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47

48  Abstract

49  Understanding the driving forces and molecular processes underlying dioecy and sex
50 chromosome evolution, leading from hermaphroditism to the occurrence of male and female
51 individuas, is of considerable interest in fundamental and applied research. The genus
52  Phoenix, belonging to the family Arecaceae, consists of only dioecious species. Phylogenetic
53 data suggests that the genus Phoenix diverged from a hermaphroditic ancestor shared with its
54  closest relatives. Here we investigated the evolution of suppressed recombination within the
55  genus Phoenix as a whole by extending the analysis of P. dactylifera sex-related loci to eight
56  other species within the genus. We also performed a phylogenetic analysis of a date palm sex-
57 linked PAMYB1 gene in these species. We found that X and Y sex-linked alleles clustered in a
58  species-independent fashion. Our data show that sex chromosomes evolved before the
59 diversification of the extant dioecious species. Furthermore, the distribution of Y haplotypes

60 revealed two male ancestral paternal lineages which may have emerged prior to speciation.

61

62 1. Introduction

63  Dioecy, in angiosperms, may result from two sex-determining mutations, a recessive male-
64  sterility mutation and a mutation at a linked locus causing the loss of female functions [1]. If
65 both these partially linked mutations establish polymorphisms [1, 2], closer linkage between
66 the two sex-determination loci is favored by selection, to maintain the correct combination of
67 mutations, and avoid sterile recombinants. This may explain the suppressed recombination
68 that characterizes sex chromosomes. The time since recombination stopped in the sex-
69  determining region defines the age of the sex chromosome system, and it is also of interest to

70  know whether a single recombination suppression occurred, or multiple events, resulting in
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71 severa evolutionary strata having evolved, as has occurred in mammals, Slene latifolia, and
72 Papaya carica [3, 4]. Dioecy and sex chromosomes have evolved repeatedly and
73 independently in different plant taxa [5, 6, 7]. However, only a few systems have been
74  described in detail. Understanding sex chromosome emergence during the evolution of
75 dioecy, leading from hermaphroditism to the occurrence of male and female serile
76  individuas, is therefore of maor fundamental interest, with many potential agronomic
77  applications.

78 The genus Phoenix (Arecaceae, Coryphoideae, Phoeniceae) includes fourteen dioecious
79  species, distributed from the Atlantic islands throughout the Mediterranean region, Africa,
80 Middle East, and as far as southern Asiato the northwestern Pacific [8,9,10].

81  DNA sequence divergence from other palm generais high [11, 12], and it has been suggested
82 that the genus Phoenix might possess an ancient sex chromosome system [20]. The tribe
83 Phoeniceae is sister to the predominantly hermaphroditic tribe Trachycarpeae [13], but is
84  distinguished by several morphological differences [10], and the divergence time is estimated
85 tobearound 49 + 16 mya[14]. Assuming asingle origin of dioecy in Phoenix, this date gives
86 an upper bound to the age of the sex-linked non-recombining region. Interspecific
87  relationships within Phoenix were studied by Pintaud et al. [15] based on two chloroplast loci
88  (psbz-trnfM and rpl16-rps3), recovering five phylogenetic lineages, namely P. loureiroi-
89 acaulis-pusilla, P. roebelenii-paludosa, P. caespitosa, P. reclinataand a larger lineage
90 consisting of P. dactylifera, P. atlantica, P. theophrasti, P. sylvestris and P. rupicola.

91  Sexual dimorphism in the genus Phoenix has been dated back to the Eocene period (between
92 339 and 55.8 million years ago) [10, 16] on the basis of fossil records of Phoenix mae
93 flowers. Dioecy could thus be very ancient within the genus. In P. dactylifera, sex
94  differentiation results from the arrest of male or female organ development in the initial

