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ABSTRACT

• The shoot apical meristem is responsible of seasonal length increase in plants. In
woody plants transition from primary to secondary growth is also produced during
seasonal apical growth. These processes are controlled by different families of tran-
scription factors.

• Levels of transcriptomic activity during apical growth were measured by means of a
cDNA microarray designed from sequences related to meristematic activity in Pinus
canariensis. The identification of differentially expressed genes was performed using a
time-course analysis.

• A total of 7170 genes were differentially expressed and grouped in six clusters accord-
ing to their expression profiles. We identified master regulators, such as WUSCHEL-
like HOMEOBOX (WOX), to be involved in the first stages of apical development, i.e.
growth of primary tissues, while other transcription factors, such as Class III HOMEO-
DOMAIN-LEUCINE ZIPPER (HD-ZIP III) and KNOTTED-like (KNOX) and BEL1-
like (BELL) HOMEODOMAIN proteins, were found to be induced during last stages
of apical seasonal development, already with secondary growth.

• Our results reveal the main expression patterns of these genes during apical develop-
ment and the transition from primary to secondary stem growth. In particular, the reg-
ulatory factors identified play key roles in controlling stem architecture and constitute
candidate genes for the study of other development processes in conifers.

INTRODUCTION

The shoot apical meristem (SAM) is a stem cell niche placed at
the tip of the apex and new buds, responsible for shoot apical
growth and which gives rise to three meristematic tissues, proto-
derm, ground meristem and procambium (Murray et al. 2012).
Primary vascular tissues are derived from the last, arranged into
the vascular bundles. Most commonly, vascular bundles show
xylem towards the inner part of the organ and phloem on the
outside, eventually separated by the remainder of the meristem-
atic tissue (fascicular cambium) (Ha et al. 2010). In those plants
capable of secondary growth, i.e. gymnosperms and woody eudi-
cots, these vascular bundles are arranged surrounding the pith,
forming a so-called eustele. Periclinal divisions of the initial cells
in the fascicular cambium will give rise to a new series of radially
disposed cells, thus increasing the size of vascular bundles. Addi-
tionally, the parenchyma cells between bundles become meris-
tematic and form the interfascicular cambium, and the merger
of both fascicular and interfascicular cambium forms the vascu-
lar cambium, a continuous lateral meristem that originates from
secondary xylem to the interior and secondary phloem to the
exterior. This secondary growth results in the seasonal increase
in stem diameter (Beck 2005).
Master regulators, i.e. transcription factors that control the

