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ABSTRACT 11 

WUSCHEL-RELATED HOMEOBOX (WOX) genes are key players controlling stem cells in 12 

plants and can be divided into three clades according to the time of their appearance during 13 

plant evolution. Our knowledge of stem cell function in vascular plants other than angiosperms 14 

is limited, they separated from gymnosperms ca 300 million years ago and their patterning 15 

during embryogenesis differs significantly. For this reason, we have used the model 16 

gymnosperm Pinus pinaster to identify WOX genes and perform a thorough analysis of their 17 

gene expression patterns. Using transcriptomic data from a comprehensive range of tissues and 18 

stages of development we have shown three major outcomes: that the P. pinaster genome 19 

encodes at least fourteen members of the WOX family spanning all the major clades, that the 20 

genome of gymnosperms contains a WOX gene with no homologues in angiosperms 21 

representing a transitional stage between intermediate- and WUS-clade proteins, and that we 22 

can detect discrete WUS and WOX5 transcripts for the first time in a gymnosperm. 23 

Highlights 24 

 Pinus pinaster genome encodes at least fourteen members of the WOX family spanning 25 

all the major clades 26 

 Discrete WUS and WOX5 transcripts were detected for the first time in a gymnosperm 27 

 The genome of gymnosperms contains a WOX gene, WOXX, with no homologues in 28 

angiosperms representing a transitional evolutionary stage from intermediate- to WUS-29 

clade proteins 30 

 31 

Keywords: embryo development, FISH, meristem, plant evolution, root, seedlings, somatic 32 

embryogenesis, shoot apex, WOX phylogeny, WUSCHEL-RELATED HOMEOBOX   33 
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1. INTRODUCTION 34 

Homeobox (HB) proteins are a superfamily of transcription factors containing a DNA-binding 35 

homeodomain (HD), which is a conserved 60-amino acid motif. Evolutionary studies indicate 36 

that the different families of HB transcription factors have diverged prior to the separation of the 37 

branches leading to animals, plants and fungi [1]. In plants, they have been recently classified 38 

into 14 classes: homeodomain-leucine zipper (HD-ZIP) classes I to IV, BEL-like (BEL), 39 

KNOTTED1-like homeobox (KNOX), plant zinc finger (PLINC), WUSCHEL-related 40 

homeobox (WOX), Plant homeodomain (PHD), DDT, Nodulin Homeobox genes (NDX), 41 

Luminidependens (LD), SAWADEE and Plant Interactor Homeobox (PINTOX) [2]. HB 42 

transcription factors participate in a great variety of processes during plant growth and 43 

development, such as determination of cell fate, cell differentiation, morphogenesis or responses 44 

to stress among others. Members of the WOX family play important roles in key developmental 45 

processes, such as embryonic patterning, stem-cell maintenance and organ formation [3-5]. 46 

Some members of the plant-specific WOX protein family can act both as activators and 47 

repressors depending on tissue type or developmental stage [6, 7]. 48 

The genome of Arabidopsis (Arabidopsis thaliana) contains 15 WOX genes. The WOX gene 49 

family has been divided into three major clades: the WUSCHEL (WUS) clade (AtWUS and 50 

AtWOX1-7), specific to ferns and seed plants; the intermediate clade (AtWOX8, 9, 11 and 12), 51 

present in vascular plants; and the ancient clade (AtWOX10, 13, and 14), with representatives in 52 

the earliest diverging green plants and therefore probably derived from an ancestral WOX gene 53 

[4]. The role of the WOX genes during plant development has been studied in some 54 

angiosperms, such as Arabidopsis, Petunia hybrida, Zea mays, Oryza sativa and Populus 55 

tomentosa [3, 8-11]. However, little information is available in conifers. All WOX genes 56 

examined show very specific expression patterns, both spatially and temporally, which are 57 

important for their functions. Members of the ancient clade are expressed all over (roots, shoots 58 

and reproductive organs) and developmental stages [12]. WOX genes belonging to the 59 

intermediate clade, as well as WOX2 belonging to the WUS clade, are preferentially expressed 60 

during embryo development [13]. Some members of the WUS clade are involved in stem-cell 61 

regulation. In Arabidopsis, AtWUS is expressed in the organizing center (OC) and is involved in 62 

the maintenance of the shoot apical meristem (SAM) by a regulatory loop with CLAVATA, 63 

while AtWOX5 is involved in the maintenance of the root apical meristem (RAM) [14, 15]. 64 

AtWOX4 is involved in the cambial meristem differentiation [16], while AtWOX3/PRS1 is 65 

involved in lateral organ development through recruiting organ founder cells forming the lateral 66 

domain [17, 18]. This functional divergence appears to have resulted primarily from the 67 
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evolution of divergent expression patterns, as many studies have shown that most of the WUS-68 

clade members are interchangeable in the Arabidopsis SAM [11, 15, 18, 19].  69 

Arabidopsis has been widely used as a model organism for studies in plants [20]. Gymnosperm 70 

and angiosperm species, which have a common ancestor ca 300 million years ago [21, 22], 71 

share many morphological and physiological features. However, there are key differences, such 72 

as the patterning during embryogenesis, which may alter the underlying genetic programs. 73 

Therefore, it is not known whether the model of genic expression during angiosperm 74 

development may be applicable to conifers. Several studies suggest that the WOX gene family 75 

may be involved in the evolution of developmental processes [8, 12, 23]. Thus, analysis of the 76 

tissue-specific expression of WOX genes using other model species outside the angiosperms are 77 

needed to elucidate similarities and differences in the regulatory mechanisms of plant 78 

development. 79 

Recent works in conifers have shown functional conservation for some WOX genes. AtWOX8, 80 

AtWOX9 and AtWOX2 play important roles during the patterning and morphogenesis of the 81 

early embryo in Arabidopsis [13, 24]. Their orthologues in the conifer Picea abies PaWOX8/9 82 

and PaWOX2 have similar functions [25, 26]. PaWOX3, the orthologue of AtWOX3, has been 83 

shown to play an important role in lateral organ outgrowth [27]. Despite the functional 84 

conservation of some WOX genes between angiosperms and gymnosperms, previous reports in 85 

gymnosperms suggested that the shoot-specific expression of WUS and root-specific expression 86 

of WOX5 is restricted to angiosperms. Only single homologues of WUS/WOX5 were identified 87 

in three gymnosperms (Pinus sylvestris, Ginkgo biloba, and Gnetum gnemon), which were 88 

expressed in both the shoot and the root, suggesting that a single WUS/WOX5 functional gene 89 

performs its role both in the shoot and root meristems [28]. Basing on these results, it was 90 

proposed the hypothesis that the last common ancestor of seed plants contained a single 91 

WUS/WOX5 precursor gene, and WUS and WOX5 probably arose as a consequence of a gene 92 

duplication event followed by a neofunctionalization that took place at the base of angiosperms. 93 

