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The development of plant tissues and organs during post-embryonic growth
occurs through the activity of both primary and secondary meristems. While
primary meristems (root and shoot apical meristems) promote axial plant
growth, secondary meristems (vascular and cork cambium or phellogen)
promote radial thickening and plant axes strengthening. The vascular
cambium forms the secondary xylem and phloem, whereas the cork cambium
gives rise to the periderm that envelops stems and roots. Periderm takes on an
increasingly important role in plant survival under climate change scenarios,
but it is also a forest product with unique features, constituting the basis of
a sustainable and profitable cork industry. There is established evidence that
epigenetic mechanisms involving histone post-translational modifications,
DNA methylation, and small RNAs play important roles in the activity of
primary meristem cells, their maintenance, and differentiation of progeny
cells. Here, we review the current knowledge on the epigenetic regulation of
secondary meristems, particularly focusing on the phellogen activity. We also
discuss the possible involvement of DNA methylation in the regulation of
periderm contrasting phenotypes, given the potential impact of translating
this knowledge into innovative breeding programs.

KEYWORDS
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Introduction

Meristems allow plants to grow throughout their lifespan by continuously or seasonally
producing cells that differentiate into specialized tissues. Apical meristems like the shoot
apical and root apical meristems are responsible for primary growth, i.e., axial plant
extension, while secondary or lateral meristems enable secondary growth, i.e., increase in
radial thickness and strengthening plant axis. Secondary meristems envelop stems and
roots of woody and some herbaceous species and include the vascular cambium and the
cork cambium or phellogen (Turley and Etchells, 2022).

The vascular cambium derivatives develop into secondary xylem toward the inside and
phloem outward, essential tissues for water and nutrient transport and mechanical support
(Wang et al., 2021). The phellogen derivatives develop into mostly suberized phellem or
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cork cells outward and phelloderm cells inward, together making
the three-layered periderm that confers protection against
environmental stresses (Evert, 2006).

DNA methylation, histone posttranslational modifications
(hPTMs), and small RNA (sRNA) directed epigenetic
modifications are implicated in plant developmental processes
such as maintenance and/or repression of meristem activity and
its progeny cells fate, leaf morphogenesis, floral organ
formation, flowering time determination, and tissue
regeneration after injury, among others (reviewed in Ikeuchi
et al, 2015b; Dong et al., 2022). The interplay among several
epigenetic marks affects the chromatin structure either by
creating compact or loose states associated either with gene
silencing or activation, respectively. DNA methylation is usually
found in transcriptionally inactive chromatin, while hPTMs are
related either with repressed or active chromatin domains,
depending on the modification type. Histone acetylation almost
invariably correlates with transcriptional activation, and
histone methylation can be either associated with gene
activation or silencing, according to its histone residue context
(reviewed in Gallusci et al., 2017). Within the sSRNAs, the short-
interfering RNAs (siRNAs) have been
RNA-directed DNA methylation, but mainly in transposons
and repetitive DNA (Zhang et al., 2018). The micro RNAs
(miRNAs) class of SRNAs have also been shown to play a role
in DNA methylation (Jia et al., 2011), although their main and

best characterized mode of action occurs at the post-

implicated in

transcriptional level by negatively regulating their target genes,
which may include transcripts of genes directly involved in
epigenetic modifications such as CMT3 and DRM2 (Duarte
et al,, 2013; Jha and Shankar, 2014). Additionally, siRNAs
promoting DNA methylation can also be produced from
miRNA loci (Chellappan et al., 2010).

Even though epigenetic mechanisms and phytohormones are
key players in primary growth (reviewed in Maury et al., 2019),
the knowledge of their specific roles in secondary growth is poorly
understood despite the importance of secondary growth-derived
biomass in ecosystems, society, and industry. Here, we provide an
overview of recent findings on how epigenetic mechanisms affect
plant secondary growth, particularly focusing on periderm
formation, and discuss future perspectives of periderm
epigenetics research.

Epigenetic marks in vascular
cambium regulation

Epigenetic regulation of vascular cambium activity has been
identified during dormancy and activation periods (Schrader
etal., 2004; Conde et al,, 2013; Chen et al,, 2021), xylogenesis (Du
etal., 2011; Robischon et al., 2011; Zhao et al., 2015; Hussey et al.,
2017; Hou et al.,, 2020), and in the secondary vascular tissue
regeneration after injury (SVIR; Zhang et al., 2011; Lee and Seo,
2018; Figure 1).
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Xylogenesis

Secondary xylem differentiation (xylogenesis) follows four
steps: (i) cambium cell division with inward daughter cells
enlargement and shape modification, (ii) secondary cell wall
formation with deposition of cellulose, hemicellulose, and
lignin, and (iii) developmentally induced programmed cell
death (dPCD) whereby mature xylem cells turn into tracheary
elements (Rathgeber et al., 2016). Over time, different
molecular models of wood formation from the vascular
cambium were proposed and have been extensively reviewed
(Eckes-Shephard et al., 2022), but its epigenetic regulation is
yet to be explored.

Recently, active DNA demethylation in CH, CHG, and CHH
contexts in multiple genes has been identified in Arabidopsis as a
key player in vascular development, namely in the tracheary
elements differentiation step (Wei et al., 2022).