expression of downstream genes, are involved in SAM

maintenance and organization, as well as in the transition from
dormancy to primary and to secondary growth (George et al.
2008). Some of the transcription factors reported to be
involved in apical development include the WUSCHEL (WUS)
homeobox transcription factor, a positive regulator of undiffer-
entiated meristematic cell maintenance (Sparks et al. 2013;
Miyashima et al. 2013; Jha et al. 2020), and proliferation from
the stem cell niches in apical meristems after embryogenesis
(Haecker et al. 2004), together with CLAVATA (CLV) proteins
(Somssich et al. 2016). Expression of the WUSCHEL-
RELATED HOMEOBOX (WOX4) transcription factor is
detected in the procambium and cambium (Hirakawa et al.
2010) and acts redundantly in Arabidopsis with another
WUSCHEL homologue, WOX14 (Etchells et al. 2013). Fur-
thermore, the HOMEODOMAIN-LEUCINE ZIPPER (HD-
ZIP) class III transcription factors are mainly associated with
vascular growth regulating development from the early globu-
lar embryo to secondary growth (McConnell et al. 2001; Emery
et al. 2003; Ramachandran et al. 2016) and have emerged as
important regulators of vasculature organization and shoot
polarity (Sanchez et al. 2012). This master regulator family has
five HD-ZIP III members in Arabidopsis: REVOLUTA/INTER-
FASCICULAR FIBERLESS1 (REV/IFL1), PHABULOSA (PHB/
ATHB14), PHAVOLUTA (PHV/ATHB9), CORONA/INCUR-
VATA4 (CNA/ICU4/ATHB15) and ARABIDOPSIS
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THALIANA HOMEOBOX8 (ATHB8), and their expression is
controlled epigenetically though microRNA165/166 activity
(Ramachandran et al. 2016). Conversely, genes from the
KANADI family were shown to act in opposition to HD-ZIP
III in radial patterning, abaxially on the phloem side (Emery
et al. 2003). In addition, the plant TALE (i.e three-amino-acid-
loop-extension) superfamily, which in Arabidopsis comprises
the KNAT (for KNOTTED-like from Arabidopsis thaliana)
members and the BEL1-like (BELL) members. The KNAT fam-
ily is formed by two clades that include KNAT class I
(KNOX1), with SHOOT MERISTEMLESS (STM), BREVIPE-
DICELLUS (BP)/KNAT1, KNAT2 and KNAT6, KNAT class II
(KNOX2), with KNAT3, KNAT4, KNAT5 and KNAT7. On the
other hand, the BELL family comprises 13 genes (e.g. BELL1
(BEL1) or PENNYWISE (PNY); Furumizu et al. 2015). Both
KNOX and BEL1-like proteins, which interact and form het-
erodimers, are highly conserved in structure and regulate cell
wall biosynthesis during secondary growth (Du et al. 2009).
Moreover, while KNOX1 clade expression is restricted in shoot
and inflorescence tissue (Byrne et al. 2000), KNOX2 is
expressed in different tissues which may play specific roles
depending on the process (Furumizu et al. 2015).

Pinus canariensis is one of the few conifers with the ability to
re-sprout and give rise to new vegetative shoots after losing its
canopy due to mechanical injury and forest fires (Climent et al.
2004), making this species a suitable model for studies on tran-
scription factors regulating meristem activity and apical growth
in conifers. In a previous study, we analysed and reported the
transcription profiles of these regulators during cambial activ-
ity in P. canariensis (Chano et al. 2917b). Here, we aim to com-
prehensively extend this study by analysing the activation and
transcription patterns of these transcription factors during the
transition from primary to secondary growth in apical growth.
For this purpose, we used a cDNA microarray designed with
sequences from these cambial samples and complemented with
contigs from other apical cDNA libraries. Our study reports
genes coding for putative regulatory transcription factors
involved in development processes and provides insights in
their specific roles in apical growth and the initiation of
secondary growth.

MATERIAL AND METHODS

Plant material

For this work we used three 5-year-old P. canariensis trees grown
in the experimental garden at UPM facilities under environmen-
tal conditions with regular watering. At the beginning of this
experiment, trees were approximately 2.5-m high and 5–7 cm in
diameter at breast height. Apical shoot harvesting was performed
at five sampling times during the growing season: I, represents
the beginning of the season (15 April), when most buds started
to swell due to increasing temperatures; II samples collected
2 weeks later (30 April 30), when apical shoot elongation starts;
III and IV (22 May and 3 July, respectively) represent two inter-
mediate states of shoot elongation; and V is samples harvested
on 11 September, when apical shoots were at the end of their
seasonal development. From each sampling date, four replicates
were collected, three for microarrays analysis, which were frozen
in liquid nitrogen and stored at �80 �C until RNA extraction,
and one for the anatomical study.

Anatomical analysis

Using a Leica SM2400 microtome (Leica Biosystems, Nussloch,
Germany), 20-lm thick cross-sections were obtained from the
base of the apical samples. Slices were treated with sodium
hypochlorite, washed with distilled water two to three times,
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 in an ethanol series. Finally, sections were mounted
on slides for bright-field microscopy.

