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Abstract: Modifications of DNA and histones, including methylation and acetylation, are critical for 
the epigenetic regulation of gene expression during plant development, particularly during 
environmental adaptation processes. However, information on the enzymes catalyzing all these 
modifications in trees, such as Quercus suber L., is still not available. In this study, eight DNA 
methyltransferases (DNA Mtases) and three DNA demethylases (DDMEs) were identified in Q. 
suber. Histone modifiers involved in methylation (35), demethylation (26), acetylation (8), and 
deacetylation (22) were also identified in Q. suber. In silico analysis showed that some Q. suber DNA 
Mtases, DDMEs and histone modifiers have the typical domains found in the plant model 
Arabidopsis, which might suggest a conserved functional role. Additional phylogenetic analyses of 
the DNA and histone modifier proteins were performed using several plant species homologs, 
enabling the classification of the Q. suber proteins. A link between the expression levels of each gene 
in different Q. suber tissues (buds, flowers, acorns, embryos, cork, and roots) with the functions 
already known for their closest homologs in other species was also established. Therefore, the data 
generated here will be important for future studies exploring the role of epigenetic regulators in this 
economically important species. 

Keywords: epigenetic modifiers; cork oak; Quercus; DNA methylation/demethylation; Histone 
methylation/demethylation; Histone acetylation/deacetylation 

 

1. Introduction 

The transcriptional activation and/or silencing of key genes is crucial for essential biological 
processes. This is achieved by the activity of transcription factors, but also by DNA and histone 
modification enzymes that alter chromatin conformation (euchromatin or heterochromatin), in a 
process classically identified as epigenetic regulation. This control at the chromatin level is very 
dynamic and can be reversed, which means that inactive condensed regions of chromatin may be 
easily decondensed allowing for subsequent gene expression. 

The best-known DNA modification that regulates gene expression is cytosine methylation that 
is catalyzed by several DNA methyltransferases. In plants, DNA methyltransferases methylate DNA 
in the carbon-5 of cytosine (5mC) in distinct sequence contexts such as CG and CHG, but also in the 
asymmetrical context CHH, in which H is any nucleotide but G [1]. While 5mC in gene promoter 
regions is often associated with gene silencing, in coding regions, although controversial, 5mC has 
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been correlated with active gene transcription [2,3]. Methylation can be achieved by two mechanisms: 
de novo and maintenance of the methylation status. De novo methylation implies the methylation of 
previously unmethylated cytosine residues without a “template”, resulting in new methylation 
patterns. The maintenance of the methylation status is the process by which pre-existing methylated 
residues serve as a template to the replication-coupled DNA methylation [4]. The methylation process 
is controlled by four families of DNA methyltransferases (Mtases), which are classified by their linear 
domain arrangement: Methyltransferase (MET), Chromomethylase (CMT), Domains Rearranged 
Methyltransferase (DRM) and DNA Methyltransferase homolog 2 (DNMT2). MET maintains CG 
methylation of heterochromatic regions enriched with transposable elements (TEs) and repeats, and 
in intragenic regions [5,6]. CMT and DRM mediate CHG (CMT3) and CHH (CMT2 and DRM2) 
methylation [7,8]. While the majority of the methyltransferases maintain the DNA methylation status, 
only DRM2 establishes de novo methylation in all three motif contexts [9]. De novo DNA methylation 
is triggered by the activation of RNA-directed DNA methylation (RdDM), in which small interfering 
RNAs (siRNAs) are generated, ending with a downstream methylation targeting phase that is 
mediated by DRM2 [7]. CMT family genes can initiate de novo DNA methylation at sites with specific 
histone modifications and target transposons, as well as heterochromatin during replication [8]. The 
role of the DNMT2 family in plant DNA methylation remains unclear. 

DNA methylation can be reversed passively during DNA replication or actively through base 
excision repair mechanisms initiated by DNA glycosylases [9–12]. Functional studies of the DNA 
glycosylases REPRESSOR OF SILENCING 1 (ROS1) [9], and DEMETER (DME) [10,11] suggested 
roles in the inhibition of gene silencing by demethylating DNA. DEMETER-LIKE 2 and 3 (DML2 and 
3) are also DNA demethylases (DDME) that, instead of reactivating gene expression, prevent the 
deleterious effect resulting from the accumulation of DNA methylation at or near some genes [12]. 

Epigenetic regulation is also accomplished by the acetylation and methylation of histones. 
Histone modifier enzymes add or remove chemical groups, particularly in lysine residues, in the 
amino-terminal tails of histone 3 (H3) and 4 (H4). The deposition of acetylation marks is mediated by 
histone acetyltransferases (HATs), a mark that can be removed by histone deacetylases (HDACs). 
Histone acetylation is frequently related to increased gene expression while deacetylation is 
associated with transcriptional repression [13]. HATs are grouped in four families: GNAT (Gcn5-
related N-acetyltransferase); MYST (MOZ, Ybf2/Sas3, Sas2, and Tip60), CBP (cAMP-responsive 
element-binding protein-binding protein) and TAFII250 (TATA-binding protein-associated factor 
family) based on sequence homology and mode of action [14] while HDACs are divided in three 
families: RPD3/HDA1 (Reduced potassium dependency 3/Histone deacetylase 1), HD2 (Histone 
deacetylase 2) and SIR2 (Silent information regulator 2) based on sequence similarity and cofactor 
dependency [15]. Like acetylation, histone methylation catalyzed by histone methyltransferases 
(HMTs) is also a reversible process involving histone demethylases (HDMTs). HMTs are mainly 
divided in five classes, based on the amino acid conservation of the SET (Suppressor of variegation, 
Enhancer of zeste, and Trithorax in Drosophila) domain [16]. Each class of SET domain proteins has 
specificity for a particular histone residue. For example, while class I proteins transfer three methyl 
groups to lysine 27 of H3 (H3K27me3), which is correlated with gene silencing, class III proteins are 
responsible for the deposition of methyl groups associated with active gene expression like mono-, 
di- and tri- methylation at the lysine 4 of H3 (H3K4me1/2/3) site. Histone methylation marks are 
removed by two types of HDMTs, histone KDM1/LSD1 (Lysine demethylase 1) and JmjC (Jumonji 
C) domain-containing proteins [17,18], depending on a cofactor required to act [19]. 

Plant development is controlled by endogenous but also by environmental cues, which requires 
a tight control of gene regulation. Adverse environmental factors, such as severe temperature, 
drought, saline, and biotic stress can alter the longevity of many species, especially of long living 
species such as Quercus suber L., able to live over the span of 200 years. Quercus suber L. belongs to 
the Fagaceae family and is one of the most economically and ecologically important forest species in 
the Mediterranean basin, being the dominant tree of the Portugal oak woodlands – Montados. The 
cork of this species is harvested every nine years making this oak a very important natural resource 
of the semi-arid regions of Southern Europe. 
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To provide for their unique attributes, both their longevity and annual developmental 
transitions, Q. suber trees activate highly dynamic regulatory mechanisms in order to adapt and 
survive in a variable climate. So, the identification and characterization of chromatin modifier 
proteins is of great importance. In Q. suber, mutant lines are impossible to obtain, due to its long life 
cycle and its recalcitrant behavior to transformation; however, the relevance of the genes codifying 
for these enzymes could be studied by gene expression analysis. 