In developing xylem of Eucalyptus grandis, homologs
of the HOMEODOMAIN-LEUCINE ZIPPER (HD-ZIP) III
transcription factors ARABIDOPSIS THALIANA HOMEOBOX 8
(ATHBS), ATHB15, and REVOLUTA (REV), of SECONDARY
WALL-ASSOCIATED NAC DOMAIN 1 (SND1) and SND3,
and class II KNOX KNOTTED-LIKE HOMEOBOX OF
ARABIDOPSIS THALIANA 7 (KNAT7) that regulate xylem
development, as well as cambial markers (homologs of Arabidopsis
SHOOT MERISTEMLESS - STM, KNAT1, RESPONSE
REGULATOR 12 - ARR12, OBF BINDING PROTEIN 1 - OBP1,
and WUSCHEL RELATED HOMEOBOX 4 - WOX4) were
enriched with H3K4me3, a hallmark of transcription, while
phloem markers (homologs of Arabidopsis ALTERED PHLOEM
DEVELOPMENT - APL, CLAVATA3/ESR-RELATED 41 -
CLE41, CLE44, and KANADI) had a greater enrichment with
H3K27me3, associated with repressed genes (Hussey et al., 2017).
In turn, HD-ZIP II like REV, PHABULOSA (PHB),
PHAVOLUTA (PHV), ATHB15, and ATHBS which have different
functions in xylem differentiation, cambial activity, and
lignification are controlled by miRNA165/166 (Ramachandran
etal, 2017). These miRNAs seem to mediate DNA methylation of
their target genes (Bao et al., 2004), but the mechanism involved
is still unclear (Teotia et al., 2017).

In E. grandis, lignin biosynthesis core set genes, like
CINNAMYL ALCOHOL DEHYDROGENASE 2 and 3 (CAD2 and
CAD?3), involved in the last formation steps of different lignin
types (lignin S, G, or H; Carocha et al., 2015) were enriched with
the H3K4me3 activation mark, contributing to their upregulation
and lignin deposition (Hussey et al., 2017).

Seasonal activity

The activity of cambial cells also implies a seasonal pattern of
development. In Populus tomentosa, establishment of the dormant
state in the cambial meristem was associated with the reduction
of the transcriptome complexity by inhibition of genes that
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Epigenetic regulation of secondary growth. Transcription factors and genes involved in the different steps of xylogenesis are regulated, at least in
part, by histone modification and DNA methylation. During the dormancy period, xylem and phloem cells show high levels of repressive marks
(5-mC) and low levels of active marks (H3K8ac) while showing the opposite pattern in the active period. The dormant-active transition cycles
imply DNA hypomethylation in the promoter regions of genes involved in plant hormone signalling, cell wall biosynthesis, and transcriptional
regulation. In periderm, differentiation of cork cells is accompanied by drastic chromatin remodeling, evidenced by chromatin condensation and
accumulation at the nuclear periphery and nuclei area decrease. Alongside, progressive increase in DNA methylation, upregulation of QsDRM2,
and rather constant levels of H3K4me3 and H3K18ac gene activation associated marks are present. (1) After bark girdling, the regeneration of a
wound cambium by the dedifferentiation of developing xylem cells involves DNA methylation, and histone PTMs reprogramming. (2) Similarly,
after cork extraction, the regeneration of the phellogen is determined by a switch of phloem cells fate characterized by a reprogramming in DNA
methylation patterns. (3) Usually under stomata, the cork cambium redifferentiates into lenticular phellogen which forms lenticular cells
responsible for cork porosity. These cells are characterized by low levels of DNA methylation and are likely epigenetically regulated via DNA
methylation. The 'nail’ which is formed after randomly localized phellogen death is also potentially regulated by DNA methylation. HD-ZIP,
HOMEODOMAIN-LEUCINE ZIPPER; SND, SECONDARY WALL-ASSOCIATED NAC DOMAIN; KNOX, KNOTTED-LIKE HOMEOBOX; 5-mC,
5-methylcytosine; DRM, DOMAINS REARRANGED METHYLTRANSFERASE; MET, methyltransferase; SUVH4, KRYPTONYTE histone
methyltransferase; SWC4, SWR1-complex protein 4; PTMs, posttranslational modifications; H4K8ac, acetylation of histone H4 at lysine 8;
H3K4me3, trimethylation of histone H3 at lysine 4; H3K18ac, acetylation of histone H3 at lysine 18; Qs, Quercus suber.
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enhance cambial cell divisions (Schrader et al., 2004). Recently, it
was described that the transition from dormancy to the active
stage involves not only transcription but also epigenetic changes
in the cambium cells so that wood production can take place
(Chen et al,, 2021). Even though the mechanisms are not entirely
known, the expression of genes involved in plant hormone signal
transduction, cell wall biosynthesis, and transcriptional regulation
during the dormant-active transition stage is potentially regulated
by DNA hypomethylation of their promoter regions (Chen
etal., 2021).

In poplar stems, the DNA methylation levels measured by
immunodetection of 5-methylcytosine in phloem and xylem cells
were significantly higher during the dormancy period than in the
active period, while the levels of acetylation of histone H4 at lysine
8 (H4K8ac) showed the opposite pattern (Conde et al., 2013). This
study established that epigenetic regulation plays a part in the
differential gene expression during the growth and arrest periods
in xylem and phloem tissues.

Frontiers in Plant Science

Secondary vascular tissue regeneration
after injury (SVTR)

The vascular cambium also forms the secondary phloem
outward that, along with the periderm, comprise the bark. After
large-scale girdling of trees, bark removal peels off the vascular
cambium and regeneration occurs from differentiating xylem cells
to form a new cambium (Chen et al., 2013). This SVTR involves
mainly three stages: (i) callus formation and xylem cell
dedifferentiation, (ii) emergence of sieve elements, and (iii) wound
cambium formation (Chen et al, 2013). The wound xylem
formation implies multiple transcriptome changes that have been
extensively studied in pine tree (Chano et al, 2017). In early-
SVTR of poplar, genes like DNA and histone methyltransferases
and chromatin remodelers displayed significant expression
changes during xylem dedifferentiation along with downregulation
of xylem marker genes and xylem-specific transcription factors
(Zhang et al., 2011). These results suggest that during pre-callus
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formation, DNA methylation and chromatin remodeling underlie
xylem cell fate switch and regeneration of secondary vascular
tissue (Ojolo et al., 2018).