Extraction of RNA and microarray analysis

Total RNA was isolated from each sample stored at �80 �C
using the CTAB-LiCl precipitation method (Chang et al. 1993)
and purified with the RNeasy Plant Mini Kit (Qiagen, Valencia,
CA, USA). Quantity of total RNA for each sample was mea-
sured with a Nanodrop model ND-1000 (Thermo Scientific,
Waltham, MA, USA), and RNA quality was checked using
Experion Bioanalyzer (Bio-Rad, Hercules, CA, USA).
A one-colour 60K microarray (Agilent, Santa Clara, CA,

USA) was designed using a previously constructed transcrip-
tome of meristematic activity in P. canariensis plus a set of con-
tigs from Pinus pinea apical tissue cDNA library and
hybridized as described in Chano et al. (2017b). Differentially
Expressed Genes (DEGs) were detected using a time-course
analysis of microarray normalized data. For this purpose, the
software maSigPro for R (Conesa et al. 2006) was used with the
following options: (1) polynomial degree 4 for regression com-
plexity; (2) FDR adjustment; (3) significance level of 0.05; (4)
hierarchical clustering method; and (5) number of clusters = 6.

Validation with qRT-PCR of gene expression

The expression patterns of seven DEGs obtained from microar-
rays experiments of apical growth were confirmed by qRT-PCR
using the same RNA employed for microarray hybridizations.
First strand cDNA synthesis was performed using Super-
ScriptTM III reverse transcriptase (Invitrogen, Waltham, MA,
USA) following the manufacturer’s instructions and using 4 lg
total RNA. Gene specific primers were designed for selected
DEGs (Table 1) with a melting temperature between 60 and 65
�C and producing amplicons between 80 and 120 bp. qRT-
PCR was performed in a CFX96TM Real-Time PCR Detection
System (Bio-Rad), using the SsoFastTM EVAgreen. Supermix
(Bio-Rad), according to the manufacturer’s protocol, and fol-
lowing the standard thermal profile: 95 �C for 3 min, 40 cycles
of 95 �C for 10 s and 60 �C for 10 s. In order to compare data
from different qRT-PCR runs, the CT values were normalized
using Ri18S as housekeeping gene. The expression ratios were
then obtained using the D-D-CT method corrected for the
PCR efficiency for each DEG (Pfaffl 2001).
Distribution of qRT-PCR data was assessed in R by means of

the Shapiro-Wilk test, and homoscedasticity was analysed by
using the Bartlett formula when data were normally dis-
tributed; otherwise, a Levene test was used. For homoscedastic
data, differences between growth stages were tested by means
of ANOVA or the Kruskal-Wallis test, depending on whether
data were Gaussian or non-Gaussian, respectively. For
heteroscedastic data, Welch’s ANOVA test was used. Finally,
concordance between microarray and qRT-PCR expression
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data was calculated using Pearson’s correlation test for nor-
mally distributed data and Spearman’s rho correlation for not
normally distributed data.

RESULTS AND DISCUSSION

Anatomical observations

To determine anatomical changes during primary and sec-
ondary growth, we analysed cross-sections from the base of
sequentially collected samples. As shown in Fig. 1, stage I corre-
sponded to the beginning of apical shoot development, as
assumed during sample harvesting. Primary phloem and pri-
mary xylem were formed from early differentiating fascicular
cambium within individual vascular bundles. In stage II sam-
ples, vascular bundles established contact and a complete vas-
cular cambium could be observed. These samples, harvested
just 2 weeks after the initiation of the experiment, indicate a
fast transition from primary to secondary growth. From stage
III onwards, vascular cambium drives secondary vascular
growth, with the formation and lignification of new tracheids.
Finally, stage V highlighted the differentiation between early-
and latewood, based on cell lumen diameter and secondary cell
wall thickness and lignification.

