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Abstract: 26 

Background 27 

The papaya Y-linked region showed clear population structure, resulting in the detection 28 

of the ancestral male population that domesticated hermaphrodite papayas were selected from. 29 

The same populations were used to study nucleotide diversity and population structