Journal of Experimental Botany Advance Access published June 22, 2014

Journal of Experimental Botany
doi:10.1093/jxb/eru252 Journal of

Experimental
Botany

www.jxb.oxfordjournals.org

RESEARCH PAPER

Comparison of good- and bad-quality cork: application of
high-throughput sequencing of phellogenic tissue

Rita Teresa Teixeira"*, Ana Margarida Fortes?, Carla Pinheiro®*, Helena Pereira’

" Centro de Estudos Florestais, Instituto Superior de Agronomia, Universidade Técnica de Lisboa, 1349-017, Portugal

2 Center for Biodiversity, Functional and Integrative Genomics (BioFIG); Science Faculty, University of Lisbon, Campo Grande, 1749-016
Lisboa, Portugal

8 Instituto de Tecnologia Quimica e Bioldgica, Universidade Nova de Lisboa, Av. da Republica, EAN, 2780-157 Oeiras, Portugal

* Faculdade de Ciéncias e Tecnologia, Universidade Nova de Lisboa, 2829-516 Caparica, Portugal

* To whom correspondence should be addressed. E-mail: ritamiss@yahoo.com

Received 21 February 2014; Revised 3 April 2014; Accepted 12 May 2014

Abstract

Cork is one of the most valuable non-wood forest products and plays an important role in Mediterranean econo-
mies. The production of high-quality cork is dependent on both genome and environment, posing constraints on the
industry because an ever-growing amount of bad-quality cork (BQC) development has been observed. In order to
identify genes responsible for production of cork of superior quality we performed a comparative analysis using the
454 pyrosequencing approach on phellogenic tissue of good- and bad-quality samples. The transcriptional profil-
ing showed a high number of genes differentially expressed (8.48%) from which 78.8% displayed annotation. Genes
more highly represented in BQC are involved in DNA synthesis, RNA processing, proteolysis, and transcription fac-
tors related to the abiotic stress response. Putative stomatal/lenticular-associated genes which may be responsible
for the disadvantageous higher number of lenticular channels in BQC are also more highly represented. BQC also
showed an elevated content of free phenolics. On the other hand, good-quality cork (GQC) can be distinguished by
highly expressed genes encoding heat-shock proteins. Together the results provide valuable new information about
the molecular events leading to cork formation and provide putative biomarkers associated with cork quality that can
be useful in breeding programmes.
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Introduction

The Mediterranean region harbours the richest ecosystem
in Europe: the cork oak stands, with the cork oak (Quercus
suber L.) as the main species. Cork is a protective tissue
composed of suberized cells that forms a thick layer cover-
ing stem, branches, and roots. As an interface between envi-
ronment and tree, cork (phellem in plant anatomy) acts as
a shield against drought, solar irradiation, pathogens, and
fires, and its formation is believed to be a protective mech-
anism (Gibson et al, 1981). Cork derives from a specific
meristematic layer, the phellogen, and grows continuously
and homogenously, giving rise to multiple layers of radially

aligned cells that accumulate into annual cork rings. The
phellogen has the property of self-regeneration after damage
or the peeling-oft of the cork layer, without apparent injury
to the tree (Caritat et al., 2000; Pereira, 2007). It is this prop-
erty that allows successive cork debarkings from the same tree
and sustainable cork production during the tree’s life.

Cork is one of the most valuable non-wood forest products
and the basis of a sustained forest exploitation system. Cork
wine-stoppers are known worldwide and are the main prod-
ucts contributing to the cork industry. The production of
wine stoppers requires cork raw-material of good quality in
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the thickness and homogeneity of the phellem tissue (Pereira,
2007; Sanchez-Gonzalez et al., 2008). It is not surprising that
a potential decrease in cork quality strongly concerns pro-
ducers and industry, and better understanding of the differ-
entiation between good- and bad-quality cork (BQC) is an
ever-present quest.

Cork quality is dependent on both genome and environ-
ment (Pereira, 1988; Conde er al, 1998). The molecular
mechanisms involved in the response of trees to climate fac-
tors continues to be elucidated, but in Q. suber it has been
reported that the phellogen activity is reduced under condi-
tions of drought and elevated temperature (Graca and Pereira,
1997; Costa et al., 2002). Industry demands that cork displays
a thickness of at least 27mm and presents no sclereid inclu-
sions, signs of pathogen attack, or other typical cork defects
(Pereira, 2007). Most cork oaks produce cork considered to
be bad quality because it displays a reduced thickness that
varies between 3 and 10mm and possesses an elevated num-
ber of lenticular channels. The excessive presence of lenticels
in cork planks is, therefore, a key factor for its quality down-
grading (Pereira et al., 1996). In Q. suber, lenticels are con-
spicuous on the surface of cork since they accumulate brown
oxidized phenolics (Wutz, 1955). Cork is the site of four main
secondary metabolic pathways, such as the biosynthesis of
suberin that requires the synthesis of acyl-lipids, phenylpro-
panoids, isoprenoids, and flavonoids (Beisson et al., 2007),
cork lignin and suberin aromatic components (Dixon et al.,
2002; Boerjan et al., 2003), terpenes (Laule ez al., 2003), and
sterols (Benveniste, 2004).

Phenylpropanoid compounds encompass a wide range
of structural classes and biological functions (Dixon and
Paiva, 1995). Secondary phenols have been implicated in a
wide range of plant environmental and developmental inter-
actions, and are most important in biotic and abiotic stress
responses. Phenylpropanoids play a major role as defensive
compounds (Vogt, 2010).

The cork cell walls are chemically characterized by the
presence of suberin as the main structural component, and
associated to lignin as the second most important component
(Bernards, 2002; Pereira, 2007). Suberin is a complex polymer
characterized by an aliphatic network of inter-esterified long-
chain fatty acids and alcohols with glycerol, and including
aromatic units (e.g. ferulic acid) and other phenolic domains
(Graga and Pereira, 1997; Bernards, 2002). The chemical
composition of cork and its variability is now well established
(Marques and Pereira, 2013), but when it comes to its molec-
ular and genetic mechanisms, very little is known. Recently,
genes important for cork biosynthesis and differentiation
were identified using a suppression subtractive hybridization
(SSH) library after obtaining cork expressed sequence tags
(ESTs) (Soler et al., 2007).

Hybridization-based microarrays have until recently been
the dominant platform used routinely to analyse transcrip-
tional changes in several species (Busch and Lohmann, 2007;
Strable et al., 2008; O’Rourke et al., 2009). However, the new
generation of transcriptomic data allows new insights in
plant biology and genetics. For a species like Q. suber, for
which there is no genome sequence or physical map available,

information obtained from ESTs is a practical means of gene
discovery. Transcriptome obtained by high-throughput or
EST sequencing offers an efficient means of generating func-
tional genomic data for non-model organisms (Parchman
et al., 2010) because it provides functional information that
often corresponds to genes with known or predicted func-
tions (Andersen and Liibberstedt, 2003). Out of several next-
generation sequencing methods, Roche 454 pyrosequencing
is the best adapted for analysing the transcriptome of both
model and non-model species (Morozova and Marra, 2008;
Barakat et al., 2009). This is the sequencing method that we
used in this study, producing more information about the
molecular players during cork development.

The present work allowed us to generate quantitative
data on transcript accumulation in phellogen, the meristem
responsible for the formation of cork. The assembled and
annotated sequences were produced and organized in a dedi-
cated database (see http://transcriptomics.biocant.pt/suber_
rt/) providing an extensive catalogue of genes expressed in
good- and bad-quality cork, allowing for an exhaustive com-
parison between the two types of cork.

Materials and methods

Biological sample

Phellogenic tissue was collected from 10 mature cork oaks under
cork production (estimated age 50-70 years) in southern Portugal
[BQC was collected in the area of Coruche, Ribatejo and good-qual-
ity cork (GQC) at Serra do Caldeirao, Algarve]. Samples were taken
at the time of cork harvest, in the period end July-beginning August
2011, by scratching the inside of the plank (the so-called cork belly,
corresponding to the torn-out phellogen) immediately after the sep-
aration of the cork plank from the tree stem, and freezing in liquid
nitrogen immediately after collection. Five samples each were taken
from cork oaks producing GQC and BQC, respectively. A sample
from each cork plank was also taken for chemical analysis.