Transcriptomic profiling

A time-course analysis was performed to determine transcrip-
tomic changes during seasonal apical growth. We identified
7,170 genes using an adjusted P-value and False Discovery Rate
of 0.05, showing significant differences in their transcription
levels, being considered as DEGs (Table S1). Six clusters were
identified after hierarchical clustering, summarized into three
main profiles and their opposites (Fig. 2): (i) while Cluster A
showed a continuous increase in transcription levels of 1538
DEGs, Cluster B included 1399 DEGs whose transcription
levels decreased steadily throughout the analysed period; (ii)
Cluster C showed a strong increase in transcription from stage
I to II for 659 genes, followed by a progressive decrease in gene

expression until almost reaching null expression in stage V,
while, conversely, Cluster D displayed a strong gene repression
from stage I to II; (iii) and finally, Cluster E showed repression
from stage I to II but followed by induction of gene expression
in stages IV and V, while Cluster F exhibit an opposed profile –
induced to stage II and then repressed to stages IV and V.
Interestingly, variability in shoot growth in selected trees do
not differ greatly, especially during the initiation of apical
growth (stages I and II), and for those genes included in Clus-
ter D. In contrast, these differences are higher for the last stage
(V), as seen in Clusters A, B and F.

We designed gene-specific primers for seven DEGs in order
to validate cDNA microarray data using qRT-PCR (Fig. 3).
Overall, high Pearson’s or Spearman’s correlation coefficients
(depending on data normality) were found between microarray
and qRT-PCR expression values, ranging from r = 0.62 (Con-
tig04961 for BEL1-like protein) to r = 1 (Contig00787 for
NAC2-like protein). The highest values were found for rank-
based Spearman’s correlation analysis, i.e. NAC2-like protein
(Contig00787), pectin esterase-like protein (Contig05410) and
WRKY51-like protein (Contig05551). Moreover, significant
differences (P < 0.05) among samples were found for all anal-
ysed DEGs, with the exception of Contig05410, which was sig-
nificant only at P = 0.65.

As expected, genes involved in cell growth and primary and
secondary cell wall formation were found among these clusters.
DEGs coding for expansin-like and endoglucanase-like pro-
teins, mainly expressed during earlywood formation in the
Canary Island pine (Chano et al. 2017b), were found to be
mostly involved in the first stages of apical growth (Cluster B
and Cluster D). Conversely, some transcripts expressed during
latewood development in the Canary Island pine, including
transcription factors such as MYB-like and NAC78-like pro-
teins (Chano et al. 2017b), were found to be highly expressed
at stage V (Cluster A), when latewood is already forming
(Fig. 1). In addition, in this work we found that several DEGs
with the same annotation presented different behaviours and
were clustered separately, suggesting that different members of
one genic family may play different roles. This is the case of

Table 1. Primers used for qRT-PCR

Contig name Oligo name Description Fwd/Rev bp Tm GC Sequence (5’-3’)

Contig00787 Pc_00787_NAC_F1 NAC2-like protein Forward 20 62.5 45 CTAAATGGCCCTGGGTAAAA

Pc_00787_NAC_R1 Reverse 20 62.8 50 CCCCTTCTTCTTACCAACCA

Contig03225 Pc_03225_EXPANSIN_F1 a-expansin-like protein Forward 20 62.8 45 AAGCGGAGCTGATTCTTGAT

Pc_03225_EXPANSIN_R1 Reverse 20 63.1 60 CTCAGAGCCACAGAGACGAG

Contig05551 Pc_05551_WRKY_F1 WRKY51-like protein Forward 20 62.5 45 ACGCAGAGGGGAATAAGAAA

Pc_05551_WRKY_R1 Reverse 20 63.2 50 CAGAAAACGTTCACCCACAG

Contig06476 Pc_06476_CCoAOMT_F1 CCoAOMT-like protein Forward 20 64.0 50 GATTGAACAACCGAGGTGCT

Pc_06476_CCoAOMT_R1 Reverse 20 63.6 45 TGCAACACCTGAATTCCAAC

Contig05410 Pc_05410_PECTINESTERASE_F1 Pectin esterase 2-like Forward 20 63.1 55 GTACTCTCGCACGGTCTTCA

Pc_05410_PECTINESTERASE_R1 Reverse 20 62.5 45 ATAATAAAGCGTCCCCAACG

Contig13239 Pc_13239_YABBY_F1 axial regulator yabby 5-like Forward 20 62.4 45 AGAGGATCAAAGCCCACAAT

Pc_13239_YABBY_R1 Reverse 20 63.4 45 TGTCCATCATCATCCCAAAG

Contig04961 Pc_04961_BEL1_F1 BEL1-like protein Forward 21 64.2 47.6 TGAAACTTCAGCACCTCATCC

Pc_04961_BEL1_R1 Reverse 20 63.9 50 AGCTCTGGCTTAGGCAACAA

Housekeeping Ri18S_FW 18S ribosomal Forward 19 62.4 53 GCGAAAGCATTTGCCAAGG

Ri18S_RV Reverse 21 62.4 48 ATTCCTGGTCGGCATCGTTTA

Tm, Melting temperature; GC, guanine–cytosine content; bp, base pair.
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CAZyme superfamily members, cellulose synthases or sucrose
synthases, as well as DEGs coding for transcription factors
belonging to the NAC, MYB or WRKY families, which are
involved in multiple biological processes (Hu et al. 2010;
Ambawat et al. 2013; Sun et al. 2018).
Major transcription factor families involved in SAM develop-

ment showed different expression patterns (Table 2), suggesting
specific roles during the overall apical growth period. Thus, the
WOX family showed early expression during primary growth
(Cluster D), whereas the HD-ZIP III and TALE families were
found during secondary growth at advanced stages (Cluster A).
Three transcripts (Ppnisotig01375, �07657 and �08931) anno-
tated to the WOX family were found to only be overexpressed
at stage I, with a sharp decline at the very beginning of sec-
ondary growth (II) onwards (Cluster D). According to the orig-
inal annotation of these transcripts to the Viridiplantae section
of the RefSeq protein database (NCBI; Chano et al. 2017b),
Ppnisotig01375, �07657 and �08931 are homologous to
WOX9, WOX2 and WOX4, respectively. In Arabidopsis,
AtWOX2 is expressed during apical patterning in embryo devel-
opment under regulation of AtWOX8/9 (Breuninger et al.
2008). In conifers, PcWOX2 is mainly expressed in embryo
mass derived from buds, but not in callus derived from seedling
needles (Park et al. 2010). Similarly, PaWOX2 and PaWOX8/9
are highly expressed at early stages of embryonic development,
although only PaWOX8/9 is also expressed in procambium
during later embryo stages (Palovaara et al. 2010). Moreover,
WOX is also implicated in in vitro caulogenesis for micropropa-
gation of P. pinea genotypes (Alvarez et al. 2020). Furthermore,
WOX4 has been found preferentially expressed in procambium
and cambium regulating the maintenance of vascular stem cells
(Ji et al. 2010; Hirakawa et al. 2010; Suer et al. 2011). In Ara-
bidopsis, this gene has been shown to induce xylem differentia-
tion (Zhang et al. 2019), whereas many other WUS genes have
been described as negative regulators of cell differentiation by
repression of transcription factors, such as KANADI1/KAN1
and KANADI2/KAN2, or YABBY3/YAB3, and in the

Fig. 1. Cross-sections through five development stages in Pinus canarien-

sis apical shoots. 20-lm-thick cross-sections were obtained from the base

of five sequentially collected apical shoots and stained with safranin and

Alcian blue for bright-field microscopy observation. Co: cortex; Pi: pith;

FC: fascicular cambium; Ca: vascular cambium; PP: primary phloem; PX:

primary xylem; Ph: secondary phloem; Xy: secondary xylem; RD: resin

ducts; EW: earlywood; LW: latewood; Scale bars: I = 200 lm; II–IV:

100 lm; V: 50 lm.

Fig. 2. K-means clustering (k = 6) of all differentially expressed genes during

apical growth in Pinus canariensis. x-axis: development stages of apical

growth; y-axis: relative expression values from microarray experiments. In

parentheses: number of genes included in each cluster.
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specification of cell fate, such as KNAT1 and BLH5 (Yadav et al.
2013). This suggests that the sharp decline produced in WOX
transcription levels at stage II may be required for the overex-
pression of vascular growth-related genes, such as those
grouped in Cluster A, and the transition to secondary growth,
which is produced just 2 weeks after the activation of apical
development. Conversely, the expression pattern observed for
the putative WOX4-like coding transcript (Ppnisotig08931)
contrasts with that described for another WOX-4 paralogue
(Contig06813), expressed during earlywood development in P.

canariensis (Chano et al. 2017b) and in later stages of wound-
wood formation in response to mechanical damage (Chano
et al. 2017a).

Control of meristem size by repression of WUS genes is pro-
duced by three parallel pathways, CLV, ERECTA (ER) and
HD-ZIP III (Mandel et al. 2016). While transcripts coding for
CLV and ER were not differentially expressed, we found two
members of the HD-ZIP III family (Contig01739 and �32787)
coding for different isoforms of PHABULOSA (PHB)/
ATHB14, gradually overexpressed to stages IV and V (Cluster

Fig. 3. Real-time PCR validation of microarray expression values in Pinus canariensis of seven genes coding for NAC2-like (Contig00787), expansin-like (Con-

tig03225), BLH1-like (Contig04961), pectinesterase-like (Contig05410), WRKY51-like (Contig05551), CCoAOMT-like (Contig06476) and YAB5-like (Con-

tig13239). x-axis: development stages of apical growth; y-axis left: normalized gene expression values for qRT-PCR (bars); y-axis right: absolute expression

values for microarray experiments (continuous line). Pearson’s/Spearman’s correlation coefficients between qRT-PCR and microarray expression values are also

indicated for each gene.

Table 2. Selected differentially expressed Transcription Factors during apical growth in Pinus canariensis

Cluster Seq. Name Top-Hit Description e-value Seq. Length

HD-ZIP III

A Contig01739 homeobox-leucine zipper protein athb-14-like 0 1696

A Contig32787 homeobox-leucine zipper protein athb-14-like isoform x2 3.92E-06 638