These results agree with the known role of hPTMs and DNA
methylation in cellular plasticity and reprogramming necessary
for dedifferentiation and regeneration (reviewed in Tkeuchi
et al,, 2019). Indeed, during normal development, there are
many reprogramming regulators epigenetically silenced that are
activated by wounding and/or hormonal signaling (reviewed in
Ikeuchi et al., 2019). For instance, the DNA methyltransferase
METI1 prevents the precocious expression of WUSCHEL
(WUS)
establishment of shoot stem cell niche, downstream of cytokinin

transcription factor, responsible for de novo
signaling during callus induction (Liu et al., 2018). During
shoot regeneration, WUS is activated (Ikeda et al., 2009) after
removal of the repressive histone mark H3K27me3 and
downstream binding of ARABIDOPSIS RESPONSE
REGULATORs (ARRs) ARR1, ARR2, ARRI10, and ARR12
transcriptional activators to PHB, PHV, and REV HD-ZIP III
transcription factors (Zhang et al., 2017).

During the wound-induced-callus formation in
Arabidopsis, the WOUNDINDUCED DEDIFFERENTIATION
1-4 (WINDI-4) genes are activated and promote cytokinin
responses to allow callus formation (Iwase et al., 2011). WINDI
and WIND3 are repressed by the POLYCOMB REPRESSIVE
COMPLEX 2 (PRC2) through the deposition of H3K27me3
(Holec and Berger, 2012) to maintain differentiated states of
somatic cells of Arabidopsis root (Ikeuchi et al., 2015a). Besides
wound-induced-callus formation, WIND transcription factors
also promote tracheary element formation and vascular
reconnection by transcriptionally activating genes involved in
cellular reprogramming, vascular formation, and defense
response (Iwase et al.,, 2021). WINDI targets showed H3K27me3
repressive marks before wounding and H3K9/14ac and
H3K27ac after wounding (Rymen et al., 2019).

Epigenetic evidence in periderm
development

The periderm formation involves several processes:
phellogen initiation and cell proliferation, radial cell
elongation, secondary cell wall formation through the
deposition of suberin and waxes, and dPCD (Indcio et al.,
2021; Serra et al,, 2022). Despite the enormous progress in
understanding the molecular mechanisms underlying vascular
cambium regulation, very few regulators or potential
regulators of phellogen activity and phellem differentiation
have been identified (Miguel et al., 2016; Verdaguer et al,,
2016; Xiao et al., 2020; Ye et al., 2021). These include auxin
and cytokinin signaling and downstream action of
transcription factors like WOX4, BREVIPEDICELLUS (BP)/
KNOTTED-LIKE FROM ARABIDOPSIS THALIANA 1
(KNAT1), LATERAL ORGAN BOUNDARIES DOMAIN 3
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(LBD3) and LBD4, and SHORT-ROOT-like gene PtSHR2B
from Populus (reviewed in Serra et al., 2022). As seen during
vascular cambium activity, new evidence suggests that
phellogen activity might be under epigenetic control (Figure 1;
Ramos et al., 2013; Indcio et al., 2017, 2018), as reviewed in
the following sub-sections.

Chromatin marks during periderm
formation

Developmentally induced programmed cell death involved in
cork cells differentiation is accompanied by chromatin
condensation and reallocation to the nuclear periphery, nuclei
area decrease, and progressive increase in de novo DNA
methylation (Indcio et al., 2018). It is reasonable to assume that
the chromatin condensation during cork cells differentiation is the
result of such an increase in de novo DNA methylation.
Accordingly, the de novo methyltransferase cork oak QsDRM2
was highly expressed during cork formation (Ramos et al., 2013;
Inécio et al., 2018).

In potato tuber periderm, the interactome of VASCULAR
TISSUE SIZE (VAS), an inducer of procambial activity (Van der
Graaff et al., 2002) related to phellogen initiation (Vulavala et al.,
2019), included a shoot-apical meristem cell-cycle regulator, and
cell-wall synthesis and chromatin regulation proteins (Vulavala
et al, 2019). Additionally, the interactome of a phellogen
inactivation-related PHDZnP/Homeobox protein (HATS3;
Vulavala et al., 2019), which controls meristem activity in
established meristems (Turchi et al., 2013), involved regulators of
brassinosteroid-responsive genes via histone modification, mostly
cell-wall elongation genes important for proper development and
differentiation (Vulavala et al., 2019).

While DNA methylation is highly represented in older living
cork cells, the newly formed ones showed a high level of gene
activation associated marks (Indcio et al., 2018). In fact, an
increase in H3K4me3 levels from the phellogen to differentiating
cork cells while similar levels of H3K18ac in all periderm cells
were observed. Genes involved in secondary cell wall deposition,
as well as PCD-associated genes, might be upregulated in cork
cells through H3K4me3 modification. This would be consistent
with previous findings in senescent Arabidopsis leaves and
developing xylem showing a strong correlation between the
upregulation of senescent-associated and secondary cell wall
genes and H3K4me3 enrichment (Brusslan et al., 2015; Hussey
etal., 2017).

Phellem differentiation is also potentially regulated by
miRNAs since 13 miRNAs belonging to seven families already
described as involved in vascular development were identified in
phellem tissue (Chaves et al., 2014). Two of them, Qsu-miR-2P
and Qsu-miR-7P, target a histone deacetylase and a histone
acetyltransferase, indicating that these miRNAs may play a role in
regulating histone acetylation involved, in turn, in cork
differentiation.
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Epigenetic reprogramming during
phellogen regeneration

When the phellogen dies either by a mechanical injury or by
unknown factors, a new phellogen is formed, rapidly producing
a traumatic or wound periderm, ensuring the viability of the tree
(Pereira, 2007). It is this regeneration capacity that allows the
exploitation of the cork oak tree (Quercus suber L.) in a sustained
way and throughout the tree’s lifespan, by successive cork
extractions. Due to its highly active and long-living phellogen,
cork oak produces an exceptionally thick periderm or cork, used
in several industrial applications (Pereira, 2007). The cork
harvesting is performed during the more intense period of
phellogen activity taking advantage of the fragility of the
phellogen cell walls and the more recently divided cork cells,
which are easily torn apart allowing the removal of cork without
affecting the survival of the trees (Pereira, 2007). When the cork
is removed, the phellogen is destroyed exposing the underlying
secondary phloem. However, as a response to the trauma, a new
cambium is rapidly regenerated by a process of meristematic
activation in the outer, non-conducting, phloem cells, forming
the new traumatic phellogen (Pereira, 2007). In cork oak, the
original phellogen and contiguous differentiating cork cells
showed distinct patterns of DNA methylation when compared
with the traumatic phellogen (Indcio et al., 2017). This leads to
the suggestion that the somatic-to-meristematic transition is
probably epigenetically modulated via DNA methylation as
hypothesized for secondary vascular tissue regeneration after
girdling (Zhang et al,, 2011).