The classification of cork quality was based on visual observation
taking into account typical industry criteria: thickness and homoge-
neity, porosity (lenticular channels), and presence of lignous inclu-
sions and other defects (Pereira, 2007).

In the laboratory, the phellogenic material was ground using an
electric mortar, always under freezing conditions.

For chemical analysis, the cork-plank samples were allowed to
air dry in well-ventilated conditions. A sub-sample with approxi-
mately 15%15cm? was cut and the cork back was removed. The
cork sample was milled using a knife mill (Retsch SM 2000) with an
output sieve of 10x 10mm?, and the granulated material screened
using a vibratory sieving apparatus (Retsch AS 200 basic) using
standard Tyles sieves with the following mesh sizes: 80 (0.180 mm),
60 (0.250mm), 40 (0.425mm), 20 (0.850mm), 15 (1.0mm), and 10
(2.0mm). Fractions above 1 mm (15 mesh) were milled again and
fractionated. For the chemical analysis, the 40-60-mesh granulomet-
ric fraction was used.

RNA extraction

RNA from 150mg of ground phellogenic samples was extracted
from each sample using the Spectrum Plant Total RNA kit from
Sigma Aldrich supplemented with Plant RNA Isolation Aid from
Ambion. Genomic DNA was eliminated through an on-column
DNase treatment (on-column DNase I digestion set from Sigma-
Aldrich). The RNA used for pyrosequencing was further purified
using polyvinylpyrrolidone (PVP).
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cDNA preparation

The quality of total RNA was verified on an Agilent 2100
Bioanalyzer with the RNA 6000 Pico Kit (Agilent Technologies,
Waldbronn, Germany) and the quantity assessed by fluorimetry with
the Quant-iT RiboGreen RNA kit (Invitrogen, CA, USA). A frac-
tion of 0.5-2.0 pg of each pool of total RNA was used as start-
ing material for cDNA synthesis with the MINT cDNA synthesis
kit (Evrogen, Moscow, Russia), where a strategy based on SMART
double-stranded cDNA synthesis was applied. Here, a known
adapter sequence was introduced to both ends of the first strand
of cDNA during the amplification of the polyRNA molecules. The
synthesis was also performed using a modified oligo-dT containing
a restriction site for Bsgl needed to eliminate these tails, and so mini-
mize interference of homopolymers during the 454 sequencing run.

Non-normalized cDNA was quantified by fluorescence and
sequenced in 454 GS FLX Titanium according to the standard
manufacturer’s instructions (Roche-454 Life Sciences, Bradford,
CT, USA) at Biocant (Cantanhede, Portugal). Sequence data were
submitted to NCBI Short Read Archive (SRA) with the reference
SRP030001.

Sequence processing assembly and annotation

Upon 454 sequencing, raw reads were processed to remove sequences
with less than 100 nucleotides and low-quality regions. The ribo-
somal, mitochondrial, and chloroplast reads were also identified
and removed from the data set. The reads were then assembled into
contigs using 454 Newbler 2.6 (Roche) with the default parameters
(40bp overlap and 90% identity).

For gene identification, a three-step analysis was carried out. First,
the translation frame of contigs was assessed through BLASTx searches
against Swissprot (e-value = 1e°), and the corresponding amino acid
sequence translated using an in-house script. Next, the contigs with-
out translation were submitted to FrameDP (Gouzy et al., 2009)
software. Finally, the remaining contigs were analysed with ESTScan
(Lottaz et al., 2003).Transcripts resulting from these two last identi-
fication steps, FrameDP and ESTScan, were searched using Blastp
against the non-redundant NBCI (National Center for Biotechnology
Information) database to translate the putative proteins.

The functional annotation of the deduced amino acid sequences
was predicted through assignment into protein families and iden-
tification of protein domains using InterProScan (Hunter et al.,
2009). Gene ontology terms (Ashburner ez al., 2000) identified by
InterProScan results for each translated amino acid sequence were
additionally retrieved and added to classify the transcript products.

Differential gene expression between samples was determined by
calculating the number of reads sequenced for each transcript. First,
the contigs from both samples were clustered at 90% similarity by
CD-Hit 454 (Beifang et al., 2010) to eliminate redundant sequences
and generate reference contigs. Then, the reads from each sample
were mapped with 454 Newbler mapping 2.6 (Roche) to those refer-
ences, and the number of reads contributed by each sample counted.
The reads with multiple hits were discarded. The number of reads
per reference contig per sample were used to build a contingency
table, which was analysed with the Myrna (Langmead et al., 2010)
statistical analysis package. The contingency table was normalized
at a 95 percentile. Differential gene expression was evaluated using
a linear regression model based on a Gaussian distribution, and
taking into account only contigs with a minimum of eight mapped
reads and FDR < 0.05. All the results were compiled into a SQL
database developed as an information management system.

Real-time RT-PCR

The cDNA prepared from individual samples and used for pyrose-
quencing was also used for real-time RT-PCR analysis on a
StepOne™ Real-Time PCR System (Applied Biosystems, Foster
City, CA) and in MicroAmp Optical 48-well reaction plates with
optical covers, according to the manufacturer’s instructions. PCR

reactions (final volume of 25 pl) were performed with gene-specific
primers (Supplementary Table S1) and the passive reference dye
ROX in order to normalize fluorescence across the plate. Reaction
conditions were: 95°C for 10 min; then 40 cycles of 95°C for 15s; and
58°C for 45 s. Analysis used StepOne software 2.1. Relative quan-
tification values and standard deviations were calculated using the
standard curve method according to the manufacturer’s instructions
(Applied Biosystems, Foster City, CA; User Guide). Values were
normalized to GQC samples and results analysed with Microsoft
Excel Software. The housekeeping gene chosen was Actin because
according to Marum et al. (2012) this gene was demonstrated to be
the most stable tested in Q. suber.

MapMan analysis

Pathway analysis was carried out with MapMan (Usadel et al.,
2009). Differentially expressed contigs were assigned into functional
categories (or bins) by Mercator (http://mapman.gabipd.org/web/
guest/mercator). A pathway map was created to represent most of
the contigs. The Wilcoxon rank sum test was used to identify dif-
ferentially regulated bins.

Alignment and phylogenetic analysis

The amino acid sequences of Arabidopsis thaliana were retrieved
from TAIR (http://www.arabidopsis.org). The sequences were
BLASTed against the database of Q. suber proteins at the Quercus
transcriptome database (project: http://transcriptomics.biocant.pt/
suber_rt/). Alignment was performed using ClustalW2 (http://www.
ebi.ac.uk/Tools/msa/clustalw2/) software.

Phylogenetic analysis was conducted using the Neighbor-Joining
method in MEGA version 5. Tests of inferred phylogenetic groups
were conducted by bootstrapping test with 1000 replicates.

Determination of total phenolics

The total soluble polyphenol content (TPC) was determined in
the solutions obtained by the extractions with ethanol and water.
TPC was determined by spectrophotometry, using gallic acid as the
standard, according to the Folin-Ciocalteu assay (Pereira, 1981).
The calibration curve was obtained by preparing different standard
concentrations of gallic acid within the range 0.1-0.6mg 1"!. Briefly,
a 100 pl aliquot of extracts, the gallic acid standard solutions (0.1—
0.6mg 1), and a blank (deionized water) were put in different tubes.
Then, 4ml of the Folin-Ciocalteu’s phenol reagent diluted 1:10
was added to each tube, and the tubes were shaken and allowed to
react for Smin. After this time, 4ml of 7.5% Na,COj; solution was
added. After incubation in a thermostatic bath for 15min at 45°C,
the absorbance against a blank was determined spectrophotometri-
cally at 765nm (Shimadzu UV-160A). Total phenolic content was
expressed as milligrams of gallic acid equivalents (GAE) per 100 g
dry mass.

PCA analysis

Principal Component Analysis (PCA) was carried out as described
previously (Chaves et al., 2009) using the R platform [version 2.13.1
(Team RDC, 2011)] and the adedTkGUI package (Thioulouse and
Dray, 2007; Team RDC, 2011).

