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RESUMEN (en español)
El meristemo apical del tallo es responsable del crecimiento y formación de órganos aéreos de
forma continua a lo largo de la vida de las plantas en respuesta a condiciones ambientales
cambiantes. Contiene un grupo de células madre pluripotentes en su zona central que
proliferan para renovarse y proporcionar células a los flancos del meristemo, donde tiene lugar
la formación de nuevos órganos. El balance entre proliferación celular en el centro del
meristemo y la diferenciación celular en sus laterales está estrictamente regulado por factores
de transcripción, fitohormonas y señales externas. En angiospermas, el gen WUSCHEL (WUS),
perteneciente a la familia génica WUSCHEL-RELATED HOMEOBOX (WOX), juega un papel
fundamental en el mantenimiento de la población central de células madre, cuya expresión está
inducida por citoquininas y controlada por los genes CLAVATA (CLV). El gen SHOOT
MERISTEMLESS (STM), miembro de la subfamilia génica KNOTTED1-LIKE HOMEOBOX
(KNOX) clase I, también contribuye al mantenimiento del nicho de células madre mediante la
inducción de la síntesis de citoquininas en el centro del meristemo caulinar.
Las coníferas son componentes importantes de los bosques, especialmente en el hemisferio
norte. A pesar de su gran importancia ambiental y económica, el conocimiento sobre las bases
fisiológicas y moleculares de la formación y mantenimiento del meristemo apical del tallo es
limitado. Hasta ahora, se ha asumido que las vías de señalización implicadas en este proceso
son homólogas a las descritas en angiospermas. Sin embargo, las diferencias morfológicas y
fisiológicas y la gran distancia evolutiva entre ambos grupos vegetales sugieren la necesidad
de estudiar este proceso también en gimnospermas.
En este trabajo se ha llevado a cabo la caracterización de las familias génicas WOX y KNOX
en Pinus pinaster, la conífera modelo de Europa suroccidental, con el fin de identificar genes
potencialmente implicados en el establecimiento del meristemo apical del tallo en coníferas.
Los genes PpWUS y PpWOXX, este último exclusivo de gimnospermas, se expresan en el
centro del meristemo apical del tallo, lo cual sugiere su participación en la regulación de su
homeostasis. Sin embargo, PpWOX5, previamente relacionado con el mantenimiento de los
meristemos apicales de tallo y raíz en coníferas, se expresa principalmente en ápices
radiculares, lo cual sugiere que la especialización funcional de WUS y WOX5 podría estar
conservada en todas las plantas con semillas.
Cuatro genes KNOX clase I se han identificado en P. pinaster, los cuales se expresan en
múltiples tejidos incluyendo la zona central del meristemo apical del tallo y acículas
emergentes, pero no en órganos laterales maduros. También se han aislado dos genes KNOX
clase II, siendo la primera vez que se identifican miembros de esta subfamilia en coníferas, los
cuales se expresan en todos los tejidos analizados excepto en el centro del meristemo caulinar.
Estos resultados sugieren que los genes KNOX clase I podrían estar implicados en el
mantenimiento del potencial meristemático, mientras que los genes KNOX clase II podrían
participar en la diferenciación tisular, indicando que la diferenciación funcional de ambas
subfamilias establecida en angiospermas podría ya existir en gimnospermas. Sin embargo, el
patrón de expresión de los genes KNOX clase I es más amplio, lo cual podría indicar funciones
adicionales a las descritas para sus homólogos en angiospermas.
Asimismo, se ha realizado un análisis integral del contenido endógeno de varias fitohormonas y
del patrón de expresión de genes candidatos a lo largo de la caulogénesis adventicia en Pinus
pinea, la cual se considera como un sistema experimental adecuado para el estudio de la

formación de meristemos caulinares de novo. Los resultados del análisis realizado confirman
que diferentes citoquininas, la auxina ácido indolacético y varios miembros de las familias
génicas WOX y KNOX tienen un papel relevante durante este proceso.
RESUMEN (en Inglés)
The shoot apical meristem (SAM), localized at the shoot tip, is responsible for the continuous
plant growth and formation of aerial organs and tissues in response to changing environmental
conditions. It contains a group of pluripotent stem cells in its central zone that proliferate to
renew itself and to provide cells to the flanks of the meristem, where differentiate into new
organs. The balance between cell proliferation in the central zone and organ production in the
flanks is strictly regulated by the cooperation of transcription factors, phytohormones and
external signals. In angiosperms, it has been established that WUSCHEL (WUS), a member
from the WUSCHEL-RELATED HOMEOBOX (WOX) gene family, plays a pivotal role in
determining stem cell fate in the center of the meristem. Its expression is induced by cytokinins
and controlled by CLAVATA (CLV) genes. SHOOT MERISTEMLESS (STM), a member of the
class I KNOTTED1-LIKE HOMEOBOX (KNOX) gene family, has been also implicated in the
maintenance of meristematic fate by inducing cytokinin biosynthesis in the center of the SAM.
Conifers are important forest components in many areas of the world, especially in the Northern
Hemisphere. Despite their great environmental and economic importance, little is known about
the underlying physiological and molecular basis of SAM formation and maintenance. So far, it
has been assumed that physiological and genetic networks involved in this process are
homologous to those described in angiosperms. However, data from angiosperms should not
be extrapolated to conifers without first checking their validity due to the morphological and
physiological differences, and the high evolutionary distance between both groups of seed
plants.
In this work, we attempted the characterization of WOX and KNOX gene families in Pinus
pinaster, the model conifer species from Southwest Europe, in order to identify genes putatively
involved in SAM formation and establishment in conifers.
Our results show that PpWOXX, a new member of the WOX gene family in gymnosperms
identified in this work, and PpWUS are expressed in the central zone of the SAM suggesting a
role in SAM homeostasis regulation. However, PpWOX5, previously associated with meristem
maintenance in both shoot and root apexes in conifers, is expressed mainly in root tips,
suggesting that WUS and WOX5 functional specialization might be conserved across seed
plants.
Four class I KNOX members have been isolated in P. pinaster, which are expressed in several
tissues, including the central zone of the SAM and emerging needles, but not in mature lateral
organs. We have also identified two genes of class II, being the first time that members from this
subfamily are reported in gymnosperms to our knowledge. Class II genes are expressed in all
tissues analyzed except in the central zone of the SAM. Our results suggest that class I
members might be involved in SAM function, whereas class II genes might participate in organ
differentiation, supporting the functional differentiation of both subfamilies established in
angiosperms. However, the broader expression pattern of class I members in P. pinaster might
indicate additional roles to those described for their angiosperm counterparts.
Adventitious shoot organogenesis in Pinus pinea, which consists on the formation of in vitro
buds in cotyledons detached from non-germinated mature embryos cultured in the presence of
the cytokinin benzyladenine, is considered as a reliable experimental system for the study of the
physiological and molecular basis of de novo shoot meristem formation. In this work, we carried
out an integrative analysis of the endogenous content of several phytohormones and the
expression of the candidate genes previously characterized along this process. Our results
show that several cytokinins, the auxin indolacetic acid and several WOX and KNOX members
have a relevant role during adventitious caulogenesis.
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CHAPTER I

GENERAL INTRODUCTION

General introduction

1.1. CONIFERS: AN OVERVIEW
1.1.1. General traits, distribution and diversity
Gymnosperms are a diverse and phylogenetically ancient group of seed plants
characterized by the fact that their seeds are not encased by mature ovaries or fruits (literally
“naked seeds”). They constitute a monophyletic group that diverged from flowering plants or
angiosperms about 300 million years ago (Smith et al., 2010). This group includes four extant
divisions: conifers (Division Coniferophyta/Pinophyta), cycads (Division Cycadophyta), Ginkgo
biloba (the only living species from the Division Ginkgophyta, which is considered as a living
fossil), and gnetophytes (Division Gnetophyta) (Figure 1.1).

Figure 1.1. General overview of current plant diversity and evolution. Earliest seed plants arose at the Late
Devonian period (about 360 million years ago), whereas the appearance of the earliest gymnosperms was
dated to the Middle Pennsylvanian period (about 300 million years ago). From Neale and Wheeler (2019a).

Conifers constitute the largest and more diverse group of gymnosperms (for a complete
review, see Neale and Wheeler, 2019a). Conifers and other gymnosperms were the dominant
trees during the Mesozoic Era, which is also known as the Age of the Conifers, although they
posteriorly declined and were replaced by angiosperms.
3
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In general, conifers are large woody plants with strong apical dominance, although there
are also shrubby species. They typically have simple needle- or scale-shaped evergreen leaves,
even though some deciduous species have been described. Conifers are monosporagiates, as they
have separate male and female reproductive structures, named strobili or cones, on the same
(monoecy) or different plants (dioecy). Regarding mating system, conifers are predominantly
outcrossing. This fact, together with the long-distance pollen dispersal by wind, is responsible of
the high gene flow among distant populations that leads to the low levels of genetic
differentiation among them and the great genetic diversity observed in multiple species
(O’Connell et al., 2007).
As many other green plants, they have a diplohaplonic life cycle with the particularity that
the dominant diploid sporophyte phase and the annual gametophyte phase occur on the same
plant (for a complete revision, see Williams, 2009). Three phases can be distinguished in the
sporophyte: the juvenile stage, when they are not reproductively competent; the reproductive
onset stage, during which cones are only produced in response to certain external stimuli; and the
reproductive competence stage, during which cones develop annually under almost any
conditions. Most conifers produce woody cones and seeds are dispersed mainly by wind and
gravity, although some species have developed edible fleshy structures for animal seed dispersal.
Conifers are distributed worldwide in a great variety of ecosystems, especially in the
boreal and temperate forests from North America and Eurasia, showing a great capacity to adapt
to variable environmental conditions, although they are practically absent in deserts, steppes, the
Arctic tundra and some tropical rainforests (Neale and Wheeler, 2019a).
Although there are some discrepancies about their taxonomic classification, it is currently
accepted based on morphological and molecular studies that conifers includes the Class Coniferae
or Pinosida, the subclass Pinidae, and three different taxa at the level of order: the Pinales, that
only includes the family Pinaceae; the Araucariales, which includes the Araucariacea and
Podocarpaceae families; and the Cupressales, which comprises the Sciadopityaceae,
Cupressaceae, and Taxaceae families, although some authors include in this order the two
additional families Cephalotaxaceae and Phyllocladaceae (Christenhusz et al., 2011; Farjon, 2018)
(Figure 1.2).
The family Pinaceae is the largest in terms of species, as it includes about 232 species
distributed in 11 genera (Abies, Cathaya, Cedrus, Keteleeria, Larix, Nothotsuga, Picea, Pinus,
Pseudolarix, Pseudotsuga and Tsuga). Pinus is the largest genus in the family, with about 119
recognized species (The Gymnosperm Database: https://www.conifers.org/).
4
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Figure 1.2. Diversity of extant conifers. The family Phyllocladaceae in included in Podocarpaceae. From
Farjon (2018).

1.1.2. Ecological and economic importance of conifers
Coniferous forests, which cover vast areas in the Northern hemisphere, constitute one of
the largest terrestrial carbon sinks and play an important role in climate change mitigation.
Conifers also have an enormous economic importance, as they are a renewable source of timber
(both for the elaboration of manufactured products and for the production of energy), paper pulp
and other non-wood products like resins, natural oils and products with medical use (for example,
the anti-cancer drug Taxol). Some conifers also are used in horticulture for its edible seeds or with
ornamental purposes. It is estimated that the 50% of the global timber obtaining is supplied by
conifers, mainly by the genus Pinus, as they generate higher and faster economic yield than
angiosperms (Farjon, 2018).
Conifers have been extensively used for repopulation in forestry. In fact, native forests
have been replaced by conifer plantations in many areas of the world (Farjon, 2018). Due to the
increasing wood demand, it is necessary the establishment of high-yield plantations with
enhanced biomass production, taking into account that in the current climate change scenario
they might be exposed to severe environmental conditions like drought, extreme temperatures,
expansion of pests and diseases, etc. For that purpose, breeding programs for the identification
and selection of superior genotypes with improved production traits such as growth rate, wood

5
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quality and tolerance to biotic and abiotic stresses have been developed. However, domestication
of conifer species through traditional genetic improvement techniques is much more difficult than
in other crops due to their long generation times and the fact that some traits that are important
for production cannot be evaluated during the juvenile stage. New biotechnological tools such as
micropropagation and genetic engineering offer the possibility to overcome these problems, but
the application of these techniques requires a better knowledge of the conifer biology.
At the same time, it is necessary to preserve the genetic diversity of natural conifer
forests, which is essential for their adaptation capability to changing environmental conditions.
Thus, a sustainable forest management requires the development of efficient breeding programs
and strategies for the conservation of the conifer genetic diversity. For that purpose, it is
necessary a better understanding of the molecular basis of traits and processes that are important
for production and adaptation, and the development of reliable experimental systems for their
study.
1.1.3. Genomic research in conifers
The availability of full genomes is key to the identification and characterization of gene
networks controlling multiple processes, as well as to elucidate the relationship between
genotypic and phenotypic diversity in populations. The flowering plant Arabidopsis thaliana
(Arabidopsis), the model plant species par excellence, was the first plant genome sequenced (The
Arabidopsis Genome Initiative, 2000). Since then, the genomes of several angiosperms with a high
economic importance, as well as model species from other plant groups, were sequenced. The
first tree genome sequenced was the poplar Populus trichocarpa (black cottonwood) (Tuskan et
al., 2006).
Conifers are generally characterized by extraordinary large genomes (Zonneveld, 2012)
with high heterozygosity levels and high repetitive DNA content, so full genome sequencing of
conifers was not technically or economically viable until the late 2000s. The development of nextgeneration DNA sequencing (NGS) technologies and powerful bioinformatics methods for the
assembly and annotation of the genome sequence allowed the obtaining of the full genome
and/or transcriptome from several conifer species (for a complete review, see Neale et al., 2017a;
Neale and Wheeler, 2019b).
For example, a reference transcriptome was obtained by RNA sequencing (RNA-seq) in
maritime pine (Pinus pinaster) (Canales et al., 2014) and sugar pine (Pinus lambertiana) (GonzálezIbeas et al., 2016). Furthermore, the genome drafts from several conifers like Norway spruce
6
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(Picea abies) (Nystedt et al., 2013), white spruce (Picea glauca) (Birol et al., 2013; Warren et al.,
2015), loblolly pine (Pinus taeda) (Zimin et al., 2017), P. lambertiana (Stevens et al., 2016) and
Douglas fir (Pseudotsuga menziesii) (Neale et al., 2017b) are already available (for a complete
review, see Neale and Wheeler, 2019b). P. pinaster and Scots pine (Pinus sylvestris) genomes have
also been sequenced, although a complete version has not been released yet (Díaz-Sala and
Cervera, 2011).
First comparative analyses show that the estimated number of coding genes in conifers is
similar or slightly higher than in model angiosperms (Neale and Wheeler, 2019b). Furthermore, it
has been observed that there is a considerable conservation of gene families among seed plants,
although there are genes that are unique to conifers and notable differences in relative
abundances have been reported.

1.2. THE SHOOT APICAL MERISTEM (SAM)
Plants are sessile organisms that maintain the capacity to growth and form new organs in
response to the changing environmental conditions throughout their life cycle. This high
regeneration capacity and plasticity relies on the activity of specialized structures called
meristems, which contain a reservoir of pluripotent stem cells. In particular, the shoot apical
meristem (SAM), localized at the shoot tip, is responsible for the postembryonic formation of
aerial organs and tissues. SAM is formed early in embryogenesis and maintained throughout the
plant life.
1.2.1. The SAM in Arabidopsis
Most studies about SAM structure and function were carried out in angiosperms,
particularly in the model species Arabidopsis, as it has several advantages for plant biology
research: short generation times, small size, abundant seed production through self-pollination, a
relatively small nuclear genome that has been completely sequenced, and the availability of a
large mutant collection (The Arabidopsis Genome Initiative, 2000).
1.2.1.1. SAM architecture in Arabidopsis
Arabidopsis and most dicotyledonous plants have a dome-shaped SAM with a welldefined layered structure known as tunica-corpus model (for a complete review, see Barton,
2010). Three clonally distinct layers can be differentiated in the Arabidopsis SAM, which generally
7
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give rise to different lineages (Gaillochet et al., 2015). The two outermost layers, named L1 and
L2, are constituted by a single layer of cells that generally only divide anticlinally and give rise to
the epidermis and ground tissues, respectively. The inner layer, L3, contains cells that divide both
anticlinally and periclinally and gives rise to the vasculature (Figure 1.3A).
Different zones can be differentiated in Arabidopsis SAM from a functional point of view
(Figure 1.3). The central zone (CZ), situated at the tip of the SAM, contains a group of slowdividing pluripotent stem cells. In Arabidopsis, there are approximately nine stem cells (three per
layer) in the SAM (Barton, 2010). The so-called organizing center (OC), located in the L3 layer
beneath the stem cell population, is required to induce and maintain the stem cell fate. Stem cells
divide relatively infrequently to replenish the meristem and supply cells to the peripheral zone
(PZ), situated in the flanks of the meristem, where organ formation initiates. In the PZ, cells divide
at a faster rate and differentiate in a specific spatial and temporal sequence to generate lateral
organs such as leaves or flowers. Part of the stem cell descendants also incorporated into the
multipotent rib meristem (RM), situated underneath the OC, to give rise to stem tissues.
The proper SAM function requires a strict regulation of the balance between cell
proliferation in the CZ and cell differentiation in the PZ. In the last years, a big effort was made to
elucidate the molecular mechanisms responsible for the spatio-temporal establishment and
maintenance of different functional domains within the SAM, showing that this process is
controlled by local regulatory networks, phytohormones and external signals (for a complete
review, see Barton, 2010; Gaillochet et al., 2015; Pfeiffer et al., 2017; Janocha and Lohmann,
2018).
1.2.1.2. The WUSCHEL (WUS)-CLAVATA3 (CLV3) signaling system
SAM homeostasis is regulated by a negative feedback loop including WUSCHEL (WUS) and
CLAVATA3 (CLV3) genes (Brand et al., 2000; Schoof et al., 2000).
WUS is a member of the WUSCHEL-RELATED HOMEOBOX (WOX) gene family that encodes
for a homeodomain transcription factor necessary for stem cell fate specification in the meristem,
as mutations of this gene cause defective SAMs that terminate prematurely (Laux et al., 1996;
Mayer et al., 1998). WUS expresses in the OC and prevents differentiation in the overlying stem
cell niche through the repression of genes typically expressed in differentiating cells from the PZ,
such as the transcription factors KANADI1 (KAN1), KANADI2 (KAN2), ASYMMETRICLEAVES2 (AS2)
and YABBY3 (YAB3), by direct binding to their regulatory regions (Yadav et al., 2013).
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In order to maintain a constant number of stem cells, WUS regulates negatively its own
expression through the activation of the CLV3 signaling pathway (Brand et al., 2000; Schoof et al.,
2000) (Figure 1.3). In particular, WUS protein migrates via plasmodesmata and activates the
expression of CLV3 in the stem cells situated in the L1 and L2 layers of the CZ (Yadav et al., 2011).
CLV3 belongs to the CLAVATA3 / EMBRYO SURROUNDING REGION (CLE) gene family (Cock and
McCormick, 2001) and encodes for a 96 amino acid-polypeptide that is post-transcriptionally
processed to generate the functional form, a 12 amino acid-peptide that is secreted to the
extracellular space (Fletcher et al., 1999; Kondo et al., 2006). CLV3 peptide directly binds to
CLAVATA1 (CLV1) (Ogawa et al., 2008), which is a transmembrane leucine-rich repeat receptor
serine-threonine kinase (LRR-RLKs) predominantly expressed in cells of the RM (Clark et al., 1993),
repressing WUS expression in the OC through a signal transduction pathway.

Figure 1.3. The SAM in Arabidopsis. (A) Functional zones differentiated in the SAM. Central zone (CZ); organ
primordia (OP); organizing center (OC); peripheral zone (PZ); rib zone (RZ); SAM cell layers (L1-L3); stem
cells (SC). (B) Schematic representation of the main signaling networks that control SAM function. From
Gaillochet et al. (2015).

Other receptors have been shown to mediate WUS transcription repression through CLV3
signaling (for a complete review, see Hazak and Hardtke, 2016). CLAVATA2 (CLV2), which has a
LRR domain but lacks the kinase domain, creates complexes with CLV1 contributing to the protein
stability (Kayes and Clark, 1998; Jeong et al., 1999). In addition, CLV2 form complexes with the
pseudokinase CORYNE (CRN) (Müller et al., 2008; Nimchuk et al., 2011), although it is not
completely clear if they mediate CLV3 signal transmission independently from CLV1 or not. The
RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2) (Kinoshita et al., 2010) and members from the BARELY
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ANY MERISTEM (BAM) receptor family (DeYoung et al., 2006; DeYoung and Clark, 2008) have also
been reported to participate in this process.
1.2.1.3. The role of cytokinins in SAM function
Cytokinins are a class of phytohormones that regulate important aspects of plant
development, including SAM function, mediate responses to environmental factors and
participate in the response to biotic and abiotic stress (Werner and Schmülling, 2009).
The mechanism of cytokinin signaling involves a Histidine-Aspartate (His-Asp)
phosphorelay, which is analog to the two-component system (TCS) found in bacteria to respond
to environmental stimuli (for a complete review, see Kieber and Schaller, 2018). Cytokinin
receptors are transmembrane histidine kinases mainly localized in the endoplasmic reticulum
membrane with the cytokinin-binding CHASE (cyclases/histidine kinases-associated sensing
extracellular) domain oriented into the lumen. In Arabidopsis, three histidine kinases have been
involved in cytokinin signaling: ARABIDOPSIS HISTIDINE KINASE 2 (AHK2), AHK3 and AHK4/WOL1
(WOODENLEG 1)/CRE1 (CYTOKININ RESPONSE1) (Perilli et al., 2009). Upon cytokinin binding,
receptors autophosphorylate on a conserved His residue of the cytosolic histidine-kinase domain,
which is subsequently transferred to a conserved Asp residue within the receiver domain. Then,
phosphate is transferred to members of the ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER (AHP)
family, which translocate in the nucleus and activate the so-called ARABIDOPSIS RESPONSE
REGULATORS (ARRs). Type-B ARRs contain a DNA-binding domain in the C-terminal region and act
as transcription factors, activating the expression of cytokinin-regulated target genes. They also
induce the expression of type-A ARRs, encoding for proteins that lack the DNA-binding domain
and act as negative regulators of cytokinin signaling.
Cytokinins participate in SAM function through the WUS-CLV feedback loop (Figure 1.3).
They induce WUS expression by repressing the expression of CLV1, although WUS upregulation by
cytokinins is also achieved through CLV-independent mechanisms (Gordon et al., 2009). In turn,
WUS represses the expression of several type-A ARRs that negatively regulate cyokinin signaling
(Leibfried et al., 2005), creating a domain of high cytokinin responsiveness in the center of the
meristem and establishing in this way a positive-feedback loop between WUS and cytokinins. The
localized cytokinin response in the center of the SAM is determined by cytokinin receptor
distribution, as the upregulation of WUS has been proved to be mediated exclusively by AHK4,
which has an overlapping expression domain with WUS, and AHK2 receptors (Gordon et al.,
2009).
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The position of the WUS domain in the stem cell niche is also determined by the activity
of members from the LONELY GUY (LOG) gene family, which participate in the cytokinin
biosynthetic pathway (Kuroha et al., 2009). Chickarmane et al. (2012) demonstrated that LOG4 is
expressed in L1 cells of the SAM and creates a gradient of cytokinins within the SAM that is
perceived by the underlying AHK4-expressing cells, inducing WUS expression. In turn, WUS
negatively regulates cytokinins biosynthesis in the epidermal layer of the SAM through a negative
feedback loop to limit cytokinin effects on stem cell niche position and size.
Another homeobox transcription factor essential required to establish and maintain the
stem cell niche is SHOOT MERISTEMLESS (STM), a class I member from the KNOTTED1-LIKE
HOMEOBOX (KNOX) gene family expressed throughout the SAM and downregulated in leaf
primordia (Clark et al., 1996; Endrizzi et al., 1996; Long et al., 1996). STM activates the expression
of the ISOPENTENYLTRANSFERASE 7 (IPT7) gene, which is involved in the cytokinin biosynthesis
pathway, promoting cytokinin accumulation in the center of the SAM and subsequently cell
proliferation through D-type cyclin CycD3 induction (Jasinski et al., 2005; Yanai et al., 2005;
Pfeiffer et al., 2017) (Figure 1.3). However, the application of exogenous cytokinins or the
targeted expression of IPT genes in stm loss-of-function mutants only restores partially the
meristem function, so it seems that STM have additional cytokinin-independent roles in SAM
function (Scofield et al., 2014). In turn, cytokinins have been proved to induce STM expression
(Rupp et al., 1999), although this effect might be indirect (Scofield et al., 2013). Furthermore, it
has been reported that STM negatively regulates ASYMMETRIC LEAVES1 (AS1), a MYB-domain
transcription factor expressed in lateral organ primordia, suppressing differentiation in the center
of the SAM (Byrne et al., 2002), although other authors proposed that STM effects are AS1independent (Scofield et al., 2014).
1.2.1.4. The role of gibberellins (GAs) and auxins in the SAM
Gibberellins (GAs) and auxins perform antagonistic roles to those described for cytokinins
in the SAM (for a complete review, see Shani et al., 2006; Hepworth and Pautot, 2015; Pfeiffer et
al., 2017). In particular, high cytokinin:GA and cytokinin:auxin ratios are necessary for stem cell
maintenance and cell differentiation inhibition.
STM repress the expression of GA 20-oxidases, which participate in GA biosynthesis
(Sakamoto et al., 2001; Hay et al., 2002; Chen et al., 2004), and induces the expression of GA 2oxidases, which participate in the GA catabolic pathway (Jasinki et al., 2005), reducing the level of
this phytohormone in the center of the SAM. Interestingly, GA 2-oxidases are expressed in the
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boundary between SAM and the incipient leaf primordium, promoting GA accumulation in that
region (Jasinki et al., 2005). GAs are crucial to promote the specification of boundaries between
meristem and the incipient leaf primordium.
Auxins have a key role in the initiation of lateral organs at specific sites in the flanks of the
SAM (Reinhardt et al., 2000). Auxin accumulates in the incipient leaf primordia by the action of
the polar auxin transporters PIN-FORMED1 (PIN1) (Vemoux et al., 2000; Reinhardt et al., 2003).
Furthermore, high auxin levels activate the auxin-responsive transcription factor MONOPTEROS
(MP), which downregulates STM and induces the expression of genes involved in leaf
development (Hardtke and Berleth, 1998).
1.2.1.5. The role of microRNAs (miRNAs) in the SAM
MicroRNAs (miRNAs) are a group of small non-coding RNAs that participates in the posttranscriptional regulation of gene expression with the participation of ARGONAUTE (AGO)
proteins through base pairing with complementary mRNA targets, causing their degradation or
translational repression (Sanei and Chen, 2015). Several microRNAs have been shown to play a
key role in different aspects of plant development, including SAM regulation (for a complete
review, see Li and Zhang, 2016).
MicroRNA394 (miR394), which is expressed exclusively in cells from the L1 layer,
constitutes a mobile signal that participates in SAM function in a non-cell autonomous manner. It
represses the expression of the F-box protein LEAF CURLING RESPONSIVENESS (LFC) in the
subepidermal cells of the SAM (Knauer et al., 2013). LFC inhibition is necessary for WUS activity
and therefore for stem cell maintenance. It seems that WUS is not a direct target of LCR, but it has
been postulated that LCR regulates the expression of proteins that participate in WUS function or
movement (Knauer et al., 2013).
The protein ARGONAUTE10 (AGO10), also called PINHEAD (PNH) or ZWILLE (ZLL), has
been proved to be essential for WUS activity (Tucker et al., 2008). AGO10 acts recruiting
microRNA165 and microRNA 166 (miR165 and miR166) and preventing their accumulation in the
stem cell niche, which have been reported to cause downregulation of members from the class III
homeodomain-leucine zipper (HD-ZIP III) gene family that are essential for maintaining stem cell
pluripotency (Liu et al., 2009; Zhu et al., 2011; Zhang and Zhang, 2012; Zhou et al., 2015).
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1.2.2. The SAM in conifers
Little information about SAM function is still available in conifers. So far, it has been
assumed that the physiological mechanisms and molecular pathways involved in this process are
similar to those described in Arabidopsis. However, the morphological, physiological and genetic
differences, and the evolutionary distance between gymnosperms and angiosperms discourage
the complete extrapolation of the data obtained in Arabidopsis.
1.2.2.1. SAM architecture in conifers
The zonation model that divides the SAM into a CZ comprising stem cells and a
surrounding PZ where cells are recruited for differentiation has been claimed for all seed plants.
However, the tunica-corpus model characteristic from most angiosperms cannot be applied to all
gymnosperms, as in most conifer species there is not a “proper” tunica. Instead of that, a small
number of cells from the superficial layer situated in the summit of the SAM directly contribute to
the superficial PZ and to the internal tissue of the meristem (Conway and Drinnan, 2017). In the
genus Pinus, this central summit zone is composed by only three cells, which might have
originated from the same initial cell. These cells divide anticlinally and perpendicular to each
other giving rise to the surface cells from the PZ. Some of them (in some species, only one cell),
which are designated apical initials, also divide periclinally to establish the internal cell lineages,
acting as ultimate sources of origin for all tissues of the plant.
1.2.2.2. Molecular pathways involved in SAM function in conifers
Initially, no WUS orthologues were identified in representative species from the three
major gymnosperm radiations Gnetum, Gynkgo and Pinus (Nardmann et al., 2009). These authors
found that the WUSCHEL-RELATED HOMEOBOX 5 (WOX5) orthologue, which performs a similar
role in the root apical meristem (RAM) to that described for WUS in the SAM in Arabidopsis, was
expressed both in shoots and roots. Based on their results, it was proposed that gymnosperms
contain an only WUS/WOX5 gene that performs its role in stem cell maintaining in the SAM and
RAM, suggesting that the appearance of WUS and WOX5 genes with specialized functions took
place after the divergence of gymnosperms and angiosperms.
Afterwards, Hedmann et al. (2013) characterized the WOX gene family in P. abies and
identified 11 members in its genome, including a WUS orthologue. However, no PaWUS
expression was detected in any of the developmental stages and tissues analyzed. Instead of that,
expression of the PaWOX5 orthologue was detected both in shoot and root tips. Based on these
13
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results, it was proposed that WOX5 orthologues participates in the maintenance of the stem cell
fate both in the SAM and the RAM in conifers. According to these results, WUS and WOX5 would
be already present in the last common ancestor of gymnosperms and angiosperms, and the
functional specialization of both genes is exclusive from the angiosperm lineage. However, recent
studies showed that WUS and WOX5 orthologues from different gymnosperm species can rescue
the phenotypes of the Arabidopsis wus-1 and wox5-1 loss-of-function mutants when expressed
under the control of the AtWUS and AtWOX5 promoters, respectively (Zhang et al., 2017). These
authors proposed that both WUS and WOX5 proteins can potentially participate in stem cell
maintenance in SAM and RAM in gymnosperms, respectively, although more studies are needed
in order to confirm this hypothesis.
Regarding KNOX gene family, four class I members were found in different species from
Picea and Pinus, forming a monophyletic group that constitutes the sister group of the
Arabidopsis STM gene (Guillet-Claude et al., 2004). It was reported that HBK1, which was the first
homeobox gene isolated in conifers, is expressed in the CZ of the P. abies meristem by in situ
hybridization, but not in organ primordia (Sundås-Larsson et al., 1998) and some members have
been shown to be essential for proper SAM establishment during somatic embryogenesis in P.
abies (Belmonte et al., 2007; Larsson et al., 2012). This suggests a conservation of their function
across seed plants, although the participation of these genes in SAM function remains quite
unknown.
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1.3. OBJECTIVES AND EXPERIMENTAL DESIGN
The SAM, together with the RAM, is responsible for the continuous growth and the
extraordinary developmental plasticity of plants, which confer a great capacity to grow and
survive in changing environmental conditions. As mentioned above, SAM formation and
establishment is a complex process that has been extensively studied in angiosperms. However,
the understanding of this process in gymnosperms is limited due to the difficulties associated with
their study.
The main aim of the present thesis is to gain insight into the SAM establishment and
maintenance in conifers, particularly in species from the genus Pinus. Our starting work
hypothesis is that the SAM formation and stem development is a conserved process in the
evolution of seed plants and therefore the model proposed for Arabidopsis can be extrapolated
to gymnosperms. To be able to contrast this hypothesis, we will need to deepen our knowledge
of the physiological and molecular factors involved in this process in gymnosperms. For that
purpose, two main objectives have been proposed:
Objective 1. Identification and characterization of genes putatively involved in SAM formation
and maintenance in Pinus spp.
The model species for this objective is the maritime pine (Pinus pinaster Ait.), a species
native to the Mediterranean region with a high commercial value related to wood and resin
production (Alía and Martín, 2003). This species is able to grow in poor soils and under prolonged
drought, so it is one of the most important forest species in France, Portugal and Spain, and has
been used in reforestation programs in other parts of the world. This pine has been stablished as
the conifer model species of the European Atlantic and Mediterranean regions in the
SUSTAINPINE (Genomic tools in maritime PINE for enhanced biomass production and
SUSTAINable forest management:

