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Abstract
Several regulators of phellem/cork formation have been identified in recent years, using mainly transcriptomic approaches. 
However, this developmental process, showing parallels to the functioning of vascular cambium, remains poorly understood. 
The cork oak tree (Quercus suber L.) exhibits a remarkable ability to form a traumatic phellogen after debarking, enabling 
sustainable cork production. We aimed at uncovering post-transcriptional mechanisms controlled by miRNAs, specifi-
cally involved in regulating phellogen functioning and phellem differentiation in cork oak. To achieve this, we conducted 
a comparative analysis of the small RNA transcriptome between differentiating phellem and xylem, both originating from 
secondary meristems (phellogen and vascular cambium). In addition to identifying miRNAs exclusive to phellogen/phel-
lem tissues, we discovered 246 differentially expressed miRNAs between the two tissues, of which 74 are conserved. The 
most abundant miRNA families found in phellem tissues were MIR165/166, MIR167, MIR168 and MIR390. By analysing 
miRNA predicted targets and their expression in the same tissues, many of the differentially expressed miRNAs were found 
associated with sequence-specific DNA binding functions. Within these, transcription factor families HD-ZIP III, WRKY, 
NAC and MYB were highlighted as key in phellem differentiation. Furthermore, hormone-mediated signalling pathways, 
particularly involving auxin, appeared as an enriched biological process, as several ARF transcripts, among other auxin sig-
nalling genes like IAA11, ARF18 and ARF19, were identified as putative targets of conserved or novel miRNAs. Overall, 
our results provide a comprehensive overview of the miRNA landscape during cork formation, providing valuable knowledge 
for further functional studies and potential practical applications in forest management.
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Introduction

Small non-coding RNAs (sRNAs) are involved in the regula-
tion of gene expression in eukaryotic and prokaryotic organ-
isms, and even in viruses. In plants, sRNAs can broadly be 
classified as small interfering RNAs (siRNAs), when they 
derive from a double-stranded RNA precursor or as hairpin 
RNAs if their precursor is a single-stranded RNA. The lat-
ter include the microRNAs (miRNAs) (Axtell 2013), which 
are one of the best-studied sRNA classes. MiRNAs, typi-
cally 20–22 nucleotides (nt) long, are highly complemen-
tary to their mRNA targets, usually presenting less than 4 
mismatches (Jones-Rhoades 2012; Li et al. 2017a, b), and 
mediate post-transcriptional gene silencing via transcript 
cleavage or translation inhibition (Axtell 2013; Borges and 
Martienssen 2015; Li et al. 2017a, b). While conserved 
miRNAs, which are present in multiple plant species with 
homologous target mRNA, may show high expression levels, 

novel miRNAs or lineage-specific miRNAs have been typi-
cally reported as low abundant, expressed in specific tis-
sues, and sometimes lacking functional targets as a result 
of their transient nature (Jones-Rhoades 2012; Axtell 2013; 
Qin et al. 2014).

Many miRNAs are key regulators of several biological 
processes, including plant growth and development, hor-
mone signalling, maintenance of homeostasis and response 
to biotic and abiotic stresses. Meristem-related functions 
have also been associated to miRNA roles, both in primary 
meristems (Laufs et al. 2004; Williams et al. 2005; Zhang 
and Zhang 2012; Knauer et al. 2013; Chang et al. 2020; 
Wang et al. 2021) and during secondary growth (Lopes et al. 
2020). Secondary growth leads to a girth increase of stems 
and older branches and roots, brought about by the func-
tioning of two secondary meristems: the vascular cambium, 
responsible for generating xylem inwards and phloem out-
wards, and the cork cambium (or phellogen), which gives 
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rise to the phelloderm internally and phellem (also known as 
cork) externally, resulting in the formation of the periderm. 
While all the secondary tissues formed are important for the 
overall structure and function of the plant, the phellem (or 
cork) and the secondary xylem (or wood) of different spe-
cies are of high value for forest industries worldwide, having 
multiple applications in construction, paper and pulp, furni-
ture, wine stoppers, among others. Therefore, several studies 
have been conducted in this subject, especially focusing on 
the vascular development.

MiRNA165/166 has been implicated in several aspects of 
secondary growth from the vascular cambium by targeting 
CLASS III HOMEODOMAIN-LEUCINE ZIPPER (HD-
ZIP III) members, which are involved in cambium initiation 
and patterning of secondary vascular tissues (Emery et al. 
2003; Mallory et al. 2004; Ko et al. 2006; Zhou et al. 2007; 
Ilegems et al. 2010; Robischon et al. 2011). The regulation 
of class III HD-ZIPs by miRNA165/166 also seems to be 
involved in the control of seasonal cessation of growth or 
dormancy release in trees (Ko et al. 2006; Barakat et al. 
2007). Other miRNAs, including miR164, miR162, miR168, 
miR395 and miR396, have shown specific roles in vascular 
development (Tang et al. 2016; Liu et al. 2022; Wang et al. 
2022) or a dominant expression in the secondary vascu-
lar development zone in Populus (Dharmawardhana et al. 
2010). Furthermore, high-throughput sequencing approaches 
revealed several xylem-enriched miRNA targets involved in 
secondary growth, such as genes coding for vascular-related 
transcription factors and enzymes associated with reaction 
wood formation (Puzey et al. 2012).