In this study, the genome-wide identification of DNA and histone modifier enzymes in Q. suber 
was obtained by data mining available genomes and transcriptomes through blast analysis. The 
phylogeny and composition of each gene family were identified and a brief overview of the 
transcriptional regulation of these newly identified genes in Q. suber was obtained from different 
tissues (buds, flowers, acorns, embryos, roots and cork) using publicly available data. Thus, this work 
provides a valuable source of information on genes potentially involved in epigenetic regulation and 
should greatly facilitate further studies in Q. suber. 

2. Results 

Epigenetic regulation plays an important role in the control of gene expression during plant 
growth and development. Although, significant advances in this field have been made in the model 
species A. thaliana, less has been reported in perennial tree species. In Q. suber, there is no knowledge 
about the genes that encode chromatin regulators. Therefore, in order to identify histone and DNA 
modifier enzymes with a potential role in epigenetic mark deposition, sequence-based searches and 
phylogenetic analysis were performed. 

2.1. Identification and Classification of Quercus Suber DNA Methyltransferases 

Eight DNA Mtases proteins were identified based on a whole sequence similarity search and a 
C-5 cytosine methyltransferase (IPR001525) domain search. The DNA Mtases of each subfamily in Q. 
suber share the conserved catalytic domain with homologues from other plant species and harbor 
their characteristic small motifs (Figures S1–S4) [20–22]. A single Q. suber gene was identified within 
the MET subfamily (QsMET1), as well as in the DNMT2 subfamily (QsDNMT2). QsMET1 contains 
the expected domains: replication foci domain RFD (PF12047), bromo adjacent homology (BAH) 
domain (PF01426) and DNA methyltransferase domain (PF00145) (Figure 1); a domain topology 
observed in the closest homologs of Arabidopsis, globe artichoke, strawberry, soybean, carrot, 
tomato, tobacco, pea, poplar, peach and rice [22–28]. QsDNMT2 contains a single DNA mtase 
domain, as previously identified in the A. thaliana counterpart (Figure 1) [22]. In the CMT subfamily, 
four homolog proteins were identified, two different putative CMT2 proteins (named in this work as 
QsCMT2.1 and QsCMT2.2), QsCMT1 and QsCMT3. Members of the CMT subfamily have the C-
terminal DNA Mtase domain, a chromodomain (CHR) (PF00385), which has been proposed as critical 
to transport these proteins to heterochromatic regions [29] and the BAH domain, crucial for DNA 
methylation maintenance during DNA replication [30] (Figure 1). Two Q. suber proteins were 
identified belonging to the DRM subfamily, QsDRM2 and QsDRM3 (Figure 1). Both QsDRM2 and 
QsDRM3 have the C-terminal DNA Mtase domain but only QsDRM2 contains the UBA domain in 
their N-terminal region (PF00627), essential to its de novo methylation activity (Figure 1) [7,31,32]. 
QsDRM3 does not possess a UBA domain (Figure 1), which is also described for other DRM-like 
proteins of maize, rice, and wild peanut [22,33]. 
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Figure 1. Domain organization of the Quercus suber L. DNA methyltransferases and demethylases 
proteins. Schematic diagrams show the domain organization of the enzymes. The proteins and the 
family they belong to are indicated on the left side of each corresponding schematic diagram. The 
different conserved protein domains are depicted in different colors as indicated in the legend on the 
right. C-5 cytosine methyltransferase (IPR001525) is the conserved domain common to all proteins. 
Replication foci domain RFD (PF12047) and bromo adjacent homology (BAH) domain (PF01426) are 
present in QsMET1, while chromodomain (CHR) (PF00385) are conserved in chromomethylase 
proteins. The UBA domain (PF00627) is identified in QsDRM2. The ENDO3c (PF00730), FES 
(SM000525), Perm-CXXC (PF15629), and RRM_DME (PF15628) domains are present in all DDME. 

A phylogenetic analysis was performed (Figure 2) using the amino acid sequences containing 
the conserved C-5 Mtase domain of the predicted DNA Mtases of Q. suber and of other plant species. 
QsMET1, as well as QsDNMT2, clustered together with homologs of the closely related Fagaceae 
species, Quercus robur and Castanea mollissima (Figure 2A). Phylogenetic trees were constructed 
separately for the CMT (Figure 2B) and DRM (Figure 2C) subfamilies. The analysis suggests that the 
Q. suber CMT2 paralogues might represent duplicated genes. However, only QsCMT2.1 contains the 
complete catalytic domain (Figure 1). The Q. suber genome lacks a DRM1 homolog like the other 
Fagaceae family members, C. mollissima and Q. robur (Figure 2C). QsDRM2 groups together with the 
A. thaliana DRM1 and DRM2 proteins in a clade supported with a bootstrap value of 100 (Figure 2C). 

2.2. Identification and Classification of Quercus suber DNA Demethylases 

Three Q. suber DDME were identified according to their conserved domains: QsDME, QsROS1 
and QsDML2 (Figure 1). Four characteristic domains ENDO3c (PF00730), FES (SM000525), Perm-
CXXC (PF15629) and RR_ DME (PF15628) are found in all of these three putative DDME proteins 
(Figure 1), which are involved in base excision DNA repair [9]. A phylogenetic tree was constructed 
using all DDME proteins from Q. suber and from other species (Figure 2D). QsDME and QsROS1 
cluster with the respective DME homologs from other Fagaceae, all being more closely related to 
AtROS1, whereas more distantly related to the other DDME members such as QsDML2, AtDML2, 
and AtDML3 (Figure 2D). 
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Figure 2. Phylogeny of DNA methyltransferase proteins of (A) Methyltransferase (MET), DNA 
Methyltransferase homolog 2 (DNMT), (B) Chromomethylase (CMT) family, (C) DRM family, and of 
(D) DNA Demethylase proteins. The DNA Mtase domain and all DNA demethylase conserved 
domains of Quercus suber L. (Qs), Arabidopsis thaliana (L.) Heynh. (At), Brassica rapa L. (Br), Glycine max 
(L.) Merr. (Gm), Jatropha curcas L. (Jc), Populus trichocarpa Torr. & A.Gray ex Hook. (Pt), Prunus persica 
(L.) Batsch (Pp), Prunus mume (Siebold) Siebold & Zucc. (Pm), Vitis vinifera L. (Vv), Cucumis melo L. 
(Cm), Cucumis sativus L. (Cs), Juglans regia L. (Jr), Castanea mollissima Blume (Cmo), Quercus robur L. 
(Qr) and Oryza sativa L. (Os) were aligned using ClustalW and used to infer the evolutionary history 
using the Maximum-likelihood method. The evolutionary distances (left side scale bar) were 
computed using the Jones-Taylor-Thornton (JTT) correction model. The numbers at the nodes 
represent bootstrap values from 1000 replicates. The Q. suber proteins are indicated with a red square. 
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2.3. Identification and Classification of Quercus suber Histone Acetyltransferases 