Epigenetic modulation of periderm
phenotypic variability

The periderm is mostly composed of cork cells but is variable
in its cellular characteristics. The cork tissue is interrupted by
discontinuities such as the lenticels or pores (cork porosity) and
the inclusion of heavily lignified phloem cells (“nail”) which are
dependent on the phellogen activity, and largely contribute to
periderm variability. In Q. suber commercial cork, these are very
relevant aspects since “cork quality,” which dramatically affects its
technical performance and economic value, is conditioned by the
lenticels pattern and eventual “nail” Lenticels are produced by the
lenticular phellogen usually under stomata to permit gaseous
exchange (Evert, 2006). This phellogen is highly active producing
several filling cells that disaggregate to form the pores. Indcio et al.
(2018) observed very low levels of DNA methylation in the cork
oak lenticular phellogen corroborating its intense meristematic
activity. The lenticel filling cells also showed faint DNA
methylation (Indcio et al., 2018), supporting the lower global DNA
methylation levels found in periderms with high porosity (Ramos
etal., 2013).

Although no reports exist on the genetic control of periderm
phenotypic variability, evidence in woody species suggests that such
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control underlies naturally occurring bark phenotypic variation
(Bdeir et al,, 2017). In addition to genetic, epigenetic variation is
subject to selection and can contribute to rapid adaptive responses
in long-lived trees (Sow et al., 2018), particularly in wood formation.
Epigenetic quantitative trait Joci were identified for wood property
traits in both full-sib progeny and natural Populus populations (Lu
etal,, 2020). In the last decade, indications that periderm phenotypic
variability may also be under epigenetic control via DNA
methylation were disclosed (Ramos et al., 2013; Inacio et al., 2017,
2018). DNA methylation polymorphisms were found statistically
associated with lenticel characters across three populations in
different edaphoclimatic conditions (Indcio et al., 2017). Although
the genomic location of these polymorphisms is unknown, the
study suggested that DNA methylation is potentially involved in the
lenticular phellogen activity. Accordingly, the gene expression of
DNA methyltransferases QsMETI and QsMET2 and histone
methyltransferase QsSUVH4 was correlated with lenticel characters
(Inacio et al, 2018). Moreover, putative stomatal/lenticular-
associated genes, known to be controlled through DNA methylation
(Yamamuro et al, 2014), showed differential expression in
periderms with contrasting cork porosity (Teixeira et al., 2014).

When, apparently at random, small paths of the phellogen die
and a new one is formed within the non-conducting phloem,
isolating phloem sclerified cells inside the suberized cork tissue, the
“nail” is produced (Pereira, 2007). No factors controlling this
randomly localized death have been identified so far; nevertheless,
it has been hypothesized that DNA methylation could also have a
role in this process in cork oak (Inacio et al., 2017) since a DNA
methylation polymorphism was found statistically associated with
alow percentage of “nail” (Indcio et al., 2017). Moreover, regulation
by SWRIC remodeling complexes and/or NuA4 histone
acetyltransferase complex could also be involved since QsSWC4,
which codes for SWRI-complex protein 4 involved in
transcriptional regulation (Bieluszewski et al., 2015) by targeting
gene promoters in Arabidopsis (Mozgova et al, 2015), was
upregulated and its expression was positively significantly correlated
with periderms with a high level of ‘nail’ (Ramos et al., 2013).

Future perspectives

Very few epigenetic players were functionally characterized
during secondary meristem activity, and the regulatory network
involved is far from being understood. Thus, uncovering the
mechanisms behind the activity of epigenetic regulators during
secondary growth will be an important goal for future studies.

In periderm research, how or whether DNA methylation,
hPTMs, and/or associated miRNAs contribute to the determination
of phellogen derivative cells’ fate (i.e., either differentiate as cork cells
or lenticular cells) are still open questions. Lenticular channels with
different characteristics (i.e., dimension, shape, number per unit
area, and distribution) result from a distinct lenticular phellogen
activity throughout the years that, together with the randomly
localized-phellogen death, contribute to periderm phenotypic
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variability. How exactly epigenetic mechanisms modulate this
differential activity or random death of the phellogen is another issue
to be investigated. Determining to which extent epigenetic variation
accounts for the phenotypic variation in species with high genetic
variability is extremely challenging. In fact, the interaction between
genetics, epigenetics, and the environment should be considered.
To establish a causal link between epigenetic marks and the
activity of secondary meristems, functional studies are essential.
Multi-omics data integration, including methylome, genome,
transcriptome, and proteome at a phellogen-cell level in wild-type
and epigenetic mutants in periderm model species will be essential
for the identification of epigenetically regulated-candidate genes.

Author contributions

VI suggested and designed the mini-review article. VI, RP,
and RS worked on the original draft of the manuscript. VI, JG,
CM, and LM-C revised and finalized the article. RS and VI
designed Figure 1 and LM-C finalized. All authors contributed to
the article and approved the submitted version.

