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Abstract: A noticeable proportion of low transcribed 
genes involved in wood formation in conifers may have 
been missed in previous transcriptomic studies. This 
could be the case for genes related to less abundant cell 
types, such as axial parenchyma and resin ducts, and 
genes related to juvenile wood. In this study, two normal-
ized libraries have been obtained from the cambial zone 
of young individuals of Pinus canariensis C. Sm. ex DC, 
a species in which such cells are comparatively abun-
dant. These two libraries cover earlywood (EW) and late-
wood (LW) differentiation, and reads have been de novo 
meta-assembled into one transcriptome. A high number 
of previously undescribed genes have been found. The 
transcriptional profiles during the growing season have 
been analyzed and several noticeable differences with 
respect to previous studies have been found. This work 
contributes to a more complete picture of wood formation 
in conifers. The genes and their transcription profiles 
described here provide a useful molecular tool for further 
studies focused on relevant developmental issues, such 
as wound response and the formation of traumatic wood, 
re-sprouting, etc., presumably related to those cells.

Keywords: cDNA libraries, earlywood (EW), genetic, juve-
nile wood, latewood (LW), microarrays, Pinus canariensis, 
transcriptome, wood formation

Introduction
In the last two decades, several works have approached 
the transcriptome basis of wood formation. Most of these 
works have been performed in angiosperm species (Sterky 
et al. 1998; Paux et al. 2004), including studies in the non-
woody model Arabidopsis thaliana (L.) Heynh. (Zhang 
et al. 2011). Nevertheless, conifer and angiosperm woods 
display important differences, which support the need for 
specific studies on each group.

Unfortunately, gymnosperms, and more specifically 
conifers, display certain characteristics, which hamper 
transcriptomic and genomic analysis. They have huge 
genomes (10 000–40 000 Mbp), usually with a high per-
centage of repeated sequences and pseudo genes (Kovach 
et  al. 2010; Lorenz et  al. 2012; Nystedt et  al. 2013). Addi-
tionally, a much lower number of sequences are available 
on public databases for conifers than for angiosperms, 
decreasing the proportion of successful annotations in 
these studies (López de Heredia and Vázquez-Poletti 2016).

Nevertheless, several studies have addressed wood 
formation in conifers. For instance, genes involved in 
wood formation have been identified in Pinus pinaster Ait. 
(Le Provost et al. 2003), Pinus taeda L. (Kirst et al. 2003) 
and Pinus radiata D. Don (Li et al. 2010). More recently, 
Raherison et al. (2015) and Lamara et al. (2016) described 
networks of co-expressed genes involved in wood forma-
tion in Picea glauca (Moench) Voss, and Mishima et  al. 
(2014) published a transcriptomic analysis of wood for-
mation in a Taxodiaceae, Cryptomeria japonica (Thunb. 
ex L.f.) D. Don. Other works have focused on the identifi-
cation of genes involved in reaction wood formation (e.g. 
Allona et al. 1998; Yamashita et al. 2008), characterized 
by tracheids with thick and strongly lignified secondary 
walls and by a low proportion of parenchymatic cells or 
have used molecular markers to search for differences 
in wood quality associated with population genetics 
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(Sandak et  al. 2015). Many of these works had mature 
wood in focus. However, as recently reported by Li et al. 
(2017) in Larix kaempferi (Lamb.) Carr., wood transcrip-
tome varies along the life of the tree, so transcripts related 
to juvenile wood formation could have been missed in 
those studies.

This works reports a transcriptome analysis of juvenile 
wood formation in Pinus canariensis C. Sm. ex DC. This is 
not a common model species for this purpose, although 
it has noteworthy characteristics: it shows a remark-
able healing capacity (recently described in López et  al. 
2015; Chano et al. 2015) and produces abundant resinous 
heartwood, which prevents putrefaction and reaches high 
market values, due to its aesthetic characteristics and its 
durability even under outdoor conditions (Climent et  al. 
1998; Taylor et al. 2002). A special feature of its secondary 
xylem, i.e. the comparatively abundant presence of axial 
parenchyma (Climent et al. 1998) may have been missed in 
previous studies in other conifer species (even in Pinaceae). 
Two cDNA libraries from the P. canariensis C. Sm. ex DC 
cambial zone have been prepared and analyzed, in order 
to cover the transcriptional profiles both of earlywood (EW) 
and latewood (LW) differentiation, aiming at obtaining a 
more complete picture of wood formation in conifers.

Materials and methods
Glossary:

cDNA Double-stranded DNA synthesized from single-
stranded RNA

contig An overlapped DNA segment obtained during reads 
alignment, representing a consensus region of DNA

CT Cycle threshold is the number of cycles required 
in qRT-PCR for the fluorescent signal to be 
differentiated from the background level

DEGs Differentially expressed genes, inferred as 
statistically significant

delta-delta-CT The delta-delta-CT is used to obtain normalized 
relative expression, assuming equal primer 
efficiency of the target gene and the reference gene

EST Expressed sequence tag, partial cDNA sequence 
used to identify gene transcripts

GC content Percentage of the sum of guanines and cytosines in 
a DNA or RNA sequence

GO Gene ontology terms are assigned by the Gene 
Ontology Consortium to identify gene functions 

L50 Corresponds to the smallest number of contigs 
whose length sum results in 50% of transcriptome 
total length

N50 Represents the length of the shortest contig at 50% 
of the transcriptome length distribution

PCR Polymerase chain reaction, a technique for DNA or 
cDNA fragment amplification

qRT-PCR Quantitative real-time polymerase chain reaction 
is a technique based on PCR for monitoring gene 
expression

singleton Short reads not assembled to larger contigs
WGCNA Weighted gene co-expression network analysis

Plant material: Three-year-old unrelated Canary Island pines 
grown in a nursery at the UPM facilities were investigated. Trees 
were grown in 3:1 (v/v) peat:vermiculite, in 650 ml cone-contain-
ers first and, after the first year, they were grown outdoor with-
out watering. At the collecting dates, the trees were approximately 
150 cm high, with a diameter at breast height of 2–3 cm. Three dif-
ferent unrelated trees were harvested independently at each sam-
pling date. The stems were debarked and the cambial zone and 
differentiating xylem were scrapped with a sterile scalpel. These 
samples were immediately frozen in liquid nitrogen and stored 
at −80°C for further RNA extraction. For the construction of the 
libraries, samples were collected on 5 May and 12 July. To evalu-
ate gene expression during the growing season, samples were col-
lected on 7 March, 6 April, 6 May, 6 June, 6 July and 5 September. A 
2-cm long portion of the stem of each plant was reserved for ana-
tomical observation.

Anatomical observation: Cross-sections 20 μm thick were obtained 
from stem portions with a Leica SM2400  microtome (Leica Bio-
systems, Nussloch, Germany). Sections were treated with sodium 
hypochlorite, washed with distilled water 2–3 times, and then 
stained for 2 min with 1% safranin (v/v) and for 1 min with 1% alcian 
blue (w/v), washed with distilled water and dehydrated with an etha-
nol series. Finally, sections were mounted on slides for bright-field 
microscopy.

RNA isolation: Total RNA was isolated from differentiating xylem 
samples stored at −80°C, while the CTAB-LiCl precipitation method 
(Chang et al. 1993) was applied, and it was purified with the RNeasy 
Plant Mini Kit (Qiagen, CA, USA). The quantity of total RNA for each 
sample was measured with a Nanodrop model ND-1000 (Thermo 
Scientific, MA, USA), and RNA quality was checked by the Experion 
Bioanalyzer (Bio-Rad, CA, USA).

