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In temperate and boreal regions, perennial trees arrest cell division in their meristematic
tissues during winter dormancy until environmental conditions become appropriate for
their renewed growth. Release from the dormant state requires exposure to a period
of chilling temperatures similar to the vernalization required for flowering in Arabidopsis.
Over the past decade, genomic DNA (gDNA) methylation and transcriptome studies
have revealed signatures of chromatin regulation during active growth and winter
dormancy. To date, only a few chromatin modification genes, as candidate regulators
of these developmental stages, have been functionally characterized in trees. In this
work, we summarize the major findings of the chromatin-remodeling role during growth-
dormancy cycles and we explore the transcriptional profiling of vegetative apical bud
and stem tissues during dormancy. Finally, we discuss genetic strategies designed to
improve the growth and quality of forest trees.

Keywords: Populus, epigenetics, growth-dormancy, methylation, phenology, chromatin remodeling

INTRODUCTION

In temperate and boreal regions, a perennial plant’s interannual life cycle comprises multiple
vegetative growth, and dormancy cycles. To guarantee survival, trees synchronize their growth and
flowering times with the most favorable climate conditions of the year by following instructive
information of annual photoperiod, and temperature patterns (Ding and Nilsson, 2016; Singh
et al., 2016). For example, prior to winter, cell division in meristematic tissues is arrested and a
protective structure is formed, i.e., the apical bud, in which a quiescent shoot apical meristem
(SAM) and embryonic leaves are sheltered during the winter. In several tree species, such as
poplar (Populus sp.), photoperiod plays a major role in cell division arrest, and bud formation
(Fennell and Hoover, 1991; Cooke et al., 2012; Petterle et al., 2013). Such trees are able to sense the
shortening of day length and thus anticipate the winter period. In other tree species, such as apple,
growth cessation, and bud formation are controlled by temperature (Tanino et al., 2010). Once
endodormancy has been established, low non-lethal temperatures progressively lead to dormancy
release (chilling requirement). Once fulfilled, dormancy is released while growth cessation is
maintained via external signals (ecodormancy), mainly low temperatures (Ding and Nilsson, 2016).
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Finally, spring growth-promoting temperatures produce bud
break in vegetative buds, followed by vegetative growth.

These developmental processes require orchestration of
specific temporal and spatial patterns of gene expression.
Chromatin-modification-based regulation of gene expression
during dormancy-growth cycles have been proposed to play
a role in the organization of these patterns based on the
identification of spatio-temporal patterns of epigenetic marks
and the seasonal expression profiling of chromatin modification
genes (Schrader et al., 2004; Ruttink et al., 2007; Santamaria et al.,
2009; Karlberg et al., 2010; Conde et al., 2013, Conde et al,
2017a; Howe et al., 2015; Kumar et al., 2016). Epigenetic targets
arise from covalent modifications of DNA and histones that
will determine the accessibility of the transcription machinery
to chromatin. Unlike in animals where epigenetics targets
are established during embryonic development, in plants,
epigenetic mechanisms also operate during post-embryonic
developmental stages, contributing to plant developmental
plasticity (Henderson and Jacobsen, 2007).

In this perspective article, we review the most recent evidences
of DNA methylation and histone modification roles during
annual growth-dormancy cycles in trees. In addition, we explore
RNA-seq-based gene expression profiles in poplar vegetative
apical bud and stem tissues, discovering seasonal expression
patterns of genes involved in DNA methylation machinery.
Finally, we discuss future strategies focused on chromatin
remodeling for tree biotechnology applications.