Funding

This work was funded by Portuguese Fundagido para a
Ciéncia e a Tecnologia (FCT) L.P. through national funds within
the scope of project PTDC/ASP-SIL/1717/2020. The authors

References

Bao, N, Lye, K. W,, and Barton, M. K. (2004). MicroRNA binding sites in
Arabidopsis class III HD-ZIP mRNAs are required for methylation of the template
chromosome. Dev. Cell 7, 653-662. doi: 10.1016/j.devcel.2004.10.003

Bdeir, R., Muchero, W., Yordanov, Y., Tuskan, G. A., Busov, V., and Gailing, O.
(2017). Quantitative trait locus mapping of Populus bark features and stem diameter.
BMC Plant Biol. 17:224. doi: 10.1186/s12870-017-1166-4

Bieluszewski, T., Galganski, L., Sura, W., Bieluszewska, A., Abram, M.,
Ludwikow, A., et al. (2015). AtEAF1 is a potential platform protein for Arabidopsis
NuA4 acetyltransferase complex. BMC Plant Biol. 1575. doi: 10.1186/
$12870-015-0461-1

Brusslan, J. A., Bonora, G., Rus-Canterbury, A. M., Tariq, E, Jaroszewicz, A., and
Pellegrini, M. (2015). A genome-wide chronological study of gene expression and two
histone modifications, H3K4me3 and H3K9ac, during developmental leaf senescence.
Plant Physiol. 168, 1246-1261. doi: 10.1104/pp.114.252999

Carocha, V,, Soler, M., Hefer, C., Cassan-Wang, H., Fevereiro, P, Myburg, A. A,,
etal. (2015). Genome-wide analysis of the lignin toolbox of Eucalyptus grandis. New
Phytol. 206, 1297-1313. doi: 10.1111/nph.13313

Chano, V., Collada, C., and Soto, A. (2017). Transcriptomic analysis of wound
xylem formation in Pinus canariensis. BMC Plant Biol. 17:234. doi: 10.1186/
$12870-017-1183-3

Chaves, I, Lin, Y. C,, Pinto-Ricardo, C., Van de Peer, Y., and Miguel, C. (2014).
miRNA profiling in leaf and cork tissues of Quercus suber reveals novel miRNAs and
tissue-specific expression patterns. Tree Genet. Genomes 10, 721-737. doi: 10.1007/
$11295-014-0717-1

Chellappan, P, Xia, J., Zhou, X., Gao, S., Zhang, X., Coutino, G., et al. (2010).
siRNAs from miRNA sites mediate DNA methylation of target genes. Nucleic Acids
Res. 38, 6883-6894. doi: 10.1093/nar/gkq590

Chen, B., Xu, H., Guo, Y., Griinhofer, P, Schreiber, L., Lin, J., et al. (2021).
Transcriptomic and epigenomic remodeling occurs during vascular cambium
periodicity in Populus tomentosa. Hortic. Res. 8:102. doi: 10.1038/s41438-021-00535-w

Frontiers in Plant Science

06

10.3389/fpls.2022.970342

also acknowledge the Centre Grants UIDB/04046/2020 and
UIDP/04046/2020 (BioISI), UID/AGR/04129/2020 (LEAF), and
UID/AGR/00239/2019 (CEF), all funded by FCT, for the
provided support. RS is the recipient of a fellowship from
BioSys2 PhD programme 298 PD65-2012 (UI/BD/153490/2022)
from FCT.

Acknowledgments

We apologize to all colleagues whose work was not referred
owing to length limits.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Chen, J., Zhang, J., and He, X. (2013). Tissue regeneration after bark girdling: an
ideal research tool to investigate plant vascular development and regeneration.
Physiol. Plant. 151, 147-155. doi: 10.1111/ppl.12112

Conde, D., Gonzélez-Melendi, P,, and Allona, I. (2013). Poplar stems show
opposite epigenetic patterns during winter dormancy and vegetative growth. Trees
27, 311-320. doi: 10.1007/500468-012-0800-x

Dong, Q., Hu, B., and Zhang, C. (2022). microRNAs and their roles in
plant development. Front. Plant Sci. 13:824240. doi: 10.3389/fpls.2022.
824240

Du, J., Miura, E., Robischon, M., Martinez, C., and Groover, A. (2011). The
Populus class III HD ZIP transcription factor POPCORONA affects cell
differentiation during secondary growth of woody stems. PLoS One 6:¢17458. doi:
10.1371/journal.pone.0017458

Duarte, G. T., Matiolli, C. C., Pant, B. D., Schlereth, A., Scheible, W. R., Stitt, M.,
etal. (2013). Involvement of microRNA-related regulatory pathways in the glucose-
mediated control of Arabidopsis early seedling development. J. Exp. Bot. 64,
4301-4312. doi: 10.1093/jxb/ert239

Eckes-Shephard, A. H., Ljungqvist, E. C., Drew, D. M., Rathgeber, C. B. K., and
Friend, A. D. (2022). Wood formation modeling: a research review and future
perspectives. Front. Plant Sci. 13:837648. doi: 10.3389/fpls.2022.837648

Evert, R. E (2006). Esau’s Plant Anatomy: Meristems, Cells, and Tissues of the Plant
Body: Their Structure, Function, and Development. 3rd edn. New York: John Wiley
& Sons, Inc.

Gallusci, P, Dai, Z., Génard, M., Gauffretau, A., Leblanc-Fournier, N.,
Richard-Molard, C., et al. (2017). Epigenetics for plant improvement: current
knowledge and modeling avenues. Trends Plant Sci. 22, 610-623. doi: 10.1016/j.
tplants.2017.04.009