Only eight HATs were identified in the Q. suber genome based on homology analysis and protein 
domain identification (Figure 3). Members of the GNAT family are characterized by an 
Acetyltransf_1 domain (PF00583) [15]. All the members of the GNAT family in Arabidopsis have a 
homolog in Q. suber: QsELP3, QsGCN5, and QsHAG2. QsELP3, and QsGCN5 present two domains 
each, the ELP3 and BROMO domain, respectively, and the Acetyltransf_1 domain (PF00583). 
QsHAG2 contains a N-terminal domain HAT1-N (Figure 3) like other homologs in rice, Arabidopsis, 
soybean [15,34] and a MOZ_SAS domain (PF01853) (Figure 3), a combination not seen in AtHAG2 
but already reported in tomato and litchi [34,35]. The Q. suber genome contains genes that code for 
three CBP class proteins, QsHAC1, QsHAC1-like1, and QsHAC1-like2. Domain analysis reveals that 
the three CBP present the expected KAT11 (PF08214) domain along with several zinc finger type 
domains (Figure 3). However, the type and the number of zinc fingers differ in the Q. suber CBP 
members. QsHAC1-like2 has not a Transcription Adaptor putative Zinc finger (TAZ) domain (Figure 
3). QsHAM1 has the characteristic C-terminal MOZ_SAS domain of MYST family members [15,35,36] 
(Figure 3). Additionally, QsHAM1 contains an N-terminal Chromodomain (PF00385), described as 
able to recognize and bind specific histone residues [37]. One Q. suber protein was associated to the 
HAF family. QsHAF1 protein contains the characteristic TATA box binding protein (TBP) -binding 
(PF09247), Ubiquitin (UBQ) (PF00240), ZnF_C2HC (PF01530) [34,35,38] and the BROMO (PF00439) 
domain in the C-teminal region (Figure 3) that, similarly to the chromodomain, is known to bind to 
acetylated histone lysine residues [39]. 

 
Figure 3. Domain organization of the Quercus suber L. histone acetyltransferases proteins. Schematic 
diagrams show the domain organization of the enzymes. The proteins and the family they belong to 
are indicated on the left side of each corresponding schematic diagram. The different conserved 
protein domains are depicted in different colors as indicated in the right side of the legend. 
Acetyltransferase_1 (PF00583) and C-terminal Bromo (PF00439) domains are conserved domains of 
QsGCN5, N-terminal ELP3 (IPR006638), and C-terminal Acetyltransferase_1 are domains of QsELP3; 
N-terminal Hat1_N (PF10394) along with MOZ_SAS (PF01853) are domains of QsHAG2. KAT11 
(PF08214), PHD-finger (PF00628), and TAZ (PF02135) are conserved domains of the histone 
acetyltransferases (HAT) proteins QsHAC1 and QsHAC1-like1. N-terminal kinase TBP (PF09247), 
ubiquitin UBQ (PF00240), zinc-finger C2HC (PF01530), and C-terminal bromo are conserved domains 
of QsHAF1. N-terminal Chromo (PF00385), zinc-finger C2H2 (PF00096), and C-terminal MOZ_SAS 
domains are typical of QsHAM1. 

A phylogenetic tree was generated for each of the four distinct HAT classes, GNAT, CBP, MYST, 
and HAFs, using the Acetyltransf_1 domain (PF00583), the KAT11 domain (PF08214), the MOZ_SAS 
domain (PF01853) and the UBQ (PF00240) together with the BROMO (PF00439) domain, respectively 
(Figure 4). All the members of GNAT in Arabidopsis were clearly distinguished in three different 
clades (Figure 4A). Each homolog is closely related to the homologs of each GNAT subfamily in other 
species (Figure 4A). Regarding the CBP family, QsHAC1 is more similar to AtHAC1 and OsHAC1 
and more distantly related to QsHAC1-like1 (Figure 4B), that is more closely related to AtHAC2 due 
to the lack of the N-terminal TAZ domain. A high number of HAC1 copies appear to be common in 
the majority of the species used to construct the phylogenetic tree (Figure 4B). In contrast, the 
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existence of only one gene encoding the proteins QsHAM1 and QsHAF1 seems to be a common 
feature also for the other Fagaceae species represented on the phylogenetic tree (Figure 4C,D). 

 
Figure 4. Phylogeny of HAT proteins of GNAT (A), CBP (B), MYST (C), and TAFII250 (D) family. The 
Acetyltransf_1 domain (GNAT) or the KAT11 domain (CBP), the MOZ_SAS domain (MYST) and the 
UBQ and BROMO domains (TAFII250) of Quercus suber L. (Qs), Arabidopsis thaliana (L.) Heynh. (At), 
Brassica rapa L. (Br), Glycine max (L.) Merr. (Gm), Jatropha curcas L. (Jc), Populus trichocarpa Torr. & 
A.Gray ex Hook. (Pt), Prunus persica (L.) Batsch (Pp), Prunus mume (Siebold) Siebold & Zucc. (Pm), 
Vitis vinifera L. (Vv), Cucumis melo L. (Cm), Cucumis sativus L. (Cs), Juglans regia L. (Jr), Castanea 
mollissima Blume (Cmo), Quercus robur L. (Qr) and Oryza sativa L. (Os) were aligned using ClustalW 
and used to infer the evolutionary history using the Maximum-likelihood method. The evolutionary 
distances (left side scale bar) were computed using the Jones-Taylor-Thornton (JTT) correction model. 
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The numbers at the nodes represent bootstrap values from 1000 replicates. The Q. suber proteins are 
indicated with a red square. 