(http://www.scbi.uma.es/sustainpine/) and ProCoGen

(PROmoting a functional and COmparative understanding of the conifer GENome - implementing
applied

aspects

for

more

productive

and

adapted

forests:

https://bfw.ac.at/rz/bfwcms2.web?dok=9020) projects. These projects lead to the obtaining of P.
pinaster full transcriptome and genome, respectively (Canales et al., 2014; Cañas et al., 2017). To
carry out this objective, the following methodology has been proposed:
-

Screening of the genomic and transcriptomic databases available in order to identify
genes that putatively participates in SAM function in P. pinaster, focusing on WOX and
KNOX gene families.
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-

Expression analyses of isolated genes by quantitative real time PCR (RT-qPCR) in different
tissues from plantlets and mature trees, and during different developmental stages of
somatic embryogenesis and zygotic embryo germination.

-

Determination of the expression domain of selected WOX and KNOX genes in P. pinaster
shoot apexes by in situ hybridization.

-

Analysis of the phenotypic effects of the overexpression of selected genes in the model
plant Arabidopsis.

Objective 2. Physiological and molecular characterization of the adventitious caulogenesis in
Pinus spp.
Stone pine (Pinus pinea L.) is the model species for this objective. P. pinea is distributed in
patches along the Mediterranean basin that has a high economic importance due to their edible
seeds or pine nuts (Fady et al., 2004). In order to propagate superior genotypes in breeding
programs, a micropropagation protocol consisting on the culture of cotyledons detached from
non-germinated embryos in a cytokinin-containing medium for the obtaining of adventitious buds
have been developed (Valdés et al., 2001; Moncaleán et al., 2005; Alonso et al., 2006; Cortizo et
al., 2009; Cuesta et al., 2009). Due to the repetitive and synchronous response and the big size of
the cotyledons, which are easily-manipulated, this micropropagation protocol has been proposed
as a reliable experimental system for the study of the molecular and physiological basis of de novo
shoot meristem formation. For that purpose, two main analyses have been proposed:
-

Determination of the endogenous hormonal profile (including abscisic acid, auxins,
cytokinins, gibberellins, jasmonates, salicylic acid, and brassinosteroids) through ultrahigh performance liquid chromatography coupled to mass spectrometry and, when
possible, through immunohistochemistry techniques.

-

Analysis of the expression pattern of candidate genes (based on the results obtained in
Objective 1) by RT-qPCR.
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ANALYSIS OF THE THE WUSCHELRELATED HOMEOBOX (WOX) GENE
FAMILY IN PINUS PINASTER

Results described in this chapter have been published in the following paper:
Alvarez, J., Bueno, N., Cañas, R.A., Avila, C., Cánovas, F.M., Ordás, R.J. (2018) Analysis of the
WUSCHEL-RELATED HOMEOBOX gene family in Pinus pinaster: new insights into the gene family
evolution. Plant Physiology and Biochemistry, 123: 304-318.

Analysis of the the WUSCHEL-RELATED HOMEOBOX (WOX) gene family in Pinus pinaster

2.1. INTRODUCTION
WUSCHEL-RELATED HOMEOBOX (WOX) gene family is a plant-specific group of homeobox
transcription factors that play important roles in key developmental processes, such as embryonic
patterning, stem-cell maintenance and organ formation (Schoof et al., 2000; van der Graaff et al.,
2009; Ueda et al., 2011). The WOX gene family has been divided into three major clades: the
WUSCHEL (WUS) clade, specific to ferns and seed plants; the intermediate clade, present in
vascular plants; and the ancient clade, with representatives in the earliest diverging green plants
and therefore probably derived from an ancestral WOX gene (van der Graaff et al., 2009). The
genome of Arabidopsis thaliana, which has been widely used as a model organism for studies in
plants, contains 15 WOX genes: eight members from the WUS clade (AtWUS and AtWOX1-7), four
from the intermediate clade (AtWOX8, 9, 11 and 12), and three from the ancient clade (AtWOX10,
13 and 14).
The role of the WOX genes during plant development has been studied in some
angiosperms, such as Arabidopsis, Petunia hybrida, Zea mays, Oryza sativa and Populus
tomentosa (Schoof et al., 2000; Rebocho et al., 2008; Zhang et al., 2010; Liu, B. et al., 2014;
Dolzblasz et al., 2016). All WOX genes show very specific expression patterns, both spatially and
temporally, which are important for their functions. Members of the ancient clade are expressed
all over (roots, shoots and reproductive organs) and developmental stages (Deveaux et al., 2008).
WOX genes belonging to the intermediate clade, as well as WOX2 belonging to the WUS clade, are
preferentially expressed during embryo development (Haecker et al., 2004). Some members of
the WUS clade are involved in stem-cell regulation. In Arabidopsis, AtWUS is expressed in the
organizing center (OC) and is involved in the maintenance of the shoot apical meristem (SAM) by
a regulatory loop with CLAVATA, while AtWOX5 is involved in the maintenance of the root apical
meristem (RAM) (Mayer et al., 1998; Sarkar et al., 2007). AtWOX4 is involved in the cambial
meristem differentiation (Ji et al., 2010a), while AtWOX3/PRS1 is involved in lateral organ
development through recruiting organ founder cells forming the lateral domain (Matsumoto and
Okada, 2001; Shimizu et al., 2009). This functional divergence appears to have resulted primarily
from the evolution of divergent expression patterns, as many studies have shown that most of the
WUS-clade members are interchangeable in the Arabidopsis SAM (Sarkar et al., 2007; Shimizu et
al., 2009; Ji et al., 2010b; Dolzblasz et al., 2016).
However, little information is available in conifers. Although gymnosperms and
angiosperms have a common ancestor ca 300 million years ago (Savard et al., 1994; Smith et al.,
2010) and share many morphological and physiological features, there are key differences, such
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as the patterning during embryogenesis, which may alter the underlying genetic programs.
Therefore, it is not known whether the model of genic expression during angiosperm
development may be applicable to conifers. Several studies suggest that the WOX gene family
may be involved in the evolution of developmental processes (Deveaux et al., 2008; Rebocho et
al., 2008; Vandenbussche et al., 2009). Thus, analysis of the tissue specific expression of WOX
genes using other model species outside the angiosperms are needed to elucidate similarities and
differences in the regulatory mechanisms of plant development.
Recent works in conifers have shown functional conservation for some WOX genes.
AtWOX8, AtWOX9 and AtWOX2 play important roles during the patterning and morphogenesis of
the early embryo in Arabidopsis (Haecker et al., 2004; Breuninger et al., 2008). Their orthologues
in the conifer Picea abies PaWOX8/9 and PaWOX2 have similar functions (Zhu et al., 2014; 2016).
PaWOX3, the orthologue of AtWOX3, has been shown to play an important role in lateral organ
outgrowth (Alvarez et al., 2015). Despite the functional conservation of some WOX genes
between angiosperms and gymnosperms, previous reports in gymnosperms suggested that the
shoot-specific expression of WUS and root-specific expression of WOX5 is restricted to
angiosperms. Only single homologues of WUS/WOX5 were identified in three gymnosperms
(Pinus sylvestris, Ginkgo biloba, and Gnetum gnemon), which were expressed in both the shoot
and the root, suggesting that a single WUS/WOX5 functional gene performs its role both in the
shoot and root meristems (Nardmann et al., 2009). Based on these results, it was proposed the
hypothesis that the last common ancestor of seed plants contained a single WUS/WOX5 precursor
gene, and WUS and WOX5 probably arose as a consequence of a gene duplication event followed
by a neofunctionalization that took place at the base of angiosperms. Later, studies in P. abies
found differentiate WUS and WOX5 genes in its genome. PaWOX5 was preferentially expressed in
roots tips, but also in shoot tips. However, no PaWUS expression was detected in any of the plant
parts studied. Based on that, it was proposed that both genes originated before the split between
gymnosperms and angiosperms, but the functional specialization took place only in the
angiosperm lineage (Hedman et al., 2013). Recent interspecies complementation experiments
have shown that gymnosperm WUS and WOX5 proteins rescue the phenotype of Arabidopsis
wus-1 and wox5-1 mutants (with defective SAM and RAM, respectively), suggesting a
conservation of theit function in both shoot and root apical stem-cell maintenance across seed
plants (Zhang et al., 2017).
In the present work, the analysis of the WOX gene family in the conifer maritime pine
(Pinus pinaster Aiton) is presented. Fourteen WOX genes have been identified and the
phylogenetic relationships of these genes compared to other known WOX genes in green alga,
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bryophyte, lycophyte, pteridophyte, gymnosperm, and angiosperm representative species have
been analysed. The phylogenetic analyses have identified three members of the ancient clade,
five members in the intermediate clade, and six members in the WUS clade including five clear
orthologues of the angiosperm WUS-clade genes and a new member, PpWOXX, with no
homologues in angiosperms. Furthermore, the expression pattern for each of the 14 WOX genes
was analysed in different developmental stages during somatic embryo development, and in
different germination stages and tissues in seedlings from zygotic embryos. The detection of
discrete PpWUS and PpWOX5 transcripts for the first time in a gymnosperm and their
differentiated expression patterns, which was thought to be exclusive from angiosperms, might
indicate that these genes perform similar roles to those described for their Arabidopsis. These
results suggest that the functional specialization might have taken place before the split between
angiosperms and gymnosperms. The identiﬁcation of WOX genes in P. pinaster provides new
insights into the WOX family evolution in plants and will facilitate molecular studies to
characterize the function of stem cells in gymnosperms.

2.2. MATERIAL AND METHODS
2.2.1. Identification and phylogenetic analysis of the WOX gene family in Pinus pinaster
2.2.1.1. Identification of P. pinaster WOX members
WUSCHEL (WUS) and WUSCHEL-LIKE5 (WOX5) gene sequences from different species
were found through the search in the public databases GenBank (https://www.ncbi.nlm.nih.gov/),
Dendrome

(http://dendrome.ucdavis.edu/),

and

Congenie

(http://congenie.org/).

After

determining conserved domains and motifs through ClustalW alignments and InterProScan
analysis, primers were designed using the Primer3 software (Rozen and Skaletsky, 2000) to
amplify a fragment of the coding sequence from each gene using cDNA obtained from P. pinaster
embryos as template. The resulting PCR product was cloned using CloneJET PCR Cloning Kit
(Thermo Scientific, Waltham, MA, USA) and sequenced (at least three clones per band) at the
Oviedo University DNA Analysis Facility (Spain). In order to obtain the full mRNA sequence, Rapid
Amplification of cDNA Ends (RACE) was performed with the FirstChoice RLM-RACE Kit (Ambion,
Applied Biosystems Inc., Foster City, CA, USA) according to the manufacturer’s instructions.
Primers used for initial amplification, and 5’ and 3’ RACE are shown in Supplementary table S2.1.
The identification of the rest of the WOX gene family members in P. pinaster was carried
out through the screening of P. pinaster transcriptome data obtained in the frame of the
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European projects ProCoGen (Cañas et al., 2017) and SustainPine (Canales et al., 2014) for
sequences containing the characteristic WOX homeodomain (HD) using the TBLASTN and BLASTP
algorithms (Altschul et al., 1997), and profile hidden Markov models (HMMs) via HMMER
(http://hmmer.org/) with default settings. Genome data, when available, were used to identify
exon-intron pattern. WOX sequences obtained in P. pinaster were also used as queries to identify
new WOX sequences in the genomes of Pinus taeda and Picea abies. All sequences obtained were
uploaded to GenBank database and accessions numbers are presented in Supplementary table
S2.2.
2.2.1.2. Phylogenetic analysis of P. pinaster WOX gene family
Sequences for WOX proteins from green alga (Ostreococcus tauri), moss (Physcomitrella
patens), lycophyte (Selaginella moellendorffii), fern (Ceratopteris richardii and Cyathea australis),
gymnosperm (Ginkgo biloba, Gnetum gnemon, Picea abies, Pinus pinaster, Pinus sylvestris, and
Pinus taeda), and angiosperm (basal angiosperm: Amborella trichopoda, monocots: Oryza sativa
and Zea mays, and dicots: Arabidopsis thaliana, Populus euphratica, Populus trichocarpa and Vitis
vinifera) representative species were identified through the search in public databases (accession
numbers for all sequences are listed in Supplementary table S2.2).
Protein sequences were aligned using the MAFFT plug-in in Geneious (Biomatters Ltd.,
New Zealand) and edited manually. Non-conserved parts of the sequences were excluded from
the analyses to reduce noise. The unrooted amino acid sequence similarity trees were generated
using the Geneious software by the Neighbour-Joining method and the Jukes-Cantor genetic
distance model. The green alga OtWOX sequence was used as outgroup for the trees.
2.2.2. Characterization of the Pinus pinaster WOX gene family
2.2.2.1. Plant material
2.2.2.1.1. Somatic embryos
The P. pinaster embryogenic line P5LV4.1, which had been obtained and cryopreserved as
described by Alvarez et al. (2012a; 2013a), was used to study the expression of the WOX genes
during somatic embryogenesis. After thawing the cryopreserved tissues, proembryogenic masses
(PEMs) were cultured on proliferation medium, which consisted on Westvaco WV5 salts and
vitamins (Duchefa, Haarlem, The Netherlands) (Coke, 1996), 1 g L-1 casein hydrolysate, 2.2 µM
benzyladenine (BA), 4.5 µM 2,4-dichlorophenoxyacetic acid (2,4-D), 30 g L-1 sucrose, 4 g L-1 Gelrite
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(Duchefa), and 0.5 g L-1 L-glutamine (Duchefa). The pH was adjusted to 5.8 before autoclaving and
the glutamine was filter-sterilized and added after autoclaving. Cultures were maintained at 23 °C
in darkness and subcultured to fresh medium every three weeks.
To promote maturation PEMs were disaggregated and cultured onto a piece of sterile
filter paper Whatman #2, 70 mm diameter placed on maturation medium (150 mg per plate). This
medium consisted on VW5 salts (Duchefa), 60 g L-1 sucrose, and 9 g L-1 Gelrite (Duchefa). The pH
was adjusted to 5.8 before autoclaving. The medium was supplemented with 80 µM abscisic acid
(ABA) (Duchefa) and the amino acid mixture from embryo development medium (EDM; Walter et
al., 2005), which was composed of 525 mg L-1 L-asparagine, 500 mg L-1 L-glutamine, 175 mg L-1 Larginine, 19.75 mg L-1 L-citrulline, 19 mg L-1 L-ornithine, 13.75 mg L-1 L-lysine, 10 mg L-1 L-alanine,
and 8.75 mg L-1 L-proline. All amino acids were supplied by Duchefa, except L-citrulline (Alfa
Aesar, Karlsruhe, Germany). Both ABA solution and EDM amino acid mixture were filter-sterilized
and added after autoclaving. Cultures were maintained in darkness at 23 °C and subcultured to
fresh medium every four weeks.
Material from four different developmental stages was collected along the maturation
process (Figure 2.1), based on the classification established by Hakman and von Arnold (1988) and
adapted by Tereso et al. (2007): proembryonic masses proliferating in the presence of the plant
growth regulators auxins and cytokinins (PEM); early embryos (EE), with a translucent embryo
proper and a long suspensor; late embryos (LE), with a prominent and opaque embryo proper;
and mature embryos (ME), which have well-defined apical meristem and cotyledons. Samples
were immediately frozen in liquid nitrogen and stored at -80 °C until analysis was carried out.
2.2.2.1.2. Germinating embryos and seedlings
WOX gene family expression dynamics were also analysed during seed germination and in
different parts of three-week-old seedlings. For that purpose, mature seeds from open pollinated
P. pinaster trees growing in a natural stand (ES08 Meseta Castellana provenance, Spain) and
provided by “Servicio de Material Genético del Ministerio de Medio Ambiente” (Spain) were
imbibed in water with aeration for 48 hours, transferred to wet vermiculite and maintained at 23
°C under a 16 h photoperiod.
As shown in Figure 2.1, the analysis was carried out with germinated embryos with a
radicle inferior to 1 cm (G1), germinated embryos with a radicle between 1 and 2 cm (G2), and
germinated embryos with a radicle between 2 and 3 cm (G3), as well as in four different tissues
from three-week-old seedlings: root tip (5 mm of the apical part of the root), shoot apex (3 mm of
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the emerging epicotyl including the shoot apical meristem and needle primordia), hypocotyl (a
portion of 5 mm situated right under the shoot apex), and cotyledons. All tissues were
immediately frozen in liquid nitrogen after isolation and stored at -80 °C until use.

Figure 2.1. Material used for quantitative real-time PCR (RT-qPCR) analysis of the WOX family mRNA
abundance in Pinus pinaster during the development of somatic embryos (A-D), germination (E-G), and in
different parts of young plants (H). (A) Proliferating proembryogenic mass (PEM) in the presence of the
plant growth regulators (PGRs) auxin and cytokinin; (B) early embryo (EE) 1 week after withdrawal of PGRs;
(C) late embryo (LE) before the emergence of cotyledons; (D) mature embryo (ME) after 12 weeks on the
maturation medium. (E) Germinated embryos with a radicle length inferior to 1 cm (G1); (F) germinated
embryos with a radicle length between 1 and 2 cm (G2); (G) germinated embryos with a radicle length
between 2 and 3 cm (G3). (H) Three-week-old seedling: Sa, shoot apex; Co, cotyledon; Hy, hypocotyl; Rt,
root tip. Note that the number of cotyledons in P. pinaster varies between 3 and 8. Bar, 1 mm (A-D); 1 cm
(E-H).

2.2.2.2. RNA extraction and cDNA synthesis
RNA from samples was extracted using the GeneMATRIX Universal RNA Purification Kit
(EURx, Gdańsk, Poland). The RNA was quantified by spectrophotometry and its integrity was
checked by agarose gel electrophoresis. For each sample, one microgram of total RNA (0.5 µg for
somatic embryogenesis samples) was reverse transcribed with the High Capacity cDNA Reverse
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Transcription Kit (Applied Biosystems Inc., Foster City, CA, USA) following the manufacturer’s
instructions.
2.2.2.3. Quantitative real-time PCR (RT-qPCR)
The gene expression analysis was performed by quantitative real-time PCR in a Bio-Rad
CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). P. pinaster ubiquitin gene
(Acc. AF461687) was used as endogenous reference gene (Alonso et al., 2007; Alvarez et al.,
2012b; 2013b). Primers for each gene were designed with Primer3 software (Rozen and Skaletsky,
2000) following the parameters recommended by Udvardi et al. (2008). Primers used in this work
are listed in Supplementary table S2.3. Individual reactions were assembled in triplicate with 5 μL
of Fast SYBR Green Master Mix (Applied Biosystems Inc., Foster City, CA, USA), oligonucleotide
primers (0.20 µM each) and 100 ng of cDNA in a final volume of 10 μL. The following protocol was
used for amplification: 95 °C 20 s; 45 cycles of 95 °C 3 s and 60 °C 30 s, with a final melting curve
to discard the presence of non-specific products. For this purpose, negative controls (no template)
and RT- controls (non-retrotranscribed RNA) were also included, and PCR amplicons from selected
wells were cloned and sequenced.
Analysis of the RT-qPCR data was performed with the qpcR package for R software
(http://www.dr-spiess.de/qpcR.html), which allows the fitting of the RT-qPCR fluorescence raw
data to a five-parameter sigmoidal model for obtaining essential PCR parameters such as
efficiency, threshold cycle and transcript abundance (Ritz and Spiess, 2008). Relative abundance
of each transcript was calculated as the mean of the three technical replicates and normalized to
the expression value of the reference gene in each sample. Results are expressed as mean
normalized expression values ± standard error of three biological replicates. Signiﬁcant
differences in mRNA levels were determined by t-test analysis or analysis of variance (ANOVA)
using the Student-Newman-Keuls test for post hoc comparisons (SIGMA-PLOT v11 software,
Chicago, IL, USA).
2.2.2.4. Fluorescent in situ hybridization (FISH)
The visualization of PpWUS, PpWOXX and PpWOX3 expression domains in the shoot apex
was carried out through mRNA fluorescent in situ hybridization (FISH). For that purpose, shoot
apexes inferior to 5 mm long were harvested from three-week-old seedlings obtained as
mentioned above. Tissues were immediately fixed with freshly prepared FAA solution (3.7%
formaldehyde, 5% glacial acetic acid, and 50% ethanol) at 4 °C under vacuum overnight. Then,
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they were dehydrated in an ascendant ethanol series (50, 75, 90, and 100%) and maintained in
100% ethanol at 4 °C until next step.
Tissues were infiltrated and embedded with Technovit® 8100 (Heraeus kulzer GmbH,
Wehrheim, Germany) according to manufacturer’s instructions. Embedded shoot tips were
sectioned longitudinally in a microtome (Nikon, Tokyo, Japan) at 10 μm thickness and sections
were mounted on Menzel-Gläser Superfrost Ultra Plus slides (Thermo-Scientific, Waltham,
Massachusetts, USA).
Air-dried sections were directly used for in situ hybridization following the protocol
described by Valledor et al. (2012) with some modifications. Shoot apex sections were initially
incubated in 0.5% (v/v) Triton X-100 in phosphate-buffered saline (PBS) for 10 minutes and
washed with PBS for 5 minutes. Subsequently, sections were treated with 2% (w/v) cellulase in
PBS for 2 hours at room temperature and, after a wash step with PBS for 5 minutes, were also
treated with HCl 0.2N for 30 minutes. After a new wash step with PBS, sections were equilibrated
with 2X saline-sodium citrate (SSC) buffer for 5 minutes and prehybridized with hybridization
buffer HB50 (50% (v/v) formamide in 2X SSC + 50 mM phosphate buffer pH 7.0) for 2 hours at 37
°C. After denaturing samples at 78 °C for 5 minutes, 8 μL of hybridization mix were applied onto
each section and maintained at 78 °C for 5 minutes. Hybridization mix was composed by 20%
(w/v) dextran sulfate, hybridization buffer HB50, and 100 μM solution of the corresponding
labelled probe in a proportion 2:1:1. Single-stranded antisense probes of 33 nucleotides long
labelled with Cyanine 5 (Cy5) in their 3’ end were designed to hybridize in a specific region of each
gene (probes used in this experiment are listed in Supplementary table S2.4). Tissue sections were
also incubated without any probe as a negative control, in order to evaluate the presence of
autofluorescence. Then, sections were maintained overnight at 55 °C in a moist chamber.
After hybridization, sections were washed with 2X SSC and 1X SSC at 40 °C for 15 and 10
minutes, respectively. Subsequently, two additional wash steps with 0.5X SSC and autoclaved
ddH2O for 10 and 2 minutes, respectively, were performed at room temperature. Sections were
then incubated with 4,6-diamidino-2-phenylindole (DAPI; AppliChem GmbH, Darmstadt,
Germany) 1 μg mL-1 for 15 minutes. Finally, sections were washed with autoclaved ddH2O for 5
minutes, air-dried and mounted with Mowiol® 4-88 (AppliChem GmbH, Darmstadt, Germany).
Sections were observed and photographed with a Leica DMRXA fluorescence microscope
(Leica Microsystems, Wetzlar, Germany) and images were processed with ConfocalUniovi ImageJ
software (http://spi03.sct.uniovi.es/confocaluniovi/).
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2.3. RESULTS
2.3.1. Identification and phylogenetic analysis of the Pinus pinaster WOX gene family
Combining PCR-based detection and the screening of P. pinaster transcriptome data, we
were able to identify 14 genes that showed the characteristic highly conserved HD and motifs of
WOX genes. We found clear orthologues for the Arabidopsis WOX2, WOX3, WOX4, WOX5, WUS
and WOX13 genes that were designated PpWOX2, PpWOX3, PpWOX4, PpWOX5, PpWUS, and
PpWOX13, respectively. The rest of WOX genes did not have clear orthologues with other
angiosperm WOX genes and were named PpWOXA, PpWOXB, PpWOXC, PpWOXD, PpWOXE,
PpWOXF, PpWOXG, and PpWOXX. Our screening also allowed the identification of 11 WOX genes
in P. taeda (PtWOX2, PtWOX3, PtWOX4, PtWOX5, PtWUS, PtWOXX, PtWOX13, PtWOXA, PtWOXB,
PtWOXE and PtWOXG) and two new WOX genes in P. abies (PaWOXG and PaWOXX). Accession
numbers for all genes identified can be found in Supplementary table S2.2. The gene structures of
11 out of the 14 genes were obtained by comparing the DNA and RNA sequences (Figure 2.2).