PCA was used to discriminate bad- and good-quality samples and
applied to a whole set of expressed genes (16 792) as well as to a
selected set of genes associated with suberin synthesis (29 genes).
Correlation coefficients (Pearson’s product-moment correlation)
were calculated using the Stars4 Package (Team RDC, 2011).

Statistical analysis

Unless otherwise mentioned all statistical analysis was carried out
using ANOVA: Single Factor.
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Results
Phenotypic analysis of good- and bad-quality cork

The phellogenic tissue was obtained by scratching the inner sur-
face (cork belly) of the cork planks immediately after debark-
ing (see Material and Methods). Samples of the same planks
are illustrated in Fig. 1. The planks of cork of good (A) and
bad (B) quality display the same age (nine years of growth).
The minimal plank thickness required by industry for the
production of stoppers is 27 mm. The samples in Fig. 1A vary
between 35 and 40mm. Homogeneity is another important
feature for industry, characterized by the presence of a mini-
mal number of lenticular channels crossing the cork (Fig. 1A:
black arrow in plank 4) and no other discontinuities. In
planks of GQC it is possible clearly to distinguish the growth
rings (Fig. 1A: *), which appear as white lines. Annual rings
have both light and dark cork. The light-coloured cork is pro-
duced early in the season when cell production is more active
and the cells are relatively large. Later, cork turns darker as
cell production decelerates and cell becomes smaller (Soler
et al., 2008). The planks of BQC are displayed in Fig. 1B. The
thickness of these planks varies between 15 and 20mm, but
most importantly they possess numerous lenticular channels
as can be seen, for example, in plank 8§ (black arrow). These
samples also show several inclusions (Fig. 1B: plank 7).

454 sequences of phellogenic tissue of good- and
bad-quality cork

For gene identification upon comparative analysis of con-
tigs obtained after Roche 454-pyrosequencing of phellogen

Gerkback

.

Innercork —

phellogen

of good- and bad-quality cork, two non-normalized libraries
were constructed (of good- and bad-quality cork) from Q.
Suber phellogen. Each library resulted from a pool of total
RNA extracted from five different trees (Fig. 1A, B). The two
runs (good- and bad-quality cork) provided 536 042 and 555
075 reads, respectively. The mean read length was 337.3 for
the good-quality library and 323.6 for the bad-quality one.
The reads from the two cork types were assembled together
into a single transcriptome, generating 18 411 transcripts,
with a mean read length of 770 bp. These transcripts encoded
16 792 amino acid sequences. The cut-off of normalization
of eight reads at a 95% percentile, with adjusted P value of
0.05 (see Material and Methods) applied, resulted in 1 425
genes differentially expressed (8.48%). Of these, 1 123 showed
annotation (78.8%).

Functional annotation of good- and bad-quality cork

The function of the differentially expressed genes from the
two cork qualities, using the GO annotation, covers a vast
set of molecular functions (Fig. 2A), cellular components
(Fig. 2B), and biological processes (Fig. 2C). The identi-
fication of a large number of differentially expressed genes
provides us with many candidates for studies concerning the
formation of cork of good quality.

Out of the 1 425 differentially expressed genes, the cata-
lytic activity category comprises 305 genes for GQC (21.4%)
and 250 genes for BQC (17.5%); the binding category
accounts for 246 genes in GQC (17.2%) and 217 genes in
BQC (15.2%) (Fig. 2A, Supplementary Table S2). The 100%
of genes belonging to GQC present in the actin-binding and

Fig. 1. Transverse cuts of cork planks where we can observe the radial growth (arrow) of the suber layer. The phellogen tissue used for pyrosequencing
was removed from the plank shown in (A) and (B) immediately after debarking. (A) GQC showing a thickness of at least 28 mm displaying a reduced
number of lenticels (arrow: plank 4) and no other inclusions. It is possible to clearly distinguish cork rings of growth that appear as white lines (*: plank 1).
(B) BQC. Planks are thinner than in (A) with a maximum thickness of 17 mm and showing an elevated number of lenticular channels that completely cross
the suber thickness. It is possible to see other cork defects such as inclusions (*: plank 7). The radial growth occurs from the inside, also known as cork
belly, outwards to cork bark with its surface in contact with the environment. (This figure is available in colour at JXB online).

¥T0z ‘Sz aunt uo 1sanb Aq /6io'sfeuno [pioxogx(//:dny wouy papeojumoq


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru252/-/DC1
http://jxb.oxfordjournals.org/

actin binding

transcription regulator activity
structural molecule activity
antioxidant activity
translation factor activity,...
carbohydrate binding
phosphoprotein phosphatase...
receptor binding

cytoskeleton protein binding
lipid binding

RNA binding

receptor activity

nucleotide binding

protein kinase activity

DNA binding

peptidase activity

nuclease activity

enzyme regulator activity
nucleic acid binding
kinase activity
protein binding
binding
transporter activity
hydrolase activity
®BQC  transferase activity
catalytic activity

| GOC

0% 200 40% 60% 80% 100%

A Molecular Function

Cork quality assessed by transcriptomics | Page 5 of 19

lysosome

cell wall

external encapsulating structure
plasma membrane

ribosome

extracellular region
endoplasmic reticulum
golgi apparatus

cytoplasmic membrane
vacuole
nucleoplasm

chromosome 1

cytoskeleton

mitochondrion
thylakoid |

plastid
nucleus :

mGQc cytoplasm
= BQC intracellular |
cell |

-

n

J
NN

cell proliferation

mitochondrion organization
cell recognition

translation

cell homeostasis

cell communication

generation of precursor metabolites...
protein transport
response to external stimulus
response to biotic stimulus
ion transport

cytoskeleton organization
response to abiotic stimulus
secondary metabolism

DNA metabolism

signal transduction
reproduction

response to stress

4

cell cycle

catabolism

protein metabolism

mGQC carbohydrate metabolism
mBQc lipid metabolism
developmental process

cell organization and biogenesis
biosynthesis

nucleobase, nucleoside, nucleotide...
metabolism

2(;‘% 40% 60% 80% IEIB%
Cellular Component B

0% 20% 40% 60% 80%  100%
C  Biological process

Fig. 2. Distribution of gene ontology categories. Percentage of contigs annotated for (A) molecular function, (B) cellular component, and (C) biological
process are separated in dark grey (GQC) and light grey (BQC). Numbers in the graphs correspond to the number of genes in each sub-category.

When analysing the different sub-categories, it is possible
to see that structural molecule activity, antioxidant activity,
RNA binding, DNA binding, and enzyme regulatory activ-
ity show a higher number of genes that are more highly

receptor-binding categories is the result of just one gene
in each category (Fig. 2A). The same happens for nuclease
activity and carbohydrate binding, this time with one and two
genes, respectively, differentially expressed in BQC.

¥T0z ‘Sz aunt uo 1sanb Aq /6io'sfeuno [pioxogx(//:dny wouy papeojumoq


http://jxb.oxfordjournals.org/

Page 6 of 19 | Teixeira et al.

expressed in BQC. The protein kinase activity and kinase
activity sub-categories comprise more genes that are more
highly expressed in GQK (Fig. 2A).

The ontology classification of cellular components shows
that several sub-categories, such as plastid, vacuole, cyto-
plasmic membrane-bound vesicle and lysosome, are repre-
sented by a single gene (Fig. 2B). On the other hand, the
most represented sub-categories are cell, intracellular, cyto-
plasm and nucleus. In the ontology classification of cellu-
lar components, the number of genes more highly expressed
in BQC is 497 out of 753 (66%), mainly distributed among
the sub-categories ribosome, extracellular region, mitochon-
drion, cytoplasm and intracellular bounding, cytoskeleton,
cytoplasm, and intercellular categories. In contrast, the sub-
categories endoplasmic reticulum and Golgi apparatus are
mainly represented by more highly expressed genes in GQC
(Fig. 2B).