HD-ZIP IV

B Ppnisotig05462 homeobox-leucine zipper protein meristem l1-like 1.99E-177 1217

B Ppnisotig07853 homeobox-leucine zipper protein hdg11-like 7.47E-21 932

D Ppnisotig07553 homeobox-leucine zipper protein meristem l1-like 2.30E-25 952

KANADI

D Contig22823 probable transcription factor kan2-like 1.23E-32 651

WUSCHEL-like

D Ppnisotig01375 wuschel-related homeobox 9 6.54E-40 1405

D Ppnisotig07657 wuschel-related homeobox 2 1.41E-10 935

D Ppnisotig08931 wuschel-related homeobox 4-like 2.26E-10 844

BELL and KNOX

A Contig04961 bel1-like homeodomain protein 1 6.39E-128 1843

A Contig01956 homeobox protein knotted-1-like 2-like 2.75E-91 1510

A Contig05803 homeobox protein knotted-1-like 3-like 3.28E-116 1713

A Contig11838 homeobox protein knotted-1-like 2-like 5.26E-99 2495

A Contig20487 homeobox protein knotted-1-like 2-like 1.79E-96 1376

OTHER FACTORS

B Ppnisotig04954 growth-regulating factor 1-like 4.61E-22 1336

B Contig03423 floricaula leafy homologue 7.09E-69 681

B Ppnisotig08430 protodermal factor 1-like 6.06E-23 878

B Contig13239 axial regulator yabby 5-like 1.84E-56 894
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A). PHB/ATHB14 is involved in vascular development and acts
redundantly with PHAVOLUTA (PHV)/ATHB9 (McConnell
et al. 2001). However, this gene was not found to be differen-
tially expressed during lateral growth in the Canary Island pine
(Chano et al. 2017b). A close homologue of ATHB14 in Popu-
lus trichocarpa x P. deltoides is mainly expressed in the apical
shoot (Côt�e et al. 2010), while PmHB11, homologue of
ATHB14 in Prunus mume, is expressed preferentially in xylem
and cambium (Li et al. 2019). We also found a putative KAN2
coding transcript (Contig22823) in Cluster D, overexpressed at
stage I. The members of the HD-ZIP III and KANADI families
play complementary roles in the establishment and mainte-
nance of radial patterning in stems, with xylem developing
inwards and phloem outwards (McConnell et al. 2001; Emery
et al. 2003; Hawker & Bowman 2004). These results may indi-
cate that ATHB14 is closely associated with advanced stages of
secondary xylem development, while KAN2 acts during both
primary and secondary phloem formation. Moreover, the HD-
ZIP IV is also related to development processes but expressed
specifically in the outer cell layer of plant organs related to pro-
todermal cells (Nakamura et al. 2006). We found transcripts
coding for ATML1 (Ppnisotig05462 and �07553 in Clusters B
and D, respectively) and HDG11 (Ppnisotig07853 in Cluster
B) overexpressed at the beginning of apical growth. Similarly,
other DEGs involved in bud development and organogenesis
initiation were also found in Cluster B, namely GROWTH-
REGULATING FACTOR1-like (GRF1; Ppnisotig04954),
LEAFY (LFY; Contig03423); PROTODERMAL FACTOR1-like
(PDF1; Ppnisotig08430) and YABBY5-like (YAB5; Con-
tig13239) (Abe et al. 2003; Moyroud et al. 2011; Omidbakhsh-
fard et al. 2015; Finet et al. 2016).

Finally, members of the TALE family were also found to be
mainly expressed during late stages of apical growth (Cluster A).
Transcript Contig04961 coding for a BLH1 (BEL1-like HOME-
ODOMAIN 1) was co-expressed with three KNAT2 (HOMEO-
BOX KNOTTED1-like 2) paralogues (Contig01956, �11838
and �20487) and one KNAT3 (HOMEOBOX KNOTTED1-like
3) transcript (Contig05803). Some TALE members found in this
work (i.e. BLH1, KNAT3 and one KNAT2 paralogue) were also
found during latewood development in the Canary Island pine
(Chano et al. 2017b). This is consistent with the presence of a
growth ring in the stage V micrograph. In Arabidopsis, KNAT2
is involved in developmental regulation of the shoot apical
meristem (Smith & Hake 2003) and acts redundantly with
KNAT6 during inflorescence growth (Ragni et al. 2008). This
gene is also expressed in the root tip in Pachyareus pringlei
(Reyes-Rivera et al. 2017) and in shoot and root tissues of
Lophosphora williamsii (Ibarra-Laclette et al. 2015), together with
KNAT3. The latter regulates ABA responses in germination and
early seedling development (Kim et al. 2013) and acts together
with BLH1 during embryo sac development (Pagnussat et al.
2007). The BEL1-like is required for SAM development (Rutjens
et al. 2009). Although we have found KNAT2 and KNAT3 are
co-expressed in Cluster A, these genes have been found to act

antagonistically in Arabidopsis during aerial organ differentiation
(Furumizu et al. 2015).

CONCLUSIONS

In this work we showed that transcriptional activity during api-
cal shoot development includes paralogues of transcription fac-
tors involved in secondary xylem development in P.
canariensis. We identified three transcripts coding for WOX
family members (i.e. WOX2-, WOX4- and WOX9-like tran-
scription factors) controlling primary growth at early stages of
this process, and whose repression might be needed for the
transition to secondary growth. In addition, two ATHB14-like
paralogues were co-clustered with several members of the
KNOTTED-like and BEL1-like families, suggesting major roles
during secondary growth. These results provide a better under-
standing of primary growth and the transition to secondary
growth, and these genes are potential candidates to learn more
about the developmental processes in conifers, but further
research in functional genomics is needed in order to resolve
the roles of genes and proteins in apical development.
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