While some progress has been made in understanding 
the regulation of vascular development from the cambium 
by miRNAs, far less is known about the post-transcriptional 
regulation of phellogen activity and periderm development. 
A single report by Chaves et al. (2014) has described the 
expression patterns of miRNAs in differentiating phellem 
when compared to leaf tissues of Quercus suber L. This 
study allowed the identification of 41 families of conserved 
miRNAs and 30 novel miRNAs, from which 13 were 
uniquely present in phellem. Whereas the conserved miRNA 
families MIR159, MIR165/166, MIR167 and MIR396 were 
the most highly expressed in both leaf and phellem, miR168 
and miR390 were more represented in phellem. Phellem-
specific miRNA families were also identified (MIR1140, 
MIR158, MIR1863, MIR2916, MIR479, MIR5083 and 
MIR530) (Chaves et al. 2014). Some of these miRNAs have 
previously been associated with vascular development and 
secondary growth.

Although parallels in regulatory pathways between 
different meristems have been highlighted (Soler et al. 
2008; Ragni and Greb 2018), uncovering the expression 
networks and miRNA-specific involvement in phellogen 

functioning and phellem differentiation would be of great 
interest. Q. suber, commonly known as cork oak, is an 
evergreen tree species that exhibits remarkable ability in 
phellogen self-regeneration and cork differentiation, being 
mostly found across the Mediterranean region in agro-
silvo-pastoral ecosystems called “montado” in Portugal, 
or “dehesa” in Spain, with key economic, social and envi-
ronmental roles. Cork is a renewable material with valu-
able applications due to properties such as low density, 
low permeability, and elasticity, providing high insulation 
and damping capacities (Pereira 2007), and therefore rep-
resenting a valuable raw material for a highly profitable 
industry in the regions where it is produced. The cork oak 
tree undergoes its first harvest when it reaches around 
18–25 years of age, yielding a poor-quality cork, known 
as “virgin” cork. After the cork stripping process, meris-
tematic activity increases, leading to the formation of a 
traumatic phellogen, which generates a new layer of cork. 
Subsequent cork stripping is performed every 9 years and, 
starting from the third harvest, the cork exhibits improved 
quality traits and higher economic value, known as “ama-
dia” or reproduction cork (Natividade 1950; Graça and 
Pereira 2004).

In a previous study, a genome-wide transcriptomics 
approach was employed to compare the expression pro-
files of coding transcripts in xylem and phellogen/phellem 
tissues of Q. suber. This analysis revealed regulatory path-
ways putatively unique to phellogen activity and phellem 
differentiation (Lopes et al. 2020). A shortlist of promis-
ing candidate genes, including novel genes involved in 
the suberization process, as well as genes associated with 
ethylene and jasmonate signalling and meristem function, 
was identified as important for the formation and differen-
tiation of phellogen/phellem (Lopes et al. 2020). Given the 
relevance of the cork formation process both from biologi-
cal and biotechnological perspectives, in the present study 
we aimed at the identification of specific miRNAs and 
their putatively associated functions specifically involved 
in this process. By comparing the expression profiles 
of phellem and xylem tissues, we were able to filter out 
miRNA candidates overall involved in secondary growth 
and instead focus on miRNAs putatively involved in phel-
logen activity and cork differentiation in cork oak trees. 
Furthermore, we compared “virgin” and “amadia” cork 
to investigate the molecular processes that contribute to 
the distinct characteristics of each type of phellem tissue.

The first comprehensive overview of the miRNA land-
scape in phellogen and differentiating phellem of cork oak 
trees is here provided, representing a valuable basis for 
further functional studies and potential applications in for-
est management.
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Materials and Methods

Sampling and RNA Preparation

Harvesting procedures and plant material used in this study 
are the same as those described in Lopes et al. (2020). All 
the samples were collected during the active growth period 
from adult cork oak trees showing extensive secondary 
growth, i.e. phellem and secondary xylem formation from 
the phellogen and vascular cambium, respectively. For 
each type of tissue samples (phellem or xylem), harvested 
trees were growing in the same area and therefore subject 
to the same environmental conditions. A total of six adult 
trees were sampled from a cork oak stand (montado) in 
Benavente (Companhia das Lezírias, Portugal—38° 52′ 
44.3′′ N 8° 51′ 43.2′′ W), to collect “amadia” and “virgin” 
cork samples (phellogen/phellem) by scrapping the inner 
side of cork planks immediately after their removal, dur-
ing the cork harvesting season, which corresponds to the 
active growth period. To simplify, hereafter, we will refer 
to these samples as phellem although they contain both 
phellem and phellogen cells. According to the nomencla-
ture defined in Lopes et al. (2020), samples collected from 
“amadia” cork planks were named traumatic differentiat-
ing phellem (TDP), while samples collected from “virgin” 
cork planks were named original differentiating phellem 
(ODP).