DNA METHYLATION AND
GROWTH-DORMANCY CYCLES

DNA Methylation Patterns During Winter

Dormancy

Genomic DNA methylation refers to the addition of a methyl
group to the carbon atom at the fifth position of a cytosine
(5 mC). DNA methylation plays a major role in gene expression,
genome protection and stability through transposon silencing,
DNA recombination, and other biological processes (Teixeira
and Colot, 2010; Mirouze et al., 2012; Saze et al., 2012).
Variation in DNA methylation has impact on plants phenotypic
plasticity (Bossdorf et al., 2008; Brautigam et al., 2013; Kooke
et al., 2015). Several studies have revealed DNA methylation
patterns during growth-dormancy cycles, both in buds, and
stems. In chestnut, Santamaria et al. (2009) quantified higher
levels of gDNA methylation and lower H4 acetylation levels in
vegetative dormant apical buds compared to actively growing
apices. Accordingly, poplar stems showed higher levels of gDNA
methylation and lower levels of acetylation of lysine K8 of histone
H4 during winter dormancy compared to active growth (Conde
et al,, 2013). Kumar et al. (2016) found that DNA methylation
levels in apple decreased gradually from flower bud dormancy to
fruit set. This dynamics in apple buds was only observed when
apple trees were grown in environmental conditions satisfying
the chilling requirement for winter dormancy release (Kumar
et al., 2016). A search of differentially methylated genes in

flower buds of almond by epi-Genotyping by sequencing (epi-
GBS) led to a higher number of hypermethylated sequences in
dormant buds when compared with dormancy-released samples
(Prudencio et al., 2018). Recently, DNA methylation patterns
during winter dormancy have been weekly examined in SAM
tissue, from January to the time of vegetative bud break
(Conde et al, 2017a). Results revealed a hypermethylation-
hypomethylation wave formed by an initial stage of gDNA
hypermethylation followed by a period of progressive 5 mC
reduction to minimum levels before vegetative bud break and
a 5 mC increase coincident with cell division reactivation
(Conde et al., 2017a). Remarkably, a similar hypermethylation-
hypomethylation wave has also been described in inflorescence
SAM during the cold treatment of sugar beet (Beta vulgaris),
suggesting comparable DNA methylation dynamics during
vernalization and chilling requirements (Trap-Gentil et al., 2011;
Conde et al., 2017a). Collectively, these findings suggest dynamic
postembryonic deposition and removal of DNA methylation
marks in SAM and stem tissues of woody perennials closely
linked to the environmental factors.

DNA Methylation Machinery Profile

During Winter Dormancy

To investigate in poplar how the DNA methylation machinery
could create this winter hypermethylation-hypomethylation
wave in vegetative SAM and stem tissues, we performed a
RNA-seq mediated gene expression profiling on weekly collected
vegetative apical buds and stems of hybrid poplar (Populus
tremula x alba INRA clone 717 1B4), grown under natural
conditions in Pozuelo de Alarcon, Madrid, over the period of
January 13th to April 14th 2015 for apical buds, and from
November 7th 2014 to April 9th 2015 for stems, coinciding with
bud break. Weekly time points were grouped according to the
Pearson correlation for samples within the groups and considered
as a biological replicate. A detailed list of sample names, dates and
groups is shown in the Supplementary Table S1. These analyses
resulted in 6 groups for apical bud samples, from mid-winter
to mid-spring, and 10 groups for stem samples, from late-fall to
mid-spring. The expression data of this experiment can be found
in Phytozome', under the expression tab for each gene.

Our RNAseq-based gene expression profiles revealed that
the poplar homologs to Arabidopsis genes, involved in de novo
DNA methylation machinery, such us domains rearranged 2
(DRM2), are highly and constantly expressed from autumn
to spring including winter dormancy in apical bud and stem
tissues (Figures 1A,B). In contrast, a seasonal specific gene
expression pattern was found for a plant specific 5-methyl-
cytosine DEMETER-like demethylase (DML10). DMLI10 showed
a steady expression decline during early dormancy followed
by a progressive increase in mRNA levels from mid-winter,
with maximum expression observed at bud break in apical
bud and stem tissues (Figures 1A,B). Similar results were
reported in transcriptomics performed in poplar stem and lateral
vegetative buds (Shim et al., 2014; Howe et al., 2015). In addition
to that, poplar homologs to methyltransferase 1 (METI1) and