2.4. Identification and Classification of Quercus suber Histone Methyltransferases 

Thirty-five proteins of the SET Domain Group (SDG) were identified in Q. suber, according to 
the presence of the SET domain (PF00856) (Figure 5). Although in A. thaliana three class I proteins 
were described (AtCLF, AtSWN and AtMEA), in Q. suber, a homolog of AtMEA could not be 
identified. QsSWN and QsCLF showed a similar domain architecture to Arabidopsis class I proteins 
since they contained the Swi3, Ada2, N-Cor, the TFIIIB (SANT) domain, C-X(6)-C-X(3)-C-X-C (CXC) 
domain and SET domain. However, both QsSWN and QsCLF did not show the Enhancer of Zeste 
Domains (EZDs) (Figure 5) [40] similar to the Litchi class I proteins [35]. In Q. suber, only four proteins 
were identified as class II: QsASHH1, QsASHH2, QsASHH3, and QsASHR3. All the proteins of Q. 
suber identified have the N-terminal AWS domain (SM00570) in common, preceded by a SET and 
Post-SET domain (SM00508) (Figure 5), like the Arabidopsis homologs [40,41]. In addition, QsASHR3 
has an extra N-terminal PHD domain (PF00628), as reported for other species [34,35,42], and 
QsASHH2 possess the zinc finger domain CW (PF07496) (Figure 5), which has been reported to bind 
monomethylated Lysine 4 of Histone 3 (H3K4me1) [43,44]. Five proteins (QsATX2, QsATX3, 
QsATX5, QsATXR3, and QsATXR7) were classified as class III (Figure 5). All these proteins have the 
same domain architecture of class III Arabidopsis counterparts [40,41], with the exception of 
QsATXR7 (Figure 5). QsATX3, QsATX5, QsATX2 and QsATXR7 contain SET and post-SET domains 
but QsATXR3 contains only the SET domain. The SET domain of QsATX2, QsATX3, QsATX5 proteins 
is detected along with PHD (PF00628) and PWWP (PF00855) domains in their N-terminal part and in 
the case of QsATXR7 with a GYF domain (SM00444) (Figure 5). AtATXR3 has also a GYF domain 
before the SET and Post-SET domains [41], but it was not possible to detect this domain in QsATXR3 
because the protein sequence is the only one in this study that is not complete (only identified in the 
EST database and not in the available genome). In addition, QsATX2 contains the FYRN (SM000541) 
and FYRC (SM000542) domains (Figure 5). QsATXR5 and QsATXR6, belong to the class IV of HMTs. 
Both proteins have the N-terminal PHD and the C-terminal SET domains (Figure 5), similarly to the 
Arabidopsis homologs [41]. Fourteen Q. suber proteins were identified as class V HMTs, six SUVH 
(SU(VAR 3-9), and eight SUVR (SU(VAR) 3-9 related) (Figure 5). All SUVH proteins of Q. suber 
include the preSET (SM000468) and the 5mC-binding motif RING finger-associated (SRA) 
(SM000466). The SUVR proteins of Q. suber proteins contain the predicted domains and the N-
terminal WIYLD (PF10440) or C2H2 (PF00096) (Figure 5), that are specific of plants [40,45,46]. In 
addition, eight other proteins (QsSET41, QsASHR1, QsASHR2-like, QsASHR2, QsATXR2, QsATXR1, 
QsSET10, QsSET40) containing the SET domain that do not belong to the above-mentioned classes 
were also analyzed and were termed as class VI in this work (Figure 5). QsASHR1 and QsATXR1 
possess a TPR (SM00028) domain in the C- and N- terminal part of the protein, respectively. QsSET40 
presents a C-terminal RBS (PF09273) domain (Figure 5). 
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Figure 5. Domain organization of the Quercus suber L. histone methyltransferases proteins. Schematic 
diagrams show the domain organization of the enzymes. The protein names and the family they 
belong to are indicated on the left side and above each corresponding schematic diagram, 
respectively. The different conserved protein domains are shown in different colors as indicated in 
the legend on the right side. SANT (SM00717), CXC (PF03638), and SET (PF00856) are conserved 
domains of Class I. N-terminal AWS (SM00570), SET and Post-SET (SM00508) are conserved domains 
of Class II. N-terminal PWWP (PF00855), PHD, SET, and Post-SET are conserved domains of some 
members of Class III. N-terminal GYF (PF02213) is characteristic of QsATXR7. FYRN (SM000541) and 
FYRC (SM000542) domains are characteristic of QsATX2. N-terminal PHD along with the C-terminal 
SET are the conserved domains of Class IV. SRA (SM000466), Pre-SET(SM000468), SET, and Post-SET 
are conserved domains of the SUVH (SU(VAR 3-9) group of Class V. Pre-SET, SET, and Post-SET 
alongside with the N-terminal WIYLD (PF10440), or C2H2 (PF00096) or absence of domain are 
characteristic of Class V SUVR (SU(VAR) 3-9 related) group. Some members of the other SET domain-
containing proteins have N-terminal or C-terminal TPR domain, while others have the C-terminal 
RBS domain. 

A phylogenetic analysis of the five HMT classes was performed. The class I proteins QsCLF and 
QsSWN clustered in two different subclades (Supplementary Figure S5A). The class IV proteins 
QsATXR5 and QsATXR6 grouped in different clades (Supplementary Figure S5B). The class II 
proteins QsASHH1, QsASHH2, QsASHH3, and QsASHR3 were separated in different clades 
supported by bootstrap values of 100, 100, 80, and 99, respectively (Supplementary Figure S6A). The 
class III proteins QsATX3, QsATX5 clustered in the same clade, whereas QsATX2, QsATXR3, and 
QsATXR7 clustered in different clades each (Supplementary Figure S6B). Regarding class V, 
QsSUVH1 and QsSUVH3 belong to the clade containing the SUVH1/3/7/8 homolog proteins, 
positioned in different branches closely related do Q. robur and C. mollissima homologs, supported by 
a 98 bootstrap (Supplementary Figure S7). QsSUVH9 grouped together with SUVH2 and SUVH9 
homologs in another well supported clade (bootstrap value: 99). One Q. suber protein homolog to 

QsCLF

QsSWN

QsASHH1

QsASHH2

QsASHH3

QsASHR3

QsATX2
QsATX3
QsATX5

QsATXR7
QsATXR3

QsATXR5

QsATXR6

Class I

Class II

Class III

Class IV

QsSUVH1

QsSUVH3

QsSUVH4
QsSUVH4-like

QsSUVH5a

QsSUVH5b
QsSUVH6

QsSUVR2

QsSUVR3

QsSUVR4

QsSUVR4-likea

QsSUVR4-likeb

QsSUVR5

Class V

QsSUVH9

PWWPSANT CXC SET AWS post-SET PHD

FYRN FYRC GYF SRA preSET WYLD C2H2 CW

QsASHR1
QsASHR2
QsASHR2-like
QsATXR1
QsATXR2
QsSET10
QsSET40
QsSET41

Class VI

SET TPR RBS



Int. J. Mol. Sci. 2020, 21, 3783 10 of 25 

 

SUVH6 and two proteins homologs to SUVH5 were positioned in another clade. QsSUVH5 is 
duplicated in Q. suber and no homolog was found in the other Fagaceae trees C. mollissima and Q. 
robur (Supplementary Figure S7). Two Q. suber proteins cluster in the SUVH4 clade. SUVH4 is 
duplicated in the two Quercus species but also in the annual plant Glycine max. Apart from these eight 
proteins belonging to the SUVH clade of class V, another six proteins belong to the SUVR clade 
(Supplementary Figure S7). QsSUVR5 and QsSUVR6 were positioned with their closest homologs in 
distinct clades, while one QsSUVR2 and three SUVR4-like grouped together with their respective 
homologs in the same clade (Supplementary Figure S7). Each class VI protein was cluster together 
with their closest homologs in other species (Supplementary Figure S8). 

2.5. Identification and Classification of Quercus suber Histone Demethylases 

Twenty-six Q. suber proteins were identified as HDMTs (Figure 6A). HDMTs are divided in two 
main families: Lysine specific demethylase 1 (KDM/LSD1) and Jumonji C domain-containing 
proteins (JMJ). 

The amino-oxidase (PF01593) and SWIRM (PF04433) domains characteristic of the four proteins 
that belong to KDM1/LSD1 family: QsLDL1, QsLDL2, QsLDL3, and QsFLD (Figure 6A) were used to 
generate a phylogenetic tree for the KDM1/LSD1 family (Figure 6B). The four proteins were separated 
in four distinct clades together along with their closest homologs in other species (Figure 6B). 

All the Q. suber JMJ proteins contain the JmjC domain (PF02373) (Figure 6). QsELF6, QsREF6, 
QsJMJ706, QsJMJ706-like, QsKDM5, QsJMJ18, QsJMJ19-like, and QsJMJ16 have in common the JmjC 
and JmjN domains (PF02375) (Figure 6A). QsJMJ25, QsKDM3D-, and QsKDM3B-like present an N-
terminal RING finger domain (IPR001841). Both QsJMJ24 and QsKDM3B possess an N-terminal WRC 
(PF08879) domain. QsJMJ32, QsJMJ32-like, QsJMJ30, and QsJMJ20 proteins do not have any other 
domain other than the JmjC domain (Figure 6A), while QsJMJD6B and QsJMJD6Ab contain an N- 
terminal F-box domain (Figure 6A). 