Xylem samples were collected from three adult “ama-
dia” trees, in a research dedicated field-station (Centre for 
Environmental Biology, Universidade de Lisboa), located 
in Serra de Grândola (Herdade da Ribeira Abaixo, Portu-
gal—38° 06′ 29.1′′ N 8° 34′ 08.4′′ W), by scrapping the 
tree stem, after removing a small block of bark until reach-
ing the vascular cambium, collecting mostly differentiating 
xylem (DX) and some vascular cambium cells, during the 
active vegetative growth period. Due to the high content 
of phenols in cork samples, total RNA, including the small 
fraction, from TDP and ODP tissues was extracted using 
the protocol described by Chang et al. (1993) and from 
DX tissue using the Total RNA Purification Kit (Norgen, 
Biotech Corp., Ontario, Canada), with slight modifica-
tions described in Lopes et al. (2020). Remaining traces 
of genomic DNA were removed by TURBO DNAse treat-
ment (ThermoFisher Scientific, Massachusetts, USA) and 
RNA integrity was assessed by agarose gel electrophore-
sis with Red Safe (iNtRON Biotechnology, Seoul, Korea) 
staining. MicroRNA concentrations were determined by 
Qubit microRNA Assay Kit (ThermoFisher Scientific). 
Three biological replicates of TDP, ODP and DX sam-
ples were sent for library preparation and sequencing of 
sRNAs, through Illumina HiSeq2500 technology (Fasteris, 
SA).

Small RNA Identification and Differential Expression 
Analysis

Raw sequenced libraries were processed using miRPursuit 
v1.2.0 pipeline (Chaves et al. 2017) https://​github.​com/​fores​
tbiot​ech-​lab/​miRPu​rsuit, to identify and annotate conserved 
and novel sRNA sequences.

After the preprocessing step, where the sequencing qual-
ity of raw reads was checked and the adaptors removed, a 
filtering step was performed retaining only the sequences 
within the 18–26-nt length range with an abundance higher 
than 5 reads in at least 2 libraries of the same tissue and 
excluding low complexity and t/rRNA sequences. A second 
filtering step was applied, where only the reads that mapped 
perfectly (0 mismatches) against Q. suber reference genome 
(Ramos et al. 2018) were maintained for subsequent analy-
sis. This data matrix was then normalised against the total 
number of reads in each library times one million (Counts 
Per Million or CPM), to allow comparison between differ-
ent libraries. A principal component analysis (PCA) was 
performed to all libraries (ODP, TDP and DX) using the 
normalised data of both conserved and novel miRNAs.

The miRNA data/reads filtered against the reference 
genome were annotated, firstly by mapping them against 
the mature miRNAs deposited in miRBase v22 database 
(Kozomara and Griffiths-Jones 2014) to annotate conserved 
miRNAs and then the precursors for the filtered reads and 
tasi-RNAs were predicted using the reference genome. 
The annotation of conserved miRNAs was performed by 
the module in the pipeline running miRProf (Stocks et al. 
2012), set to a maximum of two mismatches. The next step 
in the miRPursuit pipeline runs miRCat (Moxon et al. 2008), 
which analyses the reference genome to predict putative 
hairpin structures that might arise to identify precursors of 
the conserved miRNAs and generate a list of presumptive 
novel miRNAs. The last annotation step executed the TaSi 
Predictor tool (Chen et al. 2007) to identify tasi-RNAs.

Differential expression analysis was performed on the raw 
read counts obtained from miRPursuit using the bioconduc-
tor package edgeR (Robinson et al. 2009), by applying a 
filter to the p-value corrected for multiple testing by false 
discovery rate (FDR) < 0.05 and at least two times log-fold-
change (logFC >  = 2). Heatmaps of conserved, novel and 
tasi-RNAs from TDP and DX tissues were built using CPM 
expression values and by applying the function log(x) + 1 to 
help illustrate the differences.

Target Prediction and Enrichment Analysis

MiRNA target prediction was performed using psRNATar-
get online tool (Dai et al. 2018) against the RefSeq release 
(GCF_002906115.1_CorkOak1.0_genomic) of predicted 
transcripts from the reference genome deposited in NCBI 

https://github.com/forestbiotech-lab/miRPursuit
https://github.com/forestbiotech-lab/miRPursuit
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genome (Ramos et al. 2018), which is the same reference 
genome depicted throughout this work. The list of putative 
targets was merged with the list of transcripts in the RNA-
seq data from the same sampled tissues (Lopes et al. 2020), 
and only the predicted targets present in both datasets were 
considered for subsequent analysis. To add an additional fil-
ter to the differential expression analysis, a Pearson correla-
tion coefficient between miRNAs and their putative targets 
was calculated in R, using the normalised expression levels. 
Only the pairs of miRNA target with a correlation coefficient 
lower than -0.70 were selected for further analysis.

The identified target transcripts were subjected to a func-
tional enrichment analysis using the command line Galaxy 
implementation of GOEnrichment (Faria 2017. GOEnrich-
ment. GitHub repository. GitHub. Retrieved from https://​
github.​com/​DanFa​ria/​GOEnr​ichme​nt). Gene ontology (GO) 
terms were obtained from the CorkOakDB (Arias-Baldrich 
et al. 2020). A Fisher exact test corrected using the Benja-
mini–Hochberg method was used to determine the p-values.