Library construction and transcriptome assembly: Two RNA pools 
(corresponding to spring and summer) were obtained by mixing equal 
amounts of RNA from each of the three plants collected at the sampling 
date. SMART approach (Zhu et al. 2001) was used for cDNA synthesis 
from each RNA pool. Amplified cDNA was purified with a QIAquick 
PCR Purification KIT (Qiagen, CA, USA) and concentrated by ethanol 
precipitation. DNA pellets were diluted with MilliQ water to a final 
cDNA concentration of 50 ng μl−1. These cDNA samples were then nor-
malized via the DSN normalization approach (Zhulidov et al. 2004).

Sequencing was performed by means of a Roche 454 Genome 
Sequencer FLX Titanium System (Roche/454 Life Sciences, CT, USA) 
by the life sequencing service (Universidad de Valencia, Spain). Read 
files were pre-processed to improve read quality via  sequential PRIN-
SEQ-lite v.0.20.4 (Schmieder and Edwards 2011) and SnoWhite v.1.1.4 
(Barker et  al. 2010), a cleaning pipeline for cDNA sequences that 
is based on SeqClean (http://sourceforge.net/projects/seqclean/) 
and trims polyA/T. Reads obtained were   deposited  in the National 
Center of Biotechnology Information (NCBI) Sequence Read Archive 
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(SRA) database (http://www.ncbi.nlm.nih.gov/sra; accession no 
SRP075611, BioProject PRJNA322445).

Assembly was done by Newbler v.2.5 (Roche/454 Life Sciences, 
CT, USA), based on the overlap layout consensus (OLC) paradigm, 
which first identifies all pairs of reads that show good overlap and 
then generates graphs where every read corresponds to one node, 
and there is an edge between any pair of overlapping reads. Prelimi-
nary de novo assemblies were pooled into single multi-fasta files, 
and meta-assembled with CAP3 (Huang and Madan 1999), using 
default parameters, to remove redundancies and achieve longer 
contigs. The quality of the final meta-assembled transcriptome 
was assessed quantitatively by computing the length of the con-
tigs, the GC content and the N50 and L50 parameters using Quast 
v.2.3 (Gurevich et  al. 2013) and rnaQUAST v.1.2.0. (Bushmanova
et  al. 2016). Additionally, quality of the transcriptome was also 
checked by aligning the contigs with available transcriptomes from 
other Pinus species. This transcriptome shotgun assembly project 
has been deposited at DDBJ/EMBL/GenBank under the accession 
GESU00000000 v01.

Functional annotation: The transcriptome assemblies were down-
streamed as inputs for the local version of BlastX (Altschul et al. 1990). 
The contigs were launched against the Viridiplantae section of the 
RefSeq database (NCBI), with an e-value threshold of 10−5 and limited 
to a maximum of 50 hits. The output file was imported into Blast2GO 
v2.7.2 (Conesa et al. 2005), in order to provide a comprehensive func-
tional annotation and sequences analysis. A statistical assessment of 
annotation was performed by the Mapping, Annotation, and GO-slim 
tools implemented in Blast2GO. InterPro annotation was also per-
formed in order to retrieve motif/domain information and to improve 
annotation. Enzyme codes (EC) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways were also obtained through Blast2GO by 
the direct mapping of GOs to the enzyme code equivalents.

Microarray analysis: The contig library was filtered removing iso-
forms and sequences shorter than 300 bp. The unigenes served for 
the design of a one-color 180 K microarray (Agilent, USA). Further-
more, contigs from other cDNA libraries of Pinus pinaster and Pinus 
pinea, as well as ESTs and sequences of the loblolly pine from the 
Pine Gene Index Database (http://www.mgel.msstate.edu/dna_libs.
htm) were included. Probes included in the microarray are provided 
in Supplementary Information Table S1.

Three biological replicates (RNA from three different trees) 
from each sampling point were independently hybridized following 
the One Color Microarray-Based Gene Expression Analysis Protocol 
(Agilent Technologies, Palo Alto, CA, USA). Arrays were scanned at 
a 3-mm resolution on Agilent DNA Microarrays Scanner (G2565BA, 
Agilent Technologies), and the images were analyzed with Feature 
Extraction software (Agilent Technologies). Background correction 
and normalization of expression data were performed using LIMMA 
(Smyth and Speed 2003). For local background correction and nor-
malization, the methods normexp and loess in LIMMA were applied, 
respectively (Smyth and Speed 2003). To have similar distribution 
across arrays and to achieve consistency among arrays, log-ratio val-
ues were scaled as a scale estimator for the median-absolute-value 
(Smyth and Speed 2003). Hybridizations and first statistical analysis 
were performed by the Genomics Facility at Centro Nacional de Bio-
tecnología, Madrid. Data were deposited in the NCBI Gene Expres-
sion Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo accession no 
GSE82217).

Normalized data were analyzed with Babelomics v.4.2 (Medina 
et al. 2010), performing a maSigPro (Time/Dosage Series) analysis, a 
methodology designed for the identification of differentially expressed 
genes (DEGs) in a time-course experiment. maSigPro is based on a 
regression modeling approach and reports expression changes con-
sidering the whole expression profile. The following options were 
selected for the analysis: (1) polynomial degree = 4, which determines 
regression complexity; (2) FDR adjustment; (3) significance level of 
0.05; and (4) k-means clustering for cluster method (k = 6). Later on, 
an enrichment analysis of GO terms was performed for each of the six 
clusters compared to the complete transcriptome obtained from librar-
ies, by means of the Fisher’s exact test of the Gossip (Blüthgen et al. 
2005) package implemented in Blast2GO, with an FDR value of 0.05.

A weighted gene co-expression network analysis was performed 
by means of the WGCNA R package v1.51 (Langfelder and Horvath 
2008) with the relative gene expression values for each biological rep-
licate and sampling points. To identify expression modules in WGCNA, 
a soft threshold power value of 10 was applied and the networks were 
constructed for connected genes with r ≥ 0.90. Finally, the co-expres-
sion network was visualized by Cytoscape v. 3.5.1 (Shannon et al. 2003).

qRT-PCR: The expression patterns of eight genes, covering the clus-
ters obtained from the microarray analysis, were confirmed by qRT-
PCR using RNA from one of the genotypes as a biological replicate 
in the microarrays. First-strand cDNA synthesis was performed by 
SuperScript™ III reverse trascriptase (Invitrogen, USA) following the 
manufacturer’s instructions, with 4 μg of total RNA and random hex-
amers. Gene-specific primers were designed for the selected genes via 
the Primer3 software (Untergasser et al. 2012), with a m.p. between 60 
and 65°C, and producing amplicons between 80 and 120 bp (Table 1). 
qRT-PCR was performed in a CFX96™ Real-Time PCR Detection Sys-
tem (Biorad, USA), by means of the SsoFast™ EVAgreen® Supermix 
(Biorad, USA), according to the manufacturer’s protocol, and follow-
ing the standard thermal profile: 95°C for 3  min, 40 cycles of 95°C 
for 10 s and 60°C for 10 s. To compare data from different qRT-PCR 
runs, the CT values were normalized by the Ri18S as housekeeping 
gene. The expression ratios were then obtained by the delta-delta-CT 
method corrected for the PCR efficiency for each gene (Pfaffl 2001).

Results and discussion

De novo transcriptome assembly

Two normalized cDNA libraries were obtained from the 
differentiating xylem, i.e. (1) in spring, when the growth 
rate is at its maximum and xylematic cells produced by 
periclinal divisions of cambial cells mostly differentiate 
into tracheids; and (2) in mid-summer, when the growth 
rate decreases and eventually stops, and a higher propor-
tion of resin ducts and their associated axial parenchyma 
are produced.