95  bisexua flower buds [17] and the species has an XY sex chromosome system [18,19,20]. A
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96 non-recombining XY-like region was inferred in the date palm genome, based on 3
97 microsatellite loci showing aleles confined to males, and two different Y haplogroups were
98  found [20]. Recently, Mathew et al. [21] constructed a genetic map of date palm and localized
99 the sex segregating region to LG12. The physica length of this region is estimated to be
100  13Mb, about 2% of the genome [21].
101  All known species in the genus Phoenix are dioecious. Dioecy is probably an ancestral
102  character in the genus. However, it is important to test explicitly whether sex chromosomes
103  evolved before speciation within the genus, to exclude the possibility that dioecy evolved in
104  more than one lineage, and to test whether suppressed recombination might have evolved in
105 only certain lineages. If X and Y alleles of different species cluster together, rather than by
106  clustering within their respective species, sex linkage must have evolved before speciation.
107  Conversely, if these alleles cluster according to species, then sex linkage must have evolved
108  after speciation [22].
109  We used sex-linked markers identified in P. dactylifera [20] to study eight other species, and
110 found that one sex-linked MYB gene, PAMYBL1, was present in seven of the studied species.
111 Our results provide strong evidence that sex evolved before the appearance of the extant

112 species of the genus Phoenix.

113 2. Material and M ethods

114 (a) Plant material

115  Nine of the 14 Phoenix species were studied, mainly from natural populations (including 64
116 maesand 70 females). Three species with large samples in our study are widespread: Phoenix
117  dactylifera (34), P. reclinata (10), P. sylvestris (18), while three species have restricted
118  distribution: P. atlantica (17), P. canariensis (21) and P. roebelenii (24) were included

119  (Figure 1), and three other species only small samples, P. acaulis, P. rupicola (one male and
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120 one female) and P. loureroi (three males and three females) (Figure 1); these three species

121 were excluded from the statistical analyses (electronic supplementary material, Table 1).

122 (b) DNA extraction

123 Leaf samples were freeze-dried for 72 h with an Alphal-4LD Plus lyophilizer (Fisher
124  Scientific, lllkirch, France) and ground with a Tissue Lyser System (Qiagen). DNA extraction
125 was carried out using the Dneasy plant mini kit (Qiagen) according to the manufacturer’s

126  instructions. All samples were adjusted to 10 ng.ul™ concentration for subsequent analyses.

127 (c¢) PCR assays

128  To test the transferability of date palm sex-linked markers to the other Phoenix species, the
129  three SSR loci (mPdIRD50, mPdIRD52 and mPdIRD80) designed by Cherif et al. [20] were
130 tested across eight newly studied species and new genotypes of P.dactylifera.

131 PCR reactions were performed in an Eppendorf thermocycler (AG, Hamburg, Germany).
132  The reaction volume was 20 pl and contained 10 ng of genomic DNA, 2 pl of 10X reaction
133  buffer with 2 mM MqgCl,, 200 pM dNTPs, 1 U Tag polymerase, 10 pmol of the
134  fluorochrome-marked forward primer and of the reverse primer and MilliQ water. The PCR
135 reactions were carried out with following parameters: 5 min denaturation at 95°C, followed
136 by 35 cycles of 95°C for 30 s, 56°C for 30 s and 72°C for 45 s, and then a final elongation
137 step at 72°C for 10 min. PCR products were analysed using an ABI 3130XL Genetic
138 Anayzer (Applied BioSystems, Foster City, CA, USA). Allele sizes were scored with

139  GeneMapper software v4.0 (Applied BioSystems).

140 (d) Cloning and sequencing of PAMYB1 sequences

141  In order to verify that the size conservation of sex-linked SSR across Phoenix species is not
142  due to size homoplasy, the mPdIRD80 locus was sequenced. In addition, potential genes

143 around the three date palm sex-linked markers [20] were searched in the published genome
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144  assembly [19]. A MYB gene called PAMYB1 was identified by BLASTNn on GenBank database
145  near the mPdIRD8O0 locus.