The amino acid sequence of the JmJC domain (PF02373) was used to generate the phylogenetic 
tree for the JMJ family (Supplementary Figure S9). In Arabidopsis, the JMJ family is divided into four 
well-known classes: KDM4/JMJD2, KDM5/JARID, KDM3 and KDM2 [47]. The first clade 
(KDM4/JMJD2) contains members of the sub-clades PKDM9, PKDM8: QsREF6, QsELF5, QsJMJ706, 
and QsJMJ706-like. The second clade (KDM5/JARID) is represented by KDM5 and PKDM7 members: 
QsKDM5, QsJMJ18, QsJMJ19-like, and QsJMJ16 (Supplementary Figure S9). The Q. suber genome 
encodes four JMJ25-like proteins, one JMJ24-, one KDM3D- and one QsKDM3B-like proteins 
belonging to the KDM3/JMJD1 family, clustering in the same clade (Supplementary Figure S9). The 
same number of JMJ25 copies found in the Q. suber genome was also found in the genome of the 
biennial plant B. rapa. The fourth clade contains the remaining sub-clades PKDM12 (QsJMJ32, 
QsJMJ32-like, and QsJMJ30), PKDM11 (QsJMJ20) and JMJD6 (QsJMJD6A and QsJMJD6B) 
(Supplementary Figure S9). JMJ32 is duplicated in the two Quercus species as well as in the perennial 
P. trichocarpa (Supplementary Figure S9). 
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Figure 6. Quercus suber L. Histone Demethylases proteins with their (A) domain organization and (B) 
phylogeny of the KDM/LSD1 family. (A) Schematic diagrams show the domain organization of the 
enzymes. The proteins and the family they belong to are indicated on left side and above each 
corresponding schematic diagram, respectively. The different conserved protein domains are 
depicted in different colors as indicated in the legend at the bottom. RING-finger (IPR001841), WRC 
(PF08879) and JmjC (PF02373) are conserved domains of the KDM3/JMJD1 class proteins. N-terminal 
JmjN (PF02375), JmjC, and the C-terminal C5HC2 (PF02928) domains are conserved typical of 
KDM4/JMJD2 proteins. N-terminal F-box (PF00646), and C-terminal JmjC are conserved domains of 
the JMJD6 class. KDM/LSD1 proteins contain only the Amino oxidase (IPR002937) and SWIRM 
(IPR007526) domains. (B) The amino-oxidase and SWIRM domains of Quercus suber L. (Qs), 
Arabidopsis thaliana (L.) Heynh. (At), Brassica rapa L. (Br), Glycine max (L.) Merr. (Gm), Jatropha curcas 
L. (Jc), Populus trichocarpa Torr. & A.Gray ex Hook. (Pt), Prunus persica (L.) Batsch (Pp), Prunus mume 
(Siebold) Siebold & Zucc. (Pm), Vitis vinifera L. (Vv), Cucumis melo L. (Cm), Cucumis sativus L. (Cs), 
Juglans regia L. (Jr), Castanea mollissima Blume (Cmo), Quercus robur L. (Qr) and Oryza sativa L. (Os) 
were aligned using ClustalW and used to infer the evolutionary history using the Maximum-
likelihood method. The evolutionary distances (left side scale bar) were computed using the Jones-
Taylor-Thornton (JTT) correction model. The numbers at the nodes represent bootstrap values from 
1000 replicates. The Q. suber proteins are indicated with a red square. 
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2.6. Identification and Classification of Quercus suber Histone Deacetylases 

HDACs are divided into three main groups: HD2-type, Sirtuin and RPD3/HDA1. A total of 22 
Q. suber proteins were identified as HDACs-like: three HD2-like proteins, 6 sirtuin-like proteins, and 
13 RPD3/HDA1 group proteins (Figure 7A). 

Sirtuin-like group members are characterized by the presence of the SIR2 domain (PF02146), 
while RPD3/HDA1 members show only the HDAC domain (PF00850). Five genes code for QsSRT1-
like proteins while only one code for QsSRT2 (Figure 7A). 

The phylogenetic tree of HD2-type proteins was generated using the alignment of the conserved 
ZnF-C2H2 regions (Figure 7B). QsHDT1-like1 and QsHDT1-like2 group in the same clade that 
AtHDT1 and AtHDT2, while QsHDT1-like3 is more phylogenetically related to AtHDT3. Figure 7C 
illustrates the divergence of the Sirtuin family proteins based on a phylogenetic tree generated 
through the SIR2 domain alignment. A higher number of SRT1 copies were found in the Fagaceae 
genomes, with Q. robur and C. mollissima having two copies, and the other species having a single 
copy gene. 

Supplementary Figure S10 shows a phylogenetic tree illustrating the relationship among the 
RPD3/HDA1 superfamily proteins, produced by aligning their HDAC domains. In the first clade it 
was noticeable a higher number of copies of HDA19 homologs (three) that are not exclusive of 
Quercus species as other plants such as V. vinifera, M. domestica, O. sativa and P. trichocarpa have also 
a high number of copies. In contrast, three copies of HDA14 were exclusively found in Q. suber. 
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Figure 7. Domain organization (A) of HDAC proteins in Quercus suber and the phylogeny of (B) HD2 
and (C) Sirtuin family. (A) The proteins and the family they belong to are indicated on left side and 
above each corresponding schematic diagram, respectively. The different conserved protein domains 
are depicted in different colors as indicated in the right-side legend. The HDAC domain (PF00850) is 
the conserved domain of RPD3/HDA1 proteins. C-terminal zinc finger domain C2H2 (PF00096) is 
typical in the HD2-type proteins. The SIR2 proteins contain an SIR2 domain (PF02146). (B) All the 
protein of HD2-type (HD2 family) and (C) SIR2 domain (Sirtuin family) of Quercus suber L. (Qs), 
Arabidopsis thaliana (L.) Heynh. (At), Brassica rapa L. (Br), Glycine max (L.) Merr. (Gm), Jatropha curcas 
L. (Jc), Populus trichocarpa Torr. & A.Gray ex Hook. (Pt), Prunus persica (L.) Batsch (Pp), Prunus mume 
(Siebold) Siebold & Zucc. (Pm), Vitis vinifera L. (Vv), Cucumis melo L. (Cm), Cucumis sativus L. (Cs), 
Juglans regia L. (Jr), Castanea mollissima Blume (Cmo), Quercus robur L. (Qr) and Oryza sativa L. (Os) 
were aligned using ClustalW and used to infer the evolutionary history using the Maximum-
likelihood method. The evolutionary distances (left side scale bar) were computed using the Jones-
Taylor-Thornton (JTT) correction model. The numbers at the nodes represent bootstrap values from 
1000 replicates. The Q. suber proteins were indicated with a red square. 
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2.7. Gene Expression of Epigenetic Regulators during Quercus suber Plant Development 

To infer the putative function of the enzymes under study, their transcript levels were analyzed 
in RNAseq experiments representing five Q. suber tissues. The tissues used were: acorns (from 
developmental stage 2, 3/4 and 5) [48]; a pool of embryos (collected from the acorns of stage 1 to 8) 
[48]; cork (bad and good quality) [49]; flowers (male and female) [50]; roots (well-watered, with 
medium and severe drought) [51] and buds (red or opened buds and dormant or swollen buds) [52]. 
The transcriptomic analysis of six tissues (root, eco-dormant bud, swelling bud, leaf, in vitro 
dedifferentiated callus and secondary differentiating xylem), previously done by Lesur and 
collaborators [53] for the phylogenetically close species Q. robur were also mined to detect the 
expression of these regulators (Table S1). 