Recent studies in P. abies found differentiate WUS and WOX5 genes in its genome. PaWOX5 94 

was preferentially in roots tips, but also in shoot tips. However, no PaWUS expression was 95 

detected in any of the plant parts studied. Based on that, it was proposed that both genes 96 

originated before the split between gymnosperms and angiosperms, but the functional 97 

specialization took place only in the angiosperms lineage [29].  98 

In the present work, the analysis of the WOX gene family in the conifer maritime pine (Pinus 99 

pinaster Aiton) is presented. Fourteen WOX genes have been identified and the phylogenetic 100 

relationships of these genes compared to other known WOX genes in green alga, bryophyte, 101 

lycophyte, pteridophyte, gymnosperm, and angiosperm representative species have been 102 
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analysed. The phylogenetic analyses have identified three members of the ancient clade, five 103 

members in the intermediate clade, and six members in the WUS clade including five clear 104 

orthologues of the angiosperm WUS-clade genes and a new member, PpWOXX, with no 105 

homologues in angiosperms. Furthermore, the expression pattern for each of the 14 WOX genes 106 

was analysed in different developmental stages during somatic embryo development, and in 107 

different germination stages and tissues in seedlings from zygotic embryos. The detection of 108 

discrete PpWUS and PpWOX5 transcripts for the first time in a gymnosperm and their 109 

differentiated expression patterns, which was thought to be exclusive from angiosperms, might 110 

indicate that these genes perform similar roles to those described for their Arabidopsis. These 111 

results suggest that the functional specialization might have taken place before the split between 112 

angiosperms and gymnosperms. The identification of WOX genes in P. pinaster provides new 113 

insights into the WOX family evolution in plants and will facilitate molecular studies to 114 

characterize the function of stem cells in gymnosperms. 115 

 116 

2. MATERIALS AND METHODS 117 

 118 

2.1. Identification and phylogenetic analysis of the Pinus pinaster WOX gene family 119 

2.1.1. Identification 120 

The identification of the WOX gene family members in P. pinaster was carried out by 121 

combining PCR-based detection and the screening of P. pinaster transcriptome data obtained in 122 

the frame of the European projects ProCoGen [30] and SustainPine [31]. Genome data, when 123 

available, were used to identify exon-intron pattern. 124 

WUSCHEL (WUS) sequences from different species were found through the search in the public 125 

databases GenBank (http://www.ncbi.nlm.nih.gov/), Dendrome (http://dendrome.ucdavis.edu/), 126 

and Congenie (http://congenie.org/). After determining conserved domains and motifs through 127 

ClustalW alignments, a fragment of the coding sequence was amplified using cDNA obtained 128 

from P. pinaster embryos as template. The full WUS mRNA sequence was obtained by Rapid 129 

Amplification of cDNA Ends (RACE) using the FirstChoice RLM-RACE Kit (Ambion, 130 

Applied Biosystems Inc., Foster City, CA, USA) according to the manufacturer’s instructions. 131 

The TBLASTN and BLASTP algorithms [32], and HMM profile via HMMER 132 

(http://hmmer.org/) with default settings were used for the screening of P. pinaster 133 

transcriptome and proteome data searching for sequences containing the characteristic WOX 134 

homeodomain. The full-length cDNAs were cloned using CloneJET PCR Cloning Kit (Thermo 135 

Scientific, Waltham, MA, USA) and sequenced (at least three clones per band) at the Oviedo 136 
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University DNA Analysis Facility (Spain). WOX sequences obtained in P. pinaster were also 137 

used as queries to identify new WOX sequences in the genomes of Pinus taeda and Picea abies. 138 

 139 

2.1.2. Phylogenetic analysis 140 

Sequences for WOX proteins from green alga (Ostreococcus tauri), moss (Physcomitrella 141 

patens), lycophyte (Selaginella moellendorffii), fern (Ceratopteris richardii and Cyathea 142 

australis), gymnosperm (Ginkgo biloba, Gnetum gnemon, Picea abies, Pinus pinaster, Pinus 143 

sylvestris, and Pinus taeda), and angiosperm (basal angiosperm: Amborella trichopoda, 144 

monocots: Oryza sativa and Zea mays, and dicots: Arabidopsis thaliana, Populus euphratica, 145 

Populus trichocarpa and Vitis vinifera) representatives were identified through the search in 146 

public databases (accession numbers for all sequences are listed in Supplementary Table S1). 147 

Protein sequences were aligned using the MAFFT plug-in in Geneious (Biomatters Ltd., New 148 

Zealand) and edited manually. Non-conserved parts of the sequences were excluded from the 149 

analyses to reduce noise. The unrooted amino acid sequence similarity trees were generated 150 

using the Geneious software by the Neighbour-Joining method and the Jukes-Cantor genetic 151 

distance model. The green alga OtWOX sequence was used as outgroup for the trees. 152 

Non-synonymous (Ka) and synonymous (Ks) nucleotide substitution rates for the WOX gene 153 

family in P. pinaster were also calculated using the Computational Biology Unit (CBU) Ka/Ks 154 

Calculation tool (http://services.cbu.uib.no/tools/kaks). The resulting phylogenetic tree was 155 

obtained by the parsimony method. 156 

 157 

2.2. Characterization of the Pinus pinaster WOX gene family 158 

To characterize the WOX gene family we carried out expression and localization studies in a 159 

comprehensive range of tissues and stages of development by mean of quantitative real-time 160 

PCR (RT-qPCR), laser capture microdissection (LCM) and RNA sequencing (RNA-Seq), and 161 

fluorescent in situ hybridization (FISH). 162 

2.2.1. Quantitative real-time PCR (RT-qPCR) 163 

Gene expression analysis was performed by RT-qPCR in a Bio-Rad CFX96 Real-Time PCR 164 

Detection System (Bio-Rad, Hercules, CA, USA). P. pinaster ubiquitin gene (Acc. AF461687) 165 

was used as endogenous reference gene [33-35]. Specific primers for each gene were designed 166 

with Primer3 software [36] following the parameters recommended by Udvardi et al. [37] 167 

(Primers used in this work are listed in Supplementary Table S2). Individual reactions were 168 

assembled in triplicate with 5 μl of Fast SYBR Green Master Mix (Applied Biosystems Inc., 169 

Foster City, CA, USA), oligonucleotide primers (0.20 µM each) and 100 ng of cDNA in a final 170 

http://services.cbu.uib.no/tools/kaks
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volume of 10 μl. The following protocol was used for amplification: 95 °C 20 s; 45 cycles of 95 171 

°C 3 s and 60 °C 30 s, with a final melting curve to assess for non-specific products. For this 172 

purpose, negative controls (no template) and RT- controls (non-retrotranscribed RNA) were also 173 

included, and PCR amplicons from selected wells were cloned and sequenced. 174 

 175 

2.2.1.1. Plant material 176 

The P. pinaster embryogenic line P5LV4.1, which had been obtained and cryopreserved as 177 

described by Alvarez et al. [38, 39], was used to study the expression of the WOX genes during 178 

somatic embryogenesis. After thawing the cryopreserved tissues, proembryogenic masses 179 

(PEMs) were cultured on proliferation medium, which consisted on WV5 salts and vitamins 180 

(Duchefa, Haarlem, The Netherlands) [40], 1 g l
-1

 casein hydrolysate, 2.2 µM benzyladenine 181 

(BA), 4.5 µM 2,4-dichlorophenoxyacetic acid (2,4-D), 30 g l
-1

 sucrose, 4 g l
-1

 Gelrite (Duchefa), 182 

and 0.5 g l
-1

 L-glutamine (Duchefa). The pH was adjusted to 5.8 before autoclaving and the 183 

glutamine was filter-sterilized and added after autoclaving. Cultures were maintained at 23 °C 184 

in darkness and subcultured to fresh medium every three weeks. 185 

To promote maturation PEMs were disaggregated and cultured onto a piece of sterile filter 186 

paper Whatman #2 70 mm diameter placed on maturation medium (150 mg per plate). This 187 

medium consisted on VW5 salts (Duchefa), 60 g l
-1

 sucrose, and 9 g l
-1

 Gelrite (Duchefa). The 188 

pH was adjusted to 5.8 before autoclaving. The medium was supplemented with 80 µM abscisic 189 

acid (ABA) (Duchefa) and the amino acid mixture from embryo development medium (EDM) 190 

[41], which was composed of 525 mg l
-1

 L-asparagine, 500 mg l
-1

 L-glutamine, 175 mg l
-1

 L-191 

arginine, 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-192 

alanine, and 8.75 mg l
-1

 L-proline. All amino acids were supplied by Duchefa, except L-193 

citrulline (Alfa Aesar, Karlsruhe, Germany). Both ABA solution and EDM amino acid mixture 194 

were filter-sterilized and added after autoclaving. Cultures were maintained in darkness at 23 °C 195 

and subcultured to fresh medium every four weeks. 196 

Material from four different developmental stages was collected along the maturation process 197 