In the biological process category, the sub-categories
with 100% bias, such as cell proliferation, mitochondrion
organization, cell communication, response to biotic stim-
ulus, cytoskeleton, secondary metabolism, cell cycle and

developmental process comprise only one or two genes
(Fig. 2C). The sub-categories translation, protein metabo-
lism, cell organization and biogenesis, and biosynthesis are
mainly represented by genes that are highly expressed in BQC
(Fig. 2C). The genes more highly expressed in GQC gather in
higher numbers in the sub-categories generation of precursor
metabolites and energy, DNA metabolism, and signal trans-
duction and lipid metabolism (Fig. 2C).

When analysing all the expressed genes using the PCA, the
separation that occurs along the st axis explains 95% of the
variation (Pearson correlation coefficients, P < 0.001) and
the separation between good and bad quality cork samples
is achieved along the 2nd axis (5% of the variation; Pearson
correlation coefficients, P < 0.001; Fig. 3, Supplementary
Table S3).

Analysis of metabolic pathways with MapMan

MapMan software tools have been developed to map
Arabidopsis transcriptome data to define functional cat-
egories, display them onto pathway diagrams, and allow

PC1 (95%)
| : :
d=10
A 074140 12
Al 013337
[Al ﬁm\m_ooomz
|
Al_016045

PC2 (5%)

Fig. 3. Principal component analysis bi-plots (PC1-PC2) of the genes detected in BQC and GQC. Genes with higher expression in BQC (shading) or

GQC (darker shading) are highlighted.
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time-course analysis for functional gene groups. In this study
we adapted these tools to Q. suber by generating unique map-
ping files of the Q. suber pyrosequencing data. The automatic
annotations of the differentially expressed sequences between
good- and bad-quality cork allows the assignment of the
1123 differentially expressed sequences with annotation into
36 distinct bins. We have to take into consideration the fact
that the annotation performed by Mercator software is not as

robust as the annotation used by the pyrosequencing biosta-
tistical pipeline (see Material and Methods). The MapMan
software tool was used to display the transcriptome data onto
pathway diagrams. Three maps were chosen, giving a general
distribution of the differentially expressed genes: cellular
responses (Fig. 4A), different classes of stresses (Fig. 4B), and
transcription factors (Fig. 4C). Because only 1123 annotated
genes are differentially expressed (cut-off eight contigs and
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P < 0.05) and used for MapMan analysis, many of the path-
ways are only represented by a few genes.

In accordance with the gene ontology analysis (Fig. 2), with
MapMan analysis, we realized that genes related to protein
synthesis (RNA synthesis, RNA processing, protein synthesis,
and amino acid activation) are more highly expressed in BQC
(Fig. 4A). The DNA synthesis and metal-handling proteins
are more highly expressed in BQC (Fig. 4A). Another cellular
mechanism showing a large number of differentially expressed
genes is abiotic stress. Under MapMan analysis, the number of
transcription factors highly expressed in BQC is higher (Fig. 4B,
C). However, this is not observed when looking at gene ontol-
ogy analysis, where the number of stress genes is equivalent
(Fig. 2C). The transcription factors associated with biotic stress,
namely ERFs and WRKY, are more highly expressed in BQC
(Table 1, Fig. 4B, C). This holds true for the list of transcription
factors that are differentially expressed (Table 1, Fig. 4C). AP2,
WRKY and C2R2 transcription factors, as well as histones, are
more highly represented in samples of BQC (Table 1). GRAS-
and NAC-family transcription factors and chromatin remodel-
ling display more expressed elements in GQC (Fig. 4)

Real time RT-PCR

Several genes involved in pathways analysed throughout
this work were chosen for quantitative real-time RT-PCR
as a confirmation of the transcriptional profile (Arginine
Decarboxylase, Dehydrin, PAL, Sucrose Synthase, bHLHY6,
and VLFA (Table 2, Fig. 5). Primers were designed based
on the sequences obtained after whole-genome sequencing
(primer gene in Supplementary Table S1). It was assured that
each amplified a single gene by blasting the primer sequence
against our database.

The expression levels of all the genes tested by real-time
RT-PCR on individual samples were in accordance with the
expression levels obtained after pyrosequencing, as shown in
Table 2 (Fig. 5).

Despite all samples following the same tendency (higher
expression in GQC or BQC), the levels of expression vary,
as can be seen in PAL gene sample 2 (S2) when compared
with the remaining samples (Fig. 5). The Dehydrin gene
does not show a strong difference in expression between all
GQC and BQC samples, with the exception of sample 4
(S4) (Fig. 5); hence this gene lacks a significant difference
in expression (P = 0.38). In fact, the differential expression
level verified in the transcriptomic data shows that out of
all the genes analysed here, Dehydrin is the one that dis-
plays the fold-change value closest to 1 (0.65) (Table 2).
The correlation coefficient R2 between the expression fold-
change obtained from the qRT-PCR and the expression
fold-change obtained after 454 pyrosequencing is 0.8242
(Supplementary Table S1).

Total phenolic content and phenylpropanoid
pathway genes

The soluble phenolic content was determined from the same
cork planks from which phellogenic tissue was removed for

sequencing and shown in Fig. 1. Every time that RNA and
protein extraction was performed, we observed that BQC
samples were harder to handle and the final extract solution
displayed a more-brownish colouration (data not shown)
compared to GQC samples.

As expected, the total free phenolic content calculated
in mg of GAE ml' is more than double in BQC samples
(6.92mg GAE ml™') compared with GQC (3.315mg GAE
ml ') (Fig. 6). These results led us to look more closely into
genes involved in the phenylpropanoid pathway. The pathway
presented here was based on data obtained from the KEGG
pathway database, MapMan software and Arabidopsis
metabolic pathway present in TAIR (Fig. 7). Based on the
Arabidopsis enzymes identified in the shikimate and phe-
nylpropanoid pathway, we blasted the Arabidopsis protein
sequence against our phelogenic transcriptome database and
obtained the genes listed in Table 3. Upon the blast, we iden-
tified two Q. suber paralogues for 3-dehydroshikimate dehy-
dratase and phenylalanine ammonia lyase (PAL) (Table 3).

The first step in the biosynthesis of phenylpropanoid
compounds is the conversion of L-phenylalanine to trans-
cinnamic acid by PAL (Fig. 7). The second step is the
hydroxylation of frans-cinnamic acid by a cytochrome
P450 monooxygenase (cinnamic acid 4-hydroxylase, C4H).
These initial pathway steps are involved in the synthesis
of lignin, suberin, and phenolics. Only two genes encod-
ing enzymes involved in the phenylpropanoid pathway are
more highly expressed in GQC: PAL and caffeoyl CoA
3-O-methyltransferase (CCoAOMT). Transcripts more
highly expressed in BQC are found for trans-C4H, cin-
namoyl CoA reductase (CCR) and O-methyl transferase
(COMT). The remaining genes for the following enzymes
show no differential expression (NDE): 4-coumarate-CoA
ligase (4CL); p-coumarate 3-hydrolase (C3H); and cinnamyl-
alcohol dehydrogenase (CAD). Note that when moving to
scopolin biosynthesis, one of the free phenolics that can be
found in cork (Conde et al., 1998), 2-oxoglutarate dependent
dioxygenase (20G), an orthologue of At3gl3610, is more
highly expressed in BQC (Fig. 7, Table 3). Most of the genes
participating in the flavonoid pathway are not differentially
expressed. Nevertheless, the synthesis of condensed tannins
seems to be favoured in GQC as suggested by the upregu-
lation in these samples of genes coding for anthocyanidin
synthase (ANS) and dihydroflavonol reductase-like (BAN)
(Fig. 7, Table 3).