Sequencing of this cDNA produced 458  498 reads 
in spring and 474  393 in summer. These two separate 
libraries were meta-assembled into a single transcrip-
tome, removing redundancies, and 44  849 contigs and 

http://www.ncbi.nlm.nih.gov/sra
http://www.mgel.msstate.edu/dna_libs.htm
http://www.mgel.msstate.edu/dna_libs.htm
http://www.ncbi.nlm.nih.gov/geo


922 

103  764  singletons (i.e. short reads that are not assem-
bled into contigs). The size distribution of the contigs and 
singletons are presented in Figure 1a. The total length of 
the final transcriptome was 25 836 041 bp and the largest 
contig had a length of 3518 bp. The GC content was 42.15% 
and the N50 and L50 values were 1101 and 8755 bp, respec-
tively (Table 2). This transcriptome is considerably larger 
than other ones related to wood formation in conifers and 
available in databases, such as those of Pinus pinaster Ait. 
(Le Provost et al. 2003), Pinus taeda L. (Kirst et al. 2003) or 
Pinus radiata D. Don (Li et al. 2010).

To check the quality of this de novo transcriptome, 
contigs were aligned with available transcriptomes from 
two closely related species, Pinus pinaster Ait. and Pinus 
halepensis Mill. From the total of Pinus canariensis C. Sm. 
ex DC contigs, 92.7%, and 79.3% were aligned, respectively, 
to the P.  pinaster Ait. and P. halepensis Mill. unigenes.

Functional annotation

The transcriptome assemblies were aligned to the 
 Viridiplantae section of the RefSeq database (NCBI). The 
analysis yielded 27 576 contigs (61.5%) and 28 542 single-
tons (27.5%) matching records of the RefSeq database.

The output file from the BlastX analysis was imported 
into Blast2GO (Conesa et al. 2005), and a statistical assess-
ment of annotation, including InterProScan, was per-
formed in order to retrieve motif/domain information and 

merge this to the actual annotation. GO terms were assigned 
to 22  227 contigs (49.6% of the total) and 20  743  single-
tons (20.0% of the total). A total of 172 365 GO terms were 
obtained, which are distributed among different levels for 
the biological process (BP; 92  988GOs, 54%), molecular 
function (MF; 32  923 GOs, 19%) and cellular component 
(CC; 46  454 GOs, 27%) categories. The main level for BP 
and MF was level 3 (31 423 and 11 914 GO terms, respec-
tively), while it was level 8 for CC (23  680 GOs). Again, 
this level distribution was consistent with those obtained 
for Pinus halepensis Mill. (Pinosio et al. 2014), Pinus con-
torta Douglas ex Loudon (Parchman et al. 2010), or Pinus 
radiata D. Don (Li et al. 2009). Moreover, Figure 1b shows 
the most represented GO terms in a direct GO count for the 
three categories, highlighting cellular process, biosynthetic 
process, response to stress, cellular component organiza-
tion and biological process for BP, nucleotide binding and 
kinase activity for MF, or membrane, cell wall and nucleus 
for CC. The complete annotation of the 44 849 contigs is 
available in Supplementary Information Table S2. Con-
versely, no homology was found in the public databases 
for up to 17 273 contigs.

Transcription profiles during the growing 
season

Samples of the cambial zone of Pinus canariensis C. Sm. ex 
DC collected at six dates from March to September (Figure 

Table 1: Primers used for qRT-PCR verification.

Contig name Oligo name Description
Orient-
ation Len Tm GC% Sequence (5′-3′)

Congit05410 Pc_05410_PECTINESTERASE_F1 Pectinesterase 2-like protein For 20 63.1 55 GTACTCTCGCACGGTCTTCA
Pc_05410_PECTINESTERASE_R1 Rev 20 62.5 45 ATAATAAAGCGTCCCCAACG

Contig12050 Pc_12050_MYB_F1 MYB46-like protein For 20 62.8 45 ATTCCCAACATGGAAGAAGC
Pc_12050_MYB_R1 Rev 20 63.7 50 CTGCATCACCATCACACTCA

Contig06513 Pc_06513_ATHB15_F1 ATHB15-like protein For 20 62.9 55 CCTTGAGGGAAGACGAAGAG
Pc_06513_ATHB15_R1 Rev 20 62.7 45 AGCTCAGAATTCCCTTTGCA

Contig02274 Pc_02274_NAC_F1 NAC74-like protein For 20 64.2 50 ACCTTTCTGCTCGAAGCTCA
Pc_02274_NAC_R1 Rev 20 63.9 45 TCAATGGCAGGTGTTGGTTA

Contig04961 Pc_04961_BEL1_F1 BEL1-like protein For 21 64.2 48 TGAAACTTCAGCACCTCATCC
Pc_04961_BEL1_R1 Rev 20 63.9 50 AGCTCTGGCTTAGGCAACAA

Contig03225 Pc_03225_EXPANSIN_F1 α-expansin-like protein For 20 62.8 45 AAGCGGAGCTGATTCTTGAT
Pc_03225_EXPANSIN_R1 Rev 20 63.1 60 CTCAGAGCCACAGAGACGAG

Contig04867 Pc_04867_WRKY_F1 WRKY4-like protein For 20 63.8 50 CCTGTGCTAGCCATTTGTGA
Pc_04867_WRKY_R1 Rev 20 63.7 50 TCAATGGCAGGTGTTGGTTA

Contig06476 Pc_06476_CCoAOMT_F1 CCoAOMT-like protein For 20 64.0 50 GATTGAACAACCGAGGTGCT
Pc_06476_CCoAOMT_R1 Rev 20 63.6 45 TGCAACACCTGAATTCCAAC

Housekeeping Ri18S_FW 18S robosomal For 19 62.4 53 GCGAAAGCATTTGCCAAGG
Housekeeping Ri18S_RV Rev 21 62.4 48 ATTCCTGGTCGGCATCGTTTA

For, forward; Rev, reverse.
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Figure 1: (a) Size distribution of contigs and singletons achieved after meta-assembly with CAP3.
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2) were hybridized against a microarray including a set of
16 455 unigenes from the contig library (removing isoforms 
and sequences shorter than 200 bp), in order to examine 

the transcription patterns during the growing season. Cor-
relation among biological replicates is presented in Sup-
plementary Information Figure S1.

Time-course analysis revealed that 3302 of the 
contigs included in the microarray (ca. 18%) showed sig-
nificant differences in their transcription levels during 
the growing season, being considered as DEGs. Accord-
ing to their transcription patterns, they were clustered in 
six main trends (Figure 3). Most of the DEGs correspond 
to two opposite profiles. First, 43.8% of the DEGs have 
shown an increase in transcript level during spring, which 
corresponds to cluster 1 (1226 DEGs; 37.1%) and cluster 6 
(222 DEGs; 6.7%), highlighting a decrease in the summer 
and an upturn at September for cluster 6, less prominent 

Figure 2: Micrographs in bright-field microscopy of the cambial zone in Pinus canariensis during the growing season (bars = 50 nm; 
 asterisk = cambial zone; Ph = phloem; Xy = xylem; RD = resin duct).
a–f: March, April, May, June, July and September, respectively. Notice the highest cambial activity in May and June. Several rows of 
new  tracheids, not completely lignified yet, can be observed. Conversely, cambial activity decreases in July and resin ducts and smaller 
 tracheids, with thicker walls, are forming.

Table 2: Summary of transcriptome quality assessment.