(Figure 1A-D), based on the classification established by Hakman and von Arnold [42] and 198 

adapted by Tereso et al. [43]: proembryogenic masses proliferating in the presence of the plant 199 

growth regulators auxins and cytokinins (PEM); early embryos (EE), with a translucent embryo 200 

proper and a long suspensor; late embryos (LE), with a prominent and opaque embryo proper; 201 

and mature embryos (ME), which have well-defined apical meristem and cotyledons. Samples 202 

were immediately frozen in liquid nitrogen and stored at -80 °C until analysis was carried out. 203 

WOX gene family expression dynamics were also analysed during seed germination and in 204 

different parts of three-week-old seedlings. For that purpose, mature seeds from open-pollinated 205 
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P. pinaster trees growing in a natural stand (ES08 Meseta Castellana provenance, Spain) and 206 

provided by ‘Servicio de Material Genético del Ministerio de Medio Ambiente’ (Spain) were 207 

imbibed in water with aeration for 48 hours, transferred to wet vermiculite and maintained at 23 208 

°C under a 16 h photoperiod. 209 

As shown in Figure 1E-H, the analyses were carried out with germinated embryos with a radicle 210 

length inferior to 1 cm (G1), germinated embryos with a radicle between 1 and 2 cm (G2), 211 

germinated embryos with a radicle between 2 and 3 cm (G3), as well as in four different tissues 212 

from three-week-old seedlings: root tip (5 mm of the apical part of the root), shoot apex (3 mm 213 

of the emerging epicotyl including the shoot apical meristem and needle primordia), hypocotyl 214 

(a portion of 5 mm situated right under the shoot apex), and cotyledons. All tissues were 215 

immediately frozen in liquid nitrogen after isolation and stored at -80 °C until use. 216 

 217 

2.2.1.2. RNA extraction and cDNA synthesis 218 

RNA was extracted using the GeneMATRIX Universal RNA Purification Kit (EURx, Gdańsk, 219 

Poland). The RNA was quantified spectophotometrically (260 nm) and its integrity was checked 220 

by agarose gel electrophoresis. For each sample, one microgram of total RNA (0.5 µg for 221 

somatic embryogenesis samples) was reverse transcribed with the High Capacity cDNA 222 

Reverse Transcription Kit (Applied Biosystems Inc., Foster City, CA, USA) following the 223 

manufacturer’s instructions. 224 

2.2.1.3. Data analysis 225 

Analysis of the RT-qPCR data was performed with the qpcR package for R software (www.dr-226 

spiess.de/qpcR.html), which allows the fitting of the RT-qPCR fluorescence raw data to a five-227 

parameter sigmoidal model for obtaining essential PCR parameters such as efficiency, threshold 228 

cycle and transcript abundance [44]. Relative abundance of each transcript was calculated as the 229 

mean of the three technical replicates and normalized to the expression value of the reference 230 

gene in each sample. Results are expressed as mean normalized expression values ± standard 231 

error of three biological replicates. Significant differences in mRNA levels were determined by 232 

t-test analysis or ANOVA using the Student–Newman–Keuls test for post hoc comparisons 233 

(SIGMA-PLOT v11 software, Chicago, IL, USA). 234 

 235 

2.2.2. Laser Capture Microdissection (LCM) and RNA sequencing (RNA-Seq)  236 

To complement the information obtained by RT-qPCR and to gain insight into the expression 237 

pattern of the WOX gene family, different tissues of one-month-old seedlings were isolated by 238 

LCM and transcripts were studied by RNA-Seq. 239 

 240 
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2.2.2.1. Plant material  241 

P. pinaster seeds (Sierra de Oria provenance, Spain) were imbibed in water with aeration for 48 242 

hours, transferred to wet vermiculite and maintained at 23 °C under a 16 h photoperiod. 243 

Fourteen days after imbibition, seedlings were individually transferred to a 0.2-l pot with soil 244 

and watered twice a week with distilled water. The seedlings were harvested 1 month after the 245 

emergence of the shoots over the vermiculite. The seedlings were cut and tissue sections of 5 246 

mm were mounted in a specimen holder with optimal cutting temperature (OCT) embedding 247 

medium (Tissue-Tek, USA) and snap-frozen in liquid nitrogen for cryostat sectioning. The 248 

frozen samples were stored at -80 ºC until use. 249 

 250 

2.2.2.2. Laser capture microdissection 251 

The Laser Capture Microdissection (LCM) procedure was carried out as previously described in 252 

Cañas et al. [45]. Twenty-µm-thick sections were made using a cryostat (HM 525, Thermo, 253 

USA) at -20 ºC and mounted on PET-membrane 1.4 µm steel frames (Leica Microsystems, 254 

Wetzla, Germany) with the help of a plexiglass Frame Support (Leica Microsystems, Wetzla, 255 

Germany). Before the microdissection, samples were fixed in cold 100% ethanol for 10 s, the 256 

OCT was removed in DEPC-treated water for 2 minutes and refixed in 100% ethanol for 1 257 

minute. Subsequently the samples were air-dried and used for microdissection. The 258 

microdissection was made in a laser microdissector (LMD700, Leica Microsystems, Wetzla, 259 

Germany). The microdissection samples were placed into the caps of 0.5 ml tubes containing 10 260 

µl lysis buffer from the RNAqueous-Micro RNA Isolation Kit (Ambion, USA). Before RNA 261 

extraction, all the samples were placed at -80 ºC. All the RNA extractions were performed using 262 

the standard-volume protocol (non-LCM) with the RNAqueous-Micro RNA Isolation Kit 263 

(Ambion, USA).  264 

Samples from 14 different tissues were isolated by LCM: Apical Meristem (AM), Emerging 265 

Needles (EN), Young Needles Mesophyll (YNM), Young Needles Vascular (YNV), Cotyledon 266 

Mesophyll (CM), Cotyledon Vascular (CV), Hypocotyl Cortex (HC), Hypocotyl Vascular 267 

(HV), Hypocotyl Pith (HP), Root Cortex (RC), Root Vascular (RV), Developing Root Cortex 268 

(DRC), Developing Root Vascular (DRV) and Root Meristem (RM). 269 

 270 

2.2.2.3. cDNA amplification 271 

As the amounts of RNA isolated form LCM samples were not enough for 454 pyrosequencing, 272 

a previous cDNA synthesis and amplification were made using the Conifer RNA Amplification 273 

(CRA+) protocol described in Cañas et al. [45].  274 
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The quantity of the amplified ds cDNA was determined using the Quant-iT™ PicoGreen® 275 

dsDNA Kit (Invitrogen, Paisley, UK). The quality of the amplified ds cDNA was determined 276 

using the Agilent 7500 DNA Kit in the 2100 Bioanalyzer (Agilent, CA, USA). 277 

 278 

2.2.2.4. 454 pyrosequencing 279 

RNA-Seq was performed at the University of Málaga ultrasequencing facility using the GS-280 

FLX+ platform with a GS FLX Titanium kit (Roche Applied Sciences, Indianapolis, IN, USA). 281 

Each sample was run in one half of a 454 PicoTiterPlate following the manufacturer’s 282 

sequencing protocol.  283 

The quantity of the cDNA libraries was determined using the Quant-iT™ PicoGreen® dsDNA 284 

Kit (Invitrogen, Paisley, UK). The quality of the cDNA libraries was determined using the 285 

Agilent High Sensitivity DNA Kit in the 2100 Bioanalyzer (Agilent, CA, USA). The runs were 286 

analysed using the Roche GS-FLX+ software. The high throughput sequencing data have been 287 

deposited in NCBI's Gene Expression Omnibus [46] and are accessible through GEO Series 288 

accession number GSE78263 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE78263). 289 