Holec, S., and Berger, F. (2012). Polycomb group complexes mediate
developmental transitions in plants. Plant Physiol. 158, 35-43. doi: 10.1104/
pp.111.186445

frontiersin.org


https://doi.org/10.3389/fpls.2022.970342
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.1016/j.devcel.2004.10.003
https://doi.org/10.1186/s12870-017-1166-4
https://doi.org/10.1186/s12870-015-0461-1
https://doi.org/10.1186/s12870-015-0461-1
https://doi.org/10.1104/pp.114.252999
https://doi.org/10.1111/nph.13313
https://doi.org/10.1186/s12870-017-1183-3
https://doi.org/10.1186/s12870-017-1183-3
https://doi.org/10.1007/s11295-014-0717-1
https://doi.org/10.1007/s11295-014-0717-1
https://doi.org/10.1093/nar/gkq590
https://doi.org/10.1038/s41438-021-00535-w
https://doi.org/10.1111/ppl.12112
https://doi.org/10.1007/s00468-012-0800-x
https://doi.org/10.3389/fpls.2022.824240
https://doi.org/10.3389/fpls.2022.824240
https://doi.org/10.1371/journal.pone.0017458
https://doi.org/10.1093/jxb/ert239
https://doi.org/10.3389/fpls.2022.837648
https://doi.org/10.1016/j.tplants.2017.04.009
https://doi.org/10.1016/j.tplants.2017.04.009
https://doi.org/10.1104/pp.111.186445
https://doi.org/10.1104/pp.111.186445

Inacio et al.

Hou, J., Xu, H,, Fan, D,, Ran, L, Li, J,, Wu, S,, et al. (2020). MiR319a-targeted
PtoTCP20 regulates secondary growth via interactions with PtoWOX4 and
PtoWND6 in Populus tomentosa. New Phytol. 228, 1354-1368. doi: 10.1111/
nph.16782

Hussey, S. G., Loots, M. T., Van Der Merwe, K., Mizrachi, E., and Myburg, A. A.
(2017). Integrated analysis and transcript abundance modelling of H3K4me3 and
H3K27me3 in developing secondary xylem. Sci. Rep. 7, 3370. doi: 10.1038/
$41598-017-03665-1

Tkeda, M., Mitsuda, N., and Ohme-Takagi, M. (2009). Arabidopsis WUSCHEL is
a bifunctional transcription factor that acts as a repressor in stem cell regulation and
as an activator in floral patterning. Plant Cell 21, 3493-3505. doi: 10.1105/
tpc.109.069997

Tkeuchi, M., Favero, D. S., Sakamoto, Y., Iwase, A., Coleman, D., Rymen, B., et al.
(2019). Molecular mechanisms of plant regeneration. Annu. Rev. Plant Biol. 70,
377-406. doi: 10.1146/annurev-arplant-050718-100434

Tkeuchi, M., Iwase, A., Rymen, B., Harashima, H., Shibata, M., Ohnuma, M., et al.
(2015a). PRC2 represses dedifferentiation of mature somatic cells in Arabidopsis.
Nat. Plants 1, 1-7. doi: 10.1038/nplants.2015.89

Ikeuchi, M., Iwase, A., and Sugimoto, K. (2015b). Control of plant cell
differentiation by histone modification and DNA methylation. Curr. Opin. Plant
Biol. 28, 60-67. doi: 10.1016/j.pbi.2015.09.004

Indcio, V., Barros, P. M., Costa, A., Roussado, C., Gongalves, E., Costa, R., et al.
(2017). Differential DNA methylation patterns are related to phellogen origin and
quality of Quercus suber cork. PLoS One 12, 1-18. doi: 10.1371/journal.pone.0169018

Indcio, V., Lobato, C., Graga, J., and Morais-Cecilio, L. (2021). Cork cells in cork
oak periderms undergo programmed cell death and proanthocyanidin deposition.
Tree Physiol. 41, 1701-1713. doi: 10.1093/treephys/tpab031

Inacio, V., Martins, M. T., Graga, J., and Morais-Cecilio, L. (2018). Cork oak young
and traumatic periderms show pcd typical chromatin patterns but different chromatin-
modifying genes expression. Front. Plant Sci. 9:1194. doi: 10.3389/fpls.2018.01194

Iwase, A., Kondo, Y., Laohavisit, A., Takebayashi, A., Ikeuchi, M., Matsuoka, K.,
et al. (2021). WIND transcription factors orchestrate wound-induced callus
formation, vascular reconnection and defense response in Arabidopsis. New Phytol.
232, 734-752. doi: 10.1111/nph.17594

Iwase, A., Mitsuda, N., Koyama, T., Hiratsu, K., Kojima, M., Arai, T,, et al. (2011).
The AP2/ERF transcription factor WINDI controls cell dedifferentiation in
Arabidopsis. Curr. Biol. 21, 508-514. doi: 10.1016/j.cub.2011.02.020

Jha, A., and Shankar, R. (2014). MiRNAting control of DNA methylation. J. Biosci.
39, 365-380. doi: 10.1007/s12038-014-9437-9

Jia, X, Yan, J., and Tang, G. (2011). MicroRNA-mediated DNA methylation in
plants. Front. Biol. 6, 133-139. doi: 10.1007/978-3-319-55520-1_13

Lee, K., and Seo, P. J. (2018). Dynamic epigenetic changes during plant
regeneration. Trends Plant Sci. 23, 235-247. doi: 10.1016/j.tplants.2017.11.009

Liu, H., Zhang, H., Dong, Y. X, Hao, Y. J., and Zhang, X. S. (2018). DNA
METHYLTRANSFERASE1-mediated shoot regeneration is regulated by cytokinin-
induced cell cycle in Arabidopsis. New Phytol. 217, 219-232. doi: 10.1111/nph.14814

Lu, W,, Xiao, L., Quan, M., Wang, Q., El-Kassaby, Y. A, Du, Q,, et al. (2020).
Linkage-linkage disequilibrium dissection of the epigenetic quantitative trait loci
(epiQTLs) underlying growth and wood properties in Populus. New Phytol. 225,
1218-1233. doi: 10.1111/nph.16220

Maury, S., Sow, M. D., Le Gac, A.-L., Genitoni, J., Lafon-Placette, C., and
Mozgova, L. (2019). Phytohormone and chromatin crosstalk: the missing link for
developmental plasticity? Front. Plant Sci. 10, 395. doi: 10.3389/fpls.2019.00395