Figure 2.2. Structure of full-length cDNAs of the Pinus pinaster WOX gene family members. Conserved
homeodomain (HD; red). Exons (grey), when possible, were obtained by comparison between cDNA and
genomic sequences. Open reading frames for PpWOXD, PpWOXF and PpWOXG genes (yellow).
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Figure 2.3. Phylogenetic tree of the WOX proteins. The tree contains sequences from green alga
(Ostreococcus tauri, Ot), moss (Physcomitrella patens, Ph), lycophyte (Selaginella moellendorffii, Sm), fern
(Ceratopteris richardii, Cr; and Cyathea australis, Ca), gymnosperm (Ginkgo biloba, Gb; Gnetum gnemon,
Gg; Picea abies, Pa; Pinus pinaster, Pp; Pinus sylvestris, Ps; and Pinus taeda, Pt), and angiosperm (basal
angiosperm: Amborella trichopoda, Amt; monocots: Oryza sativa, Os; and Zea mays, Zm; and dicots:
Arabidopsis thaliana, At; Populus euphratica, Poe; Populus trichocarpa, Pot; and Vitis vinifera, Vv)
representative species. The unrooted amino acid sequence similarity trees were generated using the
Geneious software by the Neighbour-Joining method and the Jukes-Cantor genetic distance model. WUS
clade (red; W); intermediate clade (blue; I); ancient clade (black; A). The green alga OtWOX sequence was
used as outgroup for the tree (orange). P. pinaster sequences are highlighted with an asterisk.
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Figure 2.4. Phylogenetic tree of the WUS-clade WOX proteins. Species abbreviations are indicated as in
Figure 2.3. The unrooted amino acid sequence similarity trees were generated using the Geneious software
by the Neighbour-Joining method and the Jukes-Cantor genetic distance model. The green alga OtWOX
sequence was used as outgroup for the tree. Each group of orthologous genes is highlighted in a different
colour. Pinus pinaster sequences are highlighted with an asterisk.

Phylogenetically, PpWOX genes were distributed throughout the three clades established
by van der Graaff et al. (2009) (Figure 2.3). PpWOX13, PpWOXA and PpWOXG are members of the
ancient clade, which includes WOX genes present in green algae and all land plants. PpWOXB,
PpWOXC, PpWOXD, PpWOXE and PpWOXF belong to the intermediate clade. The WUS clade,
originally defined as specific from seed plants, included the genes PpWUS, PpWOX2, PpWOX3,
PpWOX4, PpWOX5 and PpWOXX (Figure 2.4). PpWOXX is a new gene that had not been described
in any other conifer species until this moment. A thorough screening in public databases allowed
the identification of orthologues of this gene in the genome of the conifers P. abies and P. taeda,
but not in any angiosperm species. The phylogenetic analysis showed that WOXX pine
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orthologues constitute a monophyletic group that occupies the basal position of the WUS clade
and group together with G. gnemon GgWOXY gene reported by Nardmann and Werr (2013).
The analysis of the 14 WOX polypeptide sequences showed that all P. pinaster WOX
proteins contained the characteristic WOX HD motif. Similar to Arabidopsis and other species,
PpWUS deduced protein has a 66 amino acid HD with a Y residue at position 21 that is absent in
the rest of PpWOX proteins (Figure 2.5B). Furthermore, all WUS-clade members contained the
characteristic WUS box motif T-L-X-L-F-P. In addition, the EAR motif (L-X-L-X-L) is present in
PpWUS and PpWOX5 proteins after the HD and the WUS box (Figure 2.5A).

Figure 2.5. WOX protein domains. (A) Schematic representation of the conserved domains in all WOX family
proteins in Pinus pinaster. Homeodomain (HD; red), WUS-box (orange; W), and EAR domain (purple). (B)
Alignment of the 14 P. pinaster WOX HD sequences. Note the extra Y residue in PpWUS sequence (red box).

2.3.2. Characterization of the Pinus pinaster WOX gene family
In order to gain insight into the specific role of each PpWOX gene in plant development,
their expression during somatic embryogenesis and seed germination was analysed by
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quantitative real time PCR (RT-qPCR). Transcripts from each isolated gene were detected at least
in some of the analysed stages or tissues, indicating that all of them are functional.

Figure 2.6. Quantitative real-time PCR (RT-qPCR) analysis of the relative mRNA abundance of the WOX gene
family in Pinus pinaster during embryo development and germination. PEM (proembryogenic mass); EE
(early embryo); LE (late embryo); ME (mature embryo); G1, G2, and G3 (germinated embryo with radicle
length <1 cm, 1-2 cm, and 2-3 cm, respectively). Different letters indicate signiﬁcant differences in the
relative mRNA abundance (Student-Newman-Keuls test, α = 0.05).

Members of the ancient clade, PpWOX13, PpWOXA and PpWOXG, were shown to be
constitutively expressed, and their expression was higher during embryogenesis (Figures 2.6 and
2.7). For their part, the intermediate clade members PpWOXB, PpWOXC, PpWOXD and PpWOXE
were expressed exclusively during embryogenesis, reaching a peak in the early embryo phase
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(Figure 2.6). Their levels were very low in the mature embryo and no expression was detected
after the beginning of germination. PpWOX2, member of the WUS clade, showed a similar
expression pattern. However, the expression of the last intermediate clade member PpWOXF
increased gradually during embryogenesis and reached its maximum level at the mature embryo
stage. During germination its levels dramatically decreased and no transcripts were detected in
seedlings.

Figure 2.7. Quantitative real-time PCR (RT-qPCR) analysis of the relative mRNA abundance of the WOX gene
family in different parts of three-week-old seedlings of Pinus pinaster. Root tip (Rt); Hypocotyl (Hy); Shoot
apex (Sa); Cotyledon (Co). Different letters indicate signiﬁcant differences in the relative mRNA abundance
(Student-Newman-Keuls test, α = 0.05).

PpWOXX, PpWUS and PpWOX5 showed a similar expression pattern during
embryogenesis, as their expression reached their maximum at mature embryo stage (Figure 2.6).
However, while PpWUS expression was only detected in the shoot apex, PpWOX5 transcripts
were preferentially located in the root tip of seedlings, with low levels of expression in other
tissues (Figure 2.7). Similar to PpWUS, PpWOX3 and PpWOXX expression was restricted to the
shoot apex of seedlings, although transcripts from both genes were also found at a very low level
in the hypocotyl (Figure 2.7). PpWOX4 expression levels were quite constant during
embryogenesis and increased progressively during germination (Figure 2.6). In seedlings, this
gene was mainly expressed in the hypocotyl. Lower levels were detected in the shoot apex and
cotyledons, and very little expression was found in the root apex (Figure 2.7).
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Figure 2.8. PpWUS, PpWOXX and PpWOX3 transcript detection by fluorescent in situ hybridization (FISH) in
longitudinal sections of shoot apexes excised from three-week-old Pinus pinaster seedlings using specific
anti-mRNA probes labelled with Cyanine 5 (Cy5; red signal). Blue signal represents nuclei staining with 4,6diamidino-2-phenylindole (DAPI). (A, B) PpWUS transcripts were exclusively detected (arrows) in the central
zone of the meristem. (C, D) Transcripts from PpWOXX also showed a restricted expression domain (arrows)
in cells situated in the central zone of the meristem. (E, F) PpWOX3 was shown to be expressed in the flanks
of the meristem and in needle primordia. Needle primordia (np). Shoot apical meristem (sam) including the
central zone (cz) and the peripheral zone (pz). All images were obtained with a Leica DMRXA fluorescence
microscope (Leica Microsystems, Wetzlar, Germany) and processed with ConfocalUniovi ImageJ software
(http://spi03.sct.uniovi.es/confocaluniovi/). Bar, 50 µm.

Fluorescent in situ hybridization (FISH) was performed in order to determine the precise
expression domain of PpWUS, PpWOXX and PpWOX3 genes in the shoot apex of three-week-old
seedlings. Both PpWUS and PpWOXX were shown to be expressed in a small number of cells
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situated in the central region of the meristem, which corresponds to the stem cell niche. In
particular, PpWOXX expression was detected in cells situated in the third cell layer (Figure 2.8CD), whereas PpWUS-expressing cells were situated slightly deeper in the meristem (Figure 2.8AB). On the other side, the gene PpWOX3 was expressed in the peripheral zone of the meristem,
where lateral organs initiate, but not in the central zone. Specifically, signal was detected in the
putative founder cells of lateral organs, and in leaf primordia (Figure 2.8E-F).

2.4. DISCUSSION
2.4.1. Identification and phylogenetic analysis of the Pinus pinaster WOX gene family
Increasing availability of data on the genome and transcriptome of several gymnosperms
is facilitating the study of the evolution of their gene families (Uddenberg et al., 2015). In this
work, we report the identification of 14 WOX genes in P. pinaster, including three WOX genes not
previously described in any other conifer species (PpWOXA, PpWOXG and PpWOXX). Our
screening also allowed the identification of 11 WOX genes in P. taeda and two new WOX genes in
P. abies. Recently, Hedman et al. (2013) had characterized the WOX gene family in P. abies, which
comprised a total of 11 WOX genes. In accordance with their results, our phylogenetic analyses
showed that PpWOX genes are distributed along the three clades established in WOX phylogeny
(van der Graaff et al., 2009) supporting the hypothesis that a major diversification in WOX gene
family took place before the split between angiosperms and gymnosperms.
Based on phylogenetic analysis, it has been proposed that the WOX gene family has a
monophyletic origin and that the last common ancestor of green algae and land plants contained
at least one WOX member (Lian et al., 2014). The ancient clade is present in all major plant
lineages, including green algae, and lower plants only contain members from this clade. Based on
these observations, the ancient clade is thought to represent the oldest and most conserved clade
of the WOX gene family (Deveaux et al., 2008; Lian et al., 2014). In P. pinaster, ancient clade
includes three members, PpWOX13, PpWOXA, and PpWOXG. We found that these three genes
are present in other Pinus species like P. taeda, while only PpWOX13 and PpWOXG orthologues
were detected in Picea and only PpWOX13 orthologues in Gnetum or Gingko. These ancient-clade
genes appear to have a monophyletic origin and they might have arisen after duplication events
that took place before the diversification of the Pinus genus, although this hypothesis should be
confirmed in the future.

44

Analysis of the the WUSCHEL-RELATED HOMEOBOX (WOX) gene family in Pinus pinaster

The intermediate clade, present in all vascular plants, and the WUS clade, exclusive from
ferns, gymnosperms and angiosperms, originated subsequently by gene duplication and
diversification from ancient members in the course of plant evolution (Lian et al., 2014; Ge et al.,
2016). WOX gene family underwent a great expansion after the separation of mosses from other
land plants, as the number of WOX genes increased substantially with the emergence of the
vascular plant lineages (Deveaux et al., 2008; Zhang et al., 2017). Furthermore, modifications in
the HD three-dimensional structure and the apparition of specific motifs in the protein sequence
might have contributed to the functional change of WOX family during evolution (Lian et al.,
2014). Five PpWOX genes belong to the intermediate clade in P. pinaster. The phylogenetic
analyses showed that these genes group very closely, which is consistent with the available data
from other conifer species. This supports the hypothesis that there was a gene expansion of the
intermediate clade within the family Pinaceae (Hedman et al., 2013).
Phylogenetic analyses revealed that WUS-clade members emerged in the last common
ancestor of leptosporangiate ferns and seed plants (Nardmann and Werr, 2012). Whereas only
one member has been reported in ferns, the WUS clade have expanded and evolved in seed
plants. Similar to that observed in P. abies (Hedman et al., 2013), we found orthologues for most
Arabidopsis WUS-clade members in P. pinaster except for AtWOX1, AtWOX6 and AtWOX7. This
suggests that WOX2, WOX3, WOX4, WOX5 and WUS were present in the last common ancestor of
angiosperms and gymnosperms, and a gene diversification happened after the bifurcation of both
seed plant groups. Several members of the WUS clade have been involved in stem cell
maintenance in the shoot meristem (WUS), in the root meristem (WOX5), in leaf marginal
meristems (WOX3) and in vascular meristems (WOX4) in angiosperms (Laux et al., 1996; Sarkar et
al., 2007; Shimizu et al., 2009; Ji et al., 2010b). The fact that gymnosperms also contain
orthologues for these genes could indicate that their functional specialization and association
with discrete stem cell niches had been stablished prior to the divergence of gymnosperms and
angiosperms, in concordance with the assumptions made by Nardmann and Werr (2013) and
Zhang et al. (2017).
Interestingly, a WUS-clade member, PpWOXX, not previously described in angiosperms
was identified in P. pinaster in this work. We also identified orthologues of PpWOXX in the
genome of other conifers such as P. taeda and P. abies. These sequences constitute a
monophyletic group at the base of the WUS clade. A more detailed study of the HD peptide
sequence showed that all the conifer WOXX proteins as well as the proteins GgWOXY, GgWOX2A
and GgWOX2B from the gymnosperm Gnetum gnemom, also included in the basal positions of the
WUS clade, contain the particular sequence FYWF(QK)NR. The particular sequences FYWFQNR
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and FYWFQNH are characteristics of the intermediate- and WUS-clade WOX proteins, respectively
(Nardmann and Werr, 2012; Zeng et al., 2015; Ge et al., 2016). This fact coupled to the recent
identification of WUS-clade WOX members in the leptosporangiate ferns Ceratopteris richardii
and Cyathea australis (CrWUL and CaWUL, respectively) (Nardmann and Werr, 2012) might
indicate that, although these proteins are usually included in the WUS clade, they originated from
a WOX gene present in the last common ancestor of all vascular plants, representing a transitional
stage between intermediate- and WUS-clade proteins lost in the angiosperm lineage.
Alternatively, they could have arisen as a consequence of a gene expansion in the gymnosperm
lineage.
2.4.2. Characterization of the Pinus pinaster WOX gene family
Available information about gene function in gymnosperms is limited, partly owing to the
lack of a characterized mutant collection and the difficulty to carry out genetic transformation in
many species. To characterize the WOX gene family in P. pinaster the expression pattern of each
gene was analysed in different developmental stages and tissues by RT-qPCR. In addition, the
gene expression of PpWUS, PpWOXX and PpWOX3 in the shoot apex was analysed by FISH.
Transcripts of the ancient-clade members PpWOX13, PpWOXA and PpWOXG were
detected in all the stages and tissues studied. In green algae and mosses, which only contain
ancient-clade members, it was reported that the single WOX gene identified in Ostreococcus tauri
participated in its maintenance in an undifferentiated state (Deveaux et al., 2008), whereas
ancient-clade genes played an important role in stem cell formation and regeneration in
Physcomitrella patens (Sakakibara et al., 2014). Previous reports in Arabidopsis (Deveaux et al.,
2008; Romera-Branchat et al., 2013) and P. abies (Hedman et al., 2013) showed that members of
the ancient clade are expressed in most tissues and developmental stages and their function
could be related to root initiation, embryo development, floral transition, and replum formation.
All the intermediate clade members (except PpWOXF) and the WUS-clade member
PpWOX2 were expressed mainly during the first stages of embryo development and no expression
was detected once the embryos germinated. This pattern is similar to that observed for
PaWOX8/9 and PaWOX2 genes in P. abies (Palovaara et al., 2010; Zhu et al., 2014; 2016).
PaWOX8/9 RNA interference (RNAi) lines showed an altered orientation of the cell division planes
at the basal part of embryonal masses during early embryo development, giving rise to aberrant
embryos. PaWOX2 RNAi affected the establishment of the border between the embryo proper
and the suspensor. Besides, suspensor cells do not elongate as usual and the protoderm was not

46

Analysis of the the WUSCHEL-RELATED HOMEOBOX (WOX) gene family in Pinus pinaster

established properly. No effects were found when PaWOX2 interference happened after late
embryos were formed. The high homology and the similar expression pattern between PpWOX2
and PaWOX2 suggest that its function could be conserved in conifers. Similarly, intermediateclade genes PpWOXB, PpWOXC, PpWOXD and PpWOXE might be involved in apical-basal polarity
establishment during early embryogenesis, although the specific role of each one should be
investigated in the future. These results suggest the conservation of their function through seed
plants, as their orthologues in Arabidopsis, AtWOX2, AtWOX8 and AtWOX9, are also involved in
early embryonic pattern formation (Haecker et al., 2004; Breuninger et al., 2008). Basically,
AtWOX2 and AtWOX8 are expressed in the female gametophyte and zygote, but after the first
division AtWOX2 transcripts are only detected in the apical daughter cell that will originate the
embryo proper, while AtWOX8 expression is restricted to the basal daughter cell that will give rise
to the embryo suspensor and hypophyseal cell, establishing in that way the basic polarity of the
embryo. For its part, AtWOX9 also contributes to the embryo polarity as it is expressed initially in
the hypophysis and then expands into the central domain of the embryo.
The intermediate clade gene PpWOXF showed a different expression pattern from other
intermediate members. The highest transcript abundance was found in mature embryos,
detecting very little expression during the initial stages of both embryogenesis and germination.
According to the phylogenetic analyses, this gene is closely related to PaWOX8B, PaWOX8C and
PaWOX8D genes described by Hedman et al. (2013), although their expression pattern is quite
different. PaWOX8B transcripts were only found in PEMs, and no expression of PaWOX8C and
PaWOX8D was detected in any stages or tissues, suggesting that they could be inactive
pseudogenes. PpWOXF is also closely related to WOX11 and WOX12 genes from different
angiosperm species. The expression and function of AtWOX11 and AtWOX12 has not been
described in detail in Arabidopsis so far, but recent studies showed that both genes are involved
in de novo root organogenesis (Liu, J. et al., 2014). Based on the available information, the role of
PpWOXF still remains unknown and more studies are needed to clarify its function.
Some members of the WUS clade are involved in stem-cell regulation. PpWOX3 is
homologue to WOX3 genes from various angiosperm species (Matsumoto and Okada, 2001; Cho
et al., 2013) and the conifer P. abies (Hedman et al., 2013; Alvarez et al., 2015). In Arabidopsis,
AtWOX3/PRS is expressed in embryos deﬁning a border between the ad- and abaxial sides of the
cotyledons (Haecker et al., 2004; Nardmann et al., 2004), and in lateral regions of young
primordia (Matsumoto and Okada, 2001). Alvarez et al. (2015) reported that PaWOX3 has an
important role in the lateral outgrowth of lateral organs in P. abies similar to the function of its
angiosperm orthologues. By in situ hybridization, these authors also found PaWOX3 expression in
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the lateral parts of the meristem from adult vegetative buds during the shoot elongation period,
but not during the dormant phase. Previously, it had been reported WOX3 expression in the
periphery of the SAM in other gymnosperm species such as G. gnemon and P. sylvestris
(Nardmann and Werr, 2013). In particular, GgWOX3 initially presented a ring-shaped expression
domain in the periphery of the SAM, being subsequently restricted to the leaflet precursors.
PsWOX3 was first detected in cells situated in the surface of the peripheral zone (PZ) of the SAM,
where leaf initiation begins, and in the apical cells of leaf primordia. Expression of PpWOX3 in P.
pinaster was detected during embryo development and later preferentially in the shoot apex,
being also slightly expressed in the emerging needles. Furthermore, analysis of its expression in
the shoot apex by FISH showed that this gene is expressed in cells from the PZ of the meristem
that will give rise to new lateral organs and in needle primordia. This expression pattern suggests
a conserved function in expansion and development of lateral organs.
PpWOX4 grouped together with other WOX4 genes described in angiosperms and
gymnosperms, constituting a monophyletic group. WOX4 is transcribed in the developing
vasculature of multiple tissues and was predominantly expressed in hypocotyls of Solanum
lycopersicum (Ji et al., 2010a). Recent studies in Arabidopsis and S. lycopersicum showed that
WOX4 is closely related to vascular cambium promoting differentiation and/or maintenance of
the vascular procambium, the initial cells of the developing vasculature. Our analysis showed that
PpWOX4 expression increases during embryo germination and is higher in the hypocotyl than in
other plant parts analysed. Transcripts of PpWOX4 were detected specifically in the vascular
tissue of hypocotyl and young needles by RNA sequencing (RNA-Seq) (exImage Microdisecction
Atlas: http://v22.popgenie.org/microdisection/; Cañas et al., 2017). This expression pattern could
fit well with a function in the vascular procambium. However, we have not found functional
studies of this gene in any gymnosperm species.
The WUS clade members WUS y WOX5 have been deeply studied in angiosperms like
Arabidopsis. AtWUS is expressed in the organizing center (OC) of the shoot apical meristem
(SAM), whereas AtWOX5 expression is located in the quiescent center (QC) of the root apical
meristem (RAM), and both carry out a similar function maintaining a pool of undifferentiated cells
in the SAM and RAM, respectively (Mayer et al., 1998; Sarkar et al., 2007). In this work, we report
the identification of orthologues for both WOX5 and WUS in P. pinaster and P. taeda, which is in
concordance with the results of Hedman et al. (2013) in P. abies. However, whereas only WOX5
transcripts were detected in conifers to date, one of the main breakthroughs of this work is the
detection of discrete PpWUS and PpWOX5 transcripts, suggesting that both genes are functional
in P. pinaster. This is the first time that expression of both WUS and WOX5 is detected in a
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gymnosperm species to our knowledge. PpWOX5 is expressed during embryogenesis, especially in
mature embryos, and preferentially in the root meristem of the seedlings. PpWUS is also
expressed during embryogenesis, especially in mature embryos, and in the shoot apex of the
seedlings. These expression patterns are similar to those described for AtWOX5 and AtWUS.
Furthermore, PpWUS expression was localized by FISH in a small number of cells situated
in the center of the meristem, a region that could be considered equivalent to the angiosperm
OC. However, a total comparison of these data is not possible due to the morphological
differences regarding SAM structure and organization, as the tunica-corpus model characteristic
from most angiosperms cannot be applied to all gymnosperms (see Chapter I). Little information
is available by the moment about the underlying molecular mechanisms of SAM formation and
maintenance in these organisms. According to the model that describes the molecular basis of the
SAM maintenance in angiosperms, WUS together with CLAVATA1 (CLV1) and its ligand CLAVATA3
would form a regulatory loop that controls the balance between cell proliferation and
differentiation in the SAM (Fletcher et al., 1999; Schoof et al., 2000). Previous studies in our lab
found a putative CLV1 orthologue (PpCLV1L) that is overexpressed during de novo shoot
organogenesis in P. pinaster (Alvarez et al., 2013b). These results suggest that at least some of the
mechanisms involved in SAM homeostasis regulation might be conserved in both seed plant
groups. In summary, although the detection of discrete WUS and WOX5 transcripts for the first
time in a gymnosperm and their differentiated expression patterns might indicate that these
genes perform similar roles to those described for their Arabidopsis orthologues, a deeper
functional analysis of both genes is needed in order to validate this hypothesis. Interestingly, the
expression domain of PpWOXX, the new WUS-clade member identified in conifers, during somatic
embryogenesis and in the shoot apex is similar to that described for PpWUS. These results could
indicate that this gene may play a role in the SAM maintenance. However, the information
available at this moment is not enough to infer which the specific role of this gene is.
In conclusion, our results suggest that an expansion of the intermediate clade took place
within the family Pinaceae family. We also found that the genome of gymnosperms contains a
WOX gene with no homologues in angiosperms, representing a transitional stage between
intermediate- and WUS-clade proteins. Furthermore, the last common ancestor of the extant
gymnosperms and angiosperms contained both WUS and WOX5 genes probably functionally
specialized. We have summarized our results together with data concerning the expression
domains and putative functions of WOX proteins in the literature relative to angiosperms and
gymnosperms in Table 2.1.
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Table 2.1. WOX protein expression domains and function: a comparison between angiosperms and gymnosperms.

ANGIOSPERMS
Clade

(*)

Genes described in this work.

GYMNOSPERMS

Expression
domain

Function

References

Orthologue

Expression
domain

Function

References

WUS

SAM, floral
meristem,
ovule, anther

Stem-cell
maintenance,
anther and
ovule
development

Laux et al., 1996; Mayer et
al., 1998; Brand et al., 2002;
Groß-Hardt and Laux, 2003;
Deyhle et al., 2007; Ikeda et
al., 2009

GbWUS
GgWUS
(*)
PpWUS

Embryo,
shoot tip

Unknown

Nardmann et al., 2009

WOX1

Lateral organ
primordia

Lateral organ
formation

Haecker et al., 2004;
Vandenbussche et al., 2009;
Zhang et al., 2011; Nakata et
al., 2012

WOX2

Apical embryo
domain

Embryo
patterning

Haecker et al., 2004;
Breuninger et al., 2008; Wu
et al., 2007

Embryo
patterning

Palovaara and Hakman,
2008; Palovaara et al., 2010;
Zhu et al., 2016

WOX3
(PRS1,
NS1,
NS2)

SAM, peripheral
zone

Cell
proliferation,
lateral organ
formation

Matsumoto and Okada,
2001; Haecker et al., 2004;
Vandenbussche et al., 2009;
Nakata et al., 2012

Lateral organ
outgrowth

Nardmann and Werr, 2013;
Alvarez et al., 2015

WOX4

Vascular
cambium

Procambial
development

Hirakawa et al., 2010; Ji et
al., 2010a; Suer et al., 2011

Unknown

Hedman et al., 2013;
Nardmann and Werr, 2013

Gene

WUS

PaWOX2
(*)
PpWOX2
GbWOX3A
GbWOX3B
GgWOX3
PaWOX3
(*)
PpWOX3
PsWOX3
GbWOX4
GgWOX4
PaWOX4
(*)
PpWOX4

Embryo,
Apical
embryo
domain
Embryo,
SAM
peripheral
zone,
cotyledons,
needles
Germinating
embryo,
vascular
cambium

WOX5

RAM

WOX6
(PFS2,
hos9)

Female
gametophyte

WOX7

Root

Stem-cell
maintenance
Prevents
differentiation,
cold-stress
response
Lateral root
development

Haecker et al., 2004; Sarkar
et al., 2007

PaWOX5
(*)
PpWOX5
PsWOX5

Intermediate

Basal embryo
domain

WOX9
(STIMPY)

Basal embryo
domain

WOX11

Root

Embryo
patterning
Embryo
patterning,
promote cell
proliferation
Adventitious
root formation
De novo root
organogenesis
Unknown

Embryo,
SAM,
needles

Unknown

Nardmann et al., 2009;
Hedman et al., 2013

Kong et al., 2016

Haecker et al., 2004; Wu et
al., 2007; Breuninger et al.,
2008
Haecker et al., 2004; Wu et
al., 2007
Liu, J. et al., 2014

WOX12

Root

WOX10

Unknown

WOX13

Root,
inflorescence

Floral transition,
root
development

Deveaux et al., 2008;
Romera-Branchat et al.,
2013

WOX14

Root,
inflorescence

Floral transition,
root
development

Deveaux et al., 2008

Ancient

Unknown

Park et al., 2005

PpWOXX
WOX8
(STPL)

Embryo,
RAM, SAM

Liu, J. et al., 2014

(*)

PaWOX8A
PaWOX8/9
(*)
PpWOXB
(*)
PpWOXC
(*)
PpWOXD
(*)
PpWOXE

Basal
embryo
domain

Embryo
patterning

PaWOX8B
PaWOX8C
PaWOX8D
(*)
PpWOXF

Embryo

Unknown

Hedman et al., 2013

PaWOX13
(*)
PpWOX13
(*)
PpWOXA
(*)
PpWOXG

All studied
tissues

Unknown

Hedman et al., 2013

Palovaara et al., 2010; Zhu
et al., 2014
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2.6. SUPPLEMENTARY INFORMATION
Supplementary table S2.1. Primers used for the isolation of PpWOX5 and PpWUS genes in Pinus
pinaster.