 290 

2.2.2.5. 454 pyrosequencing reads pre-processing, assembling and mapping 291 

The raw data were first checked for quality using the fastqc software. Based on examination of 292 

the output quality plots it was decided to clip off the first 35 bp of each read using the FastX 293 

toolkit (fastx_trimmer). Next, the reads were filtered for overall quality using 294 

fastq_quality_filter with a minimum Q-score of 30 and minimum remaining length of 60%. The 295 

remaining reads were subsequently used for read mapping with the BWA software (MEM 296 

option) [47] against the transcript sequences of the 14 P. pinaster WOX genes. 297 

 298 

2.2.3. Fluorescent in situ hybridization (FISH) 299 

The visualization of PpWUS, PpWOXX and PpWOX3 gene expression domains in the shoot 300 

apex was carried out through mRNA fluorescent in situ hybridization (FISH). For that purpose, 301 

shoot apexes inferior to 5 mm long were harvested from three-week-old seedlings obtained as 302 

mentioned in 2.2.1.1. Tissues were immediately fixed with freshly prepared FAA solution 303 

(3.7% formaldehyde, 5% glacial acetic acid, 50% ethanol) at 4 °C under vacuum overnight. 304 

Then, they were dehydrated in an ascendant ethanol series (50, 75, 90, and 100%) and 305 

maintained in 100% ethanol at 4 °C until next step. 306 

Tissues were infiltrated and embedded with Technovit
®
 8100 (Heraeus kulzer GmbH, 307 

Wehrheim, Germany) according to manufacturer’s instructions. Embedded shoot tips were 308 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE78263
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sectioned longitudinally in a microtome at 10 µm thickness and sections were mounted on 309 

Menzel-Gläser Superfrost Ultra Plus slides (Thermo-Scientific, Waltham, Massachusetts, USA). 310 

Air-dried sections were directly used for in situ hybridization following the protocol described 311 

by Valledor et al. [48] with some modifications. Shoot apex sections were initially incubated in 312 

0.5% (v/v) Triton X-100 in PBS for 10 minutes and washed with PBS for 5 minutes. 313 

Subsequently, sections were treated with 2% (w/v) cellulase in PBS for 2 hours at room 314 

temperature and, after a wash step with PBS for 5 minutes, were also treated with HCl 0.2N for 315 

30 minutes. After a new wash step with PBS, sections were equilibrated with 2X SSC buffer for 316 

5 minutes and prehybridized with hybridization buffer HB50 (50% (v/v) formamide in 2X SSC 317 

+ 50 mM phosphate buffer pH 7.0) for 2 hours at 37 °C. After denaturing samples at 78 °C for 5 318 

minutes, 8 µl of hybridization mix were applied onto each section and maintained at 78 °C for 5 319 

minutes. Hybridization mix was composed by 20% (w/v) dextran sulfate, hybridization buffer 320 

HB50, and 100 µM solution of the corresponding labelled probe in a proportion 2:1:1. Single-321 

stranded antisense probes of 33 nucleotides long labelled with Cyanine 5 (Cy5) in their 3’ end 322 

were designed to hybridize in a specific region of each mRNA (Probes are listed in 323 

Supplementary Table S2). Tissue sections were also incubated without any probe as a negative 324 

control, in order to evaluate the presence of autofluorescence. Then, sections were maintained 325 

overnight at 55 °C in a moist chamber. 326 

After hybridization, sections were washed with 2X SSC and 1X SSC at 40 °C for 15 and 10 327 

minutes, respectively. Subsequently, two additional wash steps with 0.5X SSC and autoclaved 328 

ddH2O for 10 and 2 minutes, respectively, were performed at room temperature. Sections were 329 

then incubated with 4,6-diamidino-2-phenylindole (DAPI; AppliChem GmbH, Darmstadt, 330 

Germany) 1 µg ml
-1

 for 15 minutes. Finally, sections were washed with autoclaved ddH2O for 5 331 

minutes, air-dried and mounted with Mowiol
®
 4-88 (AppliChem GmbH, Darmstadt, Germany). 332 

Sections were observed and photographed with a Leica DMRXA fluorescence microscope 333 

(Leica Microsystems, Wetzlar, Germany) and images were processed with ConfocalUniovi 334 

ImageJ software (http://spi03.sct.uniovi.es/confocaluniovi/). 335 

 336 

 337 

3. RESULTS 338 

3.1. Identification and phylogenetic analysis of the Pinus pinaster WOX gene family 339 

The P. pinaster genome has been sequenced in the frame of the European project ProCoGen but 340 

a draft of the genome has not been released yet. We were able to identify 14 WOX genes in the 341 

P. pinaster genome by combining PCR-based detection and the screening of P. pinaster 342 

transcriptome data (SustainPine DB, http://www.scbi.uma.es/sustainpinedb/). All these genes 343 

showed the characteristic highly conserved HD and motifs of WOX genes. The gene structures 344 

of 11 out of 14 WOX genes were obtained by comparing the DNA and RNA sequences (Figure 345 
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2). We found clear orthologues for the Arabidopsis WOX2, WOX3, WOX4, WOX5, WUS and 346 

WOX13 that were designated as PpWOX2, PpWOX3, PpWOX4, PpWOX5, PpWUS, and 347 

PpWOX13, respectively. The rest of WOX genes did not have clear orthologues with other 348 

angiosperm WOX genes and were named PpWOXA, PpWOXB, PpWOXC, PpWOXD, PpWOXE, 349 

PpWOXF, PpWOXG, and PpWOXX. Our screening also allowed the identification of 11 WOX 350 

genes in P. taeda (PtWOX2, PtWOX3, PtWOX4, PtWOX5, PtWUS, PtWOXX, PtWOX13, 351 

PtWOXA, PtWOXB, PtWOXE and PtWOXG) and two new WOX genes in P. abies (PaWOXG 352 

and PaWOXX). Accession numbers for all sequences identified in this work can be found in 353 

Supplementary Table S1. 354 

 355 

Phylogenetically, PpWOX genes were distributed throughout the three clades established by van 356 

der Graaff et al. [4] (Figure 3). PpWOX13, PpWOXA and PpWOXG are members of the ancient 357 

clade, which includes WOX genes present in green algae and all land plants. PpWOXB, 358 

PpWOXC, PpWOXD, PpWOXE and PpWOXF belong to the intermediate clade. The WUS 359 

clade, originally defined as specific from seed plants, included the genes PpWUS, PpWOX2, 360 

PpWOX3, PpWOX4, PpWOX5 and PpWOXX (Figure 4). PpWOXX is a new gene that had not 361 

been described in any other conifer species until this moment. A thoroughly screening in public 362 

databases allowed us to identify orthologues of this gene present in the genome of the conifers 363 

P. abies and P. taeda, but it was not found in any angiosperm species. The phylogenetic 364 

analysis showed that the WOXX pine orthologues constitute a monophyletic group that occupies 365 

the basal position of the WUS clade and group together with G. gnemon GgWOXY gene 366 

reported by Nardmann and Werr [49].  367 

 368 

The analysis of the 14 WOX polypeptide sequences showed that all P. pinaster WOX proteins 369 

contained the characteristic WOX HD motif. All WUS-clade members contained the 370 

characteristic WUS box motif T-L-X-L-F-P. In addition, the EAR motif (L-X-L-X-L) is present 371 

in PpWUS and PpWOX5 proteins after the HD and the WUS box (Figure 5A). Furthermore, 372 

similarly to Arabidopsis and other species, PpWUS deduced protein has a 66 amino acid 373 

homeodomain with a Y residue at position 21 that is absent in the rest of PpWOX proteins 374 