Reverse Transcription Quantitative PCR (RT‑qPCR)

Five conserved miRNAs were selected for expression profile 
validation mainly based on the interesting functions of their 
putative targets and their differential expression in phel-
lem versus xylem. Due to their high specificity and reli-
ability, TaqMan probes (TaqMan miRNA Assays, Applied 
Biosystems) were used, namely miR165_1 (TCG​GAC​CAG​
GCT​TCA​TTC​CCC; Assay ID: 000347), miR167_2 (TGA​
AGC​TGC​CAG​CAT​GAT​CTG; Assay ID: 003037_mat), 
miR168_1 (TCG​CTT​GGT​GCA​GGT​CGG​GAA; Assay ID: 
000351), miR390_1 (AAG​CTC​AGG​AGG​GAT​AGC​GCC; 
Assay ID: 001409) and miR399_1 (TGC​CAA​AGG​AGA​
GCT​GCC​CTG; Assay ID: 008429_mat). Absolute quan-
tification of miRNA expression was performed through 
standard curves by using oligonucleotides identical to the 
selected miRNAs (Biomers.net). RNA extraction from TDP 
and DX samples was carried out as previously described. 
MiRNAs were reverse-transcribed using TaqMan® Micro-
RNA Reverse Transcription Kit (Applied Biosystems®) and 
the associated miRNA-specific RT primers provided with 
TaqManAssay® MicroRNA Assay (Applied Biosystems®), 
following the manufacturer’s instructions. RT-qPCR was 
performed using the LightCycler 480 (Roche Diagnostics) 
with 96-well white plates (Roche Diagnostics). Each 20 uL 
qPCR reaction mixture included 1X TaqMan® Universal 
PCR Master Mix II, No UNG (Applied Biosystems®), 1X 
TaqMan® MicroRNA Assay (Applied Biosystems®) and 
the cDNA previously prepared. Three biological repli-
cates, each with three technical replicates, were used. The 
mean from each biological sample was used to calculate 
the statistical significance of miRNA expression level using 
Student’s t-test (significance at p < 0.05). The correlation 

coefficient (R2) between RNA-seq and RT-qPCR was cal-
culated through the mean of the three biological replicates 
for each tissue (TDP and DX).

Data Accessibility

The sequencing data for sRNA reads were deposited in the 
European Nucleotide Archive under the study PRJEB57737, 
with the run accessions ERR109026 (60–68).

Results

The Q. suber miRNAs and tasi-RNAs presented in this work 
were identified and annotated based on the genome sequence 
of Q. suber released in 2018 (Ramos et al. 2018), which had 
not been previously used for this purpose. The generated 
data allowed the comparative analysis of miRNA expres-
sion in differentiating xylem versus phellem tissues of Q. 
suber and the identification of putative miRNA-mediated 
post-transcriptional regulatory mechanisms prevalent in 
differentiating phellem. The same approach was applied to 
compare differentiating phellem formed from original ver-
sus traumatic phellogen to help explain the characteristic 
features of each type of phellem tissue.

sRNA Sequencing and Annotation

Sequencing of the sRNAs obtained from the 9 libraries of Q. 
suber secondary tissues yielded a total of 485,963,485 reads, 
with an average of 47 M raw reads for ODP, 50 M for TDP 
and 65 M for DX (Table S1). After sequence quality check 
and the filtering steps, approximately 17 M reads remained 
for ODP, 19 M for TDP and 27 M for DX. Approximately 
80% of the reads mapped against Q. suber reference genome 
(Ramos et  al. 2018). Among the filtered reads, around 
1.53–4.56% represent unique (distinct) sequences, with ODP 
showing the lowest percentage of unique sequences and DX 
the highest percentage (Table S1). The percentage of filtered 
reads and the reads mapped against the reference genome 
were similar between biological replicates in each tissue.

According to the principal component analysis (PCA) 
(Fig. S1), performed for all libraries after normalisation 
of sRNA data, the first component (PC1), responsible for 
most of the variation (> 85%), shows a clear separation 
between xylem (DX) and differentiating phellem (ODP and 
TDP). Furthermore, ODP and TDP are only separated by 
PC2, responsible for less than 15% of the variation. As for 
the sRNA size profile generated from FASTA (raw) data, 
most reads are 24 nt long for all tissues, particularly in 
DX, followed by 21 nt, mainly present in ODP and TDP 
(Table S2a). After the filtering steps, the higher percentage 
of 24 nt reads in DX becomes even more evident, with an 

https://github.com/DanFaria/GOEnrichment
https://github.com/DanFaria/GOEnrichment
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increase from 44 to 64%. In TDP libraries, the 24 nt class 
remains predominant, while in ODP, the 21 nt size class 
becomes the most abundant (26%) followed by the 24 nt 
class (22%) (Table S2a and b).

A total of 18,729 distinct sRNAs with expression in at 
least 2 libraries of the same tissue were identified, with 1538 
(8.2%) being exclusive of TDP, 558 (2.98%) of ODP and 
7764 (41.45%) of DX (Fig. 1, Table S3). From these, 550 
are conserved miRNAs belonging to 70 different families, 
17,656 were annotated as novel miRNAs and 523 as tasi-
RNAs (Table S3).

miRNAs Exclusive of Periderm Tissues and Their 
Targets

Since our main motivation was the study of miRNAs that 
regulate the formation and differentiation of the periderm, 
particularly TDP tissues, we started by analysing the 
miRNAs uniquely detected in these tissues. By applying 
an FDR < 0.05 to the sequences expressed in at least two 
TDP libraries and absent in DX, a total of 261 sequences 
remained, including 140 novel miRNAs, 78 conserved and 
43 tasi-RNAs (Table S4.1). The top 20 most expressed 
sequences in TDP tissues (Table S4.2) included members 
of MIR156, MIR165/66, MIR167, MIR397 and MIR479, 
and several novel miRNAs and tasi-RNAs.