Transcripts involved in suberin synthesis

The verification of expression levels of genes involved
in suberin biosynthesis was made using the Arabidopsis
orthologous sequence blasted against our database. Genes
were chosen from the work of Soler e al. (2007). As can be
observed in Table 4, all genes involved in suberin and wax
biosynthesis, and biosynthesis of unsaturated fatty acids and
fatty acid, are either higher expressed in GQC (values above
1) or show no differential expression (NDE). The genes cod-
ing for the enzymes responsible for synthesis of aromatic
monomers necessary for suberin synthesis that are derived
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Table 1. Differential expression levels of sequence-specific DNA-binding transcription factor (GO: 0003700)

EST Q. suber Fold Best q-value Annotation

accession no.? change® TAIR BLASTX

All_003894 0.117 AT3G58780 0.313 Transcription factor, MADS-box

All_001355 0.217 AT3G54810 0.254 Zinc finger, GATA-type

All_004297 0.269 AT1G46480 0.260 Homeobox

All_001662 0.705 AT2G22430 0.003 Helix-turn—helix motif, lambda-like repressor — HD-ZIP protein ATHB-6
bZIP transcription factor family

All_007028 0.182 AT1G75390 6.81e® Basic-leucine zipper (bZIP) transcription factor

All_007036 0.227 AT4G34590 0.293 Basic-leucine zipper (bZIP) transcription factor

WRKY transcription factor family

All_016452 0.2 AT2G24570 0.312 DNA-binding WRKY

All_006373 0.243 AT1G29280 0.056 DNA-binding WRKY

All_007469 0.259 AT5G13080 0.006 DNA-binding WRKY

All_007674 0.361 AT5G13080 0.228 DNA-binding WRKY

All_005356 0.605 AT2G46130 2.22¢” DNA-binding WRKY

AP2/EREBP transcription factor family

All_005415 0.144 AT5G25190 1.12¢7° Pathogenesis-related transcriptional factor/ERF

All_003976 0.147 AT1G19210 6.93e™" Pathogenesis-related transcriptional factor/ERF, DNA-binding
All_001279 0.214 AT5G47230 3.25¢° Pathogenesis-related transcriptional factor/ERF, DNA-binding
All_002811 0.235 AT3G16770 2.58e% Pathogenesis-related transcriptional factor/ERF, DNA-binding
All_001371 0.296 AT4G37750 0.286 Pathogenesis-related transcriptional factor/ERF, DNA-binding
All_001999 0.818 AT1G53910 0.265 Pathogenesis-related transcriptional factor/ERF, DNA-binding
CCAAT-binding transcription factor family

All_001545 1.909 AT1G72830 0.116 CCAAT-binding transcription factor, subunit B

All_002529 3.727 AT5G 12840 0.046 CCAAT-binding transcription factor, subunit B

bHLH

All_001518 0.408 AT1G72210 0.152 Helix-loop—helix DNA-binding domain

All_006430 Only in BQC AT2G40435 0.260 Helix-loop—helix DNA-binding

All_014772 0.058 XP_002303073.1 Populus 0.286 BHLH transcription factor

All_002644 6 AT5G65640 0.328 Helix-loop—helix DNA-binding domain

All_003550 3.88 AT1G29950 0.086 Helix-loop—helix DNA-binding domain

All_001285 3.187 AT4G37850 0.027 Helix-loop—helix DNA-binding domain

Values below one mean that the genes are more highly expressed in BQC.
& Q. suber accession number refers to the accession number assigned after pyrosequencing.
b Fold-change is expressed as the ratio of gene expression of GQC to BQC.

Table 2. Differential expression levels of the same genes chosen for real time RT-PCR analysis

EST Q. suber Real time RT-PCR P-values Fold Best q-value Annotation
accession no.? for sample average change® TAIR BLASTX

All_006118 0.0244 0.32 At2g16500 0.003 Arginine decarboxylase
All_003162 0.3821 0.65 At19g20440 0.364 Dehydirin

All_001518 3.988¢e° 0.40 At1g72210 0.152 bHLH96

All_000012 0.00711 2.03 At3g53260 5.30e™%" PAL

All_000113 0.000194 1.474 At1g04220 7.30e™ VLFA

All_000001 0.00032 1.378 At3g43190 0.001 Sucrose synthase

Values below one means that the genes are more highly expressed in BQC.
& Q. suber accession number refers to the accession number assigned after pyrosequencing.
b Fold-change is expressed as the ratio of gene expression of GQC to BQC.

from the phenylpropanoid pathway are listed in Table 4 and
Fig. 7.

Suberin is a key compound for the development suber lay-
ers. For this reason, we performed another PCA analysis using
the genes involved in suberin synthesis and listed in Table 4.
The PCA analysis shows that these genes do not discriminate

between samples of GQC and BQC. The separation between
samples is achieved along the 2nd axis, but differences are not
considered significant according to the Pearson correlation
coefficients (Supplementary Table S1). Based on the PCA, the
suberin-related genes here analysed can be associated with
cork production, irrespective of cork quality.
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Fig. 5. Results from real-time RT-PCR amplification from the same RNA used for pyrosequencing from GQC and BQC pools. Amplifications were
performed with specific primers chosen randomly from the transcriptome list. It was ensured that the primers amplified only a single gene. Standard
deviation levels are shown (n = 4-6). Stars indicate significant difference at level P < 0.05 in comparison to GQC. The correlation coefficient R2 between
the expression fold-changes obtained from the gRT-PCR and after 454 pyrosequencing is 0.8242 (Supplementary Table S1). (This figure is available in

colour at JXB online).
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Fig. 6. Total phenolic content of extracts of GCQ and BQC. Content
is expressed in milligrams of gallic acid per gram of dry cork. Asterisk
indicates significant difference with P < 0.05 in comparison to GQC.

mg GAE/ml

Analysis of putative genes involved in lenticel
development

We looked for orthologues of genes that are involved in sto-
matal development because it is believed that stomata are

the founder structures for lenticular channels (Kalachanis
and Psaras, 2007). We screened the Q. suber phellogen tran-
scriptome database using the Arabidopsis bHLH transcrip-
tion factors encoded by the FAMA, SPEECHLESS, and
MUTE genes; and Arabidopsis homeodomain-leucine zipper
IV proteins encoded by MERISTEM LAYER 1 (MLI) and
HOMEODOMAIN GLABROUS?2 (HDG?2) genes.

The protein encoded by the five bHLH genes aligned here
(three Arabidopsis genes and the two Q. suber orthologues)
consists of one conserved domain, a 65-amino acid sequence
highlighted in red (Supplementary Figure S1). When align-
ment was performed with 4tML1, HDG2 and the Q. suber
orthologue, two conserved domains were detected. The home-
odomain related (99 amino acids) is only present in AtMLI
and HDG?2. The START conserved domain is present in the
three genes (232 amino acids) (Supplementary Figure S2).

The two Q. suber genes All_001408 and All_001518 share
57% homology in their amino acid sequence and belong to
the same clade of SPCH, FAMA and MUTE. Bootstrapping
showed 82% replication between the two bHLH Q. suber iden-
tified proteins and 58% replication of their closely associated

¥T0z ‘Sz aunt uo 1sanb Aq /6io'sfeuno [pioxogx(//:dny wouy papeojumoq


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru252/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru252/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru252/-/DC1
http://jxb.oxfordjournals.org/

Cork quality assessed by transcriptomics | Page 11 of 19

s!ﬂldmate
L: , SK, ESPS
£ u Isochorismic = Salicyclic Scopoletin biosynthesis
acid acid Se
IPL opoletin
Ecm ‘
Prephenate .~ Phenylalanine 6-hydroxyl
PAT l PAL feruloyl-CoA
Shikimate pathway Clnnwvate 206
- C3H | COMT I F5H — COMT |
ro.
o == Ca T Ferulate ferulate bom  Sinapate
aci ace | P acl | ac |! an |
Coumaryl 5-|I
Coumaroyl-CoA | Shikimate ., Caffeoyl-CoA . Feruloyl-CoA vdmxy Sinapoyl-CoA
=y ccm\om
+ quil CCFllil I coR1 | CCRY | QEQ..Q..... | CCR1
Malonyl-CoA [
Ca‘lfuoyl Col“f!l' 5-hydmm
CHS
pr— ldeh Sinapaldehyde
l -'dehvurim—la Yo ' Coniferaldehyde _Sinapaldehy
Naringenin cap | | cap cap | comT | ¢ CAD
chalcone . M A\ >
Cafferyl Conifferyl S-hydroxy Sinapyl
CHi Alcohol Alcohol = conniferyl hol
- comT FAH alcohol | COMT
Naringeni
; —— Suberin and Lignin
F3H (TTG)
Dihydro Dihydro
-kaempferol -quercetin FLS
F3'H (TT7, o 2,3-trans-2R, Con
as ) < L 2Sflavandols AEE— oxlggsed
DER (TT3) Quercetin ns : i
Kaempferol | (r7g 172, TTG1 Adti— Eg Shevi s
=
N \ ' condensed tannins
" ghion lﬂ"l!oz?:fsﬂﬂi Biflavonols
LDOX
. (T2, T761) &
Cyanidin Pelargonidin (TTL. TT8,
ANR (TT1, TT8 Tn.l.
= TTG1) J""”"r
Epiafzelechin vy
2 T Epicatechin
4 ndll '—FE l? Allthcn:yamns .
Y (red/purple)
Proanthocyanidins
Flavonoid

V-BQC
A-GQC

Fig. 7. Partial representation of the shikimate, phenylpropanoid, flavonoid, condensed tannin, and scopoletin biosynthetic pathways inferred from KEGG,
TAIR and MapMan databases. Underlined enzymes indicate higher expression in GQC; boxes indicate upregulation in BQC. The remaining enzymes
show no differential expression between the two types of cork. See Table 3 for enzyme nomenclature. (This figure is available in colour at JXB online).