146  Primers PAMYB1R1 or PAMYB1R2 and PAMYB1F5 or mPdIRD80OF (electronic
147  supplementary material, Table 2) were used to amplify the target MYB gene from seven
148  Phoenix species (P.dactylifera, P.reclinata, P.atlantica, P.sylvestris, P.roebelenii, P.rupicola,
149  P.canariensis) (electronic supplementary material, Figure B). All sequences were amplified
150 from genomic DNA, using Tagq polymerase (GoTagq G2 DNA Polymerase, Promega).
151 Reactions were performed in 20uL, with following final concentrations: 1X Green Buffer,
152  dNTPs 0.2mM each, primers 0.5uM each, GoTag 1U/tube and 50ng DNA/tube. The PCR
153  conditions were as follows: one incubation at 95°C for 2 min; 30 cycles of: denaturing at
154  95°C for 30s, annedling at 57°C for 30s, and elongation at 72°C for 2 min; and a final
155 extension at 72°C for 5 min. PCR products were separated on 1% agarose gel and stained
156  with ethidium bromide. PCR products matching the target size under UV light were purified
157  using aPCR Clean-Up Kit (Wizard SV Gel and PCR Clean-Up System, Promega) and cloned
158 into pGEM-T Easy vector (pGEM-T Easy Vector System |, Promega) according to the
159  manufacturer’s conditions. The ligation products were transformed into JM109-competent
160 cells (Bacterial Strain JM109, Glycerol Stock, Promega) and positive colonies were
161 confirmed by PCR using previous primers. Plasmids of positive colonies were isolated
162 (Wizard Plus SV Minipreps DNA Purification System Promega) and adjusted to a
163  concentration of 75ng/pl for sequencing using SP6 and T7 primers at Eurofins Genomics
164  (Germany). Sequence results in fasta format were assembled and analyzed using SegqMan Pro
165 software (Lasergene). X and Y alleles were respectively obtained from homozygous XX
166  female plants and from XY male plants. To identify western and eastern Y alleles, western
167 and eastern male alleles of P. dactylifera [20] were used as a reference.

168 (e) Genetic analyses
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169 Much of our analysis used the GenAlEx 6.5 program [23, 24], including analyses of allele
170  freguencies and allele size distributions in male and female individuals within Phoenix
171  species, estimates of genetic variability, including values of Ho, He, Fis and Ry values used to
172  characterize subdivision between males and females (electronic supplementary material,
173 Table 3, Table A, Table4 and 5).

174  For the remainder of the study, each Phoenix species was considered as a population and the
175  subsequent genetic analyses focused on male and female, treated as separate groups in tests
176  for subdivision and differences in heterozygote frequencies. R¢ was estimated according to
177  the stepwise mutation model [25] (Table 1), and the AMOVA procedure implemented in
178  GenAlEx 6.5 [23, 24] used microsatellite distance matrix data; significance was determined
179 by running 10000 permutations (electronic supplementary material, Figure 1). Principal
180 component analysis (PCA) (electronic supplementary material, Table A) was performed using
181 the dudi.pca function, implemented in ade4 package for the R software v2.15.3 [26]
182  (electronic supplementary material, Figure A).

183  Expected heterozygote frequencies assuming Hardy—Weinberg genotype frequencies (He)
184  were compared with those observed (Ho) within males and females of Phoenix species using
185 the GenAlEx 6.5 program [23, 24].

186  Two different Fis estimates, namely Weir and Cockerham’s estimate [27] and Robertson and
187  Hill’s estimate [28] (electronic supplementary material, Table 5), were used to test whether
188 there was an excess of heterozygotes in the two groups (male and female) within each
189  Phoenix species. The second estimate has a lower variance under the null hypothesis [28]. To
190  determine the significance of Fis, P-values were calculated by the Markov chain method [29]
191  (electronic supplementary material, Table 6) using the Genepop 4.2 program [30, 31].

192 Toinfer X and Y haplotypes within Phoenix species, the alleles of the three sex-linked loci

193 (mPdIRDP80, mPdIRDP50 and mPdIRDP52) that were most frequently associated were
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194  determined for each genotype in each species, using the EM algorithm implemented in the
195 PowerMarker program [32]. Additionally, the EM algorithm was used to resolve the genotype
196 of each male or femae individual into the two most probable haplotypes (electronic
197  supplementary material, Note 1).

198 The Y-SSR haplotypes of the genus were used to construct a median joining haplotype
199 network [33] using the Network 4.6.1.1 program. We assumed a single-repeat mutation
200 model, and repeat variants were given aweighting of 10. To highlight the clustering of Y and
201 X aleles within the genus, a multiple alignment of PAMYB1 genomic sequences from the
202  studied Phoenix species was performed using CLC Sequence Viewer v7.02 software (CLC
203  BIO) (electronic supplementary material, Figure C). The alignment was then used as an input
204 in MEGAG.0 [34] and a tree was produced, using coding and non-coding sequence, (gaps
205 excluded) by a Maximum Likelihood method under the Kimura 2-parameter model [35].
206 The latter model was chosen after comparison of the BIC scores (Bayesian Information
207  Criterion) between different models (electronic supplementary material, Table 7 and Figure
208 D). The same results were obtained by other Neighbor-joining and maximum parsimony.
209 The ortholog of PAMYBL1 in the Elaeis guineensis genome was used as an outgroup in

210  phylogeny reconstruction.