Prediction of targets for these 20 sequences returned 
over 5000 transcripts (Table S5.1), from which a total of 
440 unique target transcripts have been also identified by 

previous RNA-seq analysis performed to the same TDP tis-
sues (Lopes et al. 2020) (Table S5.2). A gene set enrich-
ment analysis performed on the 440 unique target transcripts 
revealed 45 enriched GO terms (Table S6.1). Within the 
biological process (BP) domain, the terms transport, cell 
communication, protein phosphorylation, ion transport and 
signalling were the most represented ones, while membrane, 
plasma membrane and apoplast were the most enriched in 
the cellular component (CC) domain. As to the molecular 
function (MF) domain, it included the highest number of 
enriched terms (23), with binding, small-molecule binding 
and adenyl ribonucleotide binding being the most repre-
sented. Some of the identified targets have been previously 
associated with phellem tissues, including targets encod-
ing several lipid metabolism and transfer proteins, such as 
GDSL esterase/lipases and ABC transporter G family mem-
bers as well as members of the cytochrome P450 family, 
known to be involved in suberin biosynthesis (Table S6.2). 
Additionally, several members of transcription factor (TF) 
gene families previously associated with suberized tissues, 
such as MYB, WRKY, HD-ZIP III, AUX/IAA and ERF, 
were identified here. Several targets related to defence mech-
anisms such as those coding for putative disease-resistance 
proteins RGA4, RPP13 and RGA3, TMV disease-resistance 
protein and leaf rust 10 disease-resistance locus receptor-like 
protein kinase (LRK10L) were also identified (Table S6.2).

Differentially Expressed miRNAs in TDP Versus DX

Next, comparative analysis of miRNAs between TDP and 
DX tissues revealed 246 differentially expressed (DE) miR-
NAs (74 conserved and 160 novel) and tasi-RNAs (12) 
(Table S7). From these, 133 are up-regulated in TDP (60 
conserved and 63 novel miRNAs), and 113 are up-regu-
lated in xylem (DX), most of which are novel miRNAs (97) 
(Table S7, Fig. 2). The 74 conserved miRNAs belong to 23 
families, with MIR165/166 showing the highest number of 
isoforms (25), followed by MIR159 (7), and all the other 
families having between 1 and 4 isoforms (Fig. S2).

Overall, most miRNA families are more expressed in 
TDP than DX (Fig. 3), except MIR159, MIR169, MIR396 
and MIR399 which were predominant in DX. MIR165/166 
exhibits the higher expression levels in both tissues, par-
ticularly in TDP in which MIR167, MIR168 and MIR390 
are also among the more expressed. It should be noted that, 
in some cases, significant variation occurred across dif-
ferent isoforms within the same miRNA family (Fig. S3). 
As observed for conserved miRNA families, most novel 
miRNAs had low to moderate expression levels in both tis-
sues. Nevertheless, a small group of novel miRNAs exhib-
ited higher expression levels, particularly in TDP tissues 
(Fig. S4).

Fig. 1   Venn diagram of differentially expressed small RNAs between 
traumatic differentiating phellem (TDP), original differentiating phel-
lem (ODP) and differentiating xylem (DX) samples
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Fig. 2   Number of conserved 
miRNAs, novel miRNAs and 
tasi-RNAs up-regulated in 
traumatic differentiating phel-
lem (TDP) and differentiating 
xylem (DX). In both graphs, the 
numbers correspond to the total 
sRNAs after the removal of 
the sequences with expression 
values equal to zero in at least 
two libraries of the same tissue 
and with an FDR < 0.05 and a 
two-fold-change (FC) cut-off

Fig. 3   Expression patterns of conserved miRNA families differentially expressed in traumatic differentiating phellem (TDP) and differentiating 
xylem (DX). The heatmap was built using CPM (counts per million) expression values
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Predicted Targets of miRNAs DE in TDP Versus DX

Over 22,000 target transcripts were predicted for the 246 
miRNAs DE between TDP and DX (Table S8.1).  By cross-
ing this list with the transcripts identified by RNA-seq of the 
same samples (Lopes et al. 2020), a total of 17,022 predicted 
targets were retained (Table S8.2). Furthermore, only 3309 
targets with expression values that negatively correlate with 
the respective miRNA expression (Pearson correlation coef-
ficient below − 0.70) were found, of which 1890 are up-reg-
ulated in TDP and 1419 up-regulated in xylem (Table S8.2).

Subsequently, a functional enrichment analysis 
(p-value < 0.01) of the 3309 predicted targets retrieved 116 
over-represented GO terms (Table S9.1). In the CC domain, 
apart from the endomembrane system, exclusively enriched 
in DX, all the other terms were enriched in both tissues 
(Fig. S5a). As for the MF domain, metalloendopeptidase 
activity, transmembrane receptor protein serine/threonine 
kinase activity, nucleoside-triphosphatase activity, nucleo-
side-triphosphatase activity, signalling receptor activity and 
sequence-specific DNA binding were exclusively enriched in 
TDP tissues (Fig. S5b). Finally, chloride transport, hormone-
mediated signalling pathway, sterol transport and mRNA 
metabolic process were the most represented BP terms 
exclusive of TDP tissues (Fig. S5c).