No. of transcripts 44 849
No. of transcripts  > 500 bps 26 377
No. of transcripts  > 1000 bps 10 565
Total length (bp) 25 836 041
Largest contig (bp) 3518
GC content (%) 42.15
N50 contig size (bps) 1101
L50 (contig no.) 8755
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in cluster 1. Conversely, clusters 2, 4 and 5 showed low 
transcript levels during mid-spring (April and May) and a 
local maximum in the summer. Thus, cluster 2 (893 DEGs; 
27.0%) and cluster 5 (695 DEGs; 21.1%) showed a decreas-
ing transcript level during spring (abruptly from March 
to April for cluster 2, but progressively from March to 
May–June for cluster 5) and a new upturn in July for both 
clusters, while cluster 4  showed a continuous increase 
of transcript level from March to July, turning down in 
September. Finally, cluster 3 (149 DEGs; 4.5%) showed 
a progressive decrease from March to July–September. 
A complete list of detected DEGs is provided in Supple-
mentary Information Table S3. Additionally, qRT-PCR 
analysis of the transcription profiles of eight genes, cov-
ering the main functional groups and expressional clus-
ters, were performed. High Pearson’s correlation values 
(>80%) were obtained between microarray and RT-PCR 

expression profiles for most genes, thus validating the 
microarray expression patterns (Figure 4).

These patterns are consistent with anatomical obser-
vations (Figure 2). The beginning of EW development 
starts in April through periclinal divisions, and increase 
noticeably during spring. The growth rate decreases 
during the summer and resin ducts are formed, setting 
the period of LW development. Interestingly, the growing 
season upturns again in September. This growing pattern 
is not unusual in Mediterranean environments. In north-
ern latitudes, summer is favorable for tree growth, with 
long days and warm temperatures, so that growth contin-
ues during spring and summer, while LW is formed at the 
beginning of autumn (Li et al. 2010). On the other hand, 
the drought in Mediterranean summer compromises 
growth, which can even stop in harsh summers. Wood 
ring analysis proves that a second growth may occur in 
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years of mild autumns, with mild temperatures and suf-
ficient rainfall (Figure 5). This effect is also known as 
polycyclism, and can be observed in leaf formation and 

shoot development too (Verdú and Climent 2007; Bobinac 
et  al.  2012). Polycyclism has been described for several 
Mediterranean conifer species such as Pinus pinaster Ait. 
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Figure 4: qRT-PCR validation of microarray transcription profiles.
X-axis: time in days. Y-axis left: normalized gene expression values of selected DEGs for qRT-PCR (bars). Y-axis right: absolute expression 
values for microarray experiments (continuous line).
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(Vieira 2013), Pinus pinea L. (Mutke et al. 2013), or Pinus 
halepensis Mill. (Liphschitz et al. 1984; de Luis et al. 2007). 
Interestingly, higher variance has been observed among 
biological replicates for transcript values in the summer 
time samples for most genes, which is consistent with the 
individual variability in response to unfavorable summer 
conditions (drought, high temperature).

DEGs involved in EW development

As expected, most of the DEGs with a transcription 
maximum in April–May (clusters 1 and 6) are related with 
cell division and cell wall formation processes (Table 3). 
Thus, an enrichment analysis of GO terms reveals a sig-
nificant abundance in these clusters of GO terms related to 
biosynthetic process, cell growth, biogenesis, anatomical 
structure, morphogenesis and development.

The most abundant DEGs of this group are those 
putatively involved in cell wall matrix formation and 
modification, such as genes for coding proteins of the 
cellulose synthase superfamily (contigs 05245, 06866 
and FLPpisotig04143), KORRIGAN endoglucanase-like 
proteins (contigs 10173, 18777 and FLPpisotig01381), and 
several genes coding for the Carbohydrate Active enZymes 
(CAZymes; http://www.cazy.org; Park et al. 2010a). These 
are regulators of the principal biosynthesis pathways of 
hemicelluloses, such as glycosil transferases and hydro-
lases (GTs and GHs), along with pectate lyases (PLs). PLs 
are involved in the degradation of pectin, a principal com-
ponent of the primary cell walls during the secondary cell 
wall development, allowing intrusive growth of tracheids 
(Marín-Rodríguez et al. 2002). Expansins, which are regu-
lators of cell growth (Cosgrove et al. 2002) and are related 
to tracheid elongation, are also present in these clusters. 
Additionally, some fasciclin like-arabinogalactan proteins 
associated with xylem development (Andersson-Gun-
nerås et al. 2006) were also found in cluster 1.

Another important group of DEGs present in clus-
ters 1 and 6 comprises genes involved in the phenylpro-
panoid pathway and lignin biosynthesis, which play a 
key role in the development of tracheids. These genes 
have been well-characterized in plant models such as 
Arabidopsis thaliana (L.) Heynh., maize, rice, alfalfa or 
tobacco, as well as in forest species such as Populus L. 
and conifers like Pinus L. or Picea Link (reviewed by Van-
holme et  al. 2010). Phenylalanine ammonia-lyase (PAL), 
cinnamate-4-hydroxylase (C4H), hydroxycinnamoyl:CoA 
shikimate/quinatehydroxy cinnamoyl transferase (HCT), 
caffeic acid O-methyltransferase (COMT), caffeoyl-CoA 

Figure 5: Picture of a Pinus canariensis C. SM. ex DC wood ring. 
At the bottom, earlywood formed at the beginning of the growing 
season can be observed (star). During the summer, the growth rate 
decreases and smaller tracheids with thicker walls are produced 
(dot). During autumn, a new increase in cambial activity takes place 
again producing wider tracheids with thinner walls (arrowhead).

http://www.cazy.org
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Table 3: Most relevant differentially expressed genes (DEGs) presumably involved in earlywood development.