'https://phytozome.jgi.doe.gov/pz/portal.html
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FIGURE 1 | (A) Heat map showing normalized expression of genes coding for the enzymes involved in DNA methylation/demethylation during winter dormancy in
hybrid poplar: DML10 (Potri.010G234400), CMT3 (Potri.001G009600), MET1 (Potri.004G134000), DRMZ2 (Potri.001G347000), DRD1 (Potri.009G120700), ARGO4
(Potri.001G219700), DCL3 (Potri.018G047500), RDR2 (Potri.015G073700), from mid-winter to mid-spring in apical bud, and from late-fall to mid-spring in stem. We

” o

added “early,” “mid,” or “late” to the name of groups when sampling dates were within the first, second, or third month of each season, following the Northern
Meteorological Seasons dates. And “f1” or “f2,” for the fortnight-1 and fortnight-2 within the month. (B) Line plot showing normalized expression during winter
dormancy of CMT3, DRM2, and DML 10 in apical vegetative bud and stem tissues. (C) Diagram showing the pattern of overall DNA methylation during hybrid poplar
dormancy (taken from Conde et al., 2017a) along with patterns of the genes involved in DNA methylation/demethylation during this period.

chromomethylase 3 (CMT3), that operate in CG and CHG
contexts, were found induced just before the onset of bud break
in apical bud and stem tissues (Figures 1A,B). According to Shim
et al. (2014), CMT3 is also relatively highly expressed during
growth resumption and active growth, while METI is more
expressed during endodormancy and the start of ecodormancy
in stem tissues. This difference in METI expression could be
explained by the different environmental conditions in which the
two experiments were carried out.

Collectively, these gene expression patterns evoke a plausible
scenario whereby DNA methylation levels gradually increase
during winter dormancy, likely via the unbalance between
de novo DNA methylation and demethylation activity induced
by the downregulation of DMLI0 during early dormancy
(Figure 1C). Since 5 mC shows a maximal accumulation
during winter dormancy, the progressive decline in 5 mC
observed at the end of the dormancy period correlates with the
induction of DMLI0 mRNA observed here (Figure 1C).
In addition, the 5 mC increase produced during bud
break was concurrent with the induction of METI and
CMT3. These enzymes could contribute to the maintenance
of heterochromatin and transposon methylation during

cell replication, once cell division has been reactivated
in poplar SAM. Together, these findings highlight the
main contribution of DMLI0 enzyme in generating winter
specific 5 mC pattern.

In spite of the close agreement between DNA methylation
levels and gene expression of methylation enzymes, we cannot
discard putative developmental, and tissue-dependent effects on
the transcriptional and post-transcriptional regulation of DML10
and other epigenetic modifier genes, with potential impact on
the methylation status of particular tissues and cells. In order to
clarify this, tissue and cell-specific analyses would be very helpful.

DNA Methylation and Energy Status

During Winter Dormancy

DNA methyltransferases use S-adenosyl methionine (SAMe)
as a methyl group donor (Lyko, 2018). The end-product of
this catalytic reaction is S-adenosyl homocysteine (SAH).
SAH hydrolase (SAHH) breaks down SAH into adenosine
and homocysteine, the precursor of methionine (Met),
which in turn produces SAMe. SAHH activity is linked to
cell metabolism, as SAHH activity is dependent of NAD™
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FIGURE 2 | Chromatin modifications produced in DAM6 and PpeS6PDH
genes during bud development in peach. Relative expression levels of DAM6
and PpeS6PDH in flower buds are shown in the upper panel. Enriched
histone modifications in dormant (blue area) and dormancy-released (green
area) buds in DAM6 and PpeS6PDH are depicted in the lower panel.

(Grillo and Colombatto, 2008). During glycolysis and TCA
cycles, in which cells extract energy from glucose and pyruvate
breakdown, molecules of NAD™ are reduced into NADH,
and hence a lower NADT/NADH ratio could diminish the
activity of SAHH (Luo and Kuo, 2009). In apple, the activity
of the TCA cycle enzyme isocitrate dehydrogenase (ICDH)
was found to be low in dormant vegetative buds compared
to non-dormant buds (Wang et al, 1991). Transcriptional
profiling of Paoenia ostii highlighted the importance of glycolysis
and TCA cycle induction for flower bud dormancy release
(Gai et al, 2013). We suggest that SAHH activity could
acts as the bridge between the energetic status and DNA
methylation, contributing to the DNA methylation increase
observed during winter dormancy, following the NADT/NADH
ratio increment. We identified two poplar genes coding for
SAHH enzymes: SAHHI (Potri.001G320500) and SAHH17
(Potri.017G059400). Interestingly, both genes have been
genetically associated with vegetative bud phenology during
dormancy by Evans et al. (2014).