The sequence-specific DNA binding GO term, exclusively 
enriched in TDP tissues, comprises several TF genes, espe-
cially from the MYB family (Table S9.2) and most of them 
predicted targets of MIR858. Additionally, MIR165/166 is 
the family with more predicted targets, including HD-ZIP 
III, WRKY and NAC TFs (Table S9.2). Some potentially 
interesting TF transcripts targeted by novel miRNAs, such 
as bHLH36-like, ATHB13-like, WRKY71, WRKY14, 
MYB20-like and MERISTEM L1-like (Table S9.2), have 
been also identified in the transcriptomic analysis of coding 
transcripts (Lopes et al. 2020). The hormone-mediated sig-
nalling pathway term, exclusively enriched in TDP tissues, 
also contains potentially interesting candidates previously 
identified by Lopes et al. (2020), such as transcripts cod-
ing auxin responsive protein IAA11, ARF18 and ARF19, 
all regulated by novel miRNAs (Table S9.2).

Differential Expression Analysis Between TDP 
and ODP

The comparison between differentiating phellem from 
original (ODP) and traumatic phellogen (TDP) (“virgin” vs 
“amadia” cork) retrieved only 12 DE miRNAs, including 
4 conserved miRNAs (miR395_1, miR395_4, miR159_1 
and miR398_1) and 8 novel miRNAs (Table S10). A total 
of 1114 targets were predicted, of which 805 are annotated 
(Table S11.1). From these, 695 transcripts had been also 
identified in the previous RNA-seq analysis of TDP and 

ODP libraries (Lopes et al. 2020). However, only 28 pre-
dicted targets had a negatively correlated expression with 
their targeting miRNA, with the vast majority being up-
regulated in TDP, such as transcripts encoding the abscisic 
acid receptor PYL8, the calmodulin-binding protein 25-like, 
the zinc finger CCCH domain-containing protein ZFN-like 
and methyl-CpG-binding domain-containing protein 2-like 
(Table S11.2).

miRNA Expression Validation by RT‑qPCR

Five conserved miRNAs were chosen for validation of their 
expression profiles using TaqMan® Assays. These miRNAs 
were selected based on their potentially interesting targets, 
RNA-seq expression of their targets (Table S12) and diver-
gent expression levels in TDP/DX tissues. The RT-qPCR 
values (copy number/ng input) obtained for each one of the 
three biological replicates in both tissues (TDP and DX) are 
shown (Fig. 4a). All conserved miRNAs analysed showed 
significant differences in expression levels between the two 
tissues. Apart from miR399, more expressed in DX tissues, 
all the other conserved miRNAs showed higher expression 
levels in TDP tissues. The RT-qPCR results showed a good 
agreement with expression profiles obtained from small 
RNA-seq data with logFC levels varying between − 5.360 
(up-regulated in TDP) and 4.521 (down-regulated in TDP) 
(Fig. S4b). These results are supported by a strong linear 
correlation between the two analyses, with a determination 
coefficient R2 = 0.98 (Fig. 4c).

Discussion

Compared to other secondary growth tissues, our under-
standing of miRNA-mediated regulation of phellogen activ-
ity and periderm differentiation is very limited (Milhinhos, 
Lopes, et al. 2020). The growing interest in this subject is 
due to the remarkable characteristics of the cork tissue, 
which make it highly valuable for sustainable industrial 
applications. Cork oak, in particular, has emerged as an 
excellent model for identifying regulators involved in cork 
formation given its unique capacity to continuously produce 
cork throughout its lifespan, providing an excellent system 
to gain additional insights into the regulation and function 
of secondary meristems. The recent availability of cork oak 
draft genome (Ramos et al. 2018) has further facilitated 
research in this area.

The analysis of the sRNA size profile showed the predom-
inance of the 24 nt size class in DX and TDP tissues, closely 
followed by 21 nt, while the opposite tendency is observed 
in ODP tissues. While the 21 nt size class is usually asso-
ciated with miRNAs involved in post-transcriptional gene 
silencing, the 24 nt sRNAs mainly comprise heterochromatic 
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siRNAs (hetsiRNAs) associated with DNA methylation in 
silencing of transposable elements (TE), highly repetitive 
rDNA regions and other intergenic sequences, contributing 
to the preservation of genome integrity (Xie et al. 2012; 
Borges and Martienssen 2015). Our results are consistent 
with previous reports on P. trichocarpa where xylem sRNAs 
peak at 24 nt (Barakat et al. 2007; Puzey et al. 2012). Addi-
tionally, Ding et al. (2014) reported that the 21 nt sRNAs 
were the most abundant in the cambium during the dor-
mancy period, while in active growth the 24 nt-long sRNAs 
were predominant, suggesting their involvement in the regu-
lation of cambium activity, including cell division and dif-
ferentiation (Ding et al. 2014). Although all the samples 
here analysed were taken during the active growth period, 
our results suggest that meristematic activity in ODP might 
be lower than in the other analysed tissues.

Only 12 miRNAs were found DE between the two types 
of cork tissues (TDP and ODP), which is in agreement with 
minor changes detected also in the coding transcriptomes 
of these two tissue samples (Lopes et al. 2020). Among the 
DE conserved miRNAs, miR159, miR395 and miR398 have 
been associated to stress responses (Zhu et al. 2011; Mat-
thewman et al. 2012; Li et al. 2017a, b; Millar et al. 2019; 
Zheng et al. 2020), although their targets may not be con-
served among different species. Also, one of the DE novel 