Arabidopsis genes. The clade comprising HDG2,

AtMLI and  Stress-related genes

the putative HD-ZIP IV Q. suber orthologue shows a 100%

replication of Q. suber proteins and the Arabidopsis ones

(Fig. 8).

Cork tissue develops as a defence mechanism. Due to this
fact, and to the result after MapMan analysis, we decided to
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Table 3. Differential expression levels (fold change) of genes involved in phenylpropanoid and shikimate pathways

EST Quercus suber Fold Best qg-value Annotation
accession no.? change® TAIR BLASTX
Phenylpropanoid pathway
All_000080 2.47 At3G06350 0.0004 3-Dehydroshikimate dehydratase
All_000285 NDE
All_000009 1.48 At2G37040 3.81e® Phenylalanine ammonia-lyase (PAL)
All_000012 2.03 5.30e%
All_000500 0.86 At2G30490 0.335 Trans-cinnnamate 4-hydroxylase (C4H)
All_001809 0.62 At5G38120 0.001 4-Coumarate-CoA ligase (4CL)
All_001481 0.59 At1G80820 0.0002 Cinnamoyl-CoA reductase (CCR)
All_001003 NDE At4934230 Cinnamyl-alcohol dehydrogenase (CAD)
All_003606 212 At1g67990 1,524 Caffeoyl-CoA O-methyl transferase (CCoAOMT)
All_000148 NDE At2g40890 p-Coumarate 3-hydrolase (C3H), CYP98A3
All_000829 NDE At5g04330 Ferulate-5-hydroxylase (F5H), CYP84A
All_000980 0.64 At5g54160 1.50e7® O-methyltransferase (OMT)
All_000829 NDE AT4G36220 Cytochrome P450 84A1 / Ferulate-5-hydroxylase (FAH)
All_001077 0.55 At3g13610 7.246e7° 2-oxoglutarate (20G)
Flavonoid pathway
All_010302 NDE AT1G34790 Transparent Testa 1 (TT1)
All_004385 4 8.98¢7°
All_004934 NDE
All_003703 NDE Transparent Testa 2 (TT2) / MYB Domain Protein 123
All_005222 2.6 1.04e®
All_004268 NDE AT5G35550
All_002113 NDE
All_001357 2 AT5G42800 2.87¢71® Transparent Testa 3 (TT3) /
All_001579 3.6 0.358 Dihydroflavonol 4-Reductase (DFR)
All_001381 2.6 1.85¢"°
All_002591 NDE
All_002592 NDE Transparent Testa 4 (TT4) /
All_002573 2.3 Chalcone synthase (CHS)
All_004076 1.7 AT5G13930 8.45¢%
All_006196 NDE 0.005
Transparent Testa 5 (TT5) / Chalcone flavanone
All_003758 1.6 AT3G55120 3.45¢”7 isomerase (CFl) / Chalcone isomerase (CHI)
Transparent Testa 6 (TT6) /
All_001001 NDE AT3G51240 flavanone 3-hydroxylase (F3H)
Transparent Testa 7 (TT7) / Cytochrome P450 75B1
All_000443 NDE AT5G07990 (CYP75B1)
All_001326 NDE AT4G09820 Transparent Testa 8 (TT8) / BHLH42
Transparent Testa 10 (TT10) / Transparent Testa 15
All_000064 0.45 AT5G48100 0.257 (TT15) / Laccase-Like 15 (LAC15)
All_001615 NDE AT5G24520
All_001278 NDE Transparent Testa Glabra 1 (TTG1)
All_001403 NDE
All_001539 NDE AT2G37260 Transparent Testa Glabra 2 (TTG2)
All_006986 NDE
All_001391 NDE AT5G08640 Flavonol synthase (FLS)
All_000418 0.59 AT5G54060 0.004 UDP-Glucose (3GT)
All_001383 0.41 - 0.002 Rhamnosyltransferase (RT)
All_000145 0.45 - 2.61¢® Anthocyanin 5-O-glucosyltransferase (5GT)
Shikimate pathway
All_002947 NDE AT1G48850 Chorismate synthase (CS)
All_005118 2.6 AT2G21940 0.076 Shikimate kinase (SK)
AT4G39540
All_002254 NDE AT1G48860 3-Phosphoshikimate 1-carboxyvinyltransferase (ESPS)
AT2G45300

All_010106 NDE AT1G18870 Isochorismate synthase (ICS)
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Table 3. Continued

EST Quercus suber Fold Best q-value Annotation
accession no.? change® TAIR BLASTX
All_001531 NDE AT1G69370 Chorismate mutase (CM)
All_002232 NDE AT3G29200

AT5G10870
All_000624 NDE Prephenate ammonia-lyase (PAT)
Condensed tannins
All_001381 2.6 AT1G61720 1.85¢7"° Dihydroflavonol Reductase Like (BAN)
All_001105 2.9 AT4G22880 0.00 Anthocyanidin synthase (ANS)
All_003063 NDE
All_001293 NDE Desmodium uncinatum
All_001200 NDE (225101-NCBl) Leucoanthocyanidin reductase (LAR)

Values below one means that the genes are more highly expressed in BQC. NDE, not differentially expressed.
& Q. suber accession number refers to the accession number assigned after pyrosequencing.
b Fold change is expressed as the ratio of gene expression of GQC to BQC.

investigate classes of genes known to be more highly expressed
under abiotic stress. The GO-class annotation revealed that
the number of genes involved in protein synthesis and pro-
tein degradation, such as ribosomal protein genes and ubig-
uitin-related genes, is substantially higher in BQC than GQC
(Table 5). The same happens for histone genes that, among
several roles, are involved in DNA repair during the cell cycle
(Landry et al., 1997). When looking at heat-shock proteins, we
were only able to find differentially expressed genes in GQC
(Table 5). Glutathione S-transferase (GST) displays an impor-
tant protective function (Edwards et al, 2000) and shows a
higher number of genes in BQC. Superoxide dismutases
are involved in oxidative stress, and the genes differentially
expressed between the two types of cork and coding for these
enzymes can only be detected in BQC (Table 5).

Discussion

Transcriptome comparison between good- and
bad-quality cork

The present work establishes a comparison of phellogenic
genes differentially expressed in GQC and BQC making use
of Roche 454-pyrosequencing and further annotation per-
formed by Newbler 2.6 (Roche). Recent studies have demon-
strated highly successful de novo assemblies of 454 EST data
for organisms with no prior genomic resources (Novaes et al.,
2008; Vera et al., 2008; Alagna et al., 2009), a feature that is
observed for Q. suber. The annotation software used gives us
a high degree of confidence because after a comparison of
six annotation programmes (CAP3, CLC, MIRA, Newbler
2.3, Newbler 2.5, and SeqMan) for de novo assembly of tran-
scriptome data obtained from an organism with no previous
genomic resources, Newbler 2.5 had the best contig length
metrics and the best alignments to related reference sequences
(Kumar and Blaxter, 2010).