HISTONE MODIFICATION AND
GROWTH-DORMANCY CYCLES

Gene-Specific Histone Marks in Buds

The modification of histones via different biochemical
mechanisms and chromatin remodeling are key elements
of plant development regulation and their response to
environmental conditions (de la Paz Sanchez et al., 2015).
In particular, histone modifications identified in dormancy

associated MADS-box (DAM) genes, the master regulators of
vegetative and reproductive bud dormancy in Rosaceae and
other perennial species, resemble chromatin dynamics of known
regulators of vernalization, and seed dormancy and germination
in Arabidopsis (Rios et al., 2014; Velappan et al., 2017). DAMI-6
was first identified in peach as a family of six tandemly arrayed
genes coding for similar MADS-Box transcription factors, which
were partially deleted in the evergrowing non-dormant mutant
of peach (Bielenberg et al., 2008). Related DAM genes involved
in bud dormancy maintenance have been also described in leafy
spurge (Horvath et al, 2010), Japanese apricot (Sasaki et al.,
2011), pear (Niu et al., 2016), and apple (Wu et al., 2017) among
other species. DAM genes have been postulated to modulate
dormancy via transcriptional regulation of FLOWERING LOCUS
T (Hsu et al., 2011) in vegetative buds of leafy spurge (Hao et al.,
2015) and flower buds of pear (Niu et al., 2016), and also the
biosynthesis of ABA in lateral flower buds of pear (Tuan et al,
2017). Concomitant with bud dormancy release, a decrease
in the trimethylation of lysine 4 in histone H3 (H3K4me3)
has been found in the chromatin of the DAMI gene in leafy
spurge (Horvath et al, 2010), DAM6 in peach (Leida et al,
2012), and PpMADSI13-1 in pear (Saito et al., 2015), suggesting
that vegetative and flower buds share chromatin-related
modifications across dormancy development in different species.
Moreover, in peach, we observed a decrease in H3 acetylation on
the ATG region of DAMS6, and an increase in trimethylation of
lysine 27 in H3 (H3K27me3) in a wider region of the gene (Leida
et al,, 2012). These chromatin changes are commonly associated
with gene repression, and in fact, coincide with down-regulation
of DAM-like genes, suggesting a mechanism for flower bud
dormancy modulation through an arranged succession of
epigenetic events in chromatin of DAM genes (Rios et al., 2014).
In addition, small interference RNAs and microRNAs have been
also postulated to regulate DAM-like expression and the floral
dormancy transition in sweet cherry and pear, respectively (Niu
et al., 2016; Rothkegel et al., 2017).

However, DAM genes are not the only known targets
of chromatin modification during bud dormancy and
development. The early bud-break 1 (EBBI) gene encodes
a putative APETALA2/Ethylene responsive transcription
factor that reactivates vegetative meristem growth and bud-
break after dormancy release in poplar (Yordanov et al,
2014), with conserved orthologs in other woody perennial
species (Busov et al., 2016). Two regions on the promoter
and ATG site of PpEBB gene from pear have been found
differentially trimethylated at H3K4 in accordance with
PpEBB up-regulation during the floral sprouting stage
(Tuan et al, 2016). On the other hand, PpeS6PDH encodes
a sorbitol-6-phosphate  dehydrogenase involved in the
synthesis of sorbitol in axillary flower dormant buds of
peach (Lloret et al., 2017). PpeS6PDH expression was found
to be silenced in dormancy-released buds concomitantly
with an H3K4me3 decrease and H3K27me3 increase in a
particular regulatory region of the gene near the translation
start (Figure 2). We postulated that sorbitol exerts a role
as cryoprotectant and compatible solute in dormant buds,
and hence dormancy regulation by DAM6 and abiotic stress
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tolerance by PpeS6PDH could share a common mechanism
for gene repression through concerted H3K27 trimethylation
(Lloret et al., 2018).