Gene

Name

Sequence (5’ → 3’)

PpWOX5

PpWOX5-F

ATGGCACATCATATGCTCCAGC

PpWOX5-R

CATGAGCCGCAGTTTTCTTGC

PpWOX5-5’O

GGCAGAATCCTGTACTTCTCTTCTCCAA

PpWOX5-5’I

GGTTTTTGGCAAAGCATATCTGTGATG

PpWOX5-3’O

TCACAGCTCAAACGATACGG

PpWOX5-3’I

CGCCCCTGATAACAGCTCGGC

PpWUS-F

ATGGAATCTACCGACCGAATTGG

PpWUS-R

TCAGTTATCATGCAAACCACAGC

PpWUS-5’O

GGGAACGAATCCCGTTCGTG

PpWUS-5’I

CGTTGGATTCCACCGCGTAC

PpWUS-3’O

CGTTGGAGCAAATGTACGCTGT

PpWUS-3’I

GGAGCCCAGAACCGAGTGAA

PpWUS
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Supplementary table S2.2. Accession numbers (GenBank) for all WOX proteins used in
phylogenetic analyses. Some of them were renamed for convenience (original names are
presented in parenthesis). New sequences identified in this work are shown in red. Amt:
Amborella trichopoda; At: Arabidopsis thaliana; Ca: Cyathea australis; Cr: Ceratopteris richardii;
Gb: Ginkgo biloba; Gg: Gnetum gnemon; Os: Oryza sativa; Ot: Ostreococcus tauri; Pa: Picea abies;
Ph: Physcomitrella patens; Poe: Populus euphratica; Pot: Populus trichocarpa; Pp: Pinus pinaster;
Ps: Pinus sylvestris; Pt: Pinus taeda; Sm: Selaginella moellendorffii; Vv: Vitis vinifera; Zm: Zea
mays. (*) Described in: Hedman et al. (2013).
Plant group

Species

Protein name

Protein Accession

Green algae

Ostreococcus tauri

OtWOX

XP_003082606

Mosses

Physcomitrella patens

PhWOX01

XP_001777634

PhWOX02

XP_001757692

PhWOX03

XP_001777177

SmWOX1

XP_002965937

SmWOX2

XP_002962391

SmWOX3

XP_002962389

SmWOX4

XP_002977757

SmWOX5

XP_002977654

SmWOX6

XP_002981885

SmWOX7

XP_002964065

SmWOX8

XP_002962413

SmWOX9

XP_002965942

Ceratopteris richardii

CrWUL

CBX45508

Cyathea australis

CaWUL

CBX45509

Ginkgo biloba

GbWOX2

CAT02902

GbWOX3A

CAT02903

GbWOX3B

CAT02904

GbWOX4

CCP29680

GbWOX9

CCP29683

GbWOX13

CCP29682

GbWUS

CAT02906

GgWOX2A

CCP29676

GgWOX2B

CCP29684

GgWOX4

CCP29677

GgWOX6 (GgWOXX)

CCP29685

GgWOX9

CCP29678

GgWOX13

CCP29679

Lycophytes

Ferns
Gymnosperms

Selaginella moellendorffii

Gnetum gnemon
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Picea abies

Pinus pinaster

Pinus sylvestris

Pinus taeda
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GgWOXY

CCP29686

GgWUS

CAT02932

PaWOX2

CAL18267

PaWOX3

AGL53581

PaWOX4

AGL53582

PaWOX5

AGL53583

PaWOX8/9

ADF42580

PaWOX8A

AGL53584

PaWOX8B

AGL53585

PaWOX8C

AGL53586

PaWOX8D

AGL53587

PaWOX13

(*)

PaWOXG

MG545153

PaWOXX

ANC94893

PaWUS

AGL54197

PpWOX2

ANC94872

PpWOX3

ANC94873

PpWOX4

ANC94874

PpWOX5

ALN42234

PpWOX13

ANC94875

PpWOXA

ANC94877

PpWOXB

ANC94878

PpWOXC

ANC94879

PpWOXD

ANC94880

PpWOXE

ANC94881

PpWOXF

ANC94882

PpWOXG

MG545154

PpWOXX

ANC94876

PpWUS

ALN42231

PsWOX2

CAT02937

PsWOX3

CAT02936

PsWOX4

CCP29681

PsWOX5 (PsWUS)

CAT02938

PtWOX2

ANC94883

PtWOX3

ANC94884

PtWOX4

ANC94885

PtWOX5

ANC94886

PtWOX13

ANC94887

PtWOXA

ANC94889
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Basal angiosperms

Dicots

PtWOXB

ANC94890

PtWOXE

ANC94891

PtWOXG

MG545155

PtWOXX

ANC94888

PtWUS

ANC94892

AmtWOX1

ERM94101

AmtWOX2

ERN07797

AmtWOX3

XP_006828230

AmtWOX4

XP_006855139

AmtWOX5

ERN09718

AmtWOX9

ERN14010

AmtWOX12

XP_020517625

AmtWOX13

XP_006855728

AmtWUS

XP_011624486

AtWOX1

AAP37133

AtWOX2

AAP37131

AtWOX3

AAP37135

AtWOX4

AAP37134

AtWOX5

AAP37136

AtWOX6

AAP37137

AtWOX7

NP_196196

AtWOX8

AAP37138

AtWOX9

AAP37139

AtWOX10

NP_173494

AtWOX11

NP_001118563

AtWOX12

AAP37141

AtWOX13

AAP37142

AtWOX14

NP_173493

AtWUS

NP_565429

Populus euphratica

PoeWOX1

XP_011008807

Populus trichocarpa

PotWOX1A

XP_002317877

PotWOX1B

XP_011008807

PotWOX2

XP_002298364

PotWOX4

XP_011029533

PotWOX5A

XP_002312145

PotWOX5B

XP_002315173

PotWOX6

XP_002314802

PotWOX9

XP_002305099

PotWOX11

XP_002325442

Amborella trichopoda

Arabidopsis thaliana
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Monocots

PotWOX12

XP_002319197

PotWOX13

XP_002306432

PotWUS

CAJ84139

Vitis vinifera

VvWOX1

XP_010663679

Oryza sativa

OsNS1

XP_015619605

OsNS2

BAE48302

OsWOX2

NP_001044759

OsWOX4

CAJ84142

OsWOX5

NP_001044837

OsWOX9A

Q0JKK6

OsWOX9C

EEE55148

OsWOX9D

NP_001174527

OsWOX11

A2YST1

OsWOX12A

XP_015645719

OsWOX12B

XP_015629006

OsWOX13

NP_001044631

OsWUS

BAE48303

ZmNS1

CAD60454

ZmNS2

NP_001105242

ZmWOX2A

NP_001306689

ZmWOX2B

XP_008657078

ZmWOX3A

CAM32346

ZmWOX3B

CAM33396

ZmWOX4

CAM32347

ZmWOX5A

CAM32348

ZmWOX5B

NP_001306687

ZmWOX9A

CAM32350

ZmWOX9B

NP_001288414

ZmWOX9C

NP_001288483

ZmWOX11

NP_001147238

ZmWOX12A

XP_008653489

ZmWOX12B

ACR38139

ZmWOX13A

DAA44071

ZmWOX13B

XP_008657129

ZmWOX13C

NP_001288430

ZmWOX13D

ACG33593

ZmWUS1

CAJ84136

ZmWUS2

NP_001105961

Zea mays
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Supplementary table S2.3. Primers used for the expression analysis of WOX genes in Pinus
pinaster by quantitative real time PCR (RT-qPCR).

Gene

Name

Sequence (5’ → 3’)

PpWOX2

PpWOX2-RealTime-F

CGTCAACCACCTGGCTTCGCA

PpWOX2-RealTime-R

AGTTTTCTCCTCCCTGGGTGCCA

PpWOX3-RealTime-F

TGACATCTCATCCCTTGAGGTCCC

PpWOX3-RealTime-R

GGCTCTGGAAACCACGCCAG

PpWOX4-RealTime-F

CCGCTGCAGCCTGCCTTCTA

PpWOX4-RealTime-R

ACTGCACAGCTTTCTGCTTGTTCT

PpWOX5-RealTime-F

TGGCACATCATATGCTCCAGCTC

PpWOX5-RealTime-R

TGCAGCTCTCATTTTCTGCGCT

PpWOX13-RealTime-F

CCATTTGCAGCCAGCTGGTC

PpWOX13-RealTime-R

GAGCATACGTTCTCGGGAAGTCG

PpWOXA-RealTime-F

GTGGGCACATGGTCCCGACT

PpWOXA-RealTime-R

TGGCTCGGAGGGCATGGACA

PpWOXB-RealTime-F

GCCAGCATTCGAAGCCGGAAGA

PpWOXB-RealTime-R

CCTCCGAACACAGCCCTCACG

PpWOXC-RealTime-F

GCCATCTTCACTCTGGAGAGACCT

PpWOXC-RealTime-R

GCGACCGTACATCGACTCCTCG

PpWOXD-RealTime-F

GCCCTCTTCACTCTGGAGAGACCT

PpWOXD-RealTime-R

ACTGAGCAGCTCGCACAACAGA

PpWOXE-RealTime-F

ACTGAAGCCCTCGACATCACGGA

PpWOXE-RealTime-R

TCCAGGCGGACTTTCCTCTTCACT

PpWOXF-RealTime-F

GAGAAGGCACCGGCAACTGCAA

PpWOXF-RealTime-R

TGAAGATAGGACCCGAGTGTCCGC

PpWOXG-RealTime-F

GATGACAGAGGAGCAGCTGG

PpWOXG-RealTime-R

ATCCATCTGCAGTACGACGG

PpWOXX-RealTime-F

CGCAGCATTCAGGAAGCTCATGC

PpWOXX-RealTime-R

CACCGACGGTCATCTCGGACG

PpWUS-RealTime-F

AGCGCCATGAACGTGGCTG

PpWUS-RealTime-R

GCTTCACAGCGTACATTTGCTCC

Ubiquitin-RealTime-F

GTCCCGCACTGACAATCTCT

Ubiquitin-RealTime-R

CTGAGTCCATGCTCTTGCTG

PpWOX3
PpWOX4
PpWOX5
PpWOX13
PpWOXA
PpWOXB
PpWOXC
PpWOXD
PpWOXE
PpWOXF
PpWOXG
PpWOXX
PpWUS
Ubiquitin
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Supplementary table S2.4. Probes used for the fluorescent in situ hybridization (FISH).

Name

Sequence (5’ → 3’)

PpWOX3 probe

(Cy5)GGCTCTGGAAACCACGCCAGTACTAATGGCTTC

PpWOXX probe

(Cy5)CACCGACGGTCATCTCGGACGAGAAGTGATCAT

PpWUS probe

(Cy5)GCTTCACAGCGTACATTTGCTCCAACGAACAGC
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Characterization of the KNOTTED1-LIKE HOMEOBOX (KNOX) gene family in Pinus pinaster

3.1. INTRODUCTION
KNOTTED1-LIKE HOMEOBOX (KNOX) genes are a group of plant-specific homeobox
transcription factors that belong to the TALE superclass of homeobox genes. Members of this
superclass are characterized by the presence of a three amino acid loop extension (TALE) motif
between helices 1 and 2 of the homeodomain (HD) (Bürglin, 1997). While five TALE homeobox
classes exist in Metazoans, only two TALE homeobox classes have been found in plants: the KNOX
family and the BEL1-like (BELL) family (Mukherjee and Bürglin, 2007; Mukherjee et al., 2009).
The name of this homeobox family comes from its founding member, designated
Knotted1 (Kn1), which in turn was the first gene encoding a homeobox protein isolated in plants.
This gene was isolated in maize gain-of-function mutants that showed altered leaf development
(Vollbrecht et al., 1991). After that, Barton and Poethig (1993) identified and characterized the
orthologue of this gene in Arabidopsis thaliana, which was designated SHOOT MERISTEMLESS
(STM). These authors found that stm-1 mutant seedlings lacked a functional shoot apical
meristem (SAM), as its development was blocked at or just after the torpedo stage of
embryogenesis, although they showed normal root growth and development. Moreover, stm-1
seedlings were also defective for adventitious shoot formation during in vitro culture, suggesting
that this gene may be necessary for the initiation and maintenance of the SAM both
embryonically and postembryonically.
These first studies showed evidence that homeobox genes in plants may play key roles in
plant development, similar to what had been found in animals. Since then, KNOX genes have been
identified in all land plant groups and in specific Phyla of green algae, but not in red algae. The
number of KNOX genes varies extraordinarily depending on the species (Gao et al., 2015). All
KNOX genes are characterized by the presence of several conserved domains (Sakamoto et al.,
1999; Nagasaki et al., 2001; Scofield and Murray, 2006). The TALE-type HD, located in the Cterminal region of the protein, is responsible for the recognizing of promoter sequences in
downstream target genes. The ELK domain, situated upstream the HD, contains series of glutamic
acid (Glu), leucine (Leu) and lysine (Lys) amino acids and it is thought to act as a nuclear
localization signal, to participate in transcriptional repression and also could facilitate proteinprotein interactions. The MEINOX domain, situated in the N-terminal half of the protein, includes
KNOX1 and KNOX2 subdomains separated by a poorly conserved region, which are thought to
participate in suppressing target gene expression and homo-dimerization, respectively.
KNOX family has a monophyletic origin, as shown by phylogenetic analyses based on the
homeodomain, the MEINOX domain or the full sequence (Hake et al., 2004). KNOX genes have
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been traditionally classified in two classes, class I and class II, based on sequence similarity, intron
position, phylogenetic relationships and expression criteria (Kerstetter et al., 1994). The fact that
green algae only contain one type of KNOX genes, which seem to be closer to class I KNOX genes
from land plants, suggests that both classes originated after a gene duplication and
neofunctionalization of the resulting paralogs that happened in the base of land plants lineage
(Gao et al., 2015). Recently, a new class of KNOX genes that lacks the ELK-HD region was
described in some dicot species like Arabidopsis, Medicago truncatula, Populus trichocarpa, and
Solanum esculentum (Magnani and Hake, 2008; Gao et al., 2015), which was designated class M
KNOX genes. These genes constitute an independent phylogenetic class and probably originated
from a lineage of class I or II KNOX proteins that lost their ELK and HD regions (Gao et al., 2015).
Heterodimerization with BELL proteins is important for the function of KNOX proteins. Both
families share some sequence homology, especially in the HD region. Phylogenetic analyses show
that BELL subfamily is positioned outside the KNOX clade, suggesting that KNOX genes may have
originated from BELL genes (Scofield and Murray, 2006; Furumizu et al., 2015).
Among seed plants, the KNOX gene family have been deeply studied in the model species
Arabidopsis, which contains four class I KNOX genes (the above mentioned STM,
BREVIPEDICELLUS/KNOTTED IN ARABIDOPSIS THALIANA 1 or BP/KNAT1, KNAT2 and KNAT6), four
class II KNOX genes (KNAT3, KNAT4, KNAT5 and KNAT7), and one class M KNOX gene (KNATM).
Class I KNOX genes have received special attention since they were shown to play
important roles in plant growth and development. These genes are expressed mainly in
meristematic regions and less differentiated tissues, but not in lateral (mature) organs, and have
been associated to the maintenance of meristematic potentials (Chuck et al., 1996; Clark et al.,
1996; Endrizzi et al., 1996; Long et al., 1996; Hake et al., 2004). In stm mutants, SAM is not
properly formed or organized, depending on the strength of the mutant alleles, whereas ectopic
expression of STM induces de novo meristem formation and leaf morphology alteration, among
other defects (Chuck et al., 1996; Long et al., 1996; Hake et al., 2004). STM participates in stem
cell pool maintenance by inducing ISOPENTYLTRANSFERASE (IPT) gene expression and therefore
cytokinin biosynthesis in the SAM, and its expression is also induced by cytokinins (Rupp et al.,
1999; Jasinski et al., 2005; Yanai et al., 2005). STM has also an essential role in the floral meristem
and carpel formation (Scofield et al., 2007). This gene positively regulates the expression of class I
members BP/KNAT1 and KNAT2, which participates redundantly with STM in stem cell
maintenance and carpel development, respectively (Scofield et al., 2008; 2014). KNAT6 also was
shown to have redundant activities with STM in SAM maintenance and the establishment of the
boundaries between SAM and cotyledons during embryogenesis (Belles-Boix et al., 2006).
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For its part, class II KNOX genes have a broader expression pattern, as they are expressed
both in differentiating tissues and mature organs in angiosperms, but not in meristematic zones
(Furumizu et al., 2015). In Arabidopsis, it has been proposed that class II KNOX genes have
opposed roles to those described for class I KNOX genes, as they promote differentiation of aerial
organs and suppress meristematic capability (Furumizu et al., 2015). It still remains quite
unknown how both classes of genes carry out their function. It has been proposed that this could
be due to mutual repression (as non-overlapping expression domains have been observed),
opposing modes of transcriptional regulation (class I genes act as activators and class II as
repressors), action over different sets of downstream gene targets, or modification of their
activity by BELL or other proteins.
However, the knowledge about KNOX gene family diversity and function in gymnosperms
is much more limited. Four class I KNOX genes have been isolated in different conifer species to
date, which are designated KN1 to KN4 in several spruce and pine species (Sundås-Larsson et al.,
1998; Hjortswang et al., 2002; Guillet-Claude et al., 2004) and some of them have been involved
in SAM formation and maintenance (Belmonte et al., 2007; Larsson et al., 2012). Whereas several
members of class I and class II KNOX subfamilies were described in mosses, lycophytes, ferns,
monocots, and dicots (Gao et al., 2015), only class I KNOX genes have been described in
gymnosperms to date. However, it is unclear if this is due to a loss of class II KNOX genes in the
gymnosperm lineage or to an incomplete sampling, as a consequence of the difficulties associated
with the study of molecular processes in these organisms.
In this work, we present the study of the KNOX gene family in Pinus pinaster Ait., a pine
species native to the Mediterranean region that has been stablished as the model conifer species
from Southwest Europe. One of the more remarkable results of this work was the identification of
class I and class II KNOX genes for the first time to our knowledge in a conifer species. The analysis
of their expression pattern in plant and ectopic overexpression of these genes in Arabidopsis
showed that both classes of KNOX genes maintained the functional differentiation observed in
angiosperms, at least partially.

3.2. MATERIAL AND METHODS
3.2.1. Identification and isolation of KNOX genes in Pinus pinaster
Four class I KNOX genes from Picea abies, Picea glauca, Picea mariana, Pinus taeda and
Pinus

strobus

were

found through the

search in the
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(http://www.ncbi.nlm.nih.gov/genbank/). Based on the high degree of similarity between conifer
sequences, specific primers were design for the isolation of their respective orthologues in P.
pinaster using the Primer3 software (Rozen and Skaletsky, 2000). In particular, two sets of primers
were used in nested PCRs for the isolation of each one in order to improve the specificity of the
amplification, using cDNA obtained from P. pinaster mature embryos as template. PCR products
were cloned using CloneJET PCR Cloning Kit (Thermo Scientific, Waltham, MA, USA) and
sequenced (at least three clones per band) at the Oviedo University DNA Analysis Facility (Spain).
The complete cDNA sequences were obtained by Rapid Amplification of cDNA Ends (RACE) using
the FirstChoice RLM-RACE kit (Ambion, Applied Biosystems Inc., Foster City, CA, USA) according to
the manufacturer’s instructions. All primers used for the isolation of class I KNOX genes in P.
pinaster are presented in Supplementary table S3.1.
In order to identify new KNOX members in P. pinaster, we carried out a screening of P.
pinaster transcriptome data obtained in the frame of the European projects ProCoGen (Cañas et
al., 2017) and SustainPine (http://www.scbi.uma.es/sustainpinedb/home_page; Canales et al.,
2014) for sequences containing the characteristic KNOX homeodomain and conserved motifs
using the TBLASTN and BLASTP algorithms (Altschul et al., 1997), and profile hidden Markov
models (HMMs) via HMMER (http://hmmer.org/) with default settings. P. pinaster sequences
were used as queries for the identification of new class I members. As no class II or class M KNOX
genes had been described in any conifer species, we also conducted a screening using the
conserved domains from Arabidopsis class II and class M KNOX genes as queries. Only sequences
with a significant similarity to the homeodomain were considered in this study. Isolated genes
were designated PpKN followed by a number based on their homology with KNOX genes
previously described in other conifer species, when possible. Similarly, a search for class II KNOX
members in other conifer species such as P. abies and P. taeda in the ConGenIE database
(http://congenie.org/) was performed. Exon-intron patterns were also determined through the
comparison with genome data, if available. All sequences obtained were uploaded to GenBank
and their accession numbers are presented in Supplementary table S3.2.
3.2.2. Phylogenetic analysis
KNOX protein sequences from the green algae Ostreococcus tauri, Chlamydomonas
reinhardtii, Micromonas sp. and Acetabularia acetabulum; the moss Physcomitrella patens; the
spikemoss Selaginella moellendorffii; the fern Ceratopteris richardii; the conifers P. abies, P.
mariana, P. glauca, P. pinaster, P. taeda and P. strobus; and the flowering plants Amborella
trichocarpa (basal angiosperm), Arabidopsis (dicot), Zea mays and Oryza sativa (monocots) were
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used for the phylogenetic analysis. All these sequences were found through the search in public
databases and accession numbers for all sequences are listed in Supplementary table S3.2.
Protein sequences were aligned using the MAFFT plug-in in Geneious software (Biomatters Ltd.,
New Zealand). Alignments were edited manually in order to eliminate gaps and limit the analysis
to the conserved regions. The unrooted amino acid sequence similarity trees were generated
through Geneious software by the Neighbour-Joining method and the Jukes-Cantor genetic
distance model, using the green alga OtKNOX sequence as outgroup for the trees.
3.2.3. Expression analysis of KNOX genes in Pinus pinaster
3.2.3.1. Plant material
3.2.3.1.1. Somatic embryogenesis
Somatic embryogenesis in P. pinaster was used to study the expression of KNOX genes
and its role in the physiological and molecular mechanisms of embryogenesis in conifers. For that,
proembryogenic masses (PEMs) from P5LV4.1 line were cultured in ABA-containing maturation
medium according to Alvarez et al. (2012a; 2013a). Four different developmental stages were
collected along the maturation process: proembryonic masses proliferating in the presence of the
plant growth regulators auxins and cytokinins (PEM); early embryos (EE), with a translucent
embryo proper and a long suspensor; late embryos (LE), with a prominent and opaque embryo
proper; and mature embryos (ME) with well-defined apical meristem and cotyledons (Figure 3.3)
(Hakman and von Arnold, 1988; Tereso et al., 2007). Samples were immediately frozen in liquid
nitrogen and stored at -80 °C until analysis was carried out.
3.2.3.1.2. Germinating embryos, seedlings and adult material
Mature seeds from open pollinated P. pinaster trees from ES08 Meseta Castellana
provenance (Spain) were provided by “Servicio de Material Genético del Ministerio de Medio
Ambiente” (Spain). After imbibition in water with aeration for 48 hours, seeds were transferred to
wet vermiculite and maintained at 23 °C under a 16 h photoperiod. Germinated embryos were
collected when the radicle was inferior to 1 cm (G1), when the radicle was between 1 and 2 cm
(G2) and when the radicle was between 2 and 3 cm (G3) (Figure 3.3). Furthermore, different
tissues were excised from three-week-old seedlings in order to assess PpKN spatial pattern
expression: root tip (5 mm of the apical part of the root), shoot apex (3 mm of the emerging
epicotyl including the shoot apical meristem and needle primordia), the 5-mm portion of the
hypocotyl situated right under the shoot apex, and cotyledons (Figure 3.4). Young needles from
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two-month-old seedlings and mature needles from adult trees growing in natural stands in
Northern Spain were also collected. All tissues were immediately frozen in liquid nitrogen and
stored at -80 °C until use.
3.2.3.2. RNA extraction, cDNA synthesis and quantitative real time PCR (RT-qPCR)
RNA was extracted with the GeneMATRIX Universal RNA Purification Kit (EURx, Gdańsk,
Poland), quantified by spectrophotometry and checked by agarose gel electrophoresis. For each
sample, one microgram of total RNA (0.5 µg for somatic embryogenesis samples) was reverse
transcribed with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc.,
Foster City, CA, USA) following the manufacturer’s instructions.
The gene expression analysis was performed by RT-qPCR in a Bio-Rad CFX96 Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA). Primers were designed with Primer3 software
(Rozen and Skaletsky, 2000) for the amplification of a fragment between 90 and 120 bp, following
the parameters recommended by Udvardi et al. (2008). Primers used for RT-qPCR are shown in
Supplementary table S3.3. P. pinaster ubiquitin gene (Acc. AF461687) was used as endogenous
reference gene (Alonso et al., 2007; Alvarez et al., 2012b; 2013b). Individual reactions were
assembled in triplicate with 5 μL of iQ SYBR Green Supermix (Bio-Rad), oligonucleotide primers
(0.20 µM each) and 100 ng of cDNA in a final volume of 10 μL. Amplification was carried out as
follows: 95 °C 3 min; 45 cycles of 95 °C 10 s and 60 °C 30 s, with a final melting curve to discard
the presence of non-specific products. Negative controls (no template) and RT- controls (nonretrotranscribed RNA) were also included.
Analysis of the RT-qPCR data was performed with the qpcR package for R software
(http://www.dr-spiess.de/qpcR.html) (Ritz and Spiess, 2008). Relative abundance of each
transcript was calculated as the mean of the three technical replicates and normalized to the
mean expression value of the reference gene in each sample. Results are expressed as mean
normalized expression values ± standard error of two biological replicates. Statistical analysis was
performed with t-test analysis or ANOVA using the Student-Newman-Keuls test for post hoc
comparisons (SIGMA-PLOT v11 software, Chicago, IL, USA).
3.2.3.3. Fluorescent in situ hybridization (FISH)
Fluorescent in situ hybridization (FISH) was performed in order to determine mRNA
PpKN2, PpKN4 and PpKN5 localization in P. pinaster shoot apexes excised from three-week-old
seedlings obtained as mentioned above. Tissues (inferior to 5 mm long) were immediately fixed
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with freshly prepared FAA solution (3.7% formaldehyde, 5% glacial acetic acid, 50% ethanol (v/v))
at 4 °C under vacuum overnight, dehydrated in an ascendant ethanol series (50, 75, 90, and 100%
(v/v)) and embedded with Technovit® 8100 (Heraeus kulzer GmbH, Wehrheim, Germany)
according to manufacturer’s instructions.
Ten-µm longitudinal sections of embedded shoot tips were obtained in a microtome
(Nikon, Tokyo, Japan) and mounted on Menzel-Gläser Superfrost Ultra Plus slides (ThermoScientific, Waltham, Massachusetts, USA). Air-dried sections were directly used for FISH following
the protocol described by Alvarez et al. (2018). 33-nucleotide single-stranded antisense probes
labelled with Cyanine 5 (Cy5) in their 3’ end were designed to hybridize in a specific region of each
gene (Supplementary table S3.4). Sections were observed and photographed with a Leica DMRXA
fluorescence microscope (Leica Microsystems, Wetzlar, Germany) and images were processed
with the ConfocalUniovi ImageJ software (http://spi03.sct.uniovi.es/confocaluniovi/).
3.2.4. Overexpression of Pinus pinaster KNOX genes in Arabidopsis
3.2.4.1. Vector construction
Specific primers were design to amplify the full-length coding sequence of each P. pinaster
KNOX gene flanked by attB1 and attB2 sites by PCR, using cDNA from P. pinaster shoot apexes as
template. Primers used in this study are presented in Supplementary table S3.5. attB-PCR
products were purified using the NucleoSpin Extract II Kit (Macherey-Nagel, Germany). BP
recombination reaction was performed with PCR products containing attB sites and the donor
Gateway pDONR221 vector (Invitrogen, Carlsbad, California, USA) using the Gateway Technology
with Clonase II (Invitrogen) according to manufacturer’s instructions. One microliter of the cloning
reaction mixture was used to transform competent DH5α Escherichia coli cells in an Electro Cell
Manipulator 600/630 following the electroporation protocol supplied by the manufacturer. After
positive colonies selection, plasmids were isolated using the NucleoSpin Plasmid DNA Purification
Kit (Macherey-Nagel) and analyzed by restriction digestion, PCR and DNA sequencing in order to
confirm the presence of the corresponding PpKN gene in the so-called entry clone.
Then, LR recombination reaction was performed to transfer each PpKN gene into the
destination vector pK7WG2 (Karimi et al., 2002) from the MultiSite Gateway series
(http://gateway.psb.ugent.be) in which the gene of interest is under the control of the cauliflower
mosaic virus (CaMV) 35S promoter in order to evaluate the overexpression of that gene (Figure
3.6A). E. coli transformation, plasmid purification and expression vector checking were carried out
following a similar procedure to that described above.
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3.2.4.2. Genetic transformation of Arabidopsis plants mediated by Agrobacterium tumefaciens
The expression vectors, designated p35S::PpKN1 to p35S::PpKN6, were introduced by
electroporation into Agrobacterium tumefaciens strain AGL1 cells. A. tumefaciens-mediated
transformation of Arabidopsis ecotype Columbia (Col-0) was carried out through the floral dip
method (Zhang et al., 2006). Transgenic Arabidopsis plants were selected in Murashige and Skoog
(MS) medium containing 50 μg mL-1 kanamycin and 250 µg mL-1 cefotaxime and transferred into
soil to analyze their phenotype.
Overexpression of PpKN genes in transgenic Arabidopsis plants was confirmed by RTqPCR. RNA extraction, cDNA synthesis and RT-qPCR were performed as described above. cDNA
from non-transgenic Arabidopsis Col-0 and cDNA from P. pinaster shoot apexes were used as
negative and positive controls, respectively.