miRNAs targets a transcript encoding a calmodulin-binding 
protein that acts as a mediator of responses to environmental 
cues (Zhang and Lu 2003). Altogether, these results suggest 
that the two tissue types may slightly differ at the environ-
mental response level. Interestingly, two of the novel miR-
NAs DE had a methyl-CpG-binding domain-containing pro-
tein 2-like transcript as predicted target, generally associated 
to gene silencing, suggesting its contribution for some level 
of epigenetic differentiation previously reported between 
both tissues (Inácio et al. 2017). An abscisic acid (ABA) 
receptor PYL8 transcript has also been predicted as target of 
a novel miRNA up-regulated in TDP, which may be related 
to differential regulation of suberization given the role of 
ABA in this process (Cottle and Kolattukudy 1982; Bar-
beron et al. 2016). The lack of significant differences both in 
the coding and small non-coding transcriptome is somehow 
surprising, especially considering that the samples originate 
from different trees. Although a major difference between 
“virgin” and “amadia” cork is related to the structural com-
ponents of the cork cell walls, Pereira (1988) reported dis-
tinct chemical composition of the suberin of both tissues. It 
is possible that post-translational regulatory mechanisms, 
instead of transcriptional and miRNA-mediated post-tran-
scriptional regulation, play a major role. This would be con-
sistent with the functional roles of additionally predicted 

Fig. 4   Expression profile validation through TaqMan miRNA Assays 
of five conserved miRNAs. a RT-qPCR values (copy number/ng 
input) of three biological replicates for both tissues (TDP and DX). 
Data represent the mean ± SD of normalised relative expression for 

three biological replicates. Statistical significance was calculated with 
Student’s t-test (*p < 0.05; **p < 0.01), b comparison of the log2 fold-
changes (log2FC) obtained by RT-qPCR and small RNA-seq experi-
ments and c linear regression with the correlation coefficient (R2)
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targets, such as those coding for ubiquitin carboxyl-terminal 
hydrolase 25 (putatively targeted by miR395) involved in the 
proteasomal degradation (Zhou et al. 2017) or the probable 
UDP-N-acetylglucosamine-peptide N-acetylglucosaminyl-
transferase SEC (putatively targeted by a novel miRNA) 
involved in the glycosylation of diverse cytoplasmic and 
nuclear proteins (Zentella et al. 2023).

In the comparison between TDP and DX, numerous DE 
miRNAs and tasi-RNAs were identified. The majority of 
conserved miRNAs, particularly MIR165/166, MIR167, 
MIR168 and MIR390 families, were up-regulated in TDP 
tissues. The functional enrichment analysis of the targeted 
transcripts highlighted the sequence-specific DNA binding 
GO term in TDP. This indicates the significance of tran-
scriptional regulation by TFs during phellogen activity and 
phellem differentiation. A recent transcriptomic analysis of 
cork seasonal growth revealed that transcripts associated 
with DNA binding capacity, mainly TFs, were also enriched 
at the early stages of cork growth (Fernández-Piñán et al. 
2021). This underscores the crucial role of TF-mediated 
transcriptional regulation in maintaining phellogen cell 
proliferation.

MiR165/166 is known for its regulation of the HD-ZIP 
III transcription factor gene family. In Arabidopsis, this 
family comprises INTERFASCICULAR FIBERLESS/
REVOLUTA (IFL/REV), PHABULOSA (PHB)/ATHB14, 
PHAVOLUTA (PHV)/ATHB9, CORONA/ATHB15 and 
ATHB8 (McConnell and Barton 1998; Baima et al. 2001; 
McConnell et al. 2001; Mallory et al. 2004). In our data, 
except for PHB and PHV cork oak homologs, other mem-
bers of the HD-ZIP III class were identified as possible tar-
gets of miR165/166. Previous studies in Arabidopsis have 
demonstrated that the miR165/166—HD-ZIPIII module is 
involved in several growth and developmental processes 
including xylem differentiation (Du and Wang 2015; Lopes 
et al. 2020). The expression of HD-ZIP III genes, along with 
a local maximum of auxin, promotes xylem identity and cel-
lular quiescence of the organiser cells (Smetana et al. 2019). 
ATHB8 acts as a positive regulator of procambium and cam-
bium development, stimulating xylem differentiation when 
overexpressed (Baima et al. 1995, 2001). ATHB15 is known 
to regulate the vasculature in Arabidopsis inflorescence 
stems (Kim et al. 2005), and its ortholog POPCORONA in 
Populus trees is implicated in secondary growth (Du et al. 
2011). REV plays a fundamental role in regulating cam-
bia and secondary vascular tissue development (Robischon 
et al. 2011). Important roles for miRNA-regulated expres-
sion of HD-ZIP III transcripts in periderm development can 
be hypothesised but further studies are required to elucidate 
their contribution to this process.

Our analysis has also highlighted other TF families asso-
ciated with meristematic activity and secondary growth, 
including MYB, WRKY and NAC. Interestingly, several 

MYB TFs have been associated with the suberization pro-
cess (Cohen et al. 2020). For instance, MYB41 activates 
suberin synthesis and deposition of cell wall suberin-like 
lamellae in both Nicotiana benthamiana and Arabidopsis 
thaliana (Kosma et al. 2014). QsMYB1 (MYB84) has been 
previously identified in Q. suber cork tissues associated with 
responses to heat and drought stresses and plant recovery 
(Almeida et al. 2013), and directly targets genes involved 
in suberin and lignin pathways (Capote et al. 2018). Fur-
thermore, MYB107 and MYB9 homologues are required 
for suberin assembly in the Arabidopsis seed coat (Lash-
brooke et al. 2016). The majority of these TF are targeted 
by MIR858 which, when overexpressed, down-regulates 
expression of several MYB transcripts, resulting in up-reg-
ulation of lignin biosynthetic genes and down-regulation of 
flavonoid biosynthetic genes (Sharma et al. 2016).