Cluster Contig ID BlastX Description Hit ACC eValue

Cell-wall matrix development and/or carbohydrate metabolism
1 Contig00492 glucomannan 4-beta-mannosyltransferase 9-like XP_006851749 0
1 Contig00603 beta-xylosidase alpha-l-arabinofuranosidase 2-like NP_001146416 6.55E−121
1 Contig00713 mannan endo-beta-mannosidase 6-like XP_004249033 5.18E−169
1 Contig01025 fasciclin-like arabinogalactan protein 10-like XP_002320736 3.25E−105
1 Contig01628 mannose-1-phosphate guanylyltransferase 1-like XP_008441398 0
1 Contig01691 probable beta-xylosyltransferase irx10l-like XP_002511079 0
1 Contig01735 probable beta-xylosyltransferase irx14-like XP_006850475 3.65E−91
1 Contig01867 probable polygalacturonase XP_006840361 0
1 Contig02153 probable beta-galactosyltransferase 11-like XP_008791474 1.51E−118
1 Contig02909 mannose-1-phosphate guanyltransferase alpha-like XP_002281959 2.55E−111
1 Contig03225 expansin alpha XP_002315043 8.72E−125
1 Contig05066 probable pectate lyase 15-like XP_006282594 0
1 Contig05245 probable cellulose synthase a catalytic subunit 3 XP_002283406 4.80E−177
1 Contig05410 pectinesterase 2-like XP_003521940 3.37E−143
1 Contig05424 probable xyloglucan endotransglucosylase hydrolase protein 8-like XP_002518528 2.91E−119
1 Contig06866 cellulose synthase-like protein d3-like XP_006478929 9.89E−115
1 Contig07097 probable beta-d-xylosidase 7-like XP_002535159 3.14E−92
1 Contig08356 udp-glycosyltransferase 85a2-like XP_008789349 7.55E−82
1 Contig09025 xyloglucan endotransglucosylase hydrolase protein 9-like XP_002522701 1.27E−92
1 Contig09397 alpha-l-arabinofuranosidase 1-like XP_007028421 0
1 Contig09434 fasciclin-like arabinogalactan protein 17-like XP_002309262 2.66E−67
1 Contig09435 fasciclin-like arabinogalactan protein 17-like XP_004249393 5.99E−92
1 Contig09907 probable xyloglucan endotransglucosylase hydrolase protein 32 XP_002523709 4.46E−80
1 Contig10110 xyloglucan galactosyltransferase katamari1-like NP_001147481 2.12E−106
1 Contig10173 endoglucanase 24-like XP_006487371 2.15E−124
1 Contig10178 beta-xylosidase alpha-l-arabinofuranosidase 2-like XP_006855294 1.32E−71
1 Contig11436 probable polygalacturonase non-catalytic subunit jp650-like XP_007153633 2.34E−43
1 Contig11975 probable beta-xylosyltransferase irx9h XP_006852709 1.55E−131
1 Contig12072 glucomannan 4-beta-mannosyltransferase 9-like XP_007220072 0
1 Contig12089 mannan endo-beta-mannosidase 7-like XP_006841534 5.26E−179
1 Contig12414 expansin-b3-like XP_007043563 1.01E−84
1 Contig12926 xylosyltransferase 1-like XP_004309761 1.14E−20
1 Contig13281 probable pectinesterase 68-like XP_007039841 8.74E−68
1 Contig13724 probable xyloglucan endotransglucosylase hydrolase protein 32-like XP_008805707 8.06E−98
1 Contig13778 probable polygalacturonase at1g80170-like XP_006840713 3.72E−56
1 Contig15337 xylosyltransferase 1-like NP_198815 3.15E−14
1 Contig15778 udp-glycosyltransferase family protein XP_004306713 2.55E−71
1 Contig18777 endoglucanase 24-like XP_006849270 8.04E−82
1 Contig18811 expansin alpha NP_001281040 1.04E−56
1 Contig18941 probable xyloglucan endotransglucosylase hydrolase protein 32 XP_006424466 2.05E−57
1 Contig21041 scopoletin glucosyltransferase-like XP_006379195 2.97E−50
1 Contig21066 polygalacturonase qrt3-like XP_003554934 9.14E−61
1 Contig21204 alpha-expansin 8 XP_002520863 1.99E−81
1 Contig22029 probable pectate lyase 15-like XP_002265729 1.12E−39
1 Contig23968 mannan endo-beta-mannosidase 7-like XP_006340651 1.49E−10
1 FLPpcontig01227 probable xyloglucan endotransglucosylase hydrolase protein 8 XP_002518528 5.08E−119
1 FLPpcontig04143 cellulose synthase-like protein d3 NP_001169669 6.35E−160
1 FLPpisotig01381 endoglucanase 17-like XP_006487371 5.49E−47
1 FLPpisotig01642 beta-xylosidase alpha-l-arabinofuranosidase 2-like NP_001146416 4.19E−109
1 Ppisotig03412 beta-xylosidase alpha-l-arabinofuranosidase 2-like XP_006855294 4.17E−80
1 Ppisotig09772 alpha-l-arabinofuranosidase 1-like XP_010904719 0
1 Ppisotig14238 fasciclin-like arabinogalactan protein 16 NP_850253 2.92E−30
1 Ppnisotig01389 mannan endo-beta-mannosidase 7-like XP_008797528 1.13E−74
1 Ppnisotig07937 probable beta-xylosyltransferase irx9h XP_011626438 1.72E−49
1 Ppnisotig12100 mannan endo-beta-mannosidase 7 XP_007046870 3.76E−23
6 Contig01745 gdp-mannose dehydratase 1-like XP_001774456 4.81E−180



 929

O-methyltransferase (CCoAOMT), cinnamoyl-CoA reduc-
tase (CCR) and cinnamyl alcohol dehydrogenase (CAD) 
can be found in clusters 1 and 6.

Among the transcription factors grouped in these 
clusters are several members of the MYB family, pre-
sumably related to the expression of monolignols and 
phenylpropanoids biosynthesis genes mentioned above, 
together with NAC factors such as NAC7 and NAC8 (Duval 
et  al. 2014; Lamara et  al. 2016). Contig 01913 encodes 
for a putative MYB44, which was found to be expressed 
in Arabidopsis thaliana (L.) Heynh. in response to aphid 
attacks (Liu et al. 2010). For instance, MYB46 is involved 
in the regulation of secondary wall biosynthesis and its 

repression has been reported to cause a drastic reduc-
tion in secondary wall thickening in A. thaliana (L.) 
Heynh. (Zhong et al. 2007). Conversely, overexpression of 
MYB308, also found in cluster 1, inhibits the production of 
phenolic compounds in Antirrhinum majus L., which are 
needed for lignification of the secondary cell wall (Tamag-
none et al. 1998). Also, a putative MYB24, which belongs 
to the R2R3-MYB subgroup and is involved in stamen fila-
ment development in A. thaliana (L.) Heynh. (Cheng et al. 
2009), can be seen in cluster 1.

Other transcription factors, belonging to the homeo-
domain leucine-zipper (HD-Zip) family reach a transcript 
maximum in spring. An ortholog of HAT5 (contig 14511) 

Cluster Contig ID BlastX Description Hit ACC eValue

6 Contig22956 xylosyltransferase 1-like XP_007222964 9.26E−61
6 Ppisotig06462 probable xyloglucan glycosyltransferase 5 XP_006845528 2.24E−19
6 Ppnisotig01254 probable xyloglucan glycosyltransferase 6 XP_002960657 7.08E−76

Phenylpropanoid biosynthesis pathway
1 Contig00537 caffeoyl- o-methyltransferase XP_006856484 1.48E−157
1 Contig01861 cinnamoyl- reductase 1-like XP_008228791 7.59E−174
1 Contig05567 trans-cinnamate 4-monooxygenase-like XP_008792249 4.55E−166
1 Contig12190 caffeic acid 3-o-methyltransferase-like XP_006829216 5.53E−163
1 Contig20935 shikimate o-hydroxycinnamoyltransferase-like XP_002303858 1.06E−135
1 Contig23672 caffeic acid 3-o-methyltransferase-like XP_004494877 5.02E−43
6 Contig06476 caffeoyl- o-methyltransferase XP_001766967 1.01E−50
6 Ppisotig09705 phenylalanine ammonia-lyase XP_010246007 0