3.3. RESULTS
3.3.1. Identification of KNOX genes in Pinus pinaster
In order to attempt the characterization of the complete KNOX gene family in P. pinaster,
we designed specific primers for the isolation of the four class I KNOX genes previously described
in conifers (Sundås-Larsson et al., 1998; Hjortswang et al., 2002; Guillet-Claude et al., 2004),
based on the high degree of sequence conservation between these species. Through this method,
we obtained the orthologue mRNA sequences for each gene in P. pinaster, which were designated
PpKN1, PpKN2, PpKN3 and PpKN4 based on the criteria followed in the above cited works. We
also conducted a screening in the transcriptome databases ProCoGen and SustainPine for the
presence of new members of KNOX gene family in this species. As a result, we have not found any
additional class I KNOX members in P. pinaster, although two class II KNOX genes were identified
and designated PpKN5 and PpKN6. We also identified class II KNOX genes in the genome of other
conifers, as two members were described in P. taeda (PtKN5 and PtKN6), and P. abies contained
at least one member (PaKN5). No class M members were found in any of the analyzed conifer
species.
The comparison between cDNA sequences and genomic data showed that class I KNOX
genes in conifers contain five exons with a very long third intron, while class II KNOX genes
contain six exons (Figure 3.1A). These gene structures are similar to those of their angiosperms
counterparts.

76

Characterization of the KNOTTED1-LIKE HOMEOBOX (KNOX) gene family in Pinus pinaster

The analysis of the PpKN deduced protein sequences through InterProScan software
showed that all of them contain the characteristic domains and motifs of KNOX proteins (Figure
3.1B). Both classes have differences outside the precisely conserved third helix, as previously
described in angiosperms by Kerstetter et al. (1994). It is remarkable the high degree of similarity
of the conserved domains between PpKN paralogs, especially in the ELK-HD region, although the
degree of conservation is lower outside those regions.

Figure 3.1. Identification of KNOX gene family in Pinus pinaster. (A) Full-length cDNAs of P. pinaster class I
(PpKN1-PpKN4) and class II (PpKN5-PpKN6) KNOX genes. Exons (grey) were obtained by comparison
between cDNA and genomic sequences. (B) PpKN deduced proteins showing the position of the conserved
domains obtained through InterProScan. MEINOX (KNOX1 and KNOX2) domain (blue), ELK domain (purple)
and homeodomain (green).

3.3.2. Phylogenetic analysis of Pinus pinaster KNOX gene family
In order to determine the phylogenetic position of the isolated P. pinaster KNOX genes,
we constructed a phylogenetic tree with KNOX protein sequences from green algae, mosses,
lycophytes, ferns, conifers and angiosperms, monocots and dicots (Figure 3.2), using KNOX
proteins from green algae as outgroup.
The resultant phylogenetic tree showed that P. pinaster class I and II KNOX genes grouped
together with their counterparts from other land plant groups, supporting the division of the
KNOX gene family in two clades with a monophyletic origin, whereas green algae KNOX genes
constituted an independent group.
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Figure 3.2. Phylogenetic tree of KNOX gene family, constructed from 81 amino acid sequences from green
algae and all major groups of land plants. The tree was obtained by the Neighbour-Joining method and the
Jukes-Cantor genetic distance model using the Geneious software. Green alga OtKNOX sequence was used
as outgroup for the tree. New sequences identified in this work are marked with an asterisk. Green algae
KNOX sequences are shown in black, whereas class I and class II KNOX sequences are shown in red and blue,
respectively. Aa: Acetabularia acetabulum; Amt: Amborella trichopoda; At: Arabidopsis thaliana; Chr:
Chlamydomonas reinhardti; Cr: Ceratopteris richardii; Mc: Micromonas sp.; Os: Oryza sativa; Ot:
Ostreococcus tauri; Pa: Picea abies; Pg: Picea glauca; Ph: Physcomitrella patens; Pm: Picea mariana; Pp:
Pinus pinaster; Pst: Pinus strobus; Pt: Pinus taeda; Sm: Selaginella moellendorffii; Zm: Zea mays.

Among class I KNOX genes, results showed that KN1 and KN2 orthologues from different
conifer species were closely related and constituted the sister group of KNOX genes from several
angiosperm species, including AtBP/KNAT1. KN3 and KN4 orthologues also grouped together and
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they might have originated from a common ancestral gene different from that which gave rise to
the pair KN1-KN2, although both of them a common origin. Interestingly, the gene AtSTM
constituted the sister group of KN3 orthologues.
Regarding P. pinaster class II KNOX genes, KN5 orthologues grouped together with class II
KNOX genes from species of the Pteridophyta division like S. moellendorffii and C. richardii,
whereas KN6 orthologues were closely related with several class II KNOX genes from angiosperms
such as AtKNAT3 and AtKNAT4.
3.3.3. Analysis of Pinus pinaster KNOX gene expression
P. pinaster KNOX gene expression was analyzed by RT-qPCR during somatic
embryogenesis and embryo germination (Figure 3.3), and in different tissues from seedlings and
adult trees (Figure 3.4) in order to shed light on their specific roles.
During somatic embryogenesis, PpKN1 showed a reduction of its expression levels in early
and late embryos compared to PEMs, although they increased again to reach a maximum in
mature embryos. Its expression decreased considerably with the beginning of the germination,
remaining quite constant along the process. In seedlings, this gene was mainly expressed in
hypocotyl, root apex and shoot apex, with low levels of expression in cotyledons and young
needles, and it was undetectable in needles excised from adult trees.
PpKN2 showed the highest levels of expression along somatic embryogenesis and
germination. Its expression increased progressively during embryogenesis and reached its peak in
mature embryos. During germination, PpKN2 expression profile was practically identical to that
described for PpKN1. In seedlings, this gene was mainly expressed in hypocotyl, although it was
also expressed in shoot apexes, root tips and cotyledons at very low levels. No expression was
detected in young and mature needles.
On the other side, PpKN3 showed the lowest expression levels in most analyzed stages
and tissues. During embryogenesis, the highest transcript abundance was found in PEMs. Then, its
levels decreased dramatically and were maintained at low levels throughout the transition from
early to mature embryos, increasing again during germination. In seedlings, PpKN3 was mainly
expressed in hypocotyl and shoot apex, being slightly expressed in the root apex, cotyledons and
mature needles. No expression was detected in young needles.
PpKN4 expression pattern during embryogenesis and germination was very similar to that
shown by PpKN1, with the particularity that this gene was slightly downregulated in PEMs
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compared to LEs. PpKN4 was the predominantly expressed in the shoot apex of seedlings. It was
also expressed in hypocotyl, and very little expression was detected in the rest of tissues.

Figure 3.3. Expression profiles of Pinus pinaster KNOX genes (PpKN1 to PpKN6) during different stages of
somatic embryogenesis and embryo germination obtained by quantitative real-time PCR (RT-qPCR). Results
are expressed as mean values of relative expression ± Standard Error from two biological replicates. PEM:
Polyembriogenic masses; EE: Early Embryo; LE: Late Embryo; ME: Mature embryo; G1: germinated embryo
with a radicle < 1 cm; G2: germinated embryo with radicle between 1-2 cm; G3: germinated embryo with
radicle between 2-3 cm. Different letters indicate signiﬁcant differences in the relative mRNA abundance
(Student-Newman-Keuls test, α = 0.05). Bar, 1 mm (PEM; EE; LE; ME); 1 cm (G1-G3).
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Figure 3.4. Expression levels of Pinus pinaster KNOX genes (PpKN1 to PpKN6) in different tissues of
seedlings and adult trees by quantitative real-time PCR (RT-qPCR). Results are expressed as mean values of
relative expression ± Standard Error from two biological replicates. Rt: Root tip; Hy: Hypocotyl; Sa: Shoot
Apex; Co: Cotyledons, YN: Young Needles; MN: Mature Needles. Different letters indicate signiﬁcant
differences in the relative mRNA abundance (Student-Newman-Keuls test, α = 0.05).

Class II member PpKN5 was expressed at low levels during the first stages of
embryogenesis, increasing in mature embryos and germinating embryos. This gene was mainly
expressed in young needles, with remarkable expression in cotyledons, mature needles, shoot
apex and root apex, and lower expression in hypocotyl. For its part, PpKN6 transcript levels
remained quite low and constant along embryogenesis and germination. It is only remarkable that
it showed a significant increase in early embryos. In seedlings, this gene expression was mainly
observed in mature needles, young needles, shoot apex and cotyledons. It also showed important
levels in hypocotyl and root apex.
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The expression domain of several class I (PpKN2 and PpKN4) and class II (PpKN5) KNOX
genes was determined by FISH in shoot apexes excised from P. pinaster seedlings. Class I KNOX
genes PpKN2 and PpKN4 expression were detected both in the central and peripheral zone of the
SAM, and also in incipient needles (Figure 3.5A,B). For its part, the class II member PpKN5 gene
expression was observed in the flanks of the meristem, where organs initiate, and in needle
primordia (Figure 3.5C).

Figure 3.5. PpKN2 (A), PpKN4 (B) and PpKN5 (C) transcript detection by fluorescent in situ hybridization
(FISH) in longitudinal sections of shoot apexes excised from three-week-old Pinus pinaster seedlings.
Specific anti-mRNA probes labelled with Cyanine 5 (red signal) were used. Blue signal represents nuclei
staining with 4,6-diamidino-2-phenylindole (DAPI). cz: central zone of the meristem; pz: peripheral zone of
the meristem; np: needle primordia. Bars, 50 µm.

3.3.4. Overexpression of P. pinaster KNOX genes in Arabidopsis
To gain insight into the function of these genes, we also obtained transgenic Arabidopsis
lines expressing P. pinaster class I and class II KNOX genes under the control of the CaMV35S
promoter (Figure 3.6). Overexpression of the class I KNOX genes caused various degrees of
serration and lobbing of Arabidopsis rosette and cauline leaves, although no ectopic meristem
formation was observed in any case. In the case of PpKN1, PpKN2 and PpKN4, some
transformants exhibited the characteristic lobed-leaf phenotype but plant growth and
development was normal, whereas other transformants showed a very pronounced altered
phenotype, which was already visible in seedlings, characterized by very small lobed leaves, short
shoots and the inability to produce seeds. However, all Arabidopsis transgenic plants
overexpressing PpKN3 showed weak alterations of the phenotype, as were only slightly different
to the wild type regarding leaf morphology due to the presence of light serration along the leaf
margin. For its part, overexpression of class II KNOX genes did not alter leaf morphology and no
other phenotypic defects were observed in transgenic plants.
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Figure 3.6. (A) Schematic representation of the T-DNA region of plasmid constructions used to evaluate the
phenotypic effects of overexpressing Pinus pinaster KNOX genes in Arabidopsis thaliana (B) Arabidopsis
ecotype Columbia-0 (Col-0) wild type (C) Leaf morphology comparison between Col-0 wild type and
35S::KN1. (D-G) Transgenic Arabidopsis lines expressing PpKN1 (D), PpKN3 (E), PpKN4 (F) and PpKN5 (G)
genes under the control of the cauliflower mosaic virus 35S promoter.

3.4. DISCUSSION
3.4.1. The P. pinaster KNOX gene family: diversity and phylogenetic analysis
Previous studies reported the existence of four class I KNOX genes in diverse conifer
species (Sundås-Larsson et al., 1998; Hjortswang et al., 2002; Guillet-Claude et al., 2004).
Consistently to what has been reported, four class I KNOX genes have been also identified in P.
pinaster. No new class I members were found through the search in P. pinaster transcriptome
databases. This might indicate that class I KNOX subfamily includes only four members in conifers,
although we cannot discard the presence of additional class I KNOX genes expressed at very low
levels, under very specific conditions or restricted to small groups of cells. On the other side, two
members of the class II KNOX genes were identified in P. pinaster following a similar procedure.
This is the first time that the presence of genes from this subfamily is reported in conifers to our
knowledge. A posterior analysis of P. abies and P. taeda transcriptome databases showed that
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class II KNOX genes are also present in these conifer species. In general, class II KNOX proteins are
more conserved in sequence compared to class I proteins. It has been suggested that this might
indicate that class II KNOX genes had been under stronger purifying selection (Gao et al., 2015).
The fact that gymnosperms also contain both classes of KNOX genes reinforces the conservation
of this gene family throughout land plants, since members from both classes of KNOX genes has
been described from mosses to angiosperms (Gao et al., 2015). Furthermore, class I and class II
KNOX genes showed different exon-intron structure and both classes have differences outside the
precisely conserved third helix, as previously was described in angiosperms (Kerstetter et al.,
1994). No class M members were identified in conifers, so this might indicate that these genes are
exclusive to some dicot species.
As expected based on their sequence similarity, P. pinaster class I KNOX genes group with
their orthologues from other conifer species. Previous phylogenetic analyses both with the
complete amino acid sequences and highly-conserved regions established the monophyly of
conifer class I KNOX genes, which constitutes the sister group of AtSTM among others and their
probable origin as the result of three successive duplication events (Guillet-Claude et al., 2004).
According to these results, class I KNOX genes in conifers may have originated during the period
between the split of gymnosperms and angiosperms, and the diversification of the conifer family.
The first duplication event probably has led to the appearance of KN4 genes, the second one may
have caused the emergence of KN3 genes, and the last one would have given rise to KN1 and KN2
genes. Furthermore, the latter two genes were mapped to the same linkage group in P. mariana
and P. glauca, while KN3 and KN4 belonged to different linkage groups. However, the data
obtained in our study suggest a different evolution of this subfamily in conifers. KN genes also
showed a common origin but it seems that the pairs KN1-KN2 and KN3-KN4 may have originated
by duplication from different predecessors, which in turn would have proceeded from a common
ancestral gene. In this case, KN3 and KN4 orthologues are closely related with AtSTM gene,
whereas KN1 and KN2 are closer to AtBP/KNAT1 gene. For its part, P. pinaster class II KNOX genes
also grouped with class II genes from other plant lineages. In particular, KN6 genes isolated in
pines are closely related with AtKNAT3 and AtKNAT4 from Arabidopsis, suggesting that they are
orthologues, although functional studies should be performed in order to validate this hypothesis.
Our study includes sequences from both class I and II KNOX proteins from multiple plant groups,
offering a more general perspective of KNOX family evolution than previous studies.
No specific orthologues for Arabidopsis class I genes AtKNAT2 and AtKNAT6 and class II
genes AtKNAT5 and AtKNAT7 were found in conifers. It is not possible to determine if this is due
to the lack of information in the available databases or to their absence in the gymnosperm
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lineage as the result of an independent evolution and diversification of each KNOX class in each
seed plant group. For example, while some angiosperm species like Fragaria vesca only contain
two class I KNOX genes, others have gained a great number of new paralogs, as 11 members have
been identified in Glycine max (Gao et al., 2015). Recent studies suggest that not only gene
expansion by duplication plays an important role in evolution. The genome analysis of 20
flowering plants shows a set of genes that has been restored to single-copy status (De Smet et al.,
2013), so we cannot discard a loss of KNOX members in the gymnosperm lineage.
3.4.2. Functional analysis of P. pinaster KNOX genes
The function of KNOX members has changed throughout plant evolution (for a complete
review, see Tsuda and Hake, 2015). In the green alga Chlamydomonas reinhardtii, the BELL
protein Gamete-specific plus1 (Gsp1) and the KNOX protein Gamete-specific minus1 (Gsm1)
provided by gametes of plus and minus mating types, respectively, form a heterodimer that
initiates the zygotic developmental program (Lee et al., 2008). In mosses, both class I and II KNOX
genes are expressed mainly during the diploid phase of their life cycle (sporophyte), but their
functions have already differed. Whereas class I KNOX genes stimulate cell proliferation during
sporophyte development, class II KNOX genes regulate the haploid to diploid developmental
transition as they have been involved in the repression of the diploid program (gametophyte)
(Sakakibara et al., 2008; 2013; Frangedakis et al., 2017). In angiosperms, class I and II KNOX genes
perform opposing roles in plant growth and development, as class I members participate in the
maintenance of meristematic regions, whereas class II members are involved in tissue
differentiation.
The high degree of sequence conservation and phylogenetic proximity with KNOX genes
from angiosperms could suggest a conservation of KNOX gene function across seed plants. PpKN
expression patterns support this hypothesis, even though they differ from those described in
angiosperms in some aspects. Similar to Arabidopsis, P. pinaster class I KNOX genes were
practically not expressed in lateral organs like young and mature needles. However, whereas its
expression is mainly restricted to meristematic regions in angiosperms, P. pinaster class I KNOX
genes showed a broader expression pattern. Transcripts for all of them were found mainly in the
hypocotyl and shoot apex, but also in the root apex and at low levels in cotyledons, being even
expressed in some cases in young and/or mature needles. Class I KNOX genes isolated in P. abies
are also expressed in other tissues such as stems, roots, and female and male cone buds in P.
abies, but not in lateral organs (Hjortswang et al., 2002). The first KNOX gene identified in conifers
was HBK1 (here designated PaKN2 for convenience), which was isolated from a female strobilus
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library, and was shown to be expressed in the undifferentiated cell population situated in the
center of the vegetative meristem, but not in needle primordia, suggesting a role in both
vegetative and reproductive meristems (Sundås-Larsson et al., 1998). In our case, FISH analyses of
class I KNOX genes PpKN2 and PpKN4 in the shoot apex showed that these genes had a wider
expression domain to that described for their Arabidopsis counterparts, as they were expressed
both in the meristem and in incipient needles. The fact that P. pinaster class I KNOX genes are
expressed in the SAM might indicate an important role in the maintaining of meristematic
potential. However, their expression in needle primordia might indicate additional roles in needle
development, although more studies should be done in order to determine their putative
participation in this process.
In angiosperms, each class I KNOX gene shows a well-defined expression domain in the
SAM that can overlap with the corresponding from other genes of this subfamily (Kerstetter et al.,
1994; Scofield and Murray, 2006). It has been also reported the expression of some class I KNOX
genes outside the SAM. For example, AtBP/KNAT1 is also expressed below the SAM and in the
cells surrounding vascular elements of the stem and AtKNAT6 expression is detected in different
tissues such as the shoot apex and roots (for a complete review, see Scofield and Murray, 2006).
The fact that P. pinaster class I KNOX transcripts were found in the hypocotyl may indicate that
these genes are expressed in cells associated with the vascular system, similar to what was
observed for AtBP/KNAT1, although more studies should be done in order to verify this
hypothesis. In fact, transcriptome analysis by RNA sequencing (RNA-Seq) in different tissues
excised from P. pinaster one-month-old seedlings by laser capture microdissection (LCM) showed
that PpKN3 was mainly expressed in the SAM and in vascular tissues from hypocotyl, roots,
cotyledons

and

young

needles

(exImage

Microdisecction

Atlas:

http://v22.popgenie.org/microdisection/; Cañas et al., 2017). It is remarkable that PpKN
expression was detected in cotyledons and some of them were also expressed in young and/or
mature leaves, although at very low levels. This seems contradictory with the absence of class I
KNOX gene expression from incipient and developing cotyledons during embryogenesis in
Arabidopsis (Long and Barton, 1998), as well as from lateral organs in angiosperms and P. abies
(Hjortswang et al., 2002). This could be explained as the result of PpKN gene expression in small
groups of cells in cotyledons and needles, similar to what has been observed for ZmRS1 and
ZmKNOX3 at the base of maize leaves (Jackson et al., 1994).
Several studies in Arabidopsis showed that class I KNOX genes are first expressed during
embryogenesis, contributing to the formation and establishment of different domains and
boundaries in the SAM (Hay and Tsiantis, 2010). P. pinaster class I KNOX gene expression was
86

Characterization of the KNOTTED1-LIKE HOMEOBOX (KNOX) gene family in Pinus pinaster

analyzed during somatic embryogenesis, as it has been proposed as a good experimental system
for the study of the underlying physiological and molecular mechanisms of embryogenesis in
conifers (Filonova et al., 2000; von Arnold et al., 2002). Expression patterns were very similar for
all of them, with the exception of PpKN3. Interestingly, studies in P. abies show that KN3 and KN4
orthologues are only expressed in embryogenic cell lines competent to form fully mature
embryos, suggesting that these genes might be necessary for proper SAM establishment and
maintenance, whereas KN1 and KN2 orthologues are expressed with no significant differences in
all the embryogenic lines analyzed, suggesting a more general role in embryo development
(Hjortswang et al., 2002; Larsson et al., 2012). Furthermore, overexpression of PaKN1 in
embryogenic cultures accelerates the differentiation process and increases the number of mature
cotyledonary embryos obtained, which have bigger SAMs in comparison to non-transgenic
somatic embryos, whereas its downregulation causes an arrest of the maturation process
(Belmonte et al., 2007).
In Arabidopsis, it has been reported that class I KNOX members have discrete and
overlapping functions (Belles-Boix et al., 2006; Scofield et al., 2008). Nevertheless, we were
unable to determine if P. pinaster class I KNOX genes had specific or redundant roles based on
expression analyses. All class I KNOX genes isolated from P. pinaster were expressed in all
analyzed tissues and their expression domain in the shoot apex was very similar. The
overexpression of PpKN genes caused similar phenotypic effects to what has been reported in
angiosperms and other conifers (Chuck et al., 1996; Hay et al., 2003; Larsson et al., 2012), altering
the normal leaf development and giving rise to lobulated and serrated leaves. However, no
ectopic meristem formation on leaves was observed in any case, as it has been described for
some Arabidopsis KNOX genes (Chuck et al., 1996; Hake et al., 2004). Only PpKN3 diverged from
the rest of class I KNOX genes, as the phenotypic effects of its overexpression were less severe.
Results obtained in P. abies are very similar, since the ectopic expression of these genes under the
control of CaMV35S promoter in Arabidopsis plants also causes an alteration of the shape of the
rosette leaves and, additionally, overexpression of PaKN1 and PaKN2 also alters the flower
morphology (Sundås-Larsson et al., 1998; Larsson et al., 2012). All these data together might
indicate that P. pinaster class I KNOX genes have redundant roles in plant development, although
more studies are needed to determine if there is a functional divergence of them. The high
degree of sequence similarity, their phylogenetic proximity and similar expression patterns,
together with data available from other species, might indicate little functional differentiation for
PpKN1 and PpKN2, whereas PpKN3 seems to play differential roles than the rest of class I
members.
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On the other side, P. pinaster class II KNOX genes were mainly expressed in cotyledons
and young and mature needles, in concordance with the results obtained in Arabidopsis
(Furumizu et al., 2015). They were also expressed in the rest of analyzed tissues. Besides, their
expression in shoot apexes was restricted to incipient and developing needles, and no expression
was detected in the meristematic region by FISH. Furthermore, no evident phenotypic defects
were observed as consequence of the overexpression of P. pinaster class II KNOX genes in
Arabidopsis. Previously, it has been reported that the gain of class II KNOX function causes leaf
simplification in the angiosperm Cardamine hirsuta, a species closely related to Arabidopsis that
has dissected leaves, whereas loss-of-function mutations in Arabidopsis cause an increase of the
leaf complexity (Furumizu et al., 2015; Das Gupta and Tsiantis, 2018). All these data together may
indicate that these genes may be involved in organ differentiation, similar to what has been
described in angiosperms, although more studies are needed in order to verify this hypothesis.
In conclusion, it has been proved the presence and expression of class I and class II KNOX
genes in P. pinaster and other conifer species, indicating a high conservation of this gene family
throughout land plants. Furthermore, it seems that the functional differentiation of both
subfamilies established in angiosperms may be partially conserved in gymnosperms. P. pinaster
class I KNOX genes were expressed in meristematic regions and they may participate in the
maintenance of undifferentiated state of those cells similar to what was described in
angiosperms. However, their expression was not limited to meristematic regions, so they could
perform additional roles to those described in angiosperms. P. pinaster class II KNOX genes were
mainly expressed in developing and mature organs, so they could be related to promote tissue
maturation. However, more studies are needed in order to clarify the specific roles of each PpKN
gene.
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3.6. SUPPLEMENTARY INFORMATION
Supplementary table S3.1. Primers used for the isolation of class I KNOX genes in Pinus pinaster.

Gene

Name

Sequence (5’ → 3’)

PpKN1

PpKN1-FO

AAGTGCAAGGGTGTCGAAATT

PpKN1-FI

CGAACACCAAGACCCACAAC

PpKN1-RO

AAATTTGAAGTTTTTACTTACC

PpKN1-RI

CGAAGGATAWGGCCAYTTRT

PpKN1-5’O

AGTCAATATCTCGCAGTAAGCCT

PpKN1-5’I

CGATGCTCACAGTCCGACGTTGT

PpKN1-3’O

TGGATCACCATGCAGTAGAGGATA

PpKN1-3’I

TGATTGGTGGAGTCTGCACGACAA

PpKN2-FO

GCATGTCCGAGTACGGAGACGT

PpKN2-FI

GCACAATGACGACGAGTATGCCT

PpKN2-RO

TTAACAGTCCAAATGATAGCCC

PpKN2-RI

CTGACCGTCCATTGCCATCAAC

PpKN2-5’O

ATGGCTAAGCGCATCTAGACGC

PpKN2-5’I

TGAAATGGGGATTATCCGCCT

PpKN2-3’O

CACTAGATTGGTGGACTGTGC

PpKN2-3’I

TAGTTGATGGCAATGGACGGT

PpKN3-FO

TGGGCATGGTCATGGTCATGGC

PpKN3-FI

AAGTTTGAGCCTGCAAATGCAC

PpKN3-RO

CCTCCAGGAAAAAAGCAGCGTT

PpKN3-RI

TTCTGGTCCACCAATCCAAC

PpKN3-5’O

AGGTACACAGTGTTGAGTTTGGC

PpKN3-5’I

TCATCCAACTCTGAAACTACCTCC

PpKN3-3’O

GCTAGGTACTCTAACCAAAGGGA

PpKN3-3’I

TAGATCAAGGTGACGAAAGAGGA

PpKN4-FO

GACCATGACCATACCCAGTAGC

PpKN4-FI

CGCAGGTCAGGTTGAAGGTC

PpKN4-RO

TAGCATTCGGCTCCATCCAT

PpKN4-RI

ATGTACATTCCACCACTCAAGC

PpKN4-5’O

TGCTCCACCACTCGTTTTTCTGT

PpKN4-5’I

GTTCTTGTGGTGGGAAATGACCA

PpKN4-3’O

GAAGCCATTCAAAGAAGCGAGAAC

PpKN4-3’I

GAGACACAGCTAAATTGCTTGAGT

PpKN2

PpKN3

PpKN4
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Supplementary table S3.2. Accession numbers (GenBank) for all KNOX proteins used in
phylogenetic analyses. Some of them were renamed for convenience (original names are
presented in parenthesis). New sequences identified in this work are shown in red. Aa:
Acetabularia acetabulum; Amt: Amborella trichopoda; At: Arabidopsis thaliana; Chr:
Chlamydomonas reinhardti; Cr: Ceratopteris richardii; Mc: Micromonas sp.; Os: Oryza sativa; Ot:
Ostreococcus tauri; Pa: Picea abies; Pg: Picea glauca; Ph: Physcomitrella patens; Pm: Picea
mariana; Pp: Pinus pinaster; Pst: Pinus strobus; Pt: Pinus taeda; Sm: Selaginella moellendorffii; Zm:
Zea mays.
Plant group

Species

Protein name

Protein Accession

Green algae

Ostreococcus tauri

OtKNOX

XP_003078964

Micromonas sp.