Suberin synthesis

Until now, very few molecular studies have examined cork
development, but Soler et al (2007), using a subtractive

hybridization microarray system, identified specific genes
putatively involved in cork formation, mainly in suberin
synthesis. Other molecular studies on suberin synthesis have
shown that both CYP86A1 and CYP86BI1, required for the
biosynthesis of very-long-chain saturated o, @-bifunctional
aliphatic monomers (Molina et al., 2009), are associated with
endoplasmatic reticulum, where suberin monomer biosyn-
thesis seems to occur before export into the apoplast (Millar
et al., 1999; Hofer et al., 2008). Our transcriptomic data show
that the CYP86A1 orthologue is highly expressed in GQC, a
factor that could determine the higher expression of endo-
plasmic reticulum-related genes observed in GQC (Fig. 2B).
These samples also showed a more intense lipid metabolism
that may be responsible for the synthesis of precursors of the
aliphatic domain of suberin, a factor that could be related
to the thicker cork layers found in GQC trees. Moreover, we
found higher expression of a gene coding for sucrose synthase
in GQC samples (Supplementary Table S2). This enzyme may
provide hexoses to be used downstream in fatty acid biosyn-
thesis, revealing a different primary metabolism between
good- and bad-quality cork.

Even though suberin synthesis is a key factor for the pro-
duction of cork, the PCA analysis on suberin-related genes
identified tells us that these genes do not discriminate between
samples of GQC and BQC. Therefore, these genes are associ-
ated with cork production irrespective of quality.

Expression of stress-related genes during cork
development

The formation of suberin-reinforced cell walls has been
shown to be a plant response to drought (Hose et al., 2001).
In fact, cork formation and stress are related. According to
the work of Ricardo et al. (2011), during cork development
many of the proteins detected share a dual stress response
and defence function. Also, in potato periderm, suberized
tissue used as a model system for suberin formation, more
than half of the proteins identified corresponded to stress
responses (Barel and Ginzberg, 2008; Chaves et al., 2009).
These results strongly suggest that the development of the
cork layer is as a protective tissue against environmental
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Table 4. Differential expression levels (fold change) of genes encoding proteins involved in suberin synthesis

Suberin and wax biosynthesis.

Q. suber Fold Best qg-value Annotation
accession no.? change® TAIR BLASTX
All_000134 1.267 At1g01600 2,90e™ Cytochrome P450, family 86 (CYP86A4S)
At1g63710
At2g45970
At4g00360
All_002989 NDE At3g10570 Cytochrome P450, family 77 (CYP77A6)
All_004601
All_000353 NDE At5g41040 Omega-hydroxypalmitate O-feruloyl transferase
All_000345 1.283 0.105
All_000340 1.504 2.74¢7
All_000356 NDE
All_013100 NDE At1g70680 Caleosin-related family protein
All_013141 NDE
All_000132 NDE POPTR_588365 Cytochrome P450, family 94 (CYP94A1)
All_000075 NDE At5g23190 Cytochrome P450, family 86 (CYP86B1)
All_000025 At4g16760 Long-chain-fatty-acyl-CoA reductase
All_000415 NDE At2g35690
All_003882
All_005135
———————— At1g02205 Aldehyde decarbonylase (CER1)
All_000205 2.78 At3944540 0.179 Fatty acyl-CoA reductase
All_000301 NDE
——————————— At5g37300 Diacylglycerol O-acyltransferase
Biosynthesis of unsaturated fatty acids
All_001650 NDE At1g01710 Palmitoyl-CoA hydrolase
At4g00520
Fatty acid elongation
All_000492 NDE At2g33150 Acetil-CoA acyltransferase
All_005669 NDE Ats5g47720
All_003985 0.63 At5g48230 0.312
All_006584 NDE At3g15290 3-hydroxyacyl-CoA dehydrogenase
All_008459 2.5 0.003
All_002945 NDE At1g60550 Enoyl-CoA hydratase
All_004827 NDE
All_002608 4 0.0001
All_003110 4.2 At3g45770 0.332 Trans-2-enoyl-CoA reductase
All_000415 NDE At3g51840 2-Enoyl-CoA reductase
All_006890 NDE At3g06810
All_000165 2.125 At1g01120 5.31¢° 3-ketocyl-CoA synthase (in endoplasmic reticulum)
All_000113 1.47 At1g04220 7.3¢7°
All_000221 2.62 0.0002
All_002243 1.33 At1g67730 0.019 Very-long-chain 3-oxoacyl-CoA
All_004052 NDE At5g10480 Very-long-chain (BR)-3-hydroxyacyl dehydratase
All_001913 4.8 At3955360 2.87¢7 18 Very-long-chain enoyl-CoA reductase

Values below zero mean that the genes are more highly expressed in BQC. NDE, not differentially expressed.
@ Q. suber accession number refers to the accession number assigned after pyrosequencing.
b Fold change is expressed as the ratio of gene expression of GQC to BQC.

stress conditions. Our results reinforce this view. The higher
expression of ribosomal protein genes in BQC seem to be a
response to damaged ribosomes promoted by abiotic stresses
that are able to induce cross-links in ribosomal RNA or
between mRNA, tRNA, rRNA, and proteins (Noah et al.,
2000). As observed by Casati and Walbot (2003), ribosomal
protein synthesis is stimulated when ribosomal genes are
damaged in order to maintain correct protein synthesis in the

cell. We also observed that BQC displayed a higher number
of histones, ubiquitin-related genes, and DNA-binding pro-
teins in comparison to GQC. This was also shown by Casati
& Walbot (2003) as a consequence of an indirect effect of
the damaged DNA caused by UV-B radiation. Ubiquitin-
related genes recognize the cross-link and oxidatively dam-
aged proteins caused by UV radiation (Gerhardt et al., 1999),
and target them for degradation via ubiquitination, leading
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Fig. 8. Phylogenetic analysis of the three bHLH Arabidopsis proteins involved in stomatal formation and development (SPEECHLESS, FAMA and MUTE),
two Q. suber orthologous (All_001408 and All_01518), and two Arabidospsis HD-ZIP IV proteins (ML1 and HDG2) responsible for stomatal differentiation
and one Q. suber orthologue (All_001724). Bootstrapped values indicating the level of significance (%) by the separation of branches are shown. The
branch length indicates the extent of the difference according to the scale shown. Note that SPEECHLESS, MUTE, FAMA, All_001408 and All_001518
are grouped within the same sub-clade while ML1, HDG2 and All_001724 group in distinct sub-clade.

Table 5. Number of paralogues belonging to gene classes
present in GQC and BQC: ubiquitin-related, ribosomal, histone,
heat shock, glutathione S-transferase, and superoxide dismutases

Gene class GQC BQC
Ubiquitin-related genes 10 20
Ribosomal protein genes 4 58
Histone genes 3 1
Heat-shock genes 16 0
Glutathione S-transferase genes 4 6
Superoxide dismutase genes 0 3

to an improvement of cellular homeostasis and maintenance
of correct gene regulation.

Only GQC showed an upregulation of transcripts encod-
ing heat-shock proteins (HSPs). Cork oak tissues, in response
to heat, water deficit, UV radiation, or oxidative stress, accu-
mulated class I HSP and HSP17 transcripts (Pla et al., 1998;
Puigderrajols et al., 2002) conferring tolerance against heat
stress (Soto et al., 1999; Jofré et al., 2003). In chestnut and
holm oak, class I HSPs were induced during the summer
(Verdaguer et al., 2003; Lopez-Matas et al., 2004). The upreg-
ulation of these proteins, only observed in GQC, is appar-
ently responsible for a cell protection mechanism leading to
correct phellogen development. In general, HSPs function by
promoting correct folding, trafficking, maturation, and deg-
radation of proteins, cell cycle control, and stabilization of
proteins by preventing their aggregation. Based on the genes
highly expressed in BQC and described earlier, these cellu-
lar mechanisms are exactly the ones compromised in BQC.
In conclusion, the role of HSPs is to protect cells allowing
the re-establishment of a normal protein conformation and
therefore, cellular homeostasis (Buchner, 1999; Richter and
Buchner, 2001; Sung et al., 2001; Young et al., 2001; Wang
et al., 2004). This important chaperone role of HSPs is not
verified in BQC, which could lead to impairment of cell
homeostasis and cell division.