A heatmap with the normalized expression data (Table S2) was generated for each family of 
epigenetic modifier enzymes in Q. suber. The transcripts of DNA mtases coding genes QsMET1 and 
QsCMT3 were detected mainly in buds, acorns, and roots (Figure 8, Table S2). The closest homolog 
to QsMET1 (QrMET1) was highly expressed in swelling buds when compared with the other tissues 
(Table S1). QsDRM2 showed highest expression in cork and buds. The DDME QsROS1 was more 
expressed in roots and acorns while QsDME was preferentially expressed in acorns at S3/S4 stages. 
The HAT genes QsHAC1, QsHAF1, and QsHAM1 showed high expression in acorns and in roots 
when comparing with flowers and buds. The class I HMT gene QsCLF was more expressed in roots 
(Figure 8). The class III HMT genes QsATX2, QsATX3, and QsATX5 were expressed in different 
tissues (Figure 8). QsATX2 and QsATX3 had higher expression in the intermediate stages (S3/S4) of 
fruit development, but was also detected in roots, where QsATX2 expression was higher during 
severe drought stress (Figure 8). The class II gene QsASHH2 was highly expressed during different 
development stages of fruit development and in embryos (Figure 8). The class V gene QsSUVH4 
expression is higher in red and opened buds, in female flowers and acorns (S5 stage), and in bad 
quality cork when compared with the other HMT genes (Figure 8). Comparing the different 
conditions of watering in Q. suber roots the other class III HMT gene QsATXR7 was more expressed 
in roots under severe drought. However, QrATXR7 appears to be more expressed in Q. robur 
ecodormant buds (Table S1). The HDAC QsJMJ706-like and QsREF6 transcripts were highly 
expressed in almost all tissues, when comparing to all the other genes (Figure 8). All Q. suber 
RPD3/HDA1-like members were more expressed in all tissues then the sirtuin family genes (Figure 
8). The HD2-type QsHDT1-like1 was expressed at high levels in all the tissues analyzed in Q. suber 
when compared with the other putative HDAC genes (Figure 8). Q. robur homolog QrHDT1-like1 is 
also the HDAC gene with highest expression (Table S1). 
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Figure 8. Expression profiles of the homologs of DNA methyltransferases, DNA demethylases, 
histone acetyltransferases, histone methyltransferases, histone acetylases, and histone demethylases 
in Quercus suber L. The expression levels of the epigenetic regulators identified in diverse Q. suber 
published databases were analyzed after mapping the 454 reads derived from the RNA sequencing 
of several tissues (categorized on the top) to the Q. suber genome and the corresponding read count 
normalization. The tissues with available libraries include: acorns in 3 development stages (S2, S3/4, 
S5) [48], embryos (E) [48], good and bad quality cork (C.Q) [49], early (1F and 1M) and late stages (2F 
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and 2M) of female (F) and male flower (M) development [50], roots (R.) with medium (MD), severe 
(SD) or without drought stress (Ww) [51], samples with red and open buds (ROp) and samples with 
dormant and swollen buds (D/S) [52]. The results were plotted in an heatmap after Rlog 
transformation followed by Z-score computation. For interpretation of the expression patterns color, 
the chart is next to each heatmap. The gene name code was indexed in the heatmap, based on the 
phylogenetic analysis results. 

3. Discussion 

Taking advantage of the recent publication of the Q. suber genome [54], it is now possible to 
identify the complete list of genes encoding chromatin packaging regulators in this species (Table 
S3). In this study we were able to identify 8 DNA Mtases, 3 DNA demethylases, 35 HMTs, 26 HDMTs, 
8 HATs, and 22 HDACs. In general, all the phylogenetic trees generated in this work are consistent 
with previous works in other species [15,22,23,25,26,33–35,38,55–58]. 

Q. suber, like other perennials, and in contrast to annual species, must adapt its vegetative and 
reproductive growth every year to fluctuating environmental conditions that occur over the annual 
growth. Individuals sense the decreasing photoperiod and temperature and anticipate the winter 
period by adjusting their own physiology to initiate a rest period. The bud dormancy period during 
the winter is a good example of a process that has been shown to be dependent on epigenetic gene 
silencing in several species [59,60]. The cold-induced establishment of trimethylation of lysine 27 of 
histone 3 (H3K27me3) in known regulators of dormancy, such as DORMANCY-ASSOCIATED 
MADS-BOX (DAM) genes, have been reported in several perennial species [59,60], which in turn, 
may affect the activity of bud burst and flowering inducting genes, such as FLOWERING LOCUS T 
(FT) [61–64]. The HMT members of the polycomb repressive complex (PRC) 2, responsible for 
H3K27me3 deposition such as CLF, are likely to regulate growth-dormancy transitions [65,66]. In Q. 
suber buds, it was not possible to differentiate the expression of QsCLF between flowering inductive 
and non-inductive conditions because dormant and swollen buds were pooled together in the data 
of the transcriptomic study analyzed in this work [52]. 