211 3. Resultsand Discussion

212  Phoenix species were chosen to represent the main evolutionary lineages on the basis of
213  previously established morphological, anatomical and molecular phylogenies [8, 15, 36]. The
214  geographical distribution of the nine Phoenix species analyzed is shown in Figure 1 [8, 9, 10].
215 The species studied are characterized by a wide and continuous distribution from the Canary
216 and Cape Verde islands in the Atlantic Ocean, reaching as far as Taiwan through Africa,
217 Madagascar, the Middle East, Pakistan and India. P. canariensis and P. atlantica are

218  respectively endemic to the Canary and the Cape Verdeislands. P. roebe enii, P. rupicola and
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219 P. acaulis have restricted ranges, respectively limited to the north of Laos and Vietham and
220 the north of India and Nepal. P. dactylifera has the largest distribution area, which overlaps
221 that of P. canariensis, P. reclinata in the Horn of Africa and P. sylvestris on the Indian
222 subcontinent.

223 (a) Conservation of the sex-linked loci within overall the studied Phoenix species

224  Three sex-linked SSR loci, mPdIRD50, mPdIRD52 and mPdIRD80, were identified in
225 P. dactylifera by Cherif et al. [20]. We mapped mPdIRD50 and mPdIRD80 on the sex linkage
226  group (LG12) [21]. The mPdIRD52 has not mapped on the available genetic map. The three
227  sex-linked loci were successfully amplified in all individuals of the eight additional species
228 analysed.

229 (i) Allelefrequencies

230 To further test whether sex linkage is conserved between P. dactylifera and the other Phoenix
231  species, Y- and X-linked allele frequencies for each locus were investigated.

232 mPdI RDP52 locus

233 The mPdIRDP52 locus yielded a total of 18 aleles. Four were Y-linked (mPdIRDP52_188,
234  mPdIRDP52_ 189, mPdIRDP52_191 and mPdIRDP52 193) exclusively distributed within
235 males. P. roebelenii was found to have a private Y-alele (mPdIRDP52_189) in addition to
236 the mPdIRDP52_191 allele (Figure 2). The fourteen remaining alleles were X-linked.

237 mPdI RDP50 locus

238 The mPdIRDP50 locus aso had Y -linked alleles shared between males of the seven Phoenix
239  species (Figure 2). Only P. roebelenii had a private allele (mPdIRDPS0_177). In Eastern
240 accessions of P. dactylifera, we observed Y-linked duplications of the mPdIRDP52 and
241  mPdIRDP50 loci. Asin P. dactylifera, P. sylvestris and P. acaulis displayed duplicated male

242  dleles (Figure 2). The observed identity of mPdIRDP50 allele sizes (Figure 2) seen in eastern
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243  accessions of P. dactylifera, P. sylvestris, P. loureroi and in P. acaulis suggests an ancestral

244  origin of these aleles.
245 mPdI RDP8O0 locus

246  The mPdIRDP80 locus had a total of seven adleles in the entire sample (Figure 2). The
247  mPdIRDP80_192 and mPdIRDP80_308 alleles were both strictly associated with the male
248  phenotype in the studied species, confirming the linkage to the Y chromosome. The other five
249 aleles (MPdIRDP80_290, mPdIRDP80 292, mPdIRDP80 296, mPdIRDP80_299,
250 mPdIRDP80_312) were shared between males and females and therefore presumed to be X-
251 linked aleles. P. roebelenii and P. acaulis species had private X aleles, namely the
252  mPdIRDP80 296 allele for P. roebelenii and the mPdIRDP80 312 allele for P. acaulis
253  (Figure 3).

254  The mPdIRDP80 locus showed a high level of conservation among the studied Phoenix
255  species, especialy for the Y-linked alleles of which only two forms were observed. To further
256 compare X and Y seguences in Phoenix spp. and to exclude a possible convergence of SSR
257  adlele sizes, we sequenced the mPdIRDP80 locus and performed multiple alignments of X and
258 Y sequences. The alignments of all X sequences showed a shared identity ranging from 95%
259 and 100%. The corresponding western and eastern Y aleles in P. dactylifera [20] revealed
260 that the amplified region is identical in the entire male sampling (identity > 99%) (electronic

261  supplementary material, Figure 2, 3 and 4).