(Figure 5B).  375 

Regarding substitution rates, all Ka/Ks values obtained for each node of the P. pinaster WOX 376 

phylogenetic tree were inferior to 1, which indicates that the evolution of this family in P. 377 

pinaster was under negative or purifying selection. That is, there was pressure to conserve 378 

protein sequences as changes in their sequence might cause a disruption of their function 379 

(Figure S1). 380 

 381 
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3.2. Characterization of the Pinus pinaster WOX gene family 382 

In order to gain insight into the specific role of each PpWOX gene in plant development, their 383 

expression during somatic embryogenesis and seed germination was analysed by quantitative 384 

real time PCR (RT-qPCR). Transcripts from each isolated gene were detected at least in some 385 

of the stages or tissues included in this study, which indicated that they are not pseudogenes. 386 

Members of the ancient clade, PpWOX13, PpWOXA and PpWOXG, were shown to be 387 

constitutively expressed, and their expression was higher during embryogenesis (Figures 6 and 388 

7). However, the intermediate-clade members PpWOXB, PpWOXC, PpWOXD and PpWOXE 389 

were expressed exclusively during embryogenesis, reaching a peak in the early embryo phase 390 

(Figure 6). Their levels were very low in the mature embryo and no expression was detected 391 

after the beginning of germination. PpWOX2, member of the WUS clade, showed a similar 392 

expression pattern. However, the expression of the last intermediate-clade member PpWOXF 393 

increased gradually during embryogenesis and reached its maximum level at the mature-embryo 394 

stage. During germination its levels dramatically decreased. No transcripts were detected in 395 

seedlings for PpWOX2, PpWOXB, PpWOXC, PpWOXD, PpWOXE and PpWOXF genes. 396 

 397 

PpWOXX, PpWUS and PpWOX5 showed a similar expression pattern during embryogenesis, as 398 

their expression reached their maximum at mature-embryo stage (Figure 6). However, in 399 

seedlings, while PpWUS expression was only detected in the shoot apex, PpWOX5 transcripts 400 

were preferentially located in the root tip of seedlings, with low levels of expression in other 401 

seedling tissues (Figure 7). Similar to PpWUS, PpWOX3 and PpWOXX expression was 402 

restricted to the shoot apex of seedlings, although transcripts from both genes were also found at 403 

a very low level in the hypocotyl (Figure 7). 404 

 405 

PpWOX4 expression levels were quite constant during embryogenesis and increased 406 

progressively during germination. In seedlings, this gene was mainly expressed in the 407 

hypocotyl. Lower levels were detected in the shoot apex and cotyledons, and very little 408 

expression was found in the root apex (Figures 6 and 7). 409 

 410 

To gain insight into the expression pattern of the WOX gene family, different tissues of one-411 

month-old seedlings were isolated by LCM and transcripts were studied by RNA-Seq. RNA-412 

Seq results confirmed that only members of the ancient and WUS clades were expressed in 413 

seedlings. Members of the ancient clade (PpWOX13, PpWOXA and PpWOXG) were expressed 414 

in most tissues, while PpWOX members of the WUS clade had specific expression patterns 415 

suggesting a neofuncionalization phenomenon for these genes (Figure 8). 416 

 417 
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Fluorescent in situ hybridization (FISH) was performed in order to determine the precise 418 

expression domain of PpWUS, PpWOXX and PpWOX3 genes in the shoot apex of three-week-419 

old seedlings (Figure 9, Supplementary Figures S2 and S3). Both PpWUS and PpWOXX were 420 

shown to be expressed in a few cells located in the central region of the meristem. In particular, 421 

PpWOXX expression was detected in cells situated in the third cell layer (Figure 9C-D), whereas 422 

PpWUS-expressing cells were situated slightly deeper in the meristem (Figure 9A-B). On the 423 

other side, the gene PpWOX3 was expressed in the peripheral zone of the meristem, where 424 

lateral organs initiate. Specifically, signal was detected in the putative founder cells of lateral 425 

organs, and in leaf primordia (Figure 9E-F). 426 

 427 

In order to complement all the information obtained in this work, we have summarized the data 428 

concerning the expression domains and putative functions of WOX proteins in the literature 429 

relative to angiosperms and gymnosperms in Table 1. 430 

 431 

4. DISCUSSION 432 

 433 

4.1.  Identification and phylogenetic analysis of the Pinus pinaster WOX gene family 434 

Increasing availability of data on the genome and transcriptome of several gymnosperms is 435 

facilitating the study of the evolution of their gene families [50] (Table 1). In this work, we 436 

report the identification of 14 WOX genes in P. pinaster, including three WOX genes not 437 

previously described in any other conifer species (PpWOXA, PpWOXG and PpWOXX). Our 438 

screening also allowed the identification of 11 WOX genes in P. taeda and two new WOX gene 439 

in P. abies. Recently, Hedman et al. [29] had characterized the WOX gene family in P. abies, 440 

which comprised a total of 11 WOX genes. In accordance with their results, our phylogenetic 441 

analyses showed that PpWOX genes are distributed along the three clades established in WOX 442 

phylogeny [4] supporting the hypothesis that a major diversification in WOX gene family took 443 

place before the split between angiosperms and gymnosperms.  444 

Basing on phylogenetic analysis, it has been proposed that the WOX gene family has a 445 

monophyletic origin and that the last common ancestor of green algae and land plants contained 446 

at least one WOX member [51]. The ancient clade is present in all major plant lineages, 447 

including green algae, and lower plants only contain members from this clade. Basing on these 448 

observations, the ancient clade is thought to represent the oldest and most conserved clade of 449 

the WOX gene family [12, 52]. In P. pinaster, ancient clade includes three members, PpWOX13, 450 

PpWOXA, and PpWOXG. We found that these three genes are present in other Pinus species 451 

like P. taeda, while only PpWOX13 and PpWOXG orthologues were detected in other 452 

gymnosperm genera like Picea and only PpWOX13 orthologues in Gnetum or Gingko. These 453 
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ancient-clade genes appear to have a monophyletic origin and they might have arisen after 454 

duplication events that took place before the diversification of the Pinus genus, although this 455 

hypothesis should be confirmed in the future. 456 

The intermediate clade, present in all vascular plants, and the WUS clade, exclusive from ferns, 457 

gymnosperms and angiosperms, originated subsequently by gene duplication and diversification 458 

from ancient members in the course of plant evolution [51, 53]. WOX gene family underwent a 459 

great expansion after the separation of mosses from other land plants, as the number of WOX 460 

genes increased substantially with the emergence of the vascular plant lineages [12, 54]. 461 

Furthermore, modifications in the homeodomain 3D structure and the apparition of specific 462 

motifs in the protein sequence might have contributed to the functional change of WOX family 463 

during evolution [51]. 464 

Five PpWOX genes belong to the intermediate clade in P. pinaster. The phylogenetic analyses 465 

showed that these genes group very closely, which is consistent with the available data from 466 

other conifer species. This supports the hypothesis that there was a gene expansion of the 467 

intermediate clade within the Pinaceae family [29]. 468 

Phylogenetic analyses revealed that WUS-clade members emerged in the last common ancestor 469 

of leptosporangiate ferns and seed plants [55]. Whereas only one member has been reported in 470 

ferns [55], the WUS clade have expanded and evolved in seed plants. Similarly to that observed 471 

in P. abies [29], we found orthologues for most Arabidopsis WUS-clade members in P. pinaster 472 

except for AtWOX1, AtWOX6 and AtWOX7. This suggests that WOX2, WOX3, WOX4, WOX5 473 

and WUS were present in the last common ancestor of angiosperms and gymnosperms, and a 474 

gene diversification happened after the bifurcation of both seed plant groups. Several members 475 

of the WUS clade have been involved in stem cell maintenance in the shoot meristem (WUS), in 476 

the root meristem (WOX5), in leaf marginal meristems (WOX3) and in vascular meristems 477 