Transcriptional regulation of meristem activity
1 Contig01410 transcription factor bhlh130-like XP_007205257 8.41E−49
1 Contig01913 transcription factor myb44-like XP_003611666 6.58E−75
1 Contig02039 gata transcription factor 12-like XP_006372032 5.89E−46
1 Contig02356 exordium like 3 XP_007038432 6.16E−121
1 Contig03423 floricaula leafy homolog XP_002966714 7.09E−69
1 Contig03715 protein argonaute 4-like XP_002308843 4.80E−19
1 Contig04966 transcription factor bhlh144-like XP_007018175 3.83E−10
1 Contig06513 homeobox-leucine zipper protein athb-15-like XP_006853643 1.37E−170
1 Contig06617 homeobox protein knotted-1-like 3-like isoform x2 XP_006483430 4.70E−121
1 Contig06813 wuschel-related homeobox 4-like XP_006305551 3.78E−35
1 Contig10039 transcription factor bhlh61-like XP_006486517 8.59E−07
1 Contig12050 transcription factor myb46-like XP_007132019 1.10E−67
1 Contig12421 transcription factor bhlh63-like XP_006878569 5.93E−69
1 Contig14178 clavata3 esr-related 12 family protein XP_008785816 4.38E−08
1 Contig14511 homeobox-leucine zipper protein hat5-like XP_007151094 6.18E−16
1 Contig18903 transcription factor bhlh155-like XP_001763347 2.03E−114
1 Contig20476 exordium like 2 XP_002285759 5.88E−89
1 Contig21473 nac domain transcriptional regulator superfamily XP_006852355 2.09E−10
1 Contig22505 transcription factor bhlh62-like XP_006848450 4.74E−65
1 FLPpisotig02169 transcription factor myb46-like XP_007211763 2.57E−70
1 Ppisotig11335 myb-related protein 308-like XP_006854612 9.56E−71
1 Ppisotig16776 transcription factor myb24-like XP_009795062 2.76E−40
1 Ppisotig19583 floricaula leafy homolog XP_001762054 5.32E−51
1 Ppnisotig10775 scarecrow-like protein 28 XP_006477403 2.54E−14
6 Contig02513 gata transcription factor 9-like XP_002319169 1.32E−38

Table 3 (continued)
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Table 4: Most relevant differentially expressed genes (DEGs) presumably involved in latewood development.

Cluster Contig ID BlastX Description Hit ACC eValue

Cell-wall matrix development and/or carbohydrate metabolism
2 Contig10181 expansin-a4-like XP_003544930 4.43E−95
2 Contig12274 galactinol-sucrose galactosyltransferase-like XP_004232319 9.53E−143
2 Contig21865 galactinol-sucrose galactosyltransferase-like NP_001275531 7.90E−57
4 Contig01916 xyloglucan glycosyltransferase 4-like XP_006845528 1.63E−101
4 Contig06122 probable xyloglucan endotransglucosylase hydrolase protein 8-like NP_001241628 9.09E−96
4 Contig08266 probable xyloglucan endotransglucosylase hydrolase protein 23 XP_002273742 1.46E−104
4 Contig12879 udp-glycosyltransferase superfamily protein XP_006850431 1.22E−97
4 Contig14263 mannan endo-beta-mannosidase 7-like XP_006841534 6.55E−20
4 Contig15857 cellulose synthase-like protein d3 NP_001169669 4.04E−92
4 Contig17013 probable xyloglucan endotransglucosylase hydrolase protein 23 NP_001149692 2.66E−13
4 Ppisotig00266 probable xyloglucan endotransglucosylase hydrolase protein 23 XP_012447657 3.64E−75
5 Ppnisotig11614 probable sucrose-phosphate synthase 3 XP_008794597 7.64E−105

Phenylpropanoid biosynthesis pathway
2 Contig18416 cinnamoyl-reductase 1-like XP_006847422 1.20E−154

Transcriptional regulation of meristem activity
2 Contig02274 nac domain-containing protein 74-like XP_008778272 1.62E−72
2 Contig02951 gata transcription factor 9-like XP_001778541 8.26E−14
2 Contig04889 wuschel-related homeobox 8-like XP_001777634 2.93E−43
2 Contig05450 transcription factor bhlh96-like XP_006829211 8.27E−84
2 Contig05803 homeobox protein knotted-1-like 3-like XP_008802010 3.28E−116
2 Contig06152 exordium like 2 XP_007042914 1.68E−109
2 Contig11838 homeobox protein knotted-1-like 2-like XP_002285521 5.26E−99
2 Contig13895 nac transcription factor 29-like XP_001771652 6.28E−27
2 Contig16468 scarecrow-like protein 6-like XP_006440333 9.19E−15
2 Contig19392 nac domain-containing protein 78-like XP_006855883 2.86E−18
2 Contig21263 transcription factor bhlh121-like XP_006859207 3.87E−86
2 Contig23724 myb family transcription factor family protein XP_008784286 4.36E−10
2 Ppnisotig00673 nac transcription factor 29-like XP_012440667 3.44E−13
4 Contig01331 myb-like protein x-like isoform x2 XP_006380820 2.40E−09
4 Contig02773 topless-related protein 4-like isoform x1 XP_002960294 1.90E−135
4 Contig04552 bzip domain class transcription factor XP_008813601 4.81E−133
4 Contig09007 exordium like 2 XP_007018740 4.46E−112
4 Ppisotig11957 protein exordium-like 2 XP_009760896 1.38E−91
5 Contig01876 myb-like protein x-like XP_007034235 4.30E−26
5 Contig04867 probable wrky transcription factor 4 XP_008227105 6.96E−84
5 Contig05634 nac domain-containing protein 2-like XP_008792531 3.49E−86
5 Contig12675 myb-related protein 3r-1-like isoform x1 XP_008800229 1.34E−19
5 Contig20447 bel1-like homeodomain protein 1 XP_002275098 2.74E−53
5 Contig22932 homeobox-leucine zipper protein athb-15-like XP_001762557 3.65E−43
5 FLPpisotig03105 bel1-like homeodomain protein 1 XP_010247184 4.56E−58
5 Ppnisotig08121 myb-related transcription partner of profilin-like XP_001751813 1.64E−34

Defense and stress related genes
2 Contig04363 wound-responsive family protein isoform 1 XP_001781658 2.12E−40
2 Contig20190 pathogenesis-related homeodomain XP_002269263 2.93E−11
2 Contig22601 probable disease resistance protein at4g33300-like XP_008377462 1.01E−20
2 Ppnisotig04165 late embryogenesis abundant protein d-34-like XP_002965692 1.84E−64
2 Ppnisotig09289 pathogenesis-related homeodomain protein isoform x1 XP_009349156 1.46E−43
2 Ppnisotig10670 protein enhanced disease resistance 2-like XP_013458134 3.73E−76
2 Ppnisotig10692 late embryogenesis abundant protein family protein XP_011628884 1.58E−51
3 Ppnisotig11932 11 kda late embryogenesis abundant protein XP_010275352 1.02E−06
4 Contig40036 peroxidase 55 XP_006399923 5.33E−08
5 Contig00602 defensin ec-amp-d2-like XP_006647552 1.21E−13
5 Contig01697 heat shock 70 kda protein 8-like XP_008375010 1.42E−150
5 Contig01723 heat stress transcription factor a-1-like XP_008800101 6.86E−15
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was found in cluster 1, a HD-Zip class I member proposed 
to be related with abiotic stress response in Arabidopsis 
thaliana (Johannesson et  al. 2003), but not related with 
meristem activity up to now. Different members of the 
HD-ZIP III subfamily group in these clusters. For instance, 
a putative ortholog of CORONA/ATHB15 factor has been 
found in this group; interestingly, this gene has been 
described in Arabidopsis thaliana (L.) Heynh. as a negative 
regulator of vascular tissue development under the control 
of miRNA165/166 (Ong and Wickneswari 2012). On the con-
trary, an miRNAresistant POPCORONA has been suggested 
to be involved in the upregulation of cellulose biosynthe-
sis-related genes, but also with the down-regulation of 
lignin deposition-related genes in poplar (Du et al. 2011).

Finally, other genes coding for proteins involved in 
meristem activity have been detected as DEGs in these 
clusters. For instance, a putative WOX4-like protein was 
upregulated at the beginning of the growing season. WOX4 
belongs to the WUSCHEL-related HOMEOBOX (WOX) 
family, which is involved, for instance, in the regulation of 
proliferation from stem cell niches in root and shoot mer-
istems after embryogenesis (Haecker et al. 2004), together 
with CLAVATA (CLV) (Miwa et al. 2009), and in the differen-
tiation in the organizing center of the apical shoot (Mayer 
et al. 1998). WOX4 is involved in procambial and cambial 
growth, with function in vascular bundle development (Ji 
et al. 2010), which is consistent with our results.