McKNOX

XP_002504807

Acetabularia acetabulum

AaKNOX1

AAD51632

Chlamydomonas
reinhardti

ChrGSM1

ABS71849

Physcomitrella patens

PhMKN1-3

XP_001772723

PhMKN2

XP_001758592

PhMKN4

XP_001781477

PhMKN5

XP_001778265

PhMKN6

XP_001781477

SmKN1

XP_002992719

SmKN2

XP_002988325

SmKN3

XP_002969147

SmKN4

XP_002977438

CrKNOX1

BAB18582

CrKNOX2

BAB18584

CrKNOX3

BAB18585

PaKN1 (HBK3)

AAN77691

PaKN2 (HBK1)

AAC84001

PaKN3 (HBK2)

AAN77690

PaKN4 (HBK4)

AAV54616/AAV64000

PaKN5

MK580154

PgKN1

AAV54608/AAV63992

PgKN2

AAV54610/AAV63994

PgKN3

AAV54612/AAV63996

PgKN4

AAV54617/AAV64001

PmKN1 (SKN1)

AAD00691

PmKN2 (SKN2)

AAD00692

Mosses

Lycophytes

Ferns

Gymnosperms

Selaginella moellendorffii

Ceratopteris richardii

Picea abies

Picea glauca

Picea mariana
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Pinus pinaster

Pinus strobus

Pinus taeda

Basal angiosperms

Dicots

Monocots

Amborella trichopoda

Arabidopsis thaliana

Oryza sativa
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PmKN3

AAV54613/AAV63997

PmKN4

AAV54621

PpKN1

ALN42226

PpKN2

ALN42227

PpKN3

ALN42229

PpKN4

ALN42228

PpKN5

MK580155

PpKN6

MK580156

PstKN1

AAV54607/AAV63991

PstKN2

AAV54609/AAV63993

PstKN3

AAV54611/AAV63995

PstKN4

AAV54615/AAV63999

PtKN1

AAV54618

PtKN2

AAV54619

PtKN3

AAV54620

PtKN4

AAV54614/AAV63999

PtKN5

MK580157

PtKN6

MK580158

AmtKN1

XP_006848881

AmtKN2

XP_011621891

AmtKN3

XP_006848824

AmtKN4

XP_006841054

AmtKN5

XP_006830099

AmtKN6

XP_011629007

AtSTM

NP_176426

AtBP/KNAT1

NP_192555

AtKNAT2

NP_177208

AtKNAT3

NP_197904

AtKNAT4

NP_196667

AtKNAT5

NP_194932

AtKNAT6

NP_850951

AtKNAT7

NP_564805

OsKN1

XP_015634297

OsKN2

XP_015634297

OsKN3

XP_015628919

OsKN4 (OsH10)

XP_015628832

OsKN5

XP_015629612

OsKN6 (OsH1)

XP_015629392

OsKN7 (OsH3)

XP_015628822
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Zea mays
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OsKN8 (OsH43)

XP_015628321

OsKN9

XP_015630164

OsKN10 (OsH9)

XP_015637898

OsKN11

XP_015644389

OsKN12 (OsH15)

XP_015646117

OsKN13 (OsH45)

XP_015650700

ZmKn1

AAP21616

ZmKnox3

AY107753

ZmKnox4

AY106441

ZmKnox7

CAJ58046

ZmKN11

XP_008659775

Zmlg3

AAD13611

Zmlg4a

AAP31409

Zmlg4b

AAP31410

ZmRS1

AAA86287
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Supplementary table S3.3. Primers used for the expression analysis of KNOX genes in Pinus
pinaster by quantitative real time PCR (RT-qPCR).

Gene

Name

Sequence (5’ → 3’)

PpKN1

PpKN1-RealTime-F

CGAACACCAAGACCCACAAC

PpKN1-RealTime-R

AGTCAATATCTCGCAGTAAGCCT

PpKN2-RealTime-F

GCACAATGACGACGAGTATGCCT

PpKN2-RealTime-R

CCCGTGCTGCCGTTTTAGCTT

PpKN3-RealTime-F

CTGAGCAGGCCGTCATCTCT

PpKN3-RealTime-R

CTCCCCTCTTCTTTCCTGCGG

PpKN4-RealTime-F

CGCAGGTCAGGTTGAAGGTC

PpKN4-RealTime-R

GTTCTTGTGGTGGGAAATGACCA

PpKN5-RealTime-F

AGCAGCAGCAGGACAATCAT

PpKN5-RealTime-R

GCAATCCTCAAGCAGGCAAC

PpKN6-RealTime-F

AACGCCTAACACTTGGCTCA

PpKN6-RealTime-R

ATTTCCTGCCCTCTTCCACG

Ubiquitin-RealTime-F

GTCCCGCACTGACAATCTCT

Ubiquitin-RealTime-R

CTGAGTCCATGCTCTTGCTG

PpKN2
PpKN3
PpKN4
PpKN5
PpKN6
Ubiquitin

Supplementary table S3.4. Probes used for the fluorescent in situ hybridization (FISH).

Name

Sequence (5’ → 3’)

PpKN2 probe

(Cy5)AGGCATACTCGTCGTCATTGTGCTCTCGCTTTC

PpKN4 probe

(Cy5)GAGAGGAGACCTTCAACCTGACCTGCGTGACTA

PpKN5 probe

(Cy5)GCAGATCCAACATACCCCTTCCCTGACCCCCTC
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Supplementary table S3.5. Primers used for 35S::PpKN vector construction.

Name

Sequence (5’ → 3’)

attB1-PpKN1

AAAGCAGGCTTCATGGAGCATCTGAATACA

attB2-PpKN1

GAAAGCTGGGTCCTAAAGATACCCTTCAGTC

attB1-PpKN2

AAAGCAGGCTTCATGGAACACCTGAATGCA

attB2-PpKN2

GAAAGCTGGGTCTTAACAGTCCAAATGATA

attB1-PpKN3

AAAGCAGGCTTCATGGAGCATATAAACACC

attB2-PpKN3

GAAAGCTGGGTCTCAACAATCCATTGAAAA

attB1-PpKN4

AAAGCAGGCTTCATGGAGGACATGAATATG

attB2-PpKN4

GAAAGCTGGGTCTTAGCATTCAGCTCCATC

attB1-PpKN5

AAAGCAGGCTTCATGAACGAAGGGAGTGGC

attB2-PpKN5

GAAAGCTGGGTCTTACCTCTTGCGTTTGGC

attB1-PpKN6

AAAGCAGGCTTCATGCCACTGCAGCGTTTT

attB2-PpKN6

GAAAGCTGGGTCTCACCTCTTGCGCTTCGA

attB1

GGGGACAAGTTTGTACAAAAAAGCAGGCTTC

attB2

GGGGACCACTTTGTACAAGAAAGCTGGGTC
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HORMONAL AND GENE CROSSTALK
DURING ADVENTITIOUS
CAULOGENESIS IN COTYLEDONS OF
PINUS PINEA

Hormonal and gene crosstalk during adventitious caulogenesis in cotyledons of Pinus pinea

4.1. INTRODUCTION
The formation of adventitious shoots or caulogenesis is a complex process that involves
the participation of plant growth regulators (PGRs), mainly auxins and cytokinins, and multiple
signaling pathways (Kareem et al., 2016; Sang et al., 2018; Tian et al., 2018; Ikeuchi et al., 2019).
Three phases have been differentiated during the in vitro caulogenic process: acquisition of
morphogenic competence (associated with some level of cellular dedifferentiation or
transdifferentiation); induction of cell identity specification for shoot apical meristem (SAM)
formation in response to exogenous PGRs; and shoot development (Christianson and Warnick,
1983).
De novo shoot organogenesis has been deeply studied in the model plant Arabidopsis
thaliana (Arabidopsis) and other dicotyledonous plants. In this organism, caulogenesis is an
indirect process, as it is achieved through a two-step regeneration protocol that involves the
culture of root explants in an auxin-rich callus induction medium (CIM) followed by the incubation
of explants in a cytokinin-rich shoot induction medium (SIM) (Valvekens et al., 1988; reviewed in
Ikeuchi et al., 2019).
During CIM incubation, explants acquire progressively competence to respond to the
induction stimulus. Cells from xylem-pole pericycle proliferate forming a mass denominated
callus. Although it had been assumed that callus was composed of dedifferentiated cells, recently
it was established that callus shares morphological and molecular similarities with root primordia,
suggesting the resemblance between de novo shoot organogenesis and lateral root formation
(Atta et al., 2009; Sugimoto et al., 2010). In fact, explants will give rise to new roots if transferred
from CIM to a hormone-free medium and it was detected the expression in the callus of genes
typically expressed in the quiescent center (QC) of the root apical meristem (RAM) like WUSCHELRELATED HOMEOBOX5 (WOX5) (Sugimoto et al., 2010; Sang et al., 2018). Acquisition of
competence during CIM incubation has been related with epigenetic mechanisms like histone
modification and DNA methylation (He et al., 2012; Ikeuchi et al., 2015). Furthermore, the auxininducible PLETHORA genes (PLT) PLT3, PLT5 and PLT7 induce the expression of root stem cell
regulators PLT1 and PLT2 to establish pluripotency and competence to regenerate shoot
progenitor cells (Kareem et al., 2015).
During SIM incubation, explants become committed to produce shoots. During this phase,
auxin and cytokinin response signals form a mutually exclusive pattern (Sang et al., 2018). It was
reported the activation of a cytokinin response domain throughout the tissue, as type-B
ARABIDOPSIS RESPONSE REGULATOR (ARR) transcription factors like ARR1, ARR10, and ARR12
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directly suppress YUCCA4 (YUC4) expression and prevent auxin biosynthesis (Meng et al., 2017).
The auxin response domain is restricted to a ring-like region, apical and peripheral to that of
cytokinin (Sang et al., 2018) due to the repression of the enzyme ISOPENTENYLTRANSFERASE 5
(IPT5) involved in cytokinin biosynthesis (Cheng et al., 2013). As a result of cytokinin signaling, the
class III homeodomain-leucine zipper (HD Zip III) transcription factors PHABULOSA (PHB),
PHAVOLUTA (PHV), and REVOLUTA (REV) directly interact with type-B ARRs and induce the
expression in a selected group of cells of WUSCHEL (WUS), which specifies stem cell fate in the
center of the regenerating shoot meristem (Meng et al., 2017; Zhang et al., 2017; Zubo et al.,
2017). Afterwards, these HD Zip III proteins also upregulate other genes that play key roles in the
shoot apical meristem (SAM) formation and maintenance like the class I KNOX gene SHOOT
MERISTEMLESS (STM) (Shi et al., 2016). All these processes together promote the transition from
callus cells into shoot stem cells giving rise to de novo establishment of SAMs.
De novo shoot organogenesis protocols have been also developed in other plant groups
such as conifers. In Pinus spp., in vitro caulogenesis induction is easily obtained in cotyledons
detached from non-germinated mature embryos cultured in the presence of a cytokinin, usually
benzyladenine (BA) (Flinn et al., 1988, López et al., 1996). This technique has been used for clonal
plant production in some species like Pinus pinea L. (stone pine), a species native to the
Mediterranean region that has been economically exploited for its edible seeds or pine nuts
(González et al., 1998; Valdés et al., 2001; Moncaleán et al., 2005; Alonso et al., 2006; Cortizo et
al., 2009; Cuesta et al., 2009). Apart from its use in breeding programs, caulogenesis in P. pinea
has been proposed as a model for the study of the physiological and molecular basis of this
process in conifers (Cuesta et al., 2009). Unlike Arabidopsis, caulogenesis in P. pinea is an example
of direct organogenesis, as cotyledons are competent per se and respond to the induction signal
(consisting on the addition of only one PGR to the induction medium) without an intermediate
callus formation in a very synchronous fashion (Cuesta et al., 2009).
Several studies have shown that the endogenous hormonal content of cotyledons
determined the organogenic capacity (Valdés et al., 2001; Moncaleán et al., 2005; Cortizo et al.,
2009; Cuesta et al., 2012). Cotyledons excised from germinated embryos showed a lower
organogenic capacity than those excised from non-germinated embryos, which was associated
with a reduction in active cytokinins and IAA endogenous levels (Valdés et al., 2001).
Furthermore, the evaluation of the organogenesis response in selected half-sibling families
showed that this process is genotype-dependent (Cuesta et al., 2008). Later studies showed
indeed that cytokinin content differed significantly between those families with the highest and
lowest values of caulogenesis parameters (Cuesta et al., 2012).
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Despite the available information about hormonal content, the knowledge about the
underlying molecular mechanisms of de novo shoot formation in conifers, both in vitro and in
planta is still limited. Alonso et al. (2007) constructed a subtractive cDNA library through the
suppression subtractive hybridization (SSH) technique in order to identify genes putatively
involved during the first phases of adventitious caulogenesis on cotyledons of P. pinea cultured in
presence of BA. As a result, 155 expressed sequence tags (ESTs) were identified, which were
involved in multiple processes such as development, signal transduction and transcriptional
regulation. More recently, a type-A response regulator from the cytokinin signal transduction
pathway (RESPONSE REGULATOR1; PipiRR1) and a leucine-rich-repeat protein receptor kinase
gene (CLAVATA1-LIKE; PipiCLV1L) that shows homology with CLAVATA1 (CLV1) gene from
Arabidopsis (member from the central pathway involved in SAM homeostasis maintaining) were
characterized in P. pinea, which were shown to be upregulated in the presence of BA during this
process (Cortizo et al., 2010; Alvarez et al., 2013).
The increasing availability of full genome and transcriptome data in gymnosperms allowed
the characterization of WOX and KNOX gene families in several spruce and pine species. In
conifers, it had been proposed that an only gene designated WUS/WOX5, homologous to
Arabidopsis WOX5, participates both in SAM and RAM homeostasis regulation in conifers
(Nardmann et al., 2009; Hedman et al., 2013). In Chapter II, we reported that Pinus pinaster
contains functional WUS and WOX5 orthologues expressed in SAM and RAM, respectively,
suggesting that these genes might play similar roles to those described for their Arabidopsis
counterparts (Alvarez et al., 2018). We also found a WOX gene not previously described in
angiosperms, which was designated PpWOXX, whose expression in the centre of the meristem in
P. pinaster might indicate a putative role in SAM homeostasis regulation (Alvarez et al., 2018).
Furthermore, the analysis of the KNOX gene family in P. pinaster presented in Chapter III allowed
the identification of four class I KNOX genes (PpKN1-PpKN4), in concordance to what had been
reported in several pine and spruce species (Sundås-Larsson et al., 1998; Hjortswang et al., 2002;
Guillet-Claude et al., 2004; Belmonte et al., 2007; Larsson et al., 2012), which might partially
maintain the role in SAM functioning established for their angiosperm counterparts based on
expression studies and transformation experiments.
In this work, we analyzed the endogenous hormonal content (including abscisic acid
(ABA), auxins, cytokinins, gibberellins, jasmonates, salicylic acid (SA) and brassinosteroids) and the
expression profiles of several genes that putatively participate in the signalling pathways involved
in SAM formation and maintenance in conifers (several WOX and KNOX members, PipiRR1 and
PipiCLV1L) during the induction phase of de novo shoot formation in P. pinea. We compared
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hormonal and gene expression dynamics in BA-treated and non-treated cotyledons in order to
elucidate their involvement in this process. Multivariate analyses were carried out to integrate
PGRs dynamics and gene expression analysis during the organogenic process.

4.2. MATERIAL AND METHODS
4.2.1. Explant source and culture conditions
One-year-old mature seeds from open-pollinated Pinus pinea trees growing in natural
stands were used in this experiment. Seeds from “ES01 Meseta Norte” provenance were provided
by “Servicio de Material Genético del Ministerio de Medio Ambiente” (Spain). After removing the
seed coat, megagametophytes were surface sterilized by immersion in 7.5% (v/v) H2O2 for 45 min,
followed by three rinses in sterile double-distilled water, with a final imbibition step in moistened
sterile paper for 48 h at 4 °C in darkness. Cotyledons were then excised from embryos and placed
horizontally in 200-mL-baby food jars containing 20 mL of Lepoivre medium modified by AitkenChristie et al. (1988) with half strength macroelements and supplemented with 3% (w/v) sucrose,
0.8% (w/v) agar (Duchefa, Haarlem, The Netherlands) and a final concentration of 44.4 µM BA
(Duchefa), adjusting pH to 5.8 before autoclaving (Cuesta et al., 2009). Cotyledons cultured in the
same medium without BA were used as control. Cultures were maintained in a growth chamber at
25 ± 2 °C with a 16-hour photoperiod at a photon flux of 20 ± 5 µmol m−2 s−1.
Batches of about 30 cotyledons cultured in presence and absence of BA (hereafter BAtreated and control cotyledons, respectively) were harvested after different times of culture (0, 6
h, 12 h, 1 d, 2 d, 4 d and 6 d), rinsed with distilled water, dried with filter paper, immediately
frozen in liquid nitrogen and stored at -80 °C until analysis was carried out. Experiment was
repeated three times.
4.2.2. Quantification of plant growth regulators (PGRs) during adventitious caulogenesis in
Pinus pinea
4.2.2.1. PGR extraction
The extraction of multiple PGRs (abscisic acid, ABA; indoleacetic acid, IAA; benziladenine,
BA; castasterone, BK; dihydrozeatin, DHZ; dihydrozeatinriboside, DHZR; gibberellin GA4;
isopentenyl adenine, iP; isopentenyl adenosine, iPA; jasmonic acid, JA; salicylic acid, SA; transzeatin, tZ; and trans-zeatinriboside, tZR) was performed following the protocol described by
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Delatorre et al. (2017). About 100 mg of fresh weight were homogenized in a bead mill
homogenizer Silamat S6 (Ivoclar Vivadent, Spain) and re-suspended in 500 μL of extraction buffer
(2-propanol/H2O/concentrated HCl 2:1:0.002, v/v/v) in PTFE tubes. Internal standards (d7-BA, d3DHZ (3.75 ng); d6-SA (7.5 ng); d6-ABA, d5-IAA, d2-GA9 (15 ng); d5-BK (30 ng)) were added in this
point to assess recovery rates. All of them were supplied by Olchemim Ltd. (Czech Republic)
except d6-SA (Sigma Aldrich, St. Louis, MO, USA). After agitating for 30 minutes at 4 °C, the
resulting suspension was transferred to Teflon tubes (Oak Rifge Centrifuge Tube, Thermo
Scientific, England) and 1.8 mL of dichloromethane were added, keeping in agitation for additional
30 minutes at the same conditions. The organic lower layer was collected and a re-extraction of
the upper phase was carried out. The organic phase was then concentrated in 2 mL glass vials
with nitrogen flow and stored at -20 °C until analysis.
4.2.2.2. Quantification by QQQ-MS/MS
Resulting dried extracts were resuspended in 150 μL of 100% methanol by vortexing and
sonication, and filtered through a 0.2 μm regenerated cellulose Captiva Premium Syringe filter
(Agilent Technologies, California, USA). All compounds were separated and quantified by ultrahigh performance liquid chromatography coupled with tandem mass spectrometry detectors
(UHPLC-MS/MS) in a 6460 Triple Quad LC/MS (Agilent Technologies) following the protocol
described by Delatorre et al. (2017). Results are expressed in picomoles per gram of fresh weight
as the mean value ± standard error of three biological replicates.
4.2.3. PGR immunolocalization during adventitious caulogenesis in Pinus pinea
4.2.3.1. Cotyledon fixation and sectioning
Fixation was performed as described by De Diego et al. (2013). Cotyledons cultured in the
presence and absence of 44.4 µM BA during 0, 12 hours, 2 and 6 days were immediately fixed for
24 hours at 4 °C under vacuum in a fixation solution consisting of 4% (w/v) paraformaldehyde, 4%
(w/v) 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDAC; Sigma-Aldrich Co., St Louis, MO,
USA), and 0.1% (v/v) Triton X-100 (Sigma-Aldrich). Samples were then washed three times for 10
min each in phosphate-buffered saline (PBS) and stored in PBS containing 0.1% (w/v)
paraformaldehyde at 4 °C until use. Cotyledons were immersed in Tissue-Tek (Sakura Finetek USA,
Inc., Torrance, CA, USA) and frozen at -20 °C. Longitudinal sections of 30 µm were obtained in a
cryomicrotome CH1510-1 (Leica Microsystems GmbH Wetzlar, Germany) and mounted on
Menzel-Gläser Superfrost Ultra Plus slides (Thermo-Scientific, Waltham, Massachusetts, USA),
which were conserved at -20 °C until analysis.
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4.2.3.1. Immunolocalization of BA, DHZR and iPA
Immunolocalization of BA, DHZR and iPA was performed according to the method
described by De Diego et al. (2013). About 5 cotyledons detached from different embryos were
used per each treatment. Sections were washed in PBS for 1 min, dehydrated in an ascendant
ethanol series (25%, 50%, 75% and 100%, v/v) for 5 min each, and then rehydrated in a
descendant ethanol series (100%, 75%, 50% and 25%, v/v) for 5 min each. Finally, sections were
washed in PBS containing 0.1% (v/v) Tween 20 for 30 min, and then in PBS for 5 min.
Sections were treated with blocking solution (5% bovine serum albumin (BSA) in PBS, w/v)
to reduce nonspecific binding for 30 min. Then, samples were incubated with specific BA, DHZR
and iPA primary antibodies (Agrisera, Vännäs, Sweden) overnight at 4 °C. Dilutions 1/50 in 1%
BSA/PBS were used for BA and DHZR primary antibodies and dilution 1/100 in 1% BSA/PBS was
used for iPA primary antibody. After washing twice with 0.1% (v/v) Tween 20 in PBS for 10 min,
sections were incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody (Life
technologies, Carlsbad, California, USA) diluted 1/25 in 1% BSA/PBS for 1 h in darkness. Sections
with only secondary antibody and without antibodies were also included as negative controls to
assess nonspecific binding and tissue autofluorescence, respectively. Two wash steps with 0.1%
(v/v) Tween 20 in PBS for 10 min were carried out to reduce nonspecific binding. Sections were
then incubated with 4,6-diamidino-2-phenylindole (DAPI; AppliChem GmbH, Darmstadt,
Germany) 1 μg mL-1 for 15 minutes. Finally, sections were washed three times with autoclaved
ddH2O for 5 minutes, air-dried and mounted with Mowiol® 4-88 (AppliChem GmbH).
Sections were visualized using a Leica DM2000 fluorescence microscope (Leica
Microsystems, Wetzlar, Germany). Fluorescence from the apical portion of 3-5 cotyledons per
treatment was quantified by ImageJ software (https://fiji.sc/) following the procedure described
by Burgess et al. (2010).
4.2.4. Expression analysis of genes putatively involved in shoot apical meristem formation and
maintenance during caulogenic induction in Pinus pinea by quantitative real time PCR (RT-qPCR)
4.2.4.1. RNA isolation and cDNA synthesis
RNA from explants was extracted using the NucleoSpin RNA Plant kit (Macherey-Nagel,
Germany) according to the manufacturer’s instructions. One microgram of total RNA was reverse
transcribed with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc.,
Foster City, CA, USA) following the manufacturer’s protocol.
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4.2.4.2. RT-qPCR
The expression pattern of three WOX genes (PpWOX5, PpWOXX and PpWUS; Acc.
ALN42234, ANC94876 and ALN42231, respectively), four class I KNOX genes (PpKN1-KN4; Acc.
KT356208, KT356209, KT356211, and KT356210, respectively), PipiRR1 (Acc. FJ717710) and
PipiCLV1L (Acc. HQ377525) was analyzed during in vitro caulogenic induction by quantitative realtime PCR (RT-qPCR).
Two ESTs (Pp4C3 and Pp5F10; Acc. EC611869 and EC428628, respectively) were used as
endogenous reference genes, as had been shown to be constitutively expressed during this
process (Cortizo et al., 2010). RT-qPCR was performed in an ABI PRISM 7900HT instrument
(Applied Biosystems). Individual reactions were assembled in triplicate with oligonucleotide
primers (0.20 µM each), 5 μL of Fast SYBR Green Master Mix (Applied) plus 100 ng of cDNA in a
final volume of 10 μL. Primers for each gene were designed with Primer3 software (Rozen and
Skaletsky, 2000) to amplify a fragment between 60-150 bp of the target cDNA with a 60 °C Tm and
a G+C content of 40-60% (Udvardi et al., 2008) (Supplementary table S4.1). Amplifications were
performed using the following standard protocol: 95 °C 20 s, 45 cycles of 95 °C 1 s and 60 °C 20 s,
with a final melting curve analysis to dismiss the presence of non-specific products. Negative
controls (no template) and non-retrotranscribed RNA controls were also included to assess
amplification product specificity.
Data analysis was performed according to the comparative Ct method (Livak and
Schmittgen, 2001) through LinRegPCR software, incorporating the mean PCR efficiencies of the
target and endogenous genes in the plate. Relative abundance of each transcript was calculated
as the mean of three technical replicates and normalized to the mean expression value of the
reference genes in each sample. Data are presented as mean expression ratios ± standard error of
three biological replicates.
4.2.5. Multivariate analyses of endogenous hormonal content and gene expression data
Partial least squares (PLS) regression was performed for the integration of hormonal
content and gene expression data in order to find relationships between both datasets. Gene
expression data was also analyzed by principal component analysis (PCA). For convenience, data
were grouped in two categories for each treatment: short culture times, including samples from 0
to 1 d, and long culture times, including samples from 2 to 6 d. Both PCA and PLS analyses were
performed through R software v3.5.1 (https://www.r-project.org/).
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4.3. RESULTS
4.3.1. Analysis of the endogenous content and distribution of different plant growth regulators
(PGRs) during caulogenic induction in Pinus pinea
In order to understand the direct formation of adventitious shoots on P. pinea
cotyledonary explants, the endogenous concentration and relative levels of 13 endogenous PGRs
were measured in cotyledons cultured with and without 44.4 µM BA during different culture
times. The overall dynamics of PGR content in BA-treated and control cotyledons are shown in
Figure 4.1.
BA endogenous levels presented the biggest differences between explants cultivated in
the presence and absence of BA. Its concentrations increased enormously in BA-treated
cotyledons, reaching a peak at 12 h, and then underwent an important decrease until 2 d, when
slightly increased again.
The free-base cytokinins tZ, iP and DHZ showed similar dynamics in BA-treated and
control cotyledons, although tZ concentration increased in control cotyledons at 6 d. For its part,
iPA levels maintained quite constant in BA-treated cotyledons along the process and increased
progressively in control cotyledons. Regarding other ribosilated forms, DHZR and tZR content was
maintained stable during caulogenic induction in both types of explant.
Regarding auxins, it is remarkable that the IAA content increased in BA-treated cotyledons
respect to control cotyledons at 2 d of induction. However, no differences between control and
BA-treated cotyledons were found for the brassinosteroid BK along the process. In the case of
GA4, its levels practically were not altered in control cotyledons along the process, whereas they
were reduced in the presence of BA from 12 h to 1 d.
Three growth regulators involved in plant stress responses were analyzed in this study:
ABA, JA and SA. General trends were very similar in BA-treated and control cotyledons for all of
them. Interestingly, a reduction of ABA levels was observed at 6 hours respect to the initial time in
both treatments, and then maintained at similar levels throughout the whole process. JA levels
reach a peak at 24 hours in both treatments, and then showed an abrupt decrease in BA-treated
cotyledons and a more progressive reduction in control cotyledons. For its part, a reduction of SA
levels was observed in both control and BA-treated cotyledons from 12 h on, which was more
pronounced in the latter case. Whereas SA levels kept reducing progressively throughout the
experiment in control cotyledons, a rise was observed at 6 days for BA-treated cotyledons.
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Figure 4.1. Endogenous concentration of different plant growth regulators (PGRs) grouped by function or by
chemical similarity in Pinus pinea cotyledons cultured in the presence and absence of benzyladenine (BA)
during different periods of time determined by ultra-high performance liquid chromatography coupled with
tandem mass spectrometry detectors (UHPLC-MS/MS). Abscisic acid (ABA), BA, castasterone (BK),
dihydrozeatin (DHZ), dihydrozeatin riboside (DHZR), gibberellin A4 (GA4), indolacetic acid (IAA), isopentenyl
adenine (iP), isopentenyl adenosine (iPA), jasmonic acid (JA), salicylic acid (SA), trans-zeatin (tZ), transzeatin riboside (tZR). BA-treated (BA) and non-treated (C) cotyledons are represented by continuous and
dash-doteded lines, respectively. Each point represents the mean of tree biological replicates and the
vertical bars indicate the standar error.
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In order to study the hormonal profile that defines each culture stage, the percentage of
each hormone with respect to the total of tested compounds was calculated. As expected, BA
showed the highest proportion in cotyledons cultured in the presence of this hormone, reaching a
maximum at 12 hours (98.75%) and maintaining beyond 97% throughout the experiment,
whereas BA only represents between 6% (6 h) and 20% (24 h) in control cotyledons (data not
shown). In order to compare both types of explants, we obtained the percentage of each PGR
excluding BA (Figure 4.2). GA4 was the most abundant PGR, followed by SA and BK. Regarding
cytokinins, ribosides were more abundant than free bases in cotyledons just excised from
embryos, and this dynamic was maintained along the process both in control and BA-treated
cotyledons. In fact, iP, DHZ and tZ constituted the lowest percentages of all PGRs studied.