(WOX4) in angiosperms [15, 18, 19, 56]. The fact that gymnosperms also contain orthologues 478 

for these genes could indicate that their functional specialization and association with discrete 479 

stem cell niches had been stablished prior to the divergence of gymnosperms and angiosperms, 480 

in concordance with the assumption made by Nardmann and Werr [49]. Recent interspecies 481 

complementation experiments have shown that gymnosperm WUS/WOX5 proteins rescue 482 

Arabidopsis wus-1 defects in both shoot apical stem-cell maintenance and flower organ 483 

formation [54]. This could suggest a conservation of their function all along seed plants, 484 

although more functional studies are needed in order to confirm this hypothesis. 485 

Interestingly, a WUS-clade member, PpWOXX, not previously described in angiosperms was 486 

identified in P. pinaster in this work. We also identified orthologues of PpWOXX in the genome 487 

of other conifers such as P. taeda and P. abies. These sequences constitute a monophyletic 488 

group at the base of the WUS clade. A more detailed study of the HD peptide sequence showed 489 

that all the conifer WOXX proteins as well as the proteins GgWOXY, GgWOX2A and 490 
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GgWOX2B from the gymnosperm Gnetum gnemom, also included in the basal positions of the 491 

WUS clade, contain the particular sequence FYWF(QK)NR. The particular sequences 492 

FYWFQNR and FYWFQNH are characteristics of the intermediate- and WUS-clade WOX 493 

proteins, respectively [53, 55, 57]. This fact coupled to the recent identification of WUS-clade 494 

WOX members in the leptosporangiate ferns Ceratopteris richardii and Cyathea australis 495 

(CrWUL and CaWUL, respectively) [55] might indicate that, although these proteins are usually 496 

included in the WUS clade, they originated from a WOX gene present in the last common 497 

ancestor of all vascular plants, representing a transitional stage between intermediate- and 498 

WUS-clade proteins lost in the angiosperm lineage. Alternatively, they could have arisen as a 499 

consequence of a gene expansion in the gymnosperm lineage. 500 

 501 

4.2.  Characterization of the Pinus pinaster WOX gene family 502 

Available information about gene function in gymnosperms is limited, partly owing to the lack 503 

of a characterized mutant collection and the difficulty to carry out genetic transformation in 504 

many species. To characterize the WOX gene family in P. pinaster the expression pattern of 505 

each gene was analysed in different developmental stages and tissues by RT-qPCR and RNA-506 

Seq. In addition, the gene expression of PpWUS, PpWOXX and PpWOX3 in the shoot apex was 507 

analysed by FISH. 508 

Transcripts of the ancient-clade members PpWOX13, PpWOXA and PpWOXG were detected in 509 

all the stages and tissues studied. In green algae and mosses, which only contain ancient-clade 510 

members, it was reported that the single WOX gene identified in Ostreococcus tauri participated 511 

in its maintenance in an undifferentiated state [12], whereas ancient-clade genes played an 512 

important role in stem cell formation and regeneration in Physcomitrella patens [58]. Previous 513 

reports in Arabidopsis [12, 59] and P. abies [29] showed that members of the ancient clade are 514 

expressed in most tissues and developmental stages and their function could be related to root 515 

initiation, embryo development, floral transition, and replum formation. 516 

All the intermediate-clade members and the WUS-clade member PpWOX2 were expressed 517 

during embryo development and no expression was detected once the embryos germinated. All 518 

these genes (except PpWOXF) are expressed mainly during the first stages of embryo 519 

development. This pattern is similar to that observed for PaWOX8/9 and PaWOX2 genes in P. 520 

abies [25, 26, 60]. PaWOX8/9 RNA interference (RNAi) lines showed an altered orientation of 521 

the cell division planes at the basal part of embryonal masses during early embryo development, 522 

giving rise to aberrant embryos. PaWOX2 RNAi affected the establishment of the border 523 

between the embryo proper and the suspensor. Besides, suspensor cells do not elongate as usual 524 

and the protoderm was not established properly. No effects were found when PaWOX2 525 

interference happened after late embryos were formed. The high homology and the similar 526 

expression pattern between PpWOX2 and PaWOX2 suggest that its function could be conserved 527 
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in conifers. Similarly, intermediate-clade genes PpWOXB, PpWOXC, PpWOXD and PpWOXE 528 

might be involved in apical-basal polarity establishment during early embryogenesis. Their 529 

orthologues in Arabidopsis AtWOX8, AtWOX9 and AtWOX2 are also involved in early 530 

embryonic pattern formation [13, 24]. The intermediate-clade gene PpWOXF showed a different 531 

expression pattern from other intermediate members. The highest transcript abundance was 532 

found in mature embryos, detecting very little expression during the initial stages of both 533 

embryogenesis and germination. According to the phylogenetic analyses, this gene is closely 534 

related to WOX11 and WOX12 genes from different angiosperm species. The expression and 535 

function of AtWOX11 and AtWOX12 has so far not been described in detail in Arabidopsis but 536 

recent studies showed that both genes are involved in de novo root organogenesis [61]. Based 537 

on the available information, the role of PpWOXF remains unknown and more studies will be 538 

needed to clarify its function. 539 

Some members of the WUS clade are involved in stem-cell regulation. PpWOX3 is homologue 540 

to WOX3 genes from various angiosperm species [17, 62] and the conifer P. abies [27, 29]. In 541 

Arabidopsis, AtWOX3/PRS is expressed in embryos defining a border between the ad- and 542 

abaxial sides of the cotyledons [13, 63], and in lateral regions of young primordia [17]. Alvarez 543 

et al. [27] reported that PaWOX3 has an important role in the lateral outgrowth of lateral organs 544 

in P. abies similar to the function of its angiosperm orthologues. By in situ hybridization, these 545 

authors also found PaWOX3 expression in the lateral parts of the shoot meristem from adult 546 

vegetative buds during the shoot elongation period, but not during the dormant phase. 547 

Previously, it had been reported WOX3 expression in the periphery of the SAM in other 548 

gymnosperm species such as G. gnemon and P. sylvestris [49]. In particular, GgWOX3 initially 549 

presented a ring-shaped expression domain in the periphery of the SAM, being subsequently 550 

restricted to the leaflet precursors. PsWOX3 was first detected in cells situated in the surface of 551 

the peripheral zone (PZ) of the SAM, where leaf initiation begins, and in the apical cells of leaf 552 

primordia. Expression of PpWOX3 in P. pinaster was detected during embryo development and 553 

later preferentially in the shoot apex, being also slightly expressed in the emerging needles. 554 

Furthermore, analysis of its expression in the shoot apex by FISH showed that this gene is 555 

expressed in cells from the PZ of the meristem that will give rise to new lateral organs and in 556 

needle primordia. This expression pattern suggests a conserved function in expansion and 557 

development of lateral organs. 558 

PpWOX4 grouped together with other WOX4 genes described in angiosperms and 559 

gymnosperms, constituting a monophyletic group. WOX4 is transcribed in the developing 560 

vasculature of multiple tissues and was predominantly expressed in hypocotyls of Solanum 561 

lycopersicum [16]. Recent studies in Arabidopsis and S. lycopersicum showed that WOX4 is 562 

closely related to vascular cambium promoting differentiation and/or maintenance of the 563 

vascular procambium, the initial cells of the developing vasculature. Our analysis showed that 564 
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PpWOX4 expression increases during embryo germination and is higher in the hypocotyl than in 565 

other plant parts analysed. Transcripts of PpWOX4 were detected specifically in the vascular 566 

tissue of hypocotyl and young needles by RNA-Seq analysis. This expression pattern could fit 567 

well with a function in the vascular procambium. However, we have not found functional 568 

studies of this gene in any gymnosperm species. 569 

In Arabidopsis, the WUS-clade members AtWUS and AtWOX5 are expressed in the organizing 570 

center (OC) of the SAM, and the quiescent center (QC) of the RAM, respectively. Both genes 571 

carry out a similar function maintaining a pool of undifferentiated cells in the SAM and RAM, 572 

respectively [14, 15]. In this work, we report the identification of orthologues for both WOX5 573 

and WUS in P. pinaster and P. taeda, which is in concordance with the results of Hedman et al. 574 