It is noteworthy that up to 245 non-annotated contigs 
from Pinus canariensis C. Sm. ex DC are included in these 
clusters. Among them, 66 contigs are significantly co-
expressed with genes involved in the development of the 
cellulosic matrix and in the synthesis of lignin, according 
to WGCNA analysis (Figure S2a and Table S4). However, 
they were not detected in the rather exhaustive analysis of 
the co-expression networks of NAC and MYB transcription 
factors during wood formation recently published in Picea 
glauca (Moench) Voss (Raherison et al. 2015; Lamara et al. 

2016). They could correspond to genes expressed exclu-
sively in P. canariensis or they could have been missed in 
previous works.

Another interesting point is that a considerable 
number of DEGs overexpressed during EW formation 
show high homology with genes reported to be involved 
in LW formation in other pine species. This is the case 
for 337 and 255 DEGs with Pinus taeda L. (Kirst et  al. 
2003) and Pinus radiata D. Don (Li et al. 2010) LW genes, 
respectively. Among them, genes related to proliferation 
and cell expansion, such as EXORDIUM or an expansin-
like protein (contig 03225), and genes coding for proteins 
directly involved in cell wall formation, such as C4H 
(contig 05567), a CCoAOMT (contig 00537) or a HCT (contig 
20935), involved in lignin biosynthesis, a CesA-like protein 
(contig 05245) or a KORRIGAN endoglucanase-like protein 
(contig 18777) or several CAZymes, can be found. This dis-
crepancy is also found for several transcription factors, 
such as two bHLH-like transcription factors (contigs 
04966 and 10039), a GATA-like transcription factor (contig 
06513), a MYB-like transcription factor (contig 12050), 
a WOX4-like homeobox protein (contig 06813) or an 
ortholog of CORONA/ATHB15 (contig 06513).

DEGs involved in LW development

No homology was found for up to 287 of the DEGs showing 
a local maximum of transcript level in the summer (clus-
ters 2, 4 and 5; Table 4). For the annotated DEGs, func-
tional groups similar to those of EW were detected. Thus, 
an important group of these DEGs are involved in cell wall 
formation. For example, a putative sucrose phosphate 
synthase gene is included in cluster 5, as well as genes 
coding for expansins and genes involved in hemicellu-
loses (mainly xyloglucans) biosynthesis were included 
in cluster 2. This is consistent with the induction of 

Cluster Contig ID BlastX Description Hit ACC eValue

5 Contig01763 heat shock protein binding XP_004494547 2.88E−41
5 Contig03816 heat shock protein 83-like XP_008801780 0
5 Contig03998 defensin ec-amp-d2-like XP_006647552 1.58E−17
5 Contig05454 disease resistance protein XP_006844417 3.09E−154
5 Contig09453 pathogenesis-related protein 5-like XP_006847064 7.78E−12
5 Contig14467 heat shock 70 kda mitochondrial-like XP_006471142 4.62E−17
5 Contig17617 defensin ec-amp-d2-like XP_006647552 1.24E−17
5 Contig19071 heat shock protein 83-like XP_006660235 1.89E−66
5 Contig20815 heat shock 70 kda mitochondrial-like XP_001763121 3.91E−126
5 Contig23170 heat shock protein 83-like XP_006290250 1.59E−42

Table 4 (continued)
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xyloglucan endotransglycosylases/hydrolases in dormant 
meristems of Cryptomeria japonica (Thunb. ex L.f.) D. Don 
(Mishima et al. 2014). In the same way, a CesA-like gene 
and several genes putatively coding for CAZymes, such as 
XET-like proteins, are present in cluster 4. DEGs related 
with the late steps of the lignin biosynthesis pathway, such 
as cinnamoyl-CoA reductase (CCR) also appear in these 
clusters. Considering the higher lignification degree of LW 
compared to EW, a greater abundance of DEGs related to 
lignin synthesis could have been expected in this group. 
Our results could reflect a special characteristic of Pinus 
canariensis C. Sm. ex DC juvenile wood. Additionally, the 
restrictiveness for the identification of DEGs can account 
for this result. In the same way, the presence of highly 
lignified compression wood, especially in the EW, could 
also hamper the detection of lignin genes as differentially 
overexpressed during LW formation. Although the trees 
did not appear noticeably inclined or distorted, this effect 
cannot be completely discarded; all the more, a small pro-
portion of compression wood was detectable in certain 
sections (see, for instance, Figure 2a).

Among the transcription factors included in this group, 
some putative members of the MYB family and several 
members of the NAC family are detectable. The NAC (NAM/
ATAC/CUC) family is supposed to be involved in multiple 
roles of plant development, as well as in responses to 
abiotic (drought, salinity, etc.) or biotic stress (reviewed 
by Hu et al. 2010). Recently, numerous NAC domains were 
reported to play crucial roles in xylogenesis, fiber devel-
opment and wood formation in vascular plants, including 
conifers such as spruce (Duval et al. 2014; Raherison et al. 
2015; Lamara et  al. 2016). Transcripts encoding for NAC 
proteins were found in clusters 2 and 5. NAC78 (cluster 2) is 
putatively related to growth and development functionali-
ties (Park et al. 2010b). Also in cluster 2, NAC29 has been 
reported to regulate CesA expression via MYB transcription 
factors in rice, and the interaction between NAC29/31 with 
SLR1 (SLENDER RICE 1) causes the inhibition of this regu-
latory pathway (Huang et al. 2015). A contig encoding for 
NAC2 was found as well in cluster 5. In Capsicum annuum 
L., a CaNAC2 belonging to the NAC2 subgroup was induced 
by cold, salt and abscisic acid treatments, suggesting its 
involvement in the response to abiotic stress (Guo et  al. 
2015). Also in this group, a DEG coding for a putative 
NAC74, contig 02274, which has not been associated to any 
functionality yet, was found.

As in cluster 1, a putative CORONA/ATHB15 coding 
gene is present in cluster 5. Consistently, Du et al. (2011) 
and Ong and Wickneswari (2012) reported this gene 
as being a negative regulator of xylem development in 
poplar and acacia, respectively. In a similar way, among 

the WOX family, a WOX8-like gene was detected in 
cluster 2. WOX8 has been proposed in Arabidopsis thali-
ana (L.) Heynh. to have a specific role in the very early 
stages of embryo development, while it was not detected 
in postembryonic phases (Haecker et al. 2004). Palovaara 
et  al. (2010) reported similar results for Picea abies (L.) 
H. Karst., where the homolog PaWOX8/9 is involved in 
embryo formation, differentiation and patterning. Analo-
gously, this Pinus canariensis C. Sm. ex DC ortholog could 
be involved in the adjustments previous to cell prolif-
eration, according to its transcription profile: it showed 
maximum transcript levels in March and July, prior to 
major meristem activity corresponding to the two periods 
of seasonal growth described in this work.

The three-amino-acid-loop-extension (TALE) homeo-
domain proteins are involved in the control of meristem 
activity (Traas and Vernoux 2002) and are classified 
into two family groups: the KNOTTED-like homeodo-
main (KNOX) and the BEL1-like homeodomain (BELL) 
subfamilies. Two transcripts coding for putative BEL1-
like proteins (contigs 20447 and FLPpisotig03105) were 
grouped in cluster 5. A third member appears in cluster 
3 (contig 04961), which shows a profile opposed to that 
of cluster 4. Other transcription factors found in cluster 
4 were  bZIP-like and zinc-finger protein motifs, as well as 
TOPLESS-like proteins, reported to repress root-promoting 
genes in the top half of the embryo in Arabidopsis thaliana 
(L.) Heynh. ( Szemenyei et al. 2008).