Histone Modifiers During Winter

Dormancy

Trimethylation of H3K27 is achieved by the polycomb repressive
complex 2 (PRC2), containing components conserved in
animals and plants (Alvarez-Venegas, 2010; Derkacheva and
Hennig, 2014). In peach, several genes coding for such
subunits of PRC2 complexes co-localize with quantitative
trait loci for the chilling requirement and bloom date traits,
providing genetic evidence of the role of these complexes
in dormancy regulation (Zhebentyayeva et al, 2014). The
PRC2 component gene fertilization independent endosperm (FIE)
was sharply up-regulated under short-photoperiod treatments
correlating with growth cessation and dormancy induction in
poplar (Ruttink et al., 2007). Moreover, FIE suppression by
RNAi prevented the establishment of dormancy in transgenic
hybrid aspen (Populus x spp.), even though growth cessation
and bud formation were not affected (Petterle, 2011). In
peach buds, genome-wide stretches enriched in H3K27me3
were found associated with GA-repeat sequences (de la
Fuente et al, 2015), suggesting that basic pentacysteine
(BPC) factors able to bind GA-repeats could mediate the
recruitment of PRC2 and thus H3K27me3 modification in
flower bud dormancy dependent genes such as DAM family
and PpeS6PDH, as was recently reported in Arabidopsis
(Xiao et al., 2017).

Additional chromatin-related genes, such as the chromatin
remodeler PICKLE (PKL), and putative modifiers involved in
histone deacetylation (HDAI4 and HDAO0S), histone lysine
methylation (SUVR3), and histone ubiquitination (HUB2) are
also up-regulated during the transition to dormancy in Populus
(Ruttink et al., 2007; Karlberg et al., 2010). Interestingly, down-
regulation of PKL expression restores photoperiod-induced
dormancy in abil-1 hybrid aspen mutants with a defective
abscisic acid (ABA) response, suggesting that ABA promotes
dormancy by repressing PKL (Tylewicz et al., 2018).

In axillary flower buds, dormancy changes are concomitant
with flower developmental processes such as gametogenesis
and organ development, which thus may account for part
of the observed regulation of modifier genes and histone
modifications. Strong changes in gene expression associated
with microsporogenesis have been found in peach in parallel
to dormancy release (Rios et al., 2013), although no histone
changes have been reported so far during this or other
developmental processes in trees. However, in the model
species Arabidopsis and rice, several epigenetic mechanisms
involving chromatin remodeling and histone modification by
PRC2 and other complexes modulate floral initiation and
development at different steps (Guo et al, 2015), suggesting
that processes other than dormancy may contribute to modify
gene expression, DNA methylation, and histone modifications
measurements in tree buds. Detailed tissue and organ-specific
studies will be required in order to assess the contribution

of particular organs and processes to these biochemical and
molecular observations.

BIOTECHNOLOGY OF THE EPIGENOME
IN TREES

Modification of the plant epigenome contributes substantially to
variation in plant growth, morphology, and plasticity (Johannes
et al., 2008). In temperate and boreal trees, several lines of
evidence point to environmental-guided DNA and histone
modification profiles as critical regulators of chromatin function
controlling the tempo of annual growth-dormancy cycles.

Recently, Kumar et al. (2016) reported that DNA
demethylation in apple trees, which precedes floral bud break and
fruit formation, only occurs under environments that fulfill the
chilling requirement. Moreover, Conde et al. (2017a) observed
that the induction of DMLI0 expression before poplar bud break
only happens if a chilling requirement has been fulfilled. These
observations indicate that the downregulation of 5 mC observed
during winter dormancy is closely linked to the transition
from endodormacy to ecodormancy and is a precondition for
growth resumption of vegetative and reproductive meristems.
Therefore, modification of this DNA methylation pattern may
have an impact on phenology as a biotechnological strategy to
relax or tighten the chromatin state thus modifying the annual
growth-dormancy cycle in trees.