[29] in P. abies. However, whereas only WOX5 transcripts were detected in conifers to date, one 575 

of the main breakthroughs of this work is the detection of discrete PpWUS and PpWOX5 576 

transcripts, suggesting that both genes are functional in P. pinaster. This is the first time that 577 

expression of both WUS and WOX5 is detected in a gymnosperm species to our knowledge. 578 

PpWOX5 is expressed during embryogenesis, especially in mature embryos, and preferentially 579 

in the seedling´s root meristem. PpWUS is also expressed during embryogenesis, especially in 580 

mature embryos, and in the shoot apex of the seedlings. Furthermore, PpWUS expression was 581 

localized by FISH in the central zone (CZ) of the SAM. According to the model that describes 582 

the molecular basis of the SAM maintenance in angiosperms, WUS together with CLAVATA1 583 

(CLV1) and its ligand CLAVATA3 would form a regulatory loop that controls the balance 584 

between cell proliferation and differentiation in the SAM [3, 64]. Previous studies in our lab 585 

found a putative CLV1 orthologue (PpCLV1L) that is overexpressed during de novo shoot 586 

organogenesis in P. pinaster [34]. These results suggest that at least some of the mechanisms 587 

involved in SAM homeostasis regulation might be conserved in both seed plant groups. 588 

However, a total comparison of these data is not possible due to the morphological differences, 589 

the different growth habits and the evolutionary distance between angiosperms and 590 

gymnosperms. While a zonation model of the SAM that divides the SAM into a CZ comprising 591 

stem cells and a surrounding PZ recruiting cells for differentiation has been claimed for all seed 592 

plants, a tunica-corpus model characteristic from most angiosperms cannot be applied to all 593 

gymnosperms. A recent study [65] showed that in most conifer species there is no a ‘proper’ 594 

tunica but a small number cells from the superficial layer situated in the summit of the SAM, 595 

which are designated apical initials, directly contribute to the superficial PZ and to the CZ. In 596 

Pinus genus, this central summit zone is composed by only three cells, which may have 597 

originated from the same initial cell. These cells divide anticlinally and perpendicular to each 598 

other giving rise to the surface cells from the PZ, and some of them (in some species, only one 599 

of the apical initials) also divide periclinally, giving rise to the stem cell population situated in 600 

the CZ. Despite the progress made in the understanding of the SAM architecture in conifers, 601 
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little information is available by the moment about the underlying molecular mechanisms of 602 

SAM formation and maintenance in these organisms. In summary, although the detection of 603 

discrete WUS and WOX5 transcripts for the first time in a gymnosperm and their differentiated 604 

expression patterns might indicate that these genes perform similar roles to those described for 605 

their Arabidopsis orthologues, a deeper functional analysis of both genes is needed in order to 606 

validate this hypothesis. Interestingly, the expression domain of PpWOXX, the new WUS-clade 607 

member identified in conifers, during somatic embryogenesis and in the shoot apex is similar to 608 

that described for PpWUS. These results could indicate that this gene may play a role in the 609 

SAM maintenance. However, the information available at this moment is not enough to infer 610 

which the specific role of this gene is. 611 

 612 

In conclusion, our results suggest that an expansion of the intermediate clade took place within 613 

the Pinaceae family, that the last common ancestor of all seed plants contained a WOX gene 614 

representing a transitional stage between intermediate- and WUS-clade proteins, and that the 615 

last common ancestor of the extant gymnosperms and angiosperms contained both WUS and 616 

WOX5 genes probably functionally specialized. 617 
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SUPPLEMENTARY DATA 842 

Supplementary Table S1. Accession numbers (GenBank) for all proteins used in phylogenetic 843 

analyses 844 

Supplementary Table S2. Primer and probe list  845 

Supplementary Figure S1. Values of non-synonymous (Ka) and synonymous (Ks) substitution 846 

rates and Ka/Ks ratio for P. pinaster WOX gene family calculated through the Computational 847 

Biology Unit (CBU) Ka/Ks Calculation tool (http://services.cbu.uib.no/tools/kaks). 848 

Supplementary Figure S2. Schematic representation of the shoot apex and WOX genes 849 

expression domain. SAM: shoot apical meristem. NP: needle primordia. CZ: central zone. PZ: 850 

peripheral zone. PpWUS (orange), PpWOXX (blue) and PpWOX3 (red).  851 

Supplementary Figure S3. PpWUS and PpWOXX transcript detection by fluorescent in situ 852 

hybridization (FISH) in longitudinal sections of shoot apex excised from three-week-old Pinus 853 

pinaster seedlings. Specific anti-mRNA probes labelled with Cyanine 5 (Cy5; red signal) were 854 

used. Blue signal represents nuclei staining with 4,6-diamidino-2-phenylindole (DAPI). 855 

Transcripts of both PpWUS (A) and PpWOXX (B) genes were detected in the central zone of the 856 

meristem. Needle primordia (np). Shoot apical meristem (sam) including the central zone (cz) 857 

and the peripheral zone (pz). All images were obtained with a Leica DMRXA fluorescence 858 

microscope (Leica Microsystems, Wetzlar, Germany) and processed with ConfocalUniovi 859 

ImageJ software (http://spi03.sct.uniovi.es/confocaluniovi/). Bar, 50 µm.  860 

http://services.cbu.uib.no/tools/kaks
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FIGURES 864 

Figure 1. Material used for quantitative real-time PCR (RT-qPCR) analysis of the WOX family 865 

mRNA abundance in Pinus pinaster during the development of somatic embryos (A-D), 866 

germination (E-G), and in different parts of young plants (H). (A) Proliferating proembryogenic 867 

mass (PEM) in the presence of the plant growth regulators (PGRs) auxin and cytokinin; (B) 868 

early embryo (EE) 1 wk after withdrawal of PGRs; (C) late embryo (LE) before the emergence 869 

of cotyledons; (D) mature embryo (ME) after 12 wk on the maturation medium. (E) Germinated 870 

embryos with a radicle length inferior to 1 cm (G1); (F) germinated embryos with a radicle 871 

length between 1 and 2 cm (G2); (G) germinated embryos with a radicle length between 2 and 3 872 

cm (G3). (H) Three-week-old seedling. Sa, shoot apex; Co, cotyledon; Hy, hypocotyl; Rt, root 873 

tip. Note that the number of cotyledons in P. pinaster varies between 3 and 8. Bar, 1 mm (A-D); 874 

1 cm (E-H). 875 

 876 

Figure 2. The Pinus pinaster WOX gene family. The structure of full-length (black line) cDNAs 877 

is depicted. Exons (grey), when possible, were obtained by comparison between the cDNA and 878 

genomic sequences; Conserved Homeodomain (red; HD). Open reading frames for PpWOXD, 879 

PpWOXF and PpWOXG genes (yellow). 880 

 881 

Figure 3. Phylogenetic tree of the WOX proteins. The tree contains sequences from green alga 882 

(Ostreococcus tauri, Ot), moss (Physcomitrella patens, Ph), lycophyte (Selaginella 883 

moellendorffii, Sm), fern (Ceratopteris richardii, Cr; and Cyathea australis, Ca), gymnosperm 884 

(Ginkgo biloba, Gb; Gnetum gnemon, Gg; Picea abies, Pa; Pinus sylvestris, Ps; Pinus pinaster, 885 