EXORDIUM (EXO) is another relevant gene found 
in this work, previously described in proliferating cells 
(Farrar et al. 2003). First, it was suggested to be a negative 
regulator of cell division control and meristem mainte-
nance. Further experiment revealed that EXO gene expres-
sion is brassinosteroid-dependent (Coll-Garcia et al. 2004) 
and mediates growth through cell expansion promoted by 
brassinosteroids (Schröder et  al. 2009). A putative EXO-
like gene is seen in cluster 2 and two more in cluster 4. 
However, two additional EXO-like proteins are present in 
cluster 1.

Several of the DEGs with a maximum transcript 
level in summer are putatively related to abiotic stresses, 
mainly drought, which is typical under Mediterranean 
summertime conditions. For instance, an ortholog gene 
encoding a putative WRKY4 was found in cluster 5. This 
gene has been reported to be induced by stress conditions 
in Arabidopsis thaliana (L.) Heynh. (Lai et al. 2008). Fur-
thermore, many NAC transcription factors, mainly present 
in clusters 2 and 5, are also supposed to be involved in 
stress response.

The presence of stress-related genes in the LW clus-
ters is consistent with the results of Mishima et al. (2014), 
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who described the abundance of “defense mechanism 
genes” in the “cessation of growth clusters” obtained for 
the cambial zone and differentiating xylem in Crypto-
meria japonica (Thunb. ex L.f.) D. Don. LW differentiation 
is partly a consequence of a lower availability of water 
and resources at the end of the growing season, which 
detracts cell development compared to conditions for EW 
cell development in spring. Actually, lignin deposition 
and carbohydrate compounds involved in cell wall forma-
tion differ in EW and LW cells (Antonova et al. 2014). LW 
is also a constitutive, inner barrier for pathogen expan-
sion. Therefore, it is not surprising that genes involved in 
stress response show high expression values during LW 
development.

WGCNA revealed another network of co-expressed LW 
DEGs including contigs related to ubiquitination and deg-
radation of proteins and RNA, as well as two non-anno-
tated contigs (Figure S2b). Among them, the following 
genes were found: one coding for an ubiquitin regulatory 
X (UBX) domain-containing protein, which is presum-
ably involved in proteolysis (Vale 2000), one coding for 
an ubiquitin carboxyl-terminal hydrolase 13-like (UBP13), 
another one regulating protein degradation via lysosome 
and proteasome (Glickman and Clechanover 2002) and a 
U-box domain containing protein 44-like (PUB44), which 
is presumably involved in ubiquitin ligation (Azevedo 
et al. 2001).

It is noteworthy that a low number of genes related 
to resin production were detected. Several genes involved 
in terpene biosynthesis are included in the transcriptome 
obtained from the libraries, such as abietadiene synthase, 
geranylgeranyl phosphate synthase, 1-deoxy-d-xylulose-
5-phosphate reductoisomerase, 2-C-methyl-D-erythritol 
2,4-cyclodiphosphate synthase and 3-hydroxy-3-meth-
ylglutaryl-CoA reductases. Only three contigs with this 
latter annotation were differentially overexpressed during 
LW formation. This may be partially explained by the con-
struction of libraries, as those samples were collected in 
May and July. At this later point, resin ducts are differenti-
ating, but they are not completely filled with resin. Other 
genes involved in resin production and secretion would be 
expressed later on and, therefore, are not included in the 
microarray, which was intended for xylem cell differentia-
tion analysis.

As reported above, in the EW DEGs’ section, a sub-
stantial number of Pinus canariensis C. Sm. ex DC LW 
DEGs were detected to be homologous to genes involved 
in EW formation in other pine species, such as Pinus 
taeda L. (181 DEGs) or Pinus radiata D. Don (90 DEGs). In 
this group, two different EXORDIUM-like genes (contigs 
06152 and 09007), involved in cell proliferation, can be 

seen, as well as genes related to cell wall biosynthesis 
and lignin deposition, such as CAZymes or a putative CCR-
like gene (contig 18416). Several transcription factors are 
also in this group, namely a GATA-like (contig 02951) and 
a MYB-like transcription factor (contig 01331), as well as 
a putative KNOT-like (contig 05803) or a TIFY-8-like tran-
scription factor (contig 11973), reported to act as a repres-
sor of primary growth in roots of Arabidopsis thaliana (L.) 
Heynh. (Cuéllar Pérez et al. 2014). These discrepancies in 
the expression patterns among pine species could under-
lie the anatomic differences in their secondary xylem and 
their specific wood characteristics.

Finally, it is noteworthy that genes of the same 
family are found in clusters with opposite patterns. The 
abundance of duplications is typical for conifer genomes 
(Kovach et  al. 2010; Lorenz et  al. 2012), which can lead 
to the specialization of different closely related genes, 
as reported for WRKY transcription factors (Zhang and 
Wang 2005), terpene synthases (Trapp and Croteau 2001), 
etc. For instance, an ortholog of CORONA/ATHB15 is 
in cluster 1, but another ortholog is present in cluster 5, 
consistent with its role as an inhibitor of vascular tissue 
development in Arabidopsis thaliana (L.) Heynh. Another 
example is the presence of different genes putatively 
coding for expansins and hemicelluloses in EW- and LW-
related DEGs, which would be consistent with differences 
between them not only in terms of cell expansion and wall 
thickness but also in cell wall composition throughout the 
growing season ( Mellerowicz and Sundberg 2008).

Conclusions
To minimize the loss of less abundant transcripts, two 
normalized libraries were obtained from the cambial zone 
of young Pinus canariensis C. Sm. ex DC individuals, i.e. 
a species, in which axial parenchyma and resin ducts 
are comparatively abundant. Samples were collected in 
spring (during EW formation) and summer (when resin 
ducts and LW are formed). A high number of contigs 
without homology in the public databases have been 
identified. The transcription patterns during the growing 
season of approximately 16  500 unigenes, more than 
300-bp long, have been analyzed. Three thousand three 
hundred and two genes showed significant variations in 
their transcript levels during this period. Approximately 
half of the genes displaying variable transcription levels 
during the growing season (DEGs) show a transcript level 
peak in spring, and are putatively involved in EW forma-
tion. The other DEGs show a peak during summer, when 
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xylem growth decreases and lignification begins. Most 
of the DEGs in both groups are involved in cell wall bio-
synthesis. Interestingly, some genes presumably related 
to abiotic stress appear among the LW DEGs, which is 
related to the summer drought typical of the Mediterra-
nean climate. Expectedly, several genes with antagonis-
tic effects are found in both EW and LW. The presence of 
closely related DEGs with contrasting and even opposite 
expression profiles suggests the specialization of diverse 
members of gene families, involved in the different com-
position of EW and LW. Of note, results for P. canariensis C. 
Sm ex DC show several discrepancies with those obtained 
for other species, even within the Pinaceae group. The dif-
ferences may be partly species-specific. Additionally, no 
homology was found in Viridiplantae databases for more 
than 1000 DEGs identified in P. canariensis C. Sm. ex DC. 
Future studies on cell-type-specific expression patterns 
should give further insight on conifer wood formation. 
Moreover, the transcriptome reported here will constitute 
valuable information for further investigation of relevant 
issues such as the formation of traumatic wood in conifers.
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