Figure 4.2. Percentages of different plant growth regulators (PGRs) during de novo shoot formation in Pinus
pinea excluding benzyladenine (BA).

112

Hormonal and gene crosstalk during adventitious caulogenesis in cotyledons of Pinus pinea

In
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inmunolocalization of BA, DHZR and iPA was performed. Results support the data obtained
through UHPLC-MS/MS to a great extent with some differences, as the analysis focused on the
apical part of the cotyledon instead of the whole cotyledon (Figure 4.3).

Figure 4.3. Immunodetection of benzyladenine (BA), dihydrozeatin (DHZ) and isopentenyl adenosine (iPA) in
the apical portion from longitudinal sections of Pinus pinea cotyledons cultured in the presence and
absence of BA during 0 d, 12 h, 2 d and 6 d using Alexa 488 secondary antibody (green signal). Fluorescence
quantification was performed through ImageJ software (https://fiji.sc/) according to Burgess et al. (2010).
BA-treated cotyledons (BA): red bars; non-treated cotyledons (C): black bars. Results are expressed as the
mean of the fluorescence values ± Standard Error from 3-5 cotyledons per treatment. Bar, 100 µm.
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4.3.2. Expression analysis of PpWUS, PpWOX5, PpWOXX, PpKN1, PpKN2, PpKN3, PpKN4,
PipiRR1 and PipiCLV1L during caulogenic induction in Pinus pinea by quantitative real time PCR
(RT-qPCR)
Based on sequence analyses and expression data in planta (see Chapters II and III), three
genes from the WOX gene family (PpWUS, PpWOXX and PpWOX5) and the four class I KNOX
genes (PpKN1-PpKN4) were selected to perform an expression analysis during caulogenic
induction in P. pinea by RT-qPCR. We also analyzed the expression of the genes PipiRR1 and
PipiCLV1L previously isolated in P. pinea, which were reported to putatively participate in this
process (Cortizo et al., 2010; Alvarez et al., 2013). The expression patterns of these genes along
the organogenic process are shown in Figure 4.4.
The expression of PpWUS increased progressively during the organogenic process in BAtreated cotyledons, showing an erratic pattern in control cotyledons. Levels of PpWOX5
transcripts increased during the first hours of culture in control and BA-treated cotyledons, and
then decreased in both types of explant. PpWOXX expression was below the detection limit for
most samples (data not shown).
In general, all PpKN genes were shown to be upregulated in the presence of BA, except
PpKN1. PpKN1 levels underwent an important increase at 6 h and then decreased dramatically in
both types of explants. Regarding PpKN2, whereas its levels were maintained quite constant along
the process in control cotyledons, its expression increased at 2 d of culture in BA-treated
cotyledons. After that, its levels slightly decreased and maintained upregulated in the presence of
BA until the end of the study. PpKN3 expression levels were very similar in BA-treated and control
cotyledons during the first hours of culture, and increased progressively from 1-2 d on in BAtreated cotyledons. For its part, PpKN4 expression reached a peak at 2 d of culture in BA-treated
cotyledons. Then, its levels decreased and were maintained about 2-3 times upregulated in in the
presence of the hormone.
The gene PipiRR1 was upregulated in the presence of BA along the process. Whereas its
levels remained quite constant in control cotyledons, PipiRR1 expression increased progressively
in BA-treated cotyledons after 2 d of culture, although it is remarkable that its levels slightly
decreased at 4 d.
PipiCLV1L expression increased during the first hours of culture in control and BA-treated
cotyledons. The posterior decreased of its levels observed for both types of material was more
pronounced in control cotyledons.
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Figure 4.4. Expression pattern analysis of several members from WOX (PpWOX5, PpWUS) and KNOX
(PpKN1, PpKN2, PpKN3, PpKN4) gene families, and the genes RESPONSE REGULATOR1 (PipiRR1) and
CLAVATA1-LIKE (PipiCLV1L) in Pinus pinea cotyledons cultured in the presence and absence of
benzyladenine (BA) during the induction phase of adventitious caulogenesis by quantitative real time PCR
(RT-qPCR). BA-treated (BA) and non-treated (C) cotyledons are represented by black and red lines,
respectively. Results are expressed as mean values of the relative expression ± Standard Error from three
biological replicates.
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4.3.3. Multivariate analyses of endogenous hormonal content and gene expression data
The PCA analysis of gene expression data revealed clear differences between short (0 h to
1 d) and long (2 d to 6 d) times of culture (Figure 4.5). Whereas no differences were found
between control and BA-treated cotyledons at short times, both treatments clustered separately
for long times and these differences were mainly caused by PpWUS, PpKN2, PpKN3 and PipiRR1
genes.

Figure 4.5. Analysis of gene expression data by principal component analysis (PCA). BAS: short times (0-1 d),
BA-treated cotyledons (green); BAL: long times (2 d-6 d), BA-treated cotyledons (red); CS: short times (0-1
d), control cotyledons (purple); CL: long times (2 d-6 d), control cotyledons (blue).

PLS regression analysis of PGRs content and gene expression data showed that samples
cultured in the presence of BA during long times (2 d to 6 d) clustered separately from the rest of
the samples. This distribution was explained mainly by the PGRs tZ, DHZ, iPA, tZR and IAA, and the
genes PpWUS, PpWOX5, PpKN2, PpKN3 and PipiRR1 (Figure 4.6). It is also remarkable that
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samples cultured in the presence and absence of BA during short times (6, 12 and 24 h) also
grouped together, and stress-related PGRs (ABA, JA and SA), GA4 and iP are the main responsibles
of this distribution.

Figure 4.6. Correlation loading plot obtained by partial least squares (PLS) regression using plant growth
regulator content as the X matrix and gene expression data as the Y matrix.

4.4. DISCUSSION
In vitro caulogenesis in P. pinea, which consists on the development of adventitious buds
on the surface of cotyledons cultured in a BA-containing medium, is a method used for the
micropropagation of selected genotypes on a large scale (Alonso et al., 2006), but it also
constitutes an ideal model for the study of the underlying processes of the SAM formation and
maintenance in conifers (Valdés et al., 2001; Moncaleán et al., 2005). Similar to Arabidopsis, P.
pinea shoot organogenesis in tissue culture is a multistep process (Moncaleán et al., 2005; Cuesta
et al., 2009). However, there are key differences between both species, which may alter the
underlying physiological and genetic programs. Whereas shoot regeneration in Arabidopsis is an
indirect process, it has been reported that P. pinea cotyledons are competent per se to respond to
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organogenic signals and become committed to shoot regeneration (Cortizo et al., 2009; Cuesta et
al., 2009). Therefore, it is not known if the models of genic expression during angiosperm
development may be applicable to conifers.
Previous works support the hypothesis that differences in hormonal contents may
provoke shoot organogenesis (Cuesta et al., 2012). These data will help to understand the
behavior of expression profiles of genes related to caulogenic induction, connecting their
response magnitude with the concentration of PGRs. Based on that, we analyzed the endogenous
hormonal content and the expression profiles of genes putatively involved in SAM formation and
maintenance in conifers during the induction phase of the caulogenic process in P. pinea,
comparing BA-treated and non-treated (control) cotyledons. Multivariate analyses were
performed in order to integrate both datasets and obtain an integral perspective of the
underlying molecular mechanisms involved in de novo shoot meristem formation in P. pinea.
The minimum induction period for P. pinea cotyledons cultured in a medium containing
44.4 µM BA has been reported as 6 h and maximal response is obtained after 2-4 days of BA
exposure (Moncaleán et al., 2005; Cuesta et al., 2009). In these conditions, promeristemoids, later
developing into meristemoids and shoot primordia, are present at 12 h in BA-treated cotyledons,
and its appearance is preceded by intense mitotic activity (Cuesta et al., 2009). This indicates that
shoot commitment or induction, in which the fate of competent cells is specified for the
formation of shoot buds, takes place in the first hours of culture in presence of BA. In adition, the
application of this PGR would only be necessary in the first hours of culture to induce
caulogenesis (Cortizo et al., 2009; Cuesta et al., 2009). Consistently with these results, a big
increase of the endogenous BA levels in BA-treated cotyledons is observed during the first hours
of culture, which is due to the high absorption rate of exogenous BA. Similar to what was
observed by Cuesta et al. (2009), three phases could be distinguished during caulogenic induction
based on BA dynamics: (i) from 0 to 12 h, characterized by a high BA uptake rate, reaching the
upper peak of BA content, which is fitting with the presence of the first promeristemoid
structures; (ii) from 12 h to 2 d, characterized by a pronounced decrease in BA concentration; and
(iii) from 2 to 6 d, when BA levels slightly increased again.
Despite the relevance of the BA increase during the first hours of culture in BA-treated
cotyledons, multivariate analyses (both PLS regression and PCA) showed that main differences
between control and BA-treated cotyledons for most PGRs and genes analyzed in this work are
found at long times of culture (from 2 d on). In particular, BA-treated cotyledons cultivated during
long times in the induction medium constituted a clearly separated cluster and this distribution
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was explained mainly by the cytokinins iPA, tZ, tZR and DHZR, the auxin IAA, and the genes
PpWUS, PpWOX5, PpKN2, PpKN3 and PipiARR1.
Based on PLS regression results, the ribosides iPA and tZR and the free bases tZ and DHZ
might perform a relevant role in the caulogenic process. iPA is considered the precursor in the
isoprenoid cytokinins biosynthetic pathway and it was previously reported to replace BA as
inducer of the morphogenic responses (Charrière et al., 1999; Cuesta et al., 2012). Free bases are
highly active forms and it has been proposed that they are rapidly utilized during caulogenic
induction, preventing their accumulation at high levels (Moncaleán et al., 2005; Stirk et al., 2005;
Cuesta et al., 2012).
The participation of IAA in caulogenic induction in P. pinea could be related to the
response of the explant to exogenous BA application in order to reach an optimum
cytokinin:auxin ratio for de novo meristem formation. It was established that endogenous auxins
together with cytokinins play a key role in initiation and proliferation of meristems, since
increasing or decreasing the ratio of cytokinin:auxin in the culture medium induced the
regeneration of shoots or roots, respectively (Skoog and Miller, 1957). In Arabidopsis, it has been
reported that genes involved in auxin biosynthesis are induced during the incubation in the
cytokinin-rich medium (Cheng et al., 2013) in a non-overlapping region with the cytokinin
response domain, although the role of auxins during shoot regeneration is not completely
established (Sang et al., 2018; Ikeuchi et al., 2019). Our results show that the level of IAA rises in
BA-treated cotyledons after those of active free cytokinins like BA. Other authors have found a
similar increase of endogenous IAA levels in explants during adventitious organogenesis (Mercier
et al., 2003; Malá et al., 2006).
Regarding PGRs involved in stress tolerance, no big changes were observed in their
content between BA-treated and non-treated cotyledons along the organogenic process. This is in
concordance with Pérez-Jiménez et al. (2014) results, which have not found any significant
differences in JA content in Prunus persica cultures with different organogenic capacity.
Interestingly, multivariate analysis showed that these PGRs are responsible of the grouping of
cotyledons cultured in the presence and absence of BA during short times. This could be due to
the fact that cotyledon excision from mature embryos and transference to an artificial culture
medium causes a stress that affects their hormonal profile during the first hours of culture.
However, it seems that the application of a very high BA concentration (non-physiological) in the
medium and the high rate of BA absorption observed during the first hours of culture do not
trigger specific stress tolerance responses in BA-treated explants. Similarly, GA4 and iP levels were
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slightly affected by BA treatment along the process, but both PGRs contribute to the distribution
mentioned above, and their exact role during the first hours of culture should be further
investigated in the future.
Similar to Arabidopsis (Ikeuchi et al., 2019), some members from WOX and KNOX gene
families seem to play a key role during caulogenesis in P. pinea. At short culture times, no big
differences between control and BA-treated cotyledons were found for most of them, which
might be due to the fact that only a small number of cells within the explant respond to the
induction signal (Thorpe, 1980; Alonso et al., 2007). As expected, the peak of BA precedes the
increase in the expression of several of the genes analyzed in this work. PLS regression and PCA
analyses suggest an important role for PpWUS, PpWOX5, PpKN2, PpKN3 and PipiRR1 in the
caulogenic process.
In Arabidopsis, it was reported that WUS plays a key role during caulogenic induction
(Cary et al., 2002; Meng et al., 2017). Our results reinforce the participation of this gene in SAM
formation and function in conifers proposed by Alvarez et al. (2018; see Chapter II). For its part,
the function of PpWOX5 during the organogenic process still remains unknown. In Arabidopsis,
WOX5 expression is induced during acquisition of competence in the auxin-rich medium
(Sugimoto et al., 2010). However, caulogenesis in P. pinea is a direct process without an
intermediate callus phase. Although it has been proposed that PpWOX5 participates in RAM
organization in conifers, expression of this gene was detected in other tissues apart from root tips
such as shoot apexes, hypocotyls and cotyledons (Chapter II; Alvarez et al., 2018). Therefore,
WOX5 could perform additional roles to those described in angiosperms.
Several class I KNOX genes was shown to have an important role in caulogenic induction.
Analysis of STM expression during adventitious caulogenesis in Arabidopsis revealed that this
gene was expressed at low levels during CIM incubation and was upregulated during SIM
incubation at about the time of shoot commitment (Cary et al., 2002). Based on PCA and PLS
regression analyses, the main differences between control and BA-treated cotyledons for long
times of culture were caused by PpKN2 and PpKN3 genes.
Class I KNOX gene expression was analyzed during somatic embryogenesis in Picea abies
in order to determine their specific roles during SAM formation (Larsson et al., 2012). KN3
orthologue was expressed in somatic embryogenic lines able to develop fully mature cotyledonary
embryos and inhibited in lines with altered SAM development, suggesting that this gene is
essential for SAM formation. Conversely, the P. abies KN2 orthologue was shown to be
upregulated before SAM formation during somatic embryogenesis both in competent and non120
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competent embryogenic lines, indicating that this gene has a more general role during
embryogenesis. Our results show that PpKN2 reaches a peak in BA-treated cotyledons at 2 d of
culture, coinciding in the time when cells become determined to develop and differentiate into
adventitious shoots (Cuesta et al., 2009). This could suggest that this gene may play an important
role in caulogenic determination. The increased of PpKN3 levels in the presence of BA takes place
mainly after the caulogenic determination, which might indicate that this gene is involved in
meristem organization.
The role of PipiRR1 in adventitious caulogenesis in P. pinea was previously reported by
Cortizo et al. (2010). In Arabidopsis, type-A response regulators are upregulated during de novo
shoot formation (Che et al., 2002), as they act as negative regulators of cytokining signalling and
its expression is rapidly induced by cytokinins (D’Agostino et al., 2000).
In conclusion, our results suggest that the application of BA to the culture medium
triggers signaling cascades that modify the hormonal content (mainly for other cytokinins and
auxins) and regulate the expression of genes putatively involved in SAM function, and these
changes might eventually give rise to the formation of adventitious buds. Results obtained in this
work using an integrative approach reveal the complexity of in vitro caulogenesis in a relatively
simple tissue culture system, suggesting that cytokinins play active roles in the caulogenic
induction in cotyledons of P. pinea cultured in vitro, and provide a useful basis for further
investigation of the function and interaction of different PGRs and genes during this process.
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4.6. SUPPLEMENTARY INFORMATION
Supplementary table S4.1. Primers used for gene expression analysis during adventitious
caulogenesis in Pinus pinea by quantitative real time PCR (RT-qPCR).

Gene/EST

Name

Sequence (5’ → 3’)

PipiCLV1L

PipiCLV1L-F

ATGGCCAAATTCCTGTTCAA

PipiCLV1L-R

TCCAATGCCAGAGGGAATAG

PipiRR1-F

CAGAAGGCGCTCAAGAGTTT

PipiRR1-R

TTGTTGGTCCCTGGATCTTC

Pp4C3-F

TTCTCCCAGTTCTCCCAATG

Pp4C3-R

ATTGCAACCGGAAACAGAAC

Pp5F10-F

CCCTGTTAGACGAAGGGTCA

Pp5F10-R

CTGGCCGAAAGCCATAAATA

PpKN1-RealTime-F

CGAACACCAAGACCCACAAC

PpKN1-RealTime-R

AGTCAATATCTCGCAGTAAGCCT

PpKN2-RealTime-F

GCACAATGACGACGAGTATGCCT

PpKN2-RealTime-R

CCCGTGCTGCCGTTTTAGCTT

PpKN3-RealTime-F

CTGAGCAGGCCGTCATCTCT

PpKN3-RealTime-R

CTCCCCTCTTCTTTCCTGCGG

PpKN4-RealTime-F

CGCAGGTCAGGTTGAAGGTC

PpKN4-RealTime-R

GTTCTTGTGGTGGGAAATGACCA

PpWOX5-RealTime-F

TGGCACATCATATGCTCCAGCTC

PpWOX5-RealTime-R

TGCAGCTCTCATTTTCTGCGCT

PpWOXX-RealTime-F

CGCAGCATTCAGGAAGCTCATGC

PpWOXX-RealTime-R

CACCGACGGTCATCTCGGACG

PpWUS-RealTime-F

AGCGCCATGAACGTGGCTG

PpWUS-RealTime-R

GCTTCACAGCGTACATTTGCTCC

PipiRR1
Pp4C3
Pp5F10
PpKN1
PpKN2
PpKN3
PpKN4
PpWOX5
PpWOXX
PpWUS
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GENERAL DISCUSSION

General discussion

5.1. GENERAL DISCUSSION
Plants are sessile organisms that have colonized a wide range of ecosystems due to their
great ability to adapt to the local environment conditions (de Jong and Leyser, 2012). This
developmental plasticity is based on their capacity to grow and produce new organs in response
to external factors throughout their life cycle, which relies on the activity of specialized structures
called meristems.
The shoot apical meristem (SAM) is responsible for the postembryonic formation or aerial
organs. It contains a group of pluripotent cells in the central zone that proliferate to renew itself
and to provide cells to the flanks of the meristem, where differentiate into new organs.
Alterations in the balance between cell proliferation and differentiation cause aberrant plant
development. This process has been extensively studied in angiosperms, especially in Arabidopsis
thaliana (Arabidopsis). WUSCHEL (WUS), a member from the WUSCHEL-RELATED HOMEOBOX
(WOX) gene family, plays a pivotal role in determining stem cell fate in the center of the meristem
(Mayer et al., 1998). Briefly, its expression is induced by cytokinins and controlled by CLAVATA
(CLV) genes (Brand et al., 2000; Schoof et al., 2000; Gordon et al., 2009). SHOOT MERISTEMLESS
(STM), a member of the KNOTTED1-LIKE HOMEOBOX (KNOX) gene family has been also implicated
in the maintenance of meristematic fate by inducing cytokinin biosynthesis in the center of the
SAM (Jasinski et al., 2005; Yanai et al., 2005).
The understanding of the mechanisms governing SAM formation and maintenance in
conifers still remains obscure. As gymnosperms and angiosperms shared a common ancestor 300
million years ago, it has been assumed that the basic mechanisms of meristem organization are
conserved, at least in part, throughout seed plants. However, differences regarding SAM
architecture have been described (Conway and Drinnan, 2017), so the mentioned model should
not be extrapolated to conifers without first checking their validity.
In this thesis, we set out to identify genes putatively involved in the SAM function in Pinus
sp., and to verify if the mechanisms described so far in angiosperms are applicable to conifers. In
particular, we attempted the characterization of WOX and KNOX gene families in Pinus pinaster,
the model conifer species from Southwest Europe, through the screening of the available genomic
and transcriptomic resources (Canales et al., 2014; Cañas et al., 2017).
The characterization of the WOX gene family in P. pinaster supports a high conservation
of this gene family across seed plants, in concordance to what was previously reported in other
conifer species like Picea abies (Hedmann et al., 2013). P. pinaster contains at least 14 WOX
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members distributed along the three clades stablished in this gene family (van der Graaff et al.,
2009): three members from the ancient clade (PpWOX13, PpWOXA and PpWOXG), five members
from the intermediate clade (PpWOXB, PpWOXC, PpWOXD, PpWOXE and PpWOXF), and six
members from the modern or WUS clade (PpWUS, PpWOX2, PpWOX3, PpWOX4, PpWOX5 and
PpWOXX).
Members from the WUS-clade show specific expression domains in plant, similar to those
described in angiosperms and other conifer species, suggesting a conservation of their function in
stem cell maintenance across seed plants. PpWOX2 was expressed exclusively during somatic
embryogenesis, suggesting a role in embryonic pattern formation. PpWOX3 transcripts were
detected mainly in emerging needles, suggesting that this gene participates in the development of
lateral organs, whereas PpWOX4 expression was associated with vascular procambium. PpWUS
expression was restricted to the shoot apex, in particular to a small group of cells situated in the
centre of the meristem, whereas PpWOX5 is expressed mainly in root tips. This is one of the main
breakthroughs of this work, as previous studies proposed that WUS was not functional in
conifers and WOX5 participates in stem cell maintenance both in SAM and root apical meristem
(RAM) (Nardmann et al., 2009; Hedman et al., 2013). We found that both genes have differential
expression patterns, similar to those described in angiosperms, which might indicate specialized
roles in the SAM and RAM, respectively. Based on our results, it has been proposed that the
specialization of WUS and WOX5 took place in the last common ancestor of the extant
gymnosperms and angiosperms. Similarly, Zhang et al. (2017) found that P. abies WUS and WOX5
proteins were able to restore the phenotype of Arabidopsis wus and wox5 mutants.
It is also remarkable the isolation in conifers of WOXX, a new WUS-clade member
absent in angiosperms. Sequence analyses and its position at the base of the WUS clade together
with genes described in other gymnosperm species suggest that this gene might represent either
an ancestral remanent for the transition from intermediate to WUS-clade genes that has not been
conserved in angiosperms, or a novelty in the gymnosperm lineage. Although its function still
remains unknown, its expression in the center of the meristem, similar to that described for
PpWUS, could suggest a role in the maintenance of SAM integrity.
Regarding KNOX gene family, six members have been isolated in P. pinaster: four from the
class I subfamily (PpKN1, PpKN2, PpKN3 and PpKN4) and two from the class II subfamily (PpKN5
and PpKN6). In concordance with what was reported in other conifer species, the four class I
members constitute a monophyletic group (Guillet-Claude et al., 2004). This is the first time that
members from class II were isolated in a gymnosperm to our knowledge. Phylogenetical
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analyses indicate a conservation of the KNOX gene family throughout land plants and support the
origin of both subfamilies as consequence of a gene duplication event that took place in the
common ancestor of all land plants (Gao et al., 2015).
In Arabidopsis, class I KNOX genes are expressed mainly in meristematic regions and have
been related to the maintenance of meristematic potentials, whereas class II KNOX genes express
in mature organs and participate in organ differentiation (Furumizu et al., 2015). Our results
suggest that this functional specialization is partially conserved across seed plants. All P. pinaster
class I members are expressed in different plant tissues like shoot apexes, root tips and
hypocotyls, but were practically absent in cotyledons and mature lateral organs like needles, in
concordance to what was previously reported in P. abies (Hjortswang et al., 2002). However, the
expression domain of PpKN2 and PpKN4 was localized in the centre of the SAM and also in
emerging needles by in situ hybridization. Furthermore, all class I KNOX genes showed altered leaf
morphology at different degrees when overexpressed in Arabidopsis, which is consistent with the
results obtained in angiosperms and other conifers (Hake et al., 2004; Larsson et al., 2012).
All these data together suggest that P. pinaster class I KNOX genes might participate in
tissue proliferation and maintenance of meristematic potentials. Similarly, Belmonte et al. (2007)
found that overexpression and downregulation of the KN1 orthologue alters meristem formation
during somatic embryogenesis in P. abies, and Larsson et al. (2012) determined that KN3 and KN4
orthologues are essential for proper meristem formation during this process. However, the
expression of class I members in angiosperms is generally inhibited in lateral organs and mature
tissues, so the expression in differentiating tissues observed in P. pinaster might indicate
additional roles to those described in angiosperms. Regarding P. pinaster class II KNOX genes, they
were expressed in all tissues analyzed, including lateral organs, but no expression was detected in
the centre of the SAM, and overexpression of these genes in Arabidopsis did not produce any
visible defects, so they could be related with organ differentiation. In conclusion, all these data
together might indicate that the differentiated roles of class I and class II members might be
partially conserved across seed plants.
The complete understanding of a determined process requires not only the
characterization of genes and their products, but also the analysis of the metabolome (Villas-Bôas
et al., 2005). In SAM organization, phytohormones, most notably auxinas and cytokinins, interact
among themselves modifying their responses in a mechanism called crosstalk in order to maintain
the stem cell pool in the center of the SAM and promote organ initiation at specific sites of their
flanks (for a complete review, see Hepworth and Pautot, 2015).
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At the moment, the study of these interactions in plant is very complex. Nevertheless, in
vitro shoot organogenesis or caulogenesis, a technique that has been exploited in forestry for the
clonal propagation of selected genotypes and in plant biotechnology, have been also used for the
study on the underlying physiological and molecular mechanisms involved in de novo shoot
meristem formation and establishment. In Pinus pinea, caulogenesis consists on the formation of
adventitious buds in cotyledons detached from non-germinated mature embryos cultured in the
presence of a cytokinin, usually benzyladenine (BA) (Valdés et al., 2001; Moncaleán et al., 2005;
Alonso et al., 2006; Cortizo et al., 2009; Cuesta et al., 2009). The comparison of BA-treated
cotyledons with cotyledons cultured in the absence of this phytohormone, which do not form
adventitious buds, constitutes a reliable experimental system for the analysis of factors involved
in this process in conifers.
In this work, we conducted the analysis of the endogenous content of different
phytohormones and the expression of genes putatively involved in SAM formation and
establishment during adventitious caulogenesis in P. pinea. Results previously described suggest
that PpWUS, PpWOXX, and class I KNOX genes are the main candidates to play an important role
in this process in pines. We also analyzed PpWOX5 expression based on the role proposed for this
gene in SAM function in previous works (Nardmann et al., 2009; Hedman et al., 2013), as well as
genes encoding for a type-A response regulator (PipiRR1) and a leucine-rich-repeat protein
receptor kinase (PipiCLV1L) previously isolated in P. pinea (Cortizo et al., 2010; Alvarez et al.,
2013). We also conducted multivariate analyses of both datasets through partial least squares
(PLS) regression and principal component analysis (PCA) in order to obtain an integral vision of the
mechanisms involved in caulogenesis in P. pinea.
Histological studies of BA-treated P. pinea cotyledons showed that cells from epidermal
and subepidermal layers that are in contact with the medium divided both anticlinal and
periclinally forming structures called promeristemoids, which will give rise to adventitious buds
when transferred to the PGR-free expression medium, during the first hours of culture (Flinn et
al., 1988; Cuesta et al., 2009). However, our results show that no big differences between BAtreated and non-treated cotyledons are found during short times of culture (0-1 d) for most
phytohormones and genes analyzed. It is remarkable that BA underwent an extraordinary
increase during this period, reaching a peak at 12 hours, which is related with the high absorption
rate of the exogenous BA observed during the first hours of culture (Cuesta et al., 2009).
It has been established that plant growth regulators (PGRs) applied to the culture medium
exert part of their effect by modifying the concentrations of endogenous PGRs during in vitro
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organogenesis (Pérez-Jiménez et al., 2014). Furthermore, it is known that phytohormones control
SAM formation and maintenance through the regulation of gene expression. Multivariate
analyses showed that treated cotyledons cultured in the presence of BA during long times (2-6 d)
clustered separately from the rest of samples, suggesting that the BA increase observed during
the first hours of culture is sufficient to trigger the caulogenic response through the activation of
specific developmental programs. In particular, the most relevant factors involved in this process
are the cytokinins trans-zeatin (tZ), dihydrozeatin (DHZ), trans-zeatin riboside (tZR) and
isopentenyl adenosine (iPA); the auxin indolacetic acid (IAA); and the genes PpWUS, PpWOX5,
PpKN2, PpKN3 and PipiRR1.
Our results support the crosstalk between cytokinins and auxins and the role of several
WOX and KNOX members during de novo shoot meristem formation. In concordance to our
previous results, PpWUS is functional in pines and has an important role in caulogenesis.
Interestingly, PpWOX5 also seems to participate in the process, although its specific role has not
been determined. However, it was not possible to assess the participation of PpWOXX, as no
expression was detected along the process. Regarding KNOX gene family, it was not possible to
determine if class I members have specific or redundant functions based on expression analyses in
planta. The analysis of their expression during adventitious caulogenesis indicates an important
role for PpKN2 and PpKN3. This data, together with their phylogenetic proximity with STM from
Arabidopsis and its essential role in SAM formation during somatic embryogenesis in P. abies
(Larsson et al., 2012), suggest that PpKN3 is one of the main candidates to play a key role in shoot
meristem organization in pines. However, the specific role of PpKN2 still remains unclear,
although it could be related with caulogenic determination.
In conclusion, the results presented in this thesis support a high degree of conservation of
WOX and KNOX gene families across seed plants, suggesting that their functions in multiple
processes including SAM formation and maintenance might be similar in conifers to those
described in angiosperms. However, we also observed the expansion and/or lost of members
from both gene families and differences in their expression patterns, reinforcing the need of study
these processes also in conifers. Finally, our results support that cytokinins enhances caulogenesis
by modifying the endogenous concentration of other phytohormones (mainly auxins and other
cytokinins) and by activating the expression of genes that putatively regulate de novo shoot
meristem formation.
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CONCLUSIONS
1. Pinus pinaster genome contains at least 14 WUSCHEL-RELATED HOMEOBOX (WOX)
members distributed along the three clades stablished in this gene family: three members
from the ancient clade (PpWOX13, PpWOXA and PpWOXG), five members from the
intermediate clade (PpWOXB, PpWOXC, PpWOXD, PpWOXE and PpWOXF) and six
members from the modern or WUS clade (PpWUS, PpWOX2, PpWOX3, PpWOX4, PpWOX5
and PpWOXX). The high conservation of the WOX gene family observed in angiosperms
and gymnosperms support the hypothesis that the major diversification took place before
the split of both seed plant groups.

