYBR and Fluorescein kit
(Quantace) in an iQ5 system (Bio-Rad). PCR primers are given in
Supplementary Table S4. Relative mRNA abundance was normal-
ized to EIF4A1 or ACTIN2 mRNA.

Microarray data analysis

Affymetrix ATH1 gcRMA-normalized data [20] were downloaded
from http://www.weigelworld.org. Heatmaps for selected chroma-
tin regulators were generated according to z-scores across all sam-
ples, allowing hierarchical clustering using the heatmap.2 package
in R. Changes in gene expression were calculated by contrasting
vegetative_SAM_d7 (AtGE_6) to cotyledons_d7 (AtGE_1) or true_-
leaves_d7 (AtGE_S5) in R using the Limma package. Only log,
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fold-changes > 1 or < —1 with adjusted P values < 0.05 were consid-
ered significant. 475 and 1155 probe sets corresponding to chroma-
tin regulators (Chromatin Data Base, http://www.chromdb.org/)
and TEs [11], respectively, were considered (Supplementary Table
S3).

Supplementary information for this article is available online:
http://embor.embopress.org
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