Pp; and Pinus taeda, Pt), and angiosperm (basal angiosperm: Amborella trichopoda, Amt; 886 

monocots: Oryza sativa, Os; and Zea mays, Zm; and dicots: Arabidopsis thaliana, At; Populus 887 

euphratica, Poe; Populus trichocarpa, Pot; and Vitis vinifera, Vv) representative species. The 888 

unrooted amino acid sequence similarity trees were generated using the Geneious software by 889 

the Neighbour-Joining method and the Jukes-Cantor genetic distance model. WUS clade (red; 890 

W); intermediate clade (blue; I); ancient clade (black; A). The green alga OtWOX sequence was 891 

used as outgroup for the tree (orange). Pinus pinaster sequences are highlighted with an 892 

asterisk.  893 

 894 

Figure 4. Phylogenetic tree of the WUS-clade WOX proteins. Species abbreviations are 895 

indicated as in Figure 3. The unrooted amino acid sequence similarity trees were generated 896 

using the Geneious software by the Neighbour-Joining method and the Jukes-Cantor genetic 897 

distance model. The green alga OtWOX sequence was used as outgroup for the tree. Each group 898 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

31 
 

of orthologous genes is highlighted in a different colour. Pinus pinaster sequences are 899 

highlighted with an asterisk. 900 

 901 

Figure 5. WOX protein domains. (A) Schematic representation of the conserved domains in all 902 

WOX family proteins in Pinus pinaster. Homeodomain (red; HD), WUS-box (orange; W), and 903 

EAR domain (purple). (B) Alignment of the 14 P. pinaster WOX homeodomain sequences. 904 

Note the extra Y residue in PpWUS sequence (red box). 905 

 906 

Figure 6. Quantitative real-time PCR (RT-qPCR) analysis of the relative mRNA abundance of 907 

the WOX gene family in Pinus pinaster during embryo development and germination. PEM 908 

(proembryogenic mass); EE (early embryo); LE (late embryo); ME (mature embryo); G1, G2, 909 

and G3 (germinated embryo with radicle length <1 cm, 1-2 cm, and 2-3 cm, respectively). 910 

Different letters indicate significant differences in the relative mRNA abundance (Student–911 

Newman–Keuls test, α = 0.05). 912 

 913 

Figure 7. Quantitative real-time PCR (RT-qPCR) analysis of the relative mRNA abundance of 914 

the WOX gene family in different parts of three-week-old seedlings of Pinus pinaster. Root tip 915 

(Rt); Hypocotyl (Hy); Shoot apex (Sa); Cotyledon (Co). Different letters indicate significant 916 

differences in the relative mRNA abundance (Student–Newman–Keuls test, α = 0.05). 917 

 918 

Figure 8. PpWOX gene expression obtained by RNA-Seq from tissues isolated through laser 919 

capture microdissection in one-month-old seedlings of Pinus pinaster. Apical Meristem (AM), 920 

Emerging Needles (EN), Young Needles Mesophyll (YNM), Young Needles Vascular (YNV), 921 

Cotyledon Mesophyll (CM), Cotyledon Vascular (CV), Hypocotyl Cortex (HC), Hypocotyl 922 

Vascular (HV), Hypocotyl Pith (HP), Root Cortex (RC), Root Vascular (RV), Developing Root 923 

Cortex (DRC), Developing Root Vascular (DRV) and Root Meristem (RM). 924 

 925 

Figure 9. PpWUS, PpWOXX and PpWOX3 transcript detection by fluorescent in situ 926 

hybridization (FISH) in longitudinal sections of shoot apex excised from three-week-old Pinus 927 

pinaster seedlings. Specific anti-mRNA probes labelled with Cyanine 5 (Cy5; red signal) were 928 

used. Blue signal represents nuclei staining with 4,6-diamidino-2-phenylindole (DAPI). (A) 929 

PpWUS transcripts were exclusively detected (arrows) in the central zone of the meristem. (B) 930 

Close up view. (C) Transcripts from PpWOXX also showed a restricted expression domain 931 

(arrows) in cells situated in the central zone of the meristem. (D) Close up view. (E) PpWOX3 932 

was shown to be expressed in the flanks of the meristem and in needle primordia. (F) Close up 933 

view. Needle primordia (np). Shoot apical meristem (sam) including the central zone (cz) and 934 

the peripheral zone (pz). All images were obtained with a Leica DMRXA fluorescence 935 
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microscope (Leica Microsystems, Wetzlar, Germany) and processed with ConfocalUniovi 936 

ImageJ software (http://spi03.sct.uniovi.es/confocaluniovi/). Bar, 50 µm. 937 
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Table 1. Summary of WOX protein expression domains and function. A comparison between angiosperms and gymnosperms. 
(*) 

Genes described in this work. 

 Angiosperms Gymnosperms 

Clade Gene 
Expression 

domain 
Function References Orthologue Expression domain Function References 

WUS 

 

WUS 

SAM, floral 

meristem, ovule, 

anther 

Stem-cell maintenance, 

anther and ovule 

development 

[6, 14, 56, 66-68] 
PpWUS

(*)
, 

GbWUS, 

GgWUS 

Embryo, shoot tip Unknown [28] 

WOX1 
Lateral organ 

primordia 
Lateral organ formation [13, 23, 69, 70]     

WOX2 
Apical embryo 

domain 
Embryo patterning [13, 24, 71] 

PpWOX2
(*)

, 

PaWOX2 

Embryo, Apical 

embryo domain 
Embryo patterning [26, 60, 72] 

WOX3 

(PRS1, 

NS1, NS2) 

SAM, peripheral 

zone 

Promotes cell 

proliferation, lateral 

organ formation 

[13, 17, 23, 70]  

PpWOX3
(*)

, 

PaWOX3, 

GgWOX3, 

GbWOX3A, 

GbWOX3B, 

PsWOX3 

Embryo, SAM, 

peripheral zone, 

cotyledons, needles 

Lateral organ 

outgrowth 
[27, 49] 

WOX4 
Vascular 

cambium 
Procambial development [16, 73, 74] 

PpWOX4
(*)

, 

PaWOX4, 

GgWOX4, 

GbWOX4 

Germinating 

embryo, Vascular 

cambium 

Unknown [29, 49] 

WOX5 RAM Stem-cell maintenance [13, 15] 
PpWOX5

(*)
, 

PaWOX5 

PsWOX5 

Embryo, RAM, 

SAM 
Unknown [28, 29] 

WOX6 

(PFS2, 

hos9) 

Female 

gametophyte 

Prevents differentiation, 

cold-stress response 
[75]     

WOX7 Root Lateral root development [76]     

    PpWOXX
(*)

 
Embryo, SAM, 

needles 
Unknown  

Table 1



Intermediate  

 

WOX8 

(STPL) 

Basal embryo 

domain 
Embryo patterning [13, 24, 71] 

PpWOXB
(*)

, 

PpWOXC
(*)

, 

PpWOXD
(*)

, 

PpWOXE
(*)

, 

PaWOX8A, 

PaWOX8/9 

Basal embryo 

domain 

Embryo patterning 

 
[25, 60] 

WOX9 

(STIMPY) 

Basal embryo 

domain 

Embryo patterning, 

promote cell proliferation 
[13, 71] 

WOX11 Root 
Adventitious root 

formation 
[61] 

PpWOXF
(*)

, 

PaWOX8B, 

PaWOX8C, 

PaWOX8D 

Embryo Unknown [29] 

WOX12 Root 
De novo root 

organogenesis 
[77] 

Ancient 

WOX10 Unknown Unknown 
 

    

WOX13 
Root, 

inflorescence 

Floral transition, root 

development 
[12, 59] 

PpWOX13
(*)

, 

PpWOXA
(*)

, 

PpWOXG
(*)

, 

PaWOX13 

All studied tissues Unknown [29] 

WOX14 
Root, 

inflorescence 

Floral transition, root 

development 
[12]     
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