Miguel, A., Milhinhos, A., Jones, B., and Miguel, C. M. (2016). The SHORT-
ROOT-like gene PtSHR2B is involved in Populus phellogen activity. J. Exp. Bot. 67,
1545-1555. doi: 10.1093/jxb/erv547

Mozgovi, L, Kéhler, C., Gaudin, V., and Hennig, L. (2015). The many faces of plant
chromatin: meeting summary of the 4th European workshop on plant chromatin 2015,
Uppsala, Sweden. Epigenetics 10, 1084-1090. doi: 10.1080/15592294.2015.1106674

Ojolo, S. P, Cao, S., Priyadarshani, S. V. G. N,, Li, W,, Yan, M., Aslam, M., et al.
(2018). Regulation of plant growth and development: a review from a chromatin
remodeling perspective. Front. Plant Sci. 9:1232. doi: 10.3389/fpls.2018.01232

Pereira, H. (2007). Cork: Biology, Production and Uses. 1st edn. H. Pereira (Ed.).
Amsterdam, Netherlands: Elsevier Science. Available at: https://www.elsevier.com/
books/cork-biology-production-and-uses/pereira/978-0-444-52967-1 (Accessed
July 21, 2022).

Ramachandran, P, Carlsbecker, A., and Etchells, J. P. (2017). Class III HD-ZIPs
govern vascular cell fate: an HD view on patterning and differentiation. J. Exp. Bot.
68, 55-69. doi: 10.1093/jxb/erw370

Ramos, M., Rocheta, M., Carvalho, L., Indcio, V., Graga, J., and Morais-Cecilio, L.
(2013). Expression of DNA methyltransferases is involved in Quercus suber cork
quality. Tree Genet. Genomes 9, 1481-1492. doi: 10.1007/511295-013-0652-6

Frontiers in Plant Science

07

10.3389/fpls.2022.970342

Rathgeber, C. B. K., Cuny, H. E., and Fonti, P. (2016). Biological basis of tree-ring
formation: a crash course. Front. Plant Sci. 7:734. doi: 10.3389/fpls.2016.00734

Robischon, M., Du, J., Miura, E., and Groover, A. (2011). The Populus class IIl HD
ZIP, popREVOLUTA, influences cambium initiation and patterning of woody stems.
Plant Physiol. 155, 1214-1225. doi: 10.1104/pp.110.167007

Rymen, B., Kawamura, A., Lambolez, A., Inagaki, S., Takebayashi, A., Iwase, A.,
et al. (2019). Histone acetylation orchestrates wound-induced transcriptional
activation and cellular reprogramming in Arabidopsis. Commun. Biol. 2, 404-415.
doi: 10.1038/542003-019-0646-5

Schrader, ., Moyle, R., Bhalerao, R., Hertzberg, M., Lundeberg, J., Nilsson, P,, et al.
(2004). Cambial meristem dormancy in trees involves extensive remodelling of the
transcriptome. Plant J. 40, 173-187. doi: 10.1111/j.1365-313X.2004.02199.x

Serra, O., Mihénen, A. P, Hetherington, A. J., and Ragni, L. (2022). The making
of plant armor: the periderm. Annu. Rev. Plant Biol. 73, 405-432. doi: 10.1146/
annurev-arplant-102720-031405

Sow, M. D., Allona, 1., Ambroise, C., Conde, D., Fichot, R., Gribkova, S., et al.
(2018). Epigenetics in forest trees: state of the art and potential implications for
breeding and management in a context of climate change. Adv. Bot. Res. 88, 387-453.
doi: 10.1016/bs.abr.2018.09.003

Teixeira, R. T., Fortes, A. M., Pinheiro, C., and Pereira, H. (2014). Comparison of
good-and bad-quality cork: application of high-throughput sequencing of
phellogenic tissue. J. Exp. Bot. 65, 4887-4905. doi: 10.1093/jxb/eru252

Teotia, S., Singh, D., and Tang, G. (2017). “DNA methylation in plants by
microRNAs,” in RNA Technologies. eds. N. Rajewsky, S. Jurga and J. Barciszewski
(New York: Springer), 247-262. doi: 10.1007/978-3-319-55520-1_13

Turchi, L., Carabelli, M., Ruzza, V., Possenti, M., Sassi, M., Pefialosa, A., et al.
(2013). Arabidopsis HD-zip II transcription factors control apical embryo
development and meristem function. Development 140, 2118-2129. doi: 10.1242/
dev.092833

Turley, E. K., and Etchells, J. P. (2022). Laying it on thick: a study in secondary
growth. J. Exp. Bot. 73, 665-679. doi: 10.1093/jxb/erab455

Van der Graaff, E., Hooykaas, P. J. J., and Keller, B. (2002). Activation
tagging of the two closely linked genes LEP and VAS independently affects
vascular cell number. Plant J. 32, 819-830. doi: 10.1046/j.1365-313x.2002.
01470.x

Verdaguer, R,, Soler, M., Serra, O., Garrote, A., Fernandez, S., Company-Arumi, D.,
et al. (2016). Silencing of the potato StNAC103 gene enhances the accumulation of
suberin polyester and associated wax in tuber skin. J. Exp. Bot. 67, 5415-5427. doi:
10.1093/jxb/erw305

Vulavala, V. K. R., Fogelman, E., Faigenboim, A., Shoseyov, O., and Ginzberg, 1.
(2019). The transcriptome of potato tuber phellogen reveals cellular functions of
cork cambium and genes involved in periderm formation and maturation. Sci. Rep.
9, 10216. doi: 10.1038/541598-019-46681-z

Wang, D., Chen, Y., Li, W, Li, Q, Lu, M., Zhou, G., et al. (2021). Vascular
cambium: the source of wood formation. Front. Plant Sci. 12:700928. doi: 10.3389/
1pls.2021.700928

Wei, L., Linhua, S., Run-Zhou, H., Wenjie, L., Xinyu, L., Hang, H., et al. (2022).
Active DNA demethylation regulates tracheary element differentiation in
Arabidopsis. Sci. Adv. 6:eaaz2963. doi: 10.1126/sciadv.aaz2963