Gene silencing by H3K27 methylation and by DNA methylation is essential in order to regulate 
genome stability by blocking transposable elements [67,68]. In A. thaliana the establishment of these 
epigenetic marks is a result of the redundant action of ATXR5 and ATXR6 (H3K27me) and specific 
DNA Mtases. In Q. suber, QsATXR5 and QsATXR6 transcripts are less abundant in roots, acorns, and 
embryos when compared with the other genes encoding HMTs (Figure 8, Table S2). The transcripts 
of QsMET1 and QsCMT3 genes were detected mainly in actively proliferating cell tissues such as 
buds (with flower meristems inside), acorns and roots (Figure 8, Table S2). The phylogenetic 
relationship and the conserved domain architecture of all the QsCMTs and QsMET1 proteins (Figures 
1 and 2) suggests similar functions to the Arabidopsis homologs. So, QsMET1 and QsCMT3 may play 
a role in maintaining DNA methylation during DNA replication ensuring their correct transmission 
during subsequent cell divisions [31,68]. Maintaining DNA methylation is a decisive mechanism for 
Q. suber that develops new shoots every year to reinforce the canopy and to produce flowers and 
fruits ensuring reproductive success. Interestingly, in Q. suber the lower expression level of the 
presumed DNA methylation maintenance genes QsCMT- and QsMET- like is counterbalanced by the 
higher expression of the putative de novo DNA methylation gene QsDRM2. This result was already 
observed in previous works with this species [69,70]. QsDRM2 higher expression is well noticed in 
cork and buds (containing vegetative and reproductive tissues) (Figure 8, Table S2). Previous studies 
have proven that AtDRM2 exhibited de novo methylation activity through its UBA domain [7,31,32]. 
QsDRM2 is phylogenetically close to AtDRM2 (Figure 2) and contains the UBA domain (Figure 1). 
So, the activation of putative de novo methylation gene QsDRM2 may be associated with the 
establishment of new DNA methylation patterns in these tissues [71]. DNA methylation is in close 
association with H3K9 methylation, through SUVH proteins [72–75] due to the SRA domain that 
works as a 5mC-binding motif [40,41]. In Q. suber, eight proteins were identified as belonging to the 
SUVH clade (Supplementary Figure S7), and all of them contain the domain structure reported for 
the Arabidopsis proteins (Figure 5). In A. thaliana, SUVH4 is the best-known protein of the SUVH 
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group and is involved mainly in the maintenance of cytosine methylation in a non-CG context [76,77]. 
DNA methylation variability may contribute to cork cell characteristics linked to quality [78]. Inácio 
et al. (2018) [70] emphasized the presence of both DNA and H3K9 methylation silencing pathways in 
cork. Here, we show that QsSUVH4 is expressed in cork (Figure 8) but also in the other tissues 
analyzed. The deacetylation of histones has also a negative role in gene expression. The Q. suber 
homologs of HDACs, QsHDA9 and QsHDA15 were highly expressed in several tissues but less in 
good quality cork and in the last stages of male flower development. QsHDA5 and QsHDA2 are less 
expressed in the overall tissues when compared with the previous ones but were more expressed in 
the last and early stages of fruit development, respectively. In A. thaliana HDA9 and HDA5 modulate 
flowering time [79,80] while HDA15 has been shown to be a crucial element of photomorphogenesis 
[81]. The impact of histone deacetylation catalyzed by AtHDA2 is not fully understood. It is possible 
that these enzymes in Q. suber may have the same roles as the Arabidopsis counterparts but also 
could function in other developmental processes specific of Q. suber, such as in cork formation and 
acorn production. 

Lysine methylation of histones is also linked to gene expression activation, which is catalyzed 
by class II proteins, by methylation of Lysine 36 or 4 of histone 3 (H3K36/H3K4). AtASHH2 has been 
reported to control A. thaliana flowering induction leading to increased transcription of the flowering-
repressor FLOWERING LOCUS C (FLC) by both H3K36 methylation [82,83] and H3K4 trimethylation 
[84]. AtASHH2 is essential for proper expression of pivotal genes throughout reproductive 
development stages, such as floral organ identity or embryo sac and pollen development [85]. 
QsASHH2 is highly expressed during different development stages of fruit development and 
embryos (Figure 8). Since QsASHH2 groups together with the AtASHH2 (Supplementary Figure 
S6A) and contains similar domains (Figure 5), it likely performs similar functions. The class III HMT 
proteins like AtATX1, AtATX2, AtATXR3 and AtATXR7 are also involved in gene activation 
pathways [86–88]. In A. thaliana, AtATXR3 is required for appropriate root growth [89]; QsATXR3 
expression was higher in roots subjected to severe drought (Figure 8). QsATXR7 and QsATX2 
transcripts were also detected in roots and its expression were higher during severe drought stress 
(Figure 8), suggesting a putative role in dehydration stress. In contrast, the expression of QsATXR2 
in roots was higher in well watering conditions decreasing with the increase of drought severity. The 
crosstalk between gene activation pathways and the environment is necessary to promote the 
expression of genes involved in abiotic stress resistance. The Mediterranean climate, in which Q. suber 
subsists, is very sensitive to hydrological changes such as drought and, as a consequence, the roots 
should adapt to supply the tree with its water and nutrient demands. In Arabidopsis, AtATXR2 
promotes accumulation of H3K36me3 enhancing transcription and it is mainly related to the control 
of molecular components implicated in root organogenesis [90]. The expression differences of 
QsATXR3, QsATXR7, QsATX2 and QsATXR2 in contrastive watering condition of Q. suber roots 
suggest a putative role in root development, particularly during dehydration stress. Other genes 
whose proteins are involved in the deposition of euchromatic marks such as the MYST-like gene 
QsHAM1 and the TAFII250 QsHAF1 have also a strong expression in roots. High levels of expression 
for both genes were also observed in acorns at different developmental stages (Figure 8). 
Interestingly, in tomato HAF1 homolog also has a strong expression in fruit and roots [34] and the 
HAM1 homolog is more expressed in flowers and in very immature fruits [34]. In Arabidopsis, single 
ham1 or ham2 mutant plants have a wild-type phenotype, whilst ham1ham2 double mutation caused 
mitotic defects in the mega and microgametophyte development [36]. So, a possible role for QsHAM1 
and QsHAF1 in reproductive development should be considered. 

Phylogenetic analysis allowed us to evidence the diversification of epigenetic regulators among 
the Q. suber genome, showing several cases of duplications such as the case of CMT2, SUVH5, SUVH4 
and JMJ32 with two copies, HDA19, HAC1, and HDA14 with three copies, JMJ25 with four copies, 
and remarkably, SRT1 with five. The phylogenetic analysis showed that JMJ32 is not only duplicated 
in Q. suber but also in Q. robur and in P. trichocarpa in contrast with the other species used in the 
phylogenetic analysis that contain only JMJ32 single-copy genes (Supplementary Figure S9). Qian et 
al. (2015) [91] reported the specificity of JMJ32 as a single copy gene in plants with the exception of a 
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duplication of the P. trichocarpa JMJ32. Like oaks, P. trichocarpa is a woody perennial that requires 
several years to reach maturity, when cyclical transitions between vegetative and flowering phases 
occur. In Arabidopsis, AtJMJ32 mediates the demethylation of H3K27me3 in the flowering-repressor 
FLC locus, preventing premature early flowering under warm temperatures [92]. It is tempting to 
suggest that JMJ32 duplications may have evolved to overcome special requirements of perennials 
regarding flowering time control. 

More than one SRT1 gene copy was found only in Fagaceae genomes (Figure 7). SRT1 is required 
for transposon repression and to regulate the expression of genes involved in plant stress-response 
and programmed cell death [93,94]. Unfortunately, it was not possible to obtain any clue about 
QsSRT1 functional divergence since only QsSRT1-like3 was significantly expressed in the Q. suber 
tissues analyzed in this work (more expressed in last stages of male flower development, in embryos 
and in well-watered roots) (Figure 8, Table S2). The closest homolog of QsSRT1 in Q. robur (QrSRT1-
like1) was not detected in any tissue analyzed but QrSRT1-like2 had higher expression in roots when 
compared to other tissues. The higher number of SRT1 proteins in oaks could be related to genus-
specific traits such as their high longevity and essential plasticity. These trees need to have the 
competence to modulate their own growth (by gene transcription regulation) during more than two 
hundred years in order to face multiple biotic and abiotic stresses. The duplication of CMT2, SUVH5, 
and HDA14 was only found in Q. suber (Figure 2B, Supplementary Figure S7 and Supplementary 
Figure S10). Moreover, no SUVH5 homologs were found in C. mollissima and Q. robur. AtCMT2 acts 
in the protection against Arabidopsis genome instability by silencing transposons located in the 
pericentromeric regions of genomes [32,72,95,96]. AtHDA14 is involved in Arabidopsis 
photosynthesis by regulating the expression of RuBisCO activase under low-light conditions [97]. 
AtSUVH5 acts in transposon silencing by methylation of histone H3 at Lysine 9 (H3K9me) and by 
mediating DNA methylation in non-CG sequences [98]. If the function of CMT2 and SUVH5 is indeed 
conserved in Q. suber, their duplication may have evolved due the important role of these enzymes 
in transposon silencing. 