262  Taken together, these results indicate that the sex-linked region bearing the mPdIRDPS80,

263 mPdIRDP50 and mPdIRDP52 loci is highly conserved throughout the genus.

264 Consistent with this conclusion, Ry values [25] (Table 1 and electronic supplementary
265 material, Figure 1), indicate significant genetic differentiation between males and females

266  within each species studied, except for P. reclinata (Ry < 0; this value may be biased due to
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267 the different numbers of males and females studied, see the electronic supplementary
268 material, Table 4). Moreover, principal component analysis (PCA) yielded separate clusters
269 of males and females (Figure 3). Thus, as for P. dactylifera, these three loci showed sex
270 linkage in the additional studied species.

271 (ii) Heterozygosity at the sex-linked loci

272 All males of each Phoenix species analysed were heterozygous (Y aiae/Xaiee) for all three P.
273 dactylifera sex-linked microsatellite loci (Fis ranged from -0.04 to -1, see electronic
274  supplementary material, Table 5), with significant differences from the Hardy—Weinberg
275  genotype frequencies, expected under random mating, Fis = 0. In contrast, females of each
276  species mostly had significantly positive Fis values (electronic supplementary material, Table
277  5),inlinewith previous reports for X-linked SNPs in date palm females [19].

278  Overall, these results demonstrate that the XY chromosome system previously observed in P.
279 dactyliferais aso present in the eight other Phoenix species studied here. The findings of this
280 comparative genetic study reveal a common set of orthologous sex-linked markers shared
281  between the additional studied species (P. canariensis, P. atlantica, P. reclinata, P. sylvestris,
282  P.roebdenii, P. rupicola, P. loureroi and P. acaulis) and Phoenix dactylifera.

283 The Y-linked alleles of the Phoenix species studied were assigned to 11 Y haplotypes none of
284  which were found among the 39 X-haplotypes (Figure 4). Therefore, recombination does not
285  occur between the Y and X chromosome regions carrying the mPdIRDP80, mPdIRDP50 and
286 mPdIRDP52 loci in any of the species, strongly suggesting complete sex-linkage of these loci,
287 asin P. dactylifera [20]. Moreover, the mPdIRDP80 and mPdIRDP50 microsatellite loci are
288 located in the LG12 sex segregating region in the genetic map of date palm corroborating
289  somehow the small size of sex segregating region [21]. Nevertheless, mPdIRDP52 |locus was

290 mapped neither in LG12 nor in any other linkage group suggesting that Y region carrying
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291 mPdIRDP80, mPdIRDP50 and mPdIRDP52 loci is probably larger than proposed by Mathew
292 etal.[21].

293 We next investigate whether this sex-linked region has evolved once or severa times
294  independently within each species.

295 (b) The PdMYB1 geneand thetiming of recombination arrest in the Phoenix genus

296 To estimate the time since recombination stopped, estimates of sequence divergence between
297 X and Y dleles are needed (ideally for multiple genes, to test whether different strata exist).
298  The microsatellite loci do not provide such an estimate. One gene is, however, now available.
299 The PAMYBL1 gene (see Methods) is homologous to the predicted P. dactylifera transcription
300 factor MYB86-like (GenBank accession number XM_008777432.1) and maps in the LG12
301 (PDK_30s6550963) sex-linked region of the date palm genetic map [21] and the mPdIRDP80
302 microsatellite locus is localized within its promoter sequence (Figure 5A). We cloned and
303 sequenced the ~ 2 Kb region including the PAMYB1 gene and mPdIRDP80 (electronic
304 supplementary material, Figure 5). The PAMYBL has three exons of 135, 128 and 963 pb, and
305 two introns of 191 and 102 pb, and the mPdIRDP80 sequence is 176 pb upstream of the first
306 exon (Figure 5 A). Sequencing of the mPdIRDP80 locus confirmed the observed sizes of X
307 andY alelesfrom capillary gel genotyping (Figure 5 A). We cloned the PAMYBL genein the
308 seven related Phoenix, and identified their X/Y pairs based on the sizes of the mPdIRDP80 X
309 andY dleles. All males had different X and Y sequences while all females had only the X
310  sequences.