Another worth mentioning miRNA exclusively enriched 
in TDP tissues is miR156, not previously associated with 
secondary growth. Interestingly, the Arabidopsis miR156 
targets SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE (SPL) TF contributing to a cooperative regulation of 
root meristem activity and shoot regeneration (Barrera-Rojas 
et al. 2020).

In this study, several potentially relevant miRNA tar-
gets related to hormone-mediated signalling pathways have 
been also identified. Phytohormones, particularly auxins, 
are major regulators of cambial activity during secondary 
growth (Uggla et al. 1996; Nilsson et al. 2008; Smetana 
et al. 2019; Milhinhos et al. 2020a, b). Recently, gibberellin-
dependent modulation of the positioning of the auxin maxi-
mum within the cambium was shown to determine the fate 
of stem cell derivatives (Mäkilä et al. 2023). Importantly, it 
has been shown by Xiao et al. (2020) that auxin is required 
for cork cambium initiation from the pericycle via ARF5/
MONOPTEROS, ARF8 and other ARFs. In our study, we 
have identified novel miRNAs DE in TDP that are predicted 
to target several auxin signalling candidates previously high-
lighted by RNA-seq in the same tissues, including IAA11, 
ARF18 and ARF19 transcripts (Lopes et al. 2020). Among 
other ARF genes differentially expressed in TDP and DX, 
ARF18 has been shown to be up-regulated in TDP, suggest-
ing a differential auxin signalling and response in these two 
tissue types (Lopes et al. 2020). Furthermore, MIR167 and 
MIR390, previously implicated in the auxin signalling path-
way through the regulation of ARF genes (Wu et al. 2006; 
Marin et al. 2010), are highly expressed in TDP tissues. Two 
of the targets of miR167 identified are ARF6 and ARF8, 
previously associated to flower development in several spe-
cies (Nagpal et al. 2005; Ru et al. 2006; Wu et al. 2006; Liu 
et al. 2014), while another potential target previously identi-
fied is IAR3 (IAA-Ala Resistant3), known to be required for 
drought tolerance (Kinoshita et al. 2012). MiR390, on the 
other hand, is implicated in the cleavage of the non-coding 
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TRANS-ACTING SIRNA3 (TAS3) transcripts, generat-
ing tasi-RNAs that regulate ARF genes (Allen et al. 2005; 
Marin et al. 2010). This miR390-TAS3-ARF pathway tar-
gets ARF2/3/4 and is critical for several aspects of plant 
growth and development, including developmental timing 
and lateral root initiation (Fahlgren et al. 2006; Marin et al. 
2010). Interestingly, it has been shown that the activity of 
miR167 and miR390 increased significantly during active 
growth in Poplar’ cambium (Ding et al. 2014). Moreover, 
MIR 390 has also been previously identified as one of the 
most expressed miRNA families in the phellem tissues of 
Q. suber (Chaves et al. 2014). Our findings provide further 
support of the potential relevance of such miRNA–mRNA 
interactions in phellogen activity and/or cork differentiation. 
Further studies focusing on auxin signalling should be con-
ducted in the future to enlighten differential pathways acting 
in the vascular and periderm tissues.

Another highly expressed miRNA in TDP tissues, also 
identified by Chaves et al. (2014), is miR168. This miRNA 
putatively targets AGO1, which is a key regulator of miRNA 
biogenesis (Vaucheret et al. 2006). AGO1 is up-regulated in 
poplar trees’ active cambium (Ding et al. 2014), and it has 
been identified in TPD transcriptomics data as well (Lopes 
et al. 2020). The high expression of miR168 in TDP tissues 
during the peak of phellogen activity suggests a potential 
role in this process.

In this study, we also identified several novel and con-
served miRNAs, as miR159, miR479, miR171 and miR482, 
which target several transcripts encoding lipid metabolism 
and transfer proteins as GDSL esterase/lipase and ABC 
transporter G and cytochrome P450 family members, known 
to be involved in suberin biosynthesis, transport and assem-
bly (Vishwanath et al. 2015).

Overall, this study provides valuable insights into an 
additional layer of regulation besides transcriptional regula-
tion, which contributes to shaping the transcriptome during 
differentiation of phellem from the phellogen. The relevance 
of some of the targets predicted here in the control of phel-
lem differentiation/phellogen activity aligns with previous 
studies and emphasises the significance of miRNA-mediated 
regulation in secondary growth. Furthermore, several con-
served and novel miRNAs, along with their putative targets, 
have been discovered as potential candidates for regulating 
secondary growth.

Unveiling the specific genetic regulators of phellem 
(cork) and identifying their variants not only contributes 
to our understanding of fundamental plant biology but it 
may also provide relevant information to help improve cork 
quality, such as increasing its thickness (calibre) and reduc-
ing porosity which are among the most important features 
that confer higher value to this 100% natural and recycla-
ble product. Other potential improvement targets include 
reducing the time before the first cork harvest or the interval 

between each harvesting. Although Q. suber trees are well 
adapted to its natural environment, novel insights into phel-
lem genetics might also help to devise strategies leading to 
increased resilience to changing environmental conditions 
or pathogens, for instance through experimental approaches 
relying on the identification of patterns of genetic variation 
in relevant miRNA–target interactions. In any case, further 
research is necessary to fully understand the functional roles 
of such interactions.
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