Based on the hyper-hypomethylation wave of 5 mC reported
during winter in poplar, it could be hypothesized that disruption
of this pattern by creating hypermethylated poplar lines will delay
growth resumption after dormancy. Conversely the generation of
hypomethylated lines could result in rapid growth resumption
following dormancy period. Candidate genes that alter winter
dormancy DNA methylation/demethylation patterns can be
inferred from our analyses. Thus, it could be possible to
engineer poplars showing DNA hypermethylation through the
upregulation of DRM2 or silencing of DMLI0 or SAHH,
respectively. On the other hand, upregulation of DML10
or SAHH, or silencing of DRM2, respectively, could yield
hypomethylated poplar lines. Accordingly, Conde et al. (2017a)
described an RNAIi strategy to reduce DML gene expression
in hybrid poplars, noting that transgenic poplars featuring
DMLI0 downregulation showed significantly higher levels of
DNA methylation, which delayed bud break. These RNAi
DMLI0 poplar lines showed negligible alteration of growth and
development despite the specific effect mentioned. Equally, the
overexpression of a chestnut DML (Castanea sativa) in hybrid
poplar resulted in transgenic lines in which apical bud formation
during dormancy establishment was accelerated showing no
other visible alterations (Conde et al., 2017b). Hence, the
consequences of epigenome engineering need to be tested gene by
gene to check for possible pleiotropic phenotypes. Alternatively, a
detailed knowledge of the tissue and time-dependent expression
and activity of key modifier genes may provide useful information
for the specific activation/repression of epigenetic regulators
without undesirable effects on many other biological processes
affected by them, with the help of adequate specific promoters.
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The functional role of histone modifications during tree
annual growth-dormancy cycles needs further clarification. The
PRC2 complex seems to play a key role in dormancy regulation
through the H3K27me3 modification on regulatory genes,
although only the function of the PRC2 component FIE has
been initially explored in poplar (Petterle, 2011). Tree orthologs
of other subunits of this complex, such as CURLY LEAF (CLF)
and SWINGER (SWN) could provide additional evidences on
PCR2 participation in dormancy mechanisms and also serve as
candidates for phenological manipulation. However, the putative
targets of PCR2 activity may constitute more suitable and specific
objectives for biotechnological approaches.

A genomic deletion of several DAM genes located in tandem
causes a non-dormant phenotype in peach, highlighting the
functional relevance of these genes in regulating dormancy
(Bielenberg et al., 2008). As DAM genes have been postulated
to integrate environmental signals, particularly chilling
accumulation, by an epigenetic mechanism involving H3K27me3
and other histone modifications, targeted mutants on DAM cis-
elements promoting the binding of histone modifier complexes
could be employed to specifically modulate the response of
DAM genes to chilling, with a potential use in manipulating the
adaptability of stone fruit crops to changing climatic conditions.
GA repeats on the large intron of DAM6 may serve as tentative
candidate cis-elements for this approach. In addition to GA
repeats, the telobox cis-element has been shown to recruit the
PRC2 complex in Arabidopsis through telomere-repeat-binding
factors (TRBs) (Zhou et al., 2018). Thus, putative telobox motifs
on DAM and other regulatory genes could also be modified in
order to reprogram the environmental input on dormancy cycles.

Additional research is needed on the study of detailed
characterization of the seasonal growth cycles involving
frequently sampled intervals along the growth-dormancy-growth
cycle. Detailed, subtle changes in chromatin modifications
may be occurring outside the published data sets. In addition,
new analytical techniques are emerging that may allow
high-throughput characterization of DNA methylation and
histone acetylation (e.g., ATAC-seq) should be applied to such
periodically sampled tissues.

Other genes mentioned in this study involved in DNA
methylation, RNA interference, chromatin remodeling, histone
modification and transcriptional regulation of meristem growth,
and dormancy are interesting candidates for biotechnological
applications in tree phenology. The CRISPR/Cas9 system
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