311  We reconstructed the phylogeny of the X and Y copies of the PdMYB1gene from the newly
312  studied Phoenix species, and found distinct Y and X alleles clusters, rather than a clustering
313 by species of origin (Figure 5 B). The same result was also obtained with the distribution of X
314 and Y mPdIRDP80, mPdIRDP50 and mPdIRDP52 SSRs alleles among the Phoenix species

315 by PCA (see the electronic supplementary material, Figure 6). These results provide evidence
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316 that recombination between X and Y aleles of the PAMYBlgene and the sex-linked loci
317 stopped before the Phoenix spp. split. Similarly, phylogenetic analysis suggested that
318 recombination stopped before the speciation of the dioecious species S latifolia, S. dioica,
319 and S diclinis, whereas sequences of the SIX1/SIY1 gene may have undergone suppressed
320  recombination independently in these species[3].

321 (c) Y chromosome evolution in the genus Phoenix

322  The network based on the Y haplotypes revealed at least two magjor Y chromosome lineages
323  (Figure 6). The first includes four species, two from the Atlantic islands (P. canariensis and
324 P. atlantica), one from sub-Saharan Africa (P. reclinata) plus the western P. dactylifera
325 lineage (North Africa). The second lineage includes three species, the eastern P. dactylifera
326 lineage, from Pakistan and the Middle East, and two species from Asia (P. sylvestris and P.
327  roebdenii) (Figure 6). In the eastern lineage, the P. roebelenii group appears divergent from
328 theP. sylvestris and eastern P. dactylifera groups and has private Y haplotypes. The two male
329 lineages within P. dactylifera were previously identified [20]. The observation that these
330 haplotypes are also found in other Phoenix species suggests a split into two male paterna
331 lineages from an ancestral Y population before speciation, with the two Y -haplotypes
332 transmitted to the evolving species and becoming fixed in different species. However, the
333 presence of haplotypes within P. dactylifera is surprising. It could be due to ancestral
334  polymorphism maintained on the Y chromosome or to more recent introgressions but this still

335 needto beinvestigated.
336 4. Conclusion

337  According to fossils of Phoenix male flowers, dioecy could have emerged in the genus during
338 the Eocene (~ 49.5 mya) [10, 38].
339 Our data bring evidence that recombination arrest evolved prior to speciation in the

340 genus Phoenix. Furthermore, the entire extant Phoenix species are dioecious which allows to
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341 conclude that sex chromosomes and dioecy evolved only once in this lineage. The time at
342  which recombination stopped in the Phoeniceaecan be estimated by analyzing X/Y
343  divergence of other sex-linked genes especially from the non-recombining regions of the date
344  palm sex-linkage group [21].
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482  Figure 1. Geographical distribution of the studied Phoenix species.
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483 Figure 2. Dispersion of Phoenix species in relation to sex on the first biplot of the
484  Principal Component Analysis.

485 DM: P.dactylifera mae DF: P.dactylifera female, CM: P.canariensis male; CF:
486 P.canariensis female; SM: P.sylvestris male; SF: P.sylvestris female; RoM: P.roebelenii
487 male; RoF: P.roebelenii female; AM: P.atlantica male; Af: P.atlantica female, ReM:

488 P.reclinata male; ReF: P.reclinata female.

489  Figure 3. Alldic distribution of mPdIRD50, mPdI RD52 and mPdIRD80 loci within the
490  studied Phoenix species.

491  Left side corresponds to male genotypes and right side corresponds to female genotypes. Each
492  dot represents an alele. Alleles shared between mae and female individuals (X) are
493  represented in red and male specific aleles (Y) are represented in blue. Duplicated male
494  aleles (Y) are represented in light-blue. Female individuals have only alleles shared between

495 male and female while male individuas have shared alleles and male specific alleles.

496 Figure 4. Haplotypes distribution within studied Phoenix species analysed as a whole
497  (P. dactylifera, P. reclinata, P.sylvedtris, P. atlantica, P. canariensis, P. roebelenii and P.
498 acaulis). Light and dark red histograms represent respectively X female and X male

499  haplotypes. Blue histograms correspond to Y haplotypes.