2. The WUS-clade members show very specific expression domains in plant similar to those
described for their counterparts in angiosperms and other conifers, suggesting a
conservation of their function along seed plants. One of the main breakthroughs of this
study is the finding that both PpWUS and PpWOX5 genes are functional in conifers, what
was thought to be exclusive from angiosperms, and their differential expression patterns
might indicate specialized roles in shoot apical meristem (SAM) and root apical meristem
(RAM) maintenance, respectively.

3. PpWOXX, a WUS-clade member exclusive from gymnosperms, might represent either an
ancestral remanent for the transition from intermediate to WUS-clade genes not
conserved in angiosperms, or a novelty in the gymnosperm lineage. Its expression in the
center of the meristem could suggest a role in the maintenance SAM integrity.

4. The KNOTTED1-LIKE HOMEOBOX (KNOX) gene family in P. pinaster includes at least four
class I members (PpKN1, PpKN2, PpKN3 and PpKN4) and two class II members (PpKN5 and
PpKN6). This is the first time that genes from the class II subfamily have been isolated in
gymnosperms to our knowledge.

5. Expression analyses and heterologous overexpression in Arabidopsis thaliana suggest that
the functional differentiation of KNOX subfamilies established in angiosperms might be
partially conserved in gymnosperms. P. pinaster class I members might be involved in
tissue proliferation and maintenance of meristematic potentials, whereas class II
members might participate in organ differentiation. The expression of P. pinaster class I
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members in differentiating tissues might indicate additional roles to those described for
their angiosperm counterparts.

6. During adventitious caulogenesis in Pinus pinea, the extraordinary increase of the
endogenous benzyladenine concentration observed during the first hours of culture
provoke changes in the concentration of other plant growth regulators (PGRs) and modify
the expression of genes putatively involved in de novo shoot meristem formation.
Multivariate analyses of PGR content and gene expression data suggest that several
cytokinins (free bases like trans-zeatin and dihydrozeatin, and ribosilated forms like transzeatin riboside and isopentenyl adenosine), the auxin indolacetic acid, and the genes
PpWUS, PpWOX5, PpKN2, PpKN3 and PipiRR1 have a relevant role during caulogenic
induction, particularly at long times of culture.
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INTRODUCCIÓN
El desarrollo vegetal es un proceso continuo, ya que las plantas mantienen la capacidad
de crecer y formar nuevos órganos durante toda su vida, mostrando además una gran plasticidad
o capacidad de adaptación a las condiciones ambientales cambiantes. En la parte aérea de la
planta, esto se debe a la actividad del meristemo apical del tallo, el cual contiene un grupo de
células indiferenciadas pluripotentes en su zona central que se dividen para regenerar esta
estructura y aportar células a las zonas laterales, donde tiene lugar la iniciación y formación de los
órganos aéreos. Su correcto funcionamiento depende de la existencia de un control estricto del
balance entre proliferación celular en el centro del meristemo y diferenciación celular en sus
flancos. Estudios en angiospermas han permitido establecer que el mantenimiento de la
homeostasis del meristemo es un proceso complejo en el que participan rutas de señalización
endógenas, fitohormonas y señales externas.
El gen WUSCHEL (WUS), miembro de la familia génica WUSCHEL-RELATED HOMEOBOX
(WOX), codifica un factor de transcripción homeótico que desempeña un papel fundamental en el
mantenimiento de la población de células madre del meristemo. Este gen se expresa en un grupo
de células situado en el centro del meristemo que recibe el nombre de centro organizador,
activando la división celular en las capas celulares superiores mediante la represión de la
expresión de genes implicados en la diferenciación celular. Su dominio de expresión está limitado
por acción de los genes CLAVATA (CLV). La propia acción de WUS induce la expresión del gen CLV3
en las células superiores, el cual codifica un péptido extracelular que se une a un receptor
transmembrana serina/treonina quinasa rico en leucina denominado CLV1, desencadenando una
cascada de señalización que termina por reprimir la expresión de WUS. Otros receptores
participan en este proceso, como CLV2, CORYNE (CRN), RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2)
y BARELY ANY MERISTEM (BAM). Así pues, los genes CLV tienen una función antagónica a la
descrita para WUS, limitando la división de las células meristemáticas mediante un bucle de
retroalimentación negativo y promoviendo su diferenciación a medida que se incorporan a los
flancos del meristemo.
Las citoquininas son un grupo de hormonas vegetales que desempeñan un papel
fundamental en múltiples aspectos del desarrollo vegetal, incluyendo el funcionamiento del
meristemo apical del tallo, además de mediar respuestas a factores ambientales y participar en la
respuesta frente a distintos tipos de estrés biótico y abiótico. En particular, las citoquininas
inducen la expresión del gen WUS a través de la represión de CLV1, aunque también mediante
mecanismos no mediados por los genes CLV. Asimismo, WUS reprime la expresión de los
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denominados reguladores de respuesta tipo A, los cuales son represores de la señalización de
citoquininas. De esta forma, se forma un bucle de retroalimentación positivo entre WUS y las
citoquininas, creando una región de alta sensibilidad a estas fitohormonas en el centro del
meristemo. Adicionalmente, miembros de la familia génica LONELY GUY (LOG) se expresan en las
capas superficiales del meristemo y participan en la biosíntesis de citoquininas, creando un
gradiente de estos reguladores del crecimiento que es percibido por las células del centro
organizador induciendo la expresión de WUS. A su vez, WUS regula negativamente la biosíntesis
de citoquininas en las capas superficiales para limitar su acción.
SHOOT MERISTEMLESS (STM) es un factor de transcripción homeótico, perteneciente a la
clase I de la familia génica KNOTTED1-LIKE HOMEOBOX (KNOX), que se expresa en el meristemo
apical del tallo y no en los primordios foliares. Este factor de transcripción activa la expresión del
gen ISOPENTENYLTRANSFERASE 7 (IPT7), el cual codifica un enzima de biosíntesis de citoquininas,
promoviendo la acumulación de citoquininas en el centro del meristemo que terminan por inducir
la proliferación celular. A su vez, la expresión del gen STM está inducida por citoquininas.
Otras fitohormonas como giberelinas y auxinas juegan un papel fundamental en el
establecimiento del límite zonal entre meristemo y primordios foliares y en la iniciación de los
órganos, respectivamente.
Pese al extenso conocimiento alcanzado en angiospermas, existe poca información sobre
el funcionamiento del meristemo apical del tallo en otros grupos vegetales como las coníferas. Las
coníferas son el grupo más extenso y diverso de gimnospermas, las cuales se separaron de las
angiospermas hace unos 300 millones de años. Son componentes importantes de los bosques,
especialmente en el hemisferio norte, y tienen una gran importancia económica y ambiental. Por
una parte, desempeñan un papel fundamental como sumideros de carbono y en la protección del
suelo. Además, son fuente de madera, papel, resina y biocombustibles, habiéndose incrementado
la demanda de productos madereros en los últimos años. En el actual contexto de cambio
climático resulta primordial la conservación de la biodiversidad de los bosques naturales de
coníferas y, al mismo tiempo, el incremento del rendimiento de las plantaciones con finalidad
comercial para lograr un manejo sostenible de los recursos forestales.
Las coníferas poseen genomas extraordinariamente largos, con altos niveles de
heterocigosis y secuencias repetidas. Estos factores, junto a sus largos ciclos de vida y la falta de
sistemas experimentales fiables, han dificultado enormemente el análisis de las bases fisiológicas
y moleculares de múltiples procesos importantes para la producción y la conservación. Hasta
ahora se ha asumido que los mecanismos implicados en la regulación de la homeostasis del
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meristemo apical del tallo en coníferas comparten homología con los descritos en angiospermas.
Sin embargo, las diferencias morfológicas, fisiológicas y de desarrollo, así como la distancia
evolutiva existente entre ambos grupos vegetales, aconsejan una extrapolación prudente y un
análisis de este proceso también en coníferas.
En los últimos años, el desarrollo de técnicas de secuenciación masiva de ADN y
herramientas computacionales para el análisis de los datos han permitido obtener el genoma y
transcriptoma completo en varias coníferas. Asimismo, se han desarrollado sistemas de
micropropagación como la embriogénesis somática y la organogénesis caulinar o caulogénesis, los
cuales han sido propuestos como modelos para el estudio de la formación y establecimiento de
los meristemos caulinares en estos organismos. En conjunto, estos avances ofrecen nuevas
perspectivas para mejorar nuestro conocimiento sobre las bases fisiológicas y moleculares del
funcionamiento del meristemo apical del tallo y otros procesos de interés en coníferas.

OBJETIVOS Y PLANTEAMIENTO DEL TRABAJO
El presente trabajo tiene como principal objetivo el estudio de aspectos fisiológicos y
moleculares relacionados con la formación y establecimiento del meristemo apical del tallo en
especies del género Pinus con el fin de lograr una mejor comprensión de su funcionamiento en
coníferas, partiendo de la hipótesis de que este proceso está conservado en todas las plantas con
semillas. Para ello, se han propuesto dos objetivos parciales:
Objetivo 1. Identificación y caracterización de genes potencialmente implicados en la formación
y establecimiento del meristemo apical del tallo en Pinus spp.
La especie elegida para este estudio es el pino marítimo (Pinus pinaster Ait.), la cual ha
sido objeto de estudio por parte de los proyectos europeos ProCoGen y SustainPine como especie
modelo representante de las regiones europeas atlántica y mediterránea, habiéndose logrado la
secuenciación de su genoma y transcriptoma. La metodología propuesta para llevar a cabo este
objetivo es la siguiente:
-

Identificación de genes candidatos mediante la consulta de bases de datos públicas, la
utilización de herramientas bioinformáticas y la aplicación de técnicas básicas de biología
molecular, centrándose principalmente en las familias génicas WOX y KNOX.
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-

Análisis filogenético para determinar su posición dentro de la familia génica
correspondiente respecto a miembros identificados en los distintos grupos vegetales.

-

Análisis de la expresión de los genes aislados mediante PCR cuantitativa en tiempo real
(RT-qPCR) durante los procesos de embriogénesis somática y germinación de los
embriones, así como en distintos tejidos de plántulas de P. pinaster.

-

Determinación del dominio de expresión de genes seleccionados en ápices de plántulas
de P. pinaster mediante hibridación in situ.

-

Estudio de los efectos fenotípicos de la sobrexpresión de genes candidatos a nivel de
planta completa en Arabidopsis thaliana vía transformación genética.

Objetivo 2. Análisis de las dinámicas hormonales y de la expresión de los genes candidatos
durante la caulogénesis adventicia en Pinus spp.
La especie modelo para este objetivo es el pino piñonero (Pinus pinea L.). En esta especie
se ha desarrollado un sistema de micropropagación para la multiplicación clonal consistente en el
cultivo in vitro de cotiledones escindidos de embriones maduros no germinados en un medio que
contiene la citoquinina benciladenina (BA). La comparación de cotiledones cultivados en
presencia y ausencia de BA constituye una aproximación interesante para la identificación de
factores genéticos y hormonales implicados en la formación y desarrollo de yemas caulinares, por
lo que ha sido propuesto como modelo para el estudio de los procesos fisiológicos y moleculares
subyacentes de la caulogénesis en coníferas. Este sistema experimental tiene una serie de
ventajas como la repetitividad, la necesidad de un único regulador del desarrollo durante la fase
de inducción y el bajo grado de diferenciación de los cotiledones, los cuales son competentes per
se para la formación de yemas, sin necesidad de una fase de callo intermedia, respondiendo de
forma sincrónica a la inducción. La metodología propuesta para llevar a cabo este objetivo es la
siguiente:
-

Determinar la concentración endógena de distintas clases de fitohormonas (incluyendo
ácido abscísico, auxinas, citoquininas, giberelinas, jasmonatos, ácido salicílico y
brasinoesteroides) mediante cromatografía líquida de ultra alta resolución acoplada a
espectrometría

de

masas

y,

cuando

sea

posible,

mediante

técnicas

de

inmunohistoquímica.
-

Análisis del patrón de expresión de genes candidatos (seleccionados según los resultados
obtenidos en el Objetivo 1) mediante RT-qPCR.
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RESULTADOS Y DISCUSIÓN
Caracterización de la familia génica WUSCHEL-RELATED HOMEOBOX (WOX) en Pinus pinaster
La consulta de bases de datos permitió la identificación de 14 miembros de la familia
génica WUSCHEL-RELATED HOMEOBOX (WOX) en Pinus pinaster distribuidos en los tres clados
previamente establecidos en la misma: tres miembros del clado antiguo (PpWOX13, PpWOXA y
PpWOXG), cinco miembros del clado intermedio (PpWOXB, PpWOXC, PpWOXD, PpWOXE y
PpWOXF) y seis miembros del clado moderno o clado WUS (PpWUS, PpWOX2, PpWOX3, PpWOX4,
PpWOX5 y PpWOXX). En base a análisis filogenéticos y estudios de expresión, existe una gran
conservación de esta familia en todas las plantas con semillas.
Los miembros del clado antiguo, presentes en todos los grupos vegetales terrestres y
algas verdes, se expresan en todos los tejidos y estadíos del desarrollo analizados. Por su parte,
los miembros del clado intermedio, presentes en todas las plantas vasculares, se expresan
fundamentalmente durante la embriogénesis somática, lo cual sugiere que estos genes
desempeñan una función importante durante el desarrollo embrionario tal y como se ha descrito
previamente en angiospermas y otras coníferas como Picea abies.
Por su parte, los miembros del clado moderno, exclusivos de helechos y plantas con
semillas, presentan un patrón de expresión similar al descrito en angiospermas y otras especies
de coníferas, lo cual podría indicar que su función está conservada en todas las plantas con
semillas. El gen PpWOX2 tiene un patrón de expresión similar al de los genes del clado
intermedio, por lo que también se ha relacionado con el establecimiento de la polaridad durante
el desarrollo embrionario. El resto de genes WOX del clado moderno presentan un dominio de
expresión específico en planta y se les ha relacionado con el mantenimiento de los distintos
nichos de células madre de las plantas. En particular, PpWOX3 se expresa fundamentalmente en
las acículas incipientes, por lo que podría participar en el desarrollo de los órganos laterales.
PpWOX4 se expresa mayoritariamente en tejidos vasculares, estando relacionado con el
mantenimiento del procambium vascular. Por su parte, PpWOX5 se expresa principalmente en
ápices radiculares, aunque también se detectó expresión en ápices caulinares, mientras que el
dominio de expresión de PpWUS se restringe a un pequeño grupo de células situado en el centro
del meristemo apical del tallo. Este patrón de expresión sugiere que ambos genes participan en el
mantenimiento del meristemo apical de la raíz y del tallo, respectivamente, de forma similar a lo
que ocurre en angiospermas. Estudios previos en gimnospermas habían propuesto que WOX5 era
el encargado de realizar dicha función en ambos meristemos y que el gen WUS no era funcional
en estos organismos. Sin embargo, nuestros resultados apoyan la hipótesis de que la
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especialización funcional de WUS y WOX5 tuvo lugar antes de la separación de angiospermas y
gimnospermas.
Además, en este estudio se ha identificado un gen WOX del clado moderno que es
exclusivo de gimnospermas, el cual denominamos PpWOXX. Desde un punto de vista filogenético,
este gen ocupa la posición basal del clado moderno y se cree que representa una transición del
clado intermedio al moderno que no se ha conservado en angiospermas, aunque también podría
haber surgido como consecuencia de la expansión del clado moderno en el linaje de las
gimnospermas. Este gen presenta un dominio de expresión similar al del gen PpWUS, por lo que
podría desempeñar una función importante en el meristemo apical del tallo, aunque la
información disponible por el momento no permite determinar su función exacta.
Caracterización de la familia génica KNOTTED1-LIKE HOMEOBOX (KNOX) en Pinus pinaster
La familia génica KNOTTED1-LIKE HOMEOBOX (KNOX) está dividida en dos subfamilias
denominadas clase I y clase II en base a estudios filogenéticos, análisis de secuencia y patrones de
expresión. Recientemente, se ha descrito una nueva subfamilia de genes KNOX en algunas
especies de dicotiledóneas que recibe el nombre de clase M. Nuestros análisis en P. pinaster han
permitido la identificación de cuatro genes KNOX clase I (PpKN1, PpKN2, PpKN3 y PpKN4), en
consonancia con lo establecido previamente en otras especies de coníferas, y dos genes KNOX
clase II (PpKN5 y PpKN6), siendo la primera vez que se encuentran genes de ambas subfamilias en
coníferas. Por el momento, no se han identificado miembros de la clase M.
En angiospermas se ha establecido que los genes KNOX clase I se expresan principalmente
en regiones meristemáticas y tejidos poco diferenciados, estando relacionados con el
mantenimiento del potencial meristemático, mientras que los genes KNOX clase II se expresan
preferencialmente en tejidos en proceso de diferenciación y en órganos maduros, por lo que se
ha propuesto que estos genes promueven la diferenciación de los tejidos. En P. pinaster, los genes
de la clase I se expresan en múltiples tejidos de la planta, pero están prácticamente ausentes en
órganos laterales. Concretamente, se ha detectado expresión en la zona central del meristemo
apical del tallo y en las acículas emergentes. Asimismo, la sobrexpresión de estos genes en
Arabidopsis provoca alteraciones foliares como serración o lobulación en distintos grados, de
forma similar a lo que ocurre con sus homólogos en angiospermas y otras coníferas. Todos estos
datos sugieren que los genes clase I en P. pinaster participan en el funcionamiento del meristemo
apical del tallo, aunque su expresión en tejidos en proceso de diferenciación podría sugerir roles
adicionales a los descritos en angiospermas. Previamente ya se había observado que los genes
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KN3 y KN4 desempeñan un papel fundamental para la correcta formación del meristemo apical
del tallo durante la embriogénesis somática en P. abies. Por su parte, los miembros de la clase II
se expresan en todos los tejidos vegetales analizados, incluyendo órganos laterales, pero no en la
zona central del meristemo. Además, su sobrexpresión en Arabidopsis no causa defectos
fenotípicos visibles. Así pues, los genes clase II en P. pinaster podrían estar relacionados con
procesos de diferenciación. En conjunto, todos estos datos sugieren que la diferenciación
funcional de ambas subfamilias KNOX es común a todas las plantas con semillas, aunque con
algunas particularidades.
Análisis del contenido endógeno en fitohormonas y del patrón de expresión de genes
potencialmente implicados en la formación de novo de meristemos caulinares durante la
caulogénesis adventicia en cotiledones de Pinus pinea
Finalmente, se analizó el contenido endógeno de distintas clases de fitohormonas y la
expresión de genes potencialmente implicados en la formación de novo de meristemos durante la
caulogénesis adventicia en Pinus pinea. Los resultados previamente descritos sugieren que los
genes PpWUS, PpWOXX y los genes KNOX de la clase I son los principales candidatos para
desempeñar un papel destacado en este proceso. PpWOX5 también se incluyó en el análisis en
base al papel relevante en la función del meristemo apical del tallo que se le asignó en trabajos
anteriores. Los datos obtenidos se analizaron conjuntamente mediante regresión de mínimos
cuadrados parciales para obtener una visión integral de los factores implicados en el proceso de
inducción caulogénica.
En general, apenas se observan diferencias entre cotiledones tratados con BA y no
tratados durante tiempos cortos de cultivo (0-1 día). La benciladenina (BA) es la fitohormona para
la que se observa una mayor diferencia entre ambos tiempos de material, debido a la absorción
de BA exógena del medio de cultivo, habiéndose establecido previamente que la mayor tasa de
absorción se da en las primeras 6 h de cultivo. Sin embargo, el análisis multivariante muestra que
los cotiledones cultivados en presencia de BA durante tiempos largos forman un cluster separado
del resto y que estas diferencias se deben fundamentalmente a las hormonas trans-zeatina (tZ),
dihidrozeatina (DHZ), ribósido de trans-zeatina (tZR), isopentenil adenosina (iPA) y ácido
indolacético (AIA), y a los genes PpWUS, PpWOX5, PpKN2, PpKN3 y PipiRR1 (regulador negativo de
la señalización de citoquininas previamente aislado en pino).
Previamente se ha establecido que la tZ es una forma altamente activa y que la iPA puede
reemplazar a la BA como inductora de la respuesta morfogénica. Por su parte, la participación del
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AIA puede estar relacionada con la respuesta del tejido frente al fuerte incremento de los niveles
de BA por la aplicación exógena de la misma con el fin de restablecer el equilibrio fisiológico entre
citoquininas y auxinas, ya que el ratio citoquinina:auxina juega un papel fundamental en la
iniciación y proliferación de meristemos. Fitohormonas relacionadas con la respuesta frente al
estrés (ácido abscísico, ácido jasmónico y ácido salicílico), el brasinoesteroide castasterona y la
giberelina GA4 mostraron dinámicas similares en cotiledones tratados y no tratados, por lo que
no es posible asignarles un papel directo en la caulogénesis en P. pinea. Sin embargo, no es
descartable su participación en este proceso, ya que hay que tener en cuenta que el análisis se
realiza sobre un conjunto de células en las que solo un pequeño número de ellas responde a la
señal inductiva.
Los datos obtenidos apoyan la participación de varios miembros de las familias génicas
WOX y KNOX durante la formación de novo de meristemos caulinares. Cabe destacar la
importancia del gen PpWUS en este proceso, confirmando su funcionalidad en pino, aunque
nuestros resultados también le asignan un papel relevante al gen PpWOX5 que aún está por
esclarecer. Por su parte, el patrón de expresión del gen PpKN3 durante la caulogénesis adventicia,
junto con su alta homología con el gen STM de Arabidopsis y su papel esencial en la formación del
meristemo apical del tallo durante la embriogénesis somática en P. abies, sugieren que este gen
desempeña un papel fundamental en la organización de los meristemos caulinares. El papel del
gen PpKN2 aún no está totalmente claro, si bien su patrón de expresión podría indicar su
participación en la determinación caulogénica.
En definitiva, los resultados presentados en esta tesis apoyan un alto grado de
conservación de las familias génicas WOX y KNOX en plantas con semillas, lo que sugiere que sus
funciones en múltiples procesos, incluida la formación y mantenimiento de SAM, podrían ser
similares tanto en gimnospermas como en angiospermas. Sin embargo, también se ha observado
la expansión y/o pérdida de miembros en ambas familias génicas, así como diferencias en los
patrones de expresión, lo que refuerza la necesidad de estudiar estos procesos también en las
coníferas. Finalmente, nuestros resultados apoyan que las citoquininas potencian la caulogénesis
probablemente modificando la concentración endógena de otras fitohormonas y modificando la
expresión de genes que potencialmente implicados en la regulación de la formación de
meristemos de novo.

154

Resumen

CONCLUSIONES
1. La familia génica WUSCHEL-RELATED HOMEOBOX (WOX) contiene al menos 14 genes en
Pinus pinaster distribuidos en los tres clados establecidos en la misma: tres miembros del
clado antiguo (PpWOX13, PpWOXA y PpWOXG), cinco miembros del clado intermedio
(PpWOXB, PpWOXC, PpWOXD, PpWOXE y PpWOXF) y seis miembros del clado moderno o
clado WUS (PpWUS, PpWOX2, PpWOX3, PpWOX4, PpWOX5 y PpWOXX). La alta
conservación de la familia génica WOX observada en angiospermas y gimnospermas
sugiere que su principal diversificación tuvo lugar antes de la separación de ambos grupos
de plantas con semillas.
2. Los miembros del clado WUS presentan dominios de expresión específicos a nivel de
planta, similares a los descritos para sus homólogos en angiospermas y otras coníferas, lo
cual sugiere la conservación de su función en todas las plantas con semillas. Uno de los
principales logros de este estudio es que tanto PpWUS como PpWOX5 son funcionales en
coníferas, lo cual se consideraba exclusivo de angiospermas, y sus patrones de expresión
diferenciados parecen indicar una especialización de sus funciones en el mantenimiento
del meristemo apical del tallo y de la raíz, respectivamente.
3. PpWOXX es un miembro del clado WUS exclusivo de gimnospermas, el cual podría
representar la transición entre genes del clado intermedio al moderno que se ha perdido
en el linaje de las angiospermas, o bien una novedad del linaje de las gimnospermas. Su
expresión en la zona central del meristemo podría indicar su participación en el
mantenimiento del meristemo apical del tallo.
4. En P. pinaster, la familia génica KNOTTED1-LIKE HOMEOBOX (KNOX) incluye al menos
cuatro miembros de la clase I (PpKN1, PpKN2, PpKN3 y PpKN4) y dos miembros de la clase
II (PpKN5 y PpKN6). Esta es la primera vez que se han aislado genes de la clase II en
gimnospermas.
5. Estudios del patrón de expresión en planta y el análisis de la sobrexpresión heteróloga en
Arabidopsis thaliana sugieren que la diferenciación funcional de ambas subfamilias KNOX
establecida en angiospermas está parcialmente conservada en gimnospermas. En P.
pinaster, los miembros de la clase I participan en la proliferación celular y el
mantenimiento del meristemo, mientras que los miembros de la clase II participan en la
diferenciación de órganos. La expresión de los miembros de la clase I en tejidos en
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diferenciación podrían indicar funciones adicionales que aquellas descritas para sus
homólogos en angiospermas.
6. Durante la caulogénesis adventicia en Pinus pinea, se observa un gran incremento de la
concentración endógena de la citoquinina benciladenina durante las primeras horas de
cultivo, el cual provoca cambios en la concentración de otras fitohormonas y modifica la
expresión de genes potencialmente implicados en la formación de novo de meristemos
caulinares. El análisis multivariante de la concentración endógena de varias fitohormonas
y del patrón de expresión génica sugieren que varias citoquininas (bases libres como la
trans-zeatina y la dihidrozeatina, y formas ribosiladas como el ribósido de trans-zeatina y
la isopenteniladenosina), la auxina ácido indolacético y los genes PpWUS, PpWOX5,
PpKN2, PpKN3 y PipiRR1 desempeñan un papel importante durante la inducción
caulogénica.
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