MapMan and GO annotation analysis showed that certain
classes of transcription factors were mainly highly expressed

in BQC. They belong to the families of AP2-EREBP, WRKY,
Histone, MADS C2H2, and bHLH. Transcription factors of
the families AP2/EREBP, bZIP/HD-ZIP, and Myb, and sev-
eral classes of zinc finger domains, have been implicated in
plant stress responses (Chen et al., 2002; Nakashima ez al.,
2009). The ethylene-responsive element binding factors
(ERFs) are more highly expressed in BQC. This class of genes
plays an important role in adaptation to biotic and abiotic
stress such as pathogen attack, wounding, UV irradiation,
extreme temperature and drought (Penninckx ez al., 1996).

Lenticular channel formation and its role in the
cork layer

There are no genetic studies on lenticel development, but it is
believed that they have the same origin as stomata and, there-
fore, the same gene regulation. The trio of basic helix-loop—
helix (bHLH) transcription factors, SPEECHLESS (SPCH),
MUTE, and FAM A, identified in Arabidopsis, are essential for
stomatal formation (Pillitteri ez al., 2007; Pillitteri et al., 2008)
and they form a single clade (Pires and Dolan, 2010; MacAlister
and Bergmann, 2011). Two orthologues were found in our data-
base that are included in the same bHLH clade and are more
highly expressed in BQC (Fig. 4). We can consider that the
genes found in Q. suber are orthologues of the b(HLH SPCH,
FAMA, and MUTE because within the angiosperms, putative
bHLH orthologues can be identified due to the high degree of
sequence conservation of its unique domain (MacAlister and
Bergmann, 2011). The HD-ZIPIV genes HOMEODOMAIN
GLABROUS2 (HDG2)and MERISTEM LAYERI (ML) are
involved in stomatal differentiation (Peterson ez al., 2013) and
the orthologue found in our database is also higher regulated
in BQC. In order to prevent desiccation of the above-ground
organs, plants produce protective layers such as waxes and
suberin, but these prevent evaporation and limit the uptake
of carbon dioxide from atmosphere. These problems are over-
come by the production of stomata on epidermal structures
(Pillitteri and Torii, 2007) and lenticels (Langenfeld-Heyser,
1997; Lendzian, 2006). As described in the Results section,
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phellem (cork) is much more interspersed with lenticels in BQC
than GQC. Surprisingly, despite lenticels being channels that
facilitate gas and water exchange (Groh et al., 2002), corticular
tissue regions below lenticels work as a shade tissue where light
does not penetrate easily (Manetas and Pfanz, 2005), due to its
filling. The idea that more lenticels leads to an accumulation of
free phenolics on its inner space could come from the fact that
flavonoid and hydrocinnamic acid metabolites usually accumu-
late in the central vacuoles of guard cells and epidermal cells of
stomata (Weissenbock et al., 1986; Schnitzler et al., 1996), the
founder structures for lenticel formation, and so stimulate the
accumulation of phenolics in lenticular channels. This could
be one of the reasons for the higher amount of free phenolics
present in BQC.

Defence mechanisms of Q. suber

Throughout evolution, each living organism has developed
mechanisms that allow them to cope with unfavourable envi-
ronmental conditions such as drought, high or low tempera-
tures, and increased UV radiation. Many plants perceive UV
radiation as stress leading to the synthesis of UV-absorbing
compounds (Hahlbrock and Scheel, 1989) such as soluble phe-
nols (Jansen et al., 1998; Jansen, 2002; Gitz et al., 2004). Our
results showed an accumulation of free flavonoids and higher
regulation of CHS, PAL, and 4CL transcripts involved in
the phenylpropanoid pathway in BQC samples. The phenyl-
propanoid pathway has several downstream branches leading
to functional, distinct end-products such as auxin, tannins,
suberin, and lignin (Tohge et al., 2013). The first reaction of the
phenylpropanoid pathway is promoted by PAL and the second
step is carried out by the C4H that is induced by abiotic factors
such as light, elicitors, and wounding (Batard et al., 1997; Bell-
Lelong et al., 1997). In our transcriptome, the C4H enzyme
is more highly expressed in BQC, while PAL that is induced
mainly by biotic factors (Lawton and Lamb, 1987) is more
highly expressed in GQC. PAL also initiates the phenylpropa-
noid pathway responsible for the poly-aromatic monomers of
suberin and lignin. In fact, if we alter the action of PAL, the
synthesis of suberin and lignin is affected (Gitz et al., 2004).

It is at the end of the different sub-pathways (anthocyanins
and scopolin) that the enzymes are most highly expressed in
BQC. In Arabidopsis, hydroxycinnamic acid esters (HCAEs)
are more effective UV protectants than flavonoids (Burchard
et al, 2000). In our data, the phenylpropanoid pathway
comprising the HCAEs has key genes that are more highly
expressed in BQC, such as C4H (P450), COMT or CCR.
With the exception of Testa Transparent 15 (TT15), all other
TT genes are highly expressed in GQC. This class of genes is
involved in UV protection and they are also responsible for
wax production (Caldwell, 1983), a component of suberin.

It has been demonstrated that UV-B radiation inhibits plant
growth by regulating cell cycle progress (Nawkar et al., 2013),
which might be a protective mechanism to prevent cells with
damaged DNA from dividing (Jansen, 2002). In our transcript
database we do not find differentially expressed cyclin-related
genes, but we do see that histone genes are highly expressed in
BQC. Our gene ontology analysis shows that proteins that vary

during the cell cycle, including cytoskeletal proteins, are also
more highly expressed in BQC, a phenomenon also observed
by Klessig et al. (2000) and Catterou et al. (2001) as defence
signalling responses in Arabidopsis and maize (Zea mays).

Another defence mechanism that seems to be occurring
in BQC is the upregulation of genes implicated in oxida-
tive stress, such as GSTs and superoxide dismutases; both
increased in our experiments and in the work reported
by Casati and Walbot (2003) in maize in response to UV
light. UV-B is able to stimulate the production of reactive
oxygen species (ROS) (Dai ez al., 1997) and antioxidant
defences (Jansen et al., 1998). We can predict a higher con-
tent of ROS molecules in BQC because GST genes and
especially superoxide dismutase genes are more highly
expressed in cork of this quality. The role of GSTs and
superoxide dismutase helps to maintain redox homeostasis
in cells and also scavenge ROS (Schurmann and Jacquot,
2000), protecting cell membranes against oxidative stress
and DNA against radiation (Schmidt and Dringen, 2012).
The upregulation of these classes of genes in response to
UV-B exposure was also reported by Arnots and Murphy
(1991) and Dai et al. (1997). Moreover, we have observed
that a gene coding for arginine decarboxylase was sig-
nificantly more highly expressed in BQC (Fig. 4). This
gene is involved in the biosynthesis of polyamines, an
important growth regulator in response to abiotic stress
(Alcazar et al., 2010). In addition, three genes coding
for S-adenosylmethionine synthetase are more highly
expressed in BQC (Supplementary Table S2). This enzyme
provides the precursor S-adenosylmethionine for ethylene
and polyamine biosynthesis.

Conclusion

High-throughput analyses are opening doors to further and
numerous fine-tuned developmental studies, such as that reported
here. The multivariate analysis of all genes showed that only 5%
of those expressed can be associated with differentiation of cork
of good or bad quality. The genes associated with trees produc-
ing good- or bad-quality cork are candidate biomarkers for reg-
ulation of gene expression (transcription factors), and primary
and secondary metabolism, associated with cork quality.

Supplementary material

Supplementary data can be found at JXB online.
Supplementary Table S1. A list of the PCR primers used
for real-time RT-PCR and correlation coefficient R2 between
pyrosequencing and RT-RTPCR.
Supplementary Table S2. List of genes distributed into dif-
ferent gene ontology categories.

Supplementary Table S3. Information on principal
components.

Supplementary Figure S1. Alignment of five bHLH
proteins.

Supplementary Figure S2. Alignment of three HD-ZIP IV
proteins.
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