500 Figure5. Structure of Phoenix PAMYB1 gene and molecular phylogenetic analysis by
501 Maximum Likelihood method.

502 A.The structure of the PAMYB1 gene was predicted based on multiple alignments including
503 the P.dactylifera transcription factor MYB86-like and the orthologous sequences of other
504 species. Blue, yellow and grey rectangles indicate respectively the position of mPdIRDP80

505 motif, exons and introns of the PAMYB1 gene.
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506 B. The tree with the highest log likelihood (-3368.6438) is shown. The percentage of treesin

507 which the associated taxa clustered together is shown next to the branches (1000
508 replications). Initial tree (s) for the heuristic search were obtained automatically by
509 applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated

510 using the Maximum Composite Likelihood (MCL) approach, and then selecting the

511 topology with superior log likelihood value. The tree is drawn to scale, with branch lengths
512 measured in the number of substitutions per site. The analysis involved 19 nucleotide
513 sequences. All positions with less than 95% site coverage were eliminated. That is, fewer
514 than 5% alignment gaps, missing data, and ambiguous bases were allowed at any position.
515 There were atotal of 1494 positions in the final dataset. Corresponding orthologous of the
516 Elaeis guineensis PAMYB1 gene was used as the outgroup. X and Y represent the X- and

517 Y -specific aleles, respectively.

518 Figure®6. Date palm Y-SSR haplotype Network.

519 Red dots indicate the median vectors corresponding to the hypothesised haplotypes required
520  to connect the existing ones.

521  Table 1. Genetic structuring within the studied Phoenix species generated by each sex-linked

522  microsatellite between the two sexes.

523
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Table 1. Genetic structuring within the studied Phoenix species generated by each sex-linked

microsatel lite between the two sexes

Locus Ry*
5 mPdIRD P52 0.326
X
= mPdIRD P50 0.351
0
by mPdIRD P80 0.317

* The Ry index measures the genetic differentiation generated by the sex-linked loci. We observe that
the values of Ry obtained with the sex-linked loci set (in bold) are significantly higher than zero and

clearly show a genetic structuring of the population in relation to sex.
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Figure 1. Geographical distribution of the studied Phoenix species.
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Figure 2. Dispersion of Phoenix species in relation to sex on the first biplot of the Principal Component Analysis
DM: P.dactylifera male; DF: P.dactylifera female; CM: P.canariensis male; CF: P.canariensis female;
SM: P.sylvestris male; SF: P.sylvestris female; RoM: P.roebelenii male; RoF: P.roebelenii female;
AM: P.atlantica male; Af: P.atlantica female; ReM: P.reclinata male; ReF: P.reclinata female.
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Figure 3. Allelic distribution of mPdIRD50, mPdIRD52 and mPdIRDS8O loci within the studied Phoenix species.

Left side corresponds to male genotypes and right side cprresponds to female genotypes. Each dot represents an allele. Alleles
Alleles shared between male and female individuals (X) are represented in red and male specific alleles (Y) are represented in
blue. Duplicated male alleles (Y) are represented in light-blue. Female individuals have only alleles shared between males and
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Figure 5. Structure of Phoenix PAdMYRBI1 gene and molecular phylogenetic analysis by Maximum Likelihood
method.

A. The structure of the PdMYR! gene was predicted based on multiple alignments including the

P.dactylifera transcription factor MYB&6-like and the orthologous sequences of other species.
Blue, yellow and grey rectangles indicate the position of mPAdIRDP80 motif, exons and introns
of the PdMYE ! gene respectively.

B. The tree with the highest log likelihood (-3351.2862) is shown.The percentage of trees in which the
associated taxa clustered together is shown next to the branches (1000 replications).Initial tree (s) for
the heuristic search were obtained automatically by applying Neighbor-Join and BioNT algorithms to
to matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL.) approach,
and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. The analysis involved 17 nucleotide
sequences. All positions with less than 95% site coverage were eliminated. That is, fewer than 5%
alignment gaps, missing data, and ambiguous bases were allowed at any position.There were a total of
1494 positions in the final dataset. Corresponding orthologous of the Elaeis guineensisPAAMYBI gene
was used as the outgroup. X and Y represent the X- and Y-specific alleles, respectively.
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Figure 6. Date palm Y-SSR haplotype Network.

Red dots indicate the median vectors corresponding to the hypothesised haplotypes required to connect the

existing ones.
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