Xiao, W,, Molina, D., Wunderling, A., Ripper, D., Vermeer, J. E. M., and Ragni, L.
(2020). Pluripotent pericycle cells trigger different growth outputs by integrating
developmental cues into distinct regulatory modules. Curr. Biol. 30, 4384-4398. doi:
10.1016/j.cub.2020.08.053

Yamamuro, C., Miki, D., Zheng, Z., Ma, J., Wang, J., Yang, Z., et al. (2014).
Overproduction of stomatal lineage cells in Arabidopsis mutants defective in active
DNA demethylation. Nat. Commun. 5:4062. doi: 10.1038/ncomms5062

Ye, L., Wang, X., Lyu, M., Siligato, R., Eswaran, G., Vainio, L., et al.
(2021). Cytokinins initiate secondary growth in the Arabidopsis root through
a set of LBD genes. Curr. Biol. 31, 3365-3373. doi: 10.1016/j.cub.2021.
05.036

Zhang, H., Lang, Z., and Zhu, J.-K. (2018). Dynamics and function of DNA
methylation in plants. Nat. Rev. Mol. Cell Biol. 19, 489-506. doi: 10.1038/
s41580-018-0016-z

Zhang, J., Gao, G., Chen, J.-J., Taylor, G., Cui, K.-M., and He, X.-Q. (2011).
Molecular features of secondary vascular tissue regeneration after bark girdling
in Populus. New Phytol. 192, 869-884. doi: 10.1111/j.1469-8137.2011.
03855.x

Zhang, T, Lian, H., Zhou, C., Xu, L., Jiao, Y., and Wang, J. (2017). A two-step
model for de novo activation of WUSCHEL during plant shoot regeneration. Plant
Cell 29, 1073-1087. doi: 10.1105/tpc.16.00863

Zhao, Y, Lin, S., Qiu, Z., Cao, D., Wen, ], Deng, X,, et al. (2015). MicroRNA857
is involved in the regulation of secondary growth of vascular tissues in Arabidopsis.
Plant Physiol. 169, 2539-2552. doi: 10.1104/pp.15.01011

frontiersin.org


https://doi.org/10.3389/fpls.2022.970342
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.1111/nph.16782
https://doi.org/10.1111/nph.16782
https://doi.org/10.1038/s41598-017-03665-1
https://doi.org/10.1038/s41598-017-03665-1
https://doi.org/10.1105/tpc.109.069997
https://doi.org/10.1105/tpc.109.069997
https://doi.org/10.1146/annurev-arplant-050718-100434
https://doi.org/10.1038/nplants.2015.89
https://doi.org/10.1016/j.pbi.2015.09.004
https://doi.org/10.1371/journal.pone.0169018
https://doi.org/10.1093/treephys/tpab031
https://doi.org/10.3389/fpls.2018.01194
https://doi.org/10.1111/nph.17594
https://doi.org/10.1016/j.cub.2011.02.020
https://doi.org/10.1007/s12038-014-9437-9
https://doi.org/10.1007/978-3-319-55520-1_13
https://doi.org/10.1016/j.tplants.2017.11.009
https://doi.org/10.1111/nph.14814
https://doi.org/10.1111/nph.16220
https://doi.org/10.3389/fpls.2019.00395
https://doi.org/10.1093/jxb/erv547
https://doi.org/10.1080/15592294.2015.1106674
https://doi.org/10.3389/fpls.2018.01232
https://www.elsevier.com/books/cork-biology-production-and-uses/pereira/978-0-444-52967-1
https://www.elsevier.com/books/cork-biology-production-and-uses/pereira/978-0-444-52967-1
https://doi.org/10.1093/jxb/erw370
https://doi.org/10.1007/s11295-013-0652-6
https://doi.org/10.3389/fpls.2016.00734
https://doi.org/10.1104/pp.110.167007
https://doi.org/10.1038/s42003-019-0646-5
https://doi.org/10.1111/j.1365-313X.2004.02199.x
https://doi.org/10.1146/annurev-arplant-102720-031405
https://doi.org/10.1146/annurev-arplant-102720-031405
https://doi.org/10.1016/bs.abr.2018.09.003
https://doi.org/10.1093/jxb/eru252
https://doi.org/10.1007/978-3-319-55520-1_13
https://doi.org/10.1242/dev.092833
https://doi.org/10.1242/dev.092833
https://doi.org/10.1093/jxb/erab455
https://doi.org/10.1046/j.1365-313x.2002.01470.x
https://doi.org/10.1046/j.1365-313x.2002.01470.x
https://doi.org/10.1093/jxb/erw305
https://doi.org/10.1038/s41598-019-46681-z
https://doi.org/10.3389/fpls.2021.700928
https://doi.org/10.3389/fpls.2021.700928
https://doi.org/10.1126/sciadv.aaz2963
https://doi.org/10.1016/j.cub.2020.08.053
https://doi.org/10.1038/ncomms5062
https://doi.org/10.1016/j.cub.2021.05.036
https://doi.org/10.1016/j.cub.2021.05.036
https://doi.org/10.1038/s41580-018-0016-z
https://doi.org/10.1038/s41580-018-0016-z
https://doi.org/10.1111/j.1469-8137.2011.03855.x
https://doi.org/10.1111/j.1469-8137.2011.03855.x
https://doi.org/10.1105/tpc.16.00863
https://doi.org/10.1104/pp.15.01011

	Epigenetics at the crossroads of secondary growth regulation
	Introduction
	Epigenetic marks in vascular cambium regulation
	Xylogenesis
	Seasonal activity
	Secondary vascular tissue regeneration after injury (SVTR)

	Epigenetic evidence in periderm development
	Chromatin marks during periderm formation
	Epigenetic reprogramming during phellogen regeneration
	Epigenetic modulation of periderm phenotypic variability

	Future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