The high number of proteins here described and their expression profile in distinct 
developmental stages suggest an important role for these regulators in cork oak development. The 
transcriptomic data here represented is, however, not a full representation of the Q. suber 
transcriptome. In the future, the expression should be analyzed using a whole set of plant organs, at 
different developmental stages and collected at the same conditions to be accurately compared. The 
identification of a vast set of Q. suber epigenetic regulators in this study should greatly facilitate this 
type of expression analysis. Here, their likely roles were predicted based on the expression levels but 
also based on the phylogenetic analysis and domain architecture. The domain annotation is an 
important and valuable tool for discovering the homologs of protein families in plant species in which 
the functional characterization by mutant analysis is impossible, like in Q. suber. The next challenge 
should be to know if these genes have a similar function to the well characterized Arabidopsis 
homologs, and to study whether changes in their expression is the cause of an adaptation process. 

4. Materials and Methods 

4.1. Identification of Quercus suber DNA (De)Methyltransferases and Histone Modifiers 

The protein sequences of Arabidopsis thaliana DNA Mtases and DDME, as well as some histone 
modifiers (HATs, HDACs, HMTs, and HDMTs) were retrieved from The Arabidopsis Information 
Resource (TAIR) database (http://www.arabidopsis.org/). These sequences were used as queries to 
search for Q. suber homologs using BLASTp. To ensure that all Q. suber DNA Mtases genes were 
identified, an additional search was performed in the CorkOakDB 
(http://www.corkoakdb.org/search) using the protein domains identification (InterPro ID) common 
to DNA Mtases (C-5 cytosine methyltransferase IPR001525), HATs (histone acetyltransferase domain, 
MYST-type IPR002717 and histone acetyltransferase Rtt109/CBP type IPR013178), HDACs (Histone 
deacetylase IPR000286 and Sirtuin IPR003000), HMTs (SET domain IPR001214) and HDMTs (JmjC 
domain IPR003347, Amine oxidase IPR002937 and SWIRM domain IPR007526). Proteins identified 
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by these approaches were recorded and redundancy removed. Each corresponding Q. suber EST 
sequence and Arabidopsis protein were used to perform a search in the Q. suber genome (CorkOak1.0 
version released on January 2018 under the RefSeq assembly: GCF_002906115.1) using the BLASTn 
and BLASTp algorithm, and the complete protein sequences were retrieved. All the epigenetic 
modifier enzymes identified in Q. suber are listed in Table S3. 

4.2. Prediction of Protein Domains 

Q. suber protein sequences were analyzed for recognizable domains using NCBI Batch 
Conserved Domain search tool (http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi). The 
presence of specific domains and their organization was also verified using the Simple Modular 
Architecture Research Tool (SMART) (http://smart.embl-heidelberg.de). Schematic diagram of 
protein domain structures with its functional domains were constructed using Illustrator for 
Biological Sequences (IBS) (version IBS 1.0.1) (http://ibs.biocuckoo.org/index.php). 

4.3. Phylogenetic Analysis 

Arabidopsis thaliana (At) protein sequences were used as queries to search for homologs in other 
species such as Brassica rapa (Br), Glycine max (Gm), Jatropha curcas (Jc), Populus trichocarpa (Pt), Prunus 
persica (Pp), Prunus mume (Pm), Vitis vinifera (Vv), Cucumis melo (Cm), Cucumis sativus (Cs) and Juglans 
regia (Jr) using the BLASTp tool in NCBI (https://blast.ncbi.nlm.nih.gov/). Protein homologs from 
other Fagaceae species (Castanea mollissima (Cmo) and Quercus robur (Qr)) were also included by 
performing a local BLASTp (prfectBLAST 2.0) against the Draft of Whole Genome Sequence (v1.1) of 
C. mollissima (http://www.hardwoodgenomics.org/chinese-chestnut-genome), and a tBLASTn 
(prfectBLAST 2.0) search against Q. robur data (Oak assembly V3_OCV3-91k). Protein data from 
Oryza sativa (Os) was retrieved from RGAP release 7 (http://rice.plantbiology.msu.edu/) to be used as 
an out-group. All the amino acid sequences were aligned using the alignment tool CLUSTAL W [99], 
using the Gonnet Protein Weight Matrix, and changing the default parameters of the Multiple 
Alignment Gap Opening penalty to 3 and the Multiple Alignment Gap Extension penalty to 1.8, more 
appropriate to proteins [100]. Phylogenetic trees were constructed using the Maximum-likelihood 
algorithm with the Jones-Taylor-Thornton (JTT) correction model (MEGA 7.0 software). The 
bootstrap consensus tree was inferred from 1000 replicates to obtain a support value for each branch. 

4.4. Transcriptome Data Analysis 

RNA sequencing data were acquired from the Sequencing Read Archive of NCBI 
(https://www.ncbi.nlm.nih.gov/sra/) using the experiments provided by the high-throughput 
sequencing of the Q. suber transcriptome [101]. The Q. suber transcriptome was obtained from 
published libraries using tissues at different stages/conditions of development such as acorns from 
developmental stage 2 (ERR490202), 3 and 4 (ERR490203) and 5 (ERR490204) [48]; a pool of embryos 
collected from the acorns of stage 1 to 8 (ERR490207) [48]; cork of bad (SRR1009171) and good 
(SRR1009172) quality [49]; male (SRR1609152) and female (SRR1609153) flowers [50]; roots of plants 
with different degrees of watering: medium (SRR1812375), low (SRR1812376) and abundant 
(SRR1812377) [51]; red and opened buds (SRR5345606) and dormant and swollen buds (SRR5345607) 
[52]. The libraries were first trimmed to remove SMART adapters, present in the 454 libraries, using 
AlienTrimmer [102] and then filtered by QTRIM [103] using default quality parameters. Alignment 
against the Q. suber published genome CorkOak1.0 was performed with Burrows–Wheeler Aligner 
(BWA) using the BWA-MEM algorithm [104]. The alignment files were used to quantify gene 
expression using feature Counts [105]. 

4.5. Differential Expression Analysis 

Gene expression was analyzed in different Q. suber libraries using the read counts generated 
after the mapping of 454 reads into the CorkOak1.0 genome. Each expression pattern was normalized 
and estimated by DESeq2, an R package for differential expression analysis [106]. The Rlog function 
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of DESeq2 was also used to transform the count data to the log2 scale in order to minimize variances 
between samples with fewer counts, considering each library size. The resulting values were Z 
scored, scaled, and used for visualization and clustering. The R package NMF was used to plot 
heatmaps using the aheatmap function that is based on the Euclidian algorithm. Gene expression was 
also studied in the phylogenetically closed species Q. robur using transcriptomic data obtained by 
Lesur and colleagues [53], in which the number of normalized read counts for root, eco-dormant bud, 
swelling bud, leaf, in vitro dedifferentiated calli, and secondary differentiating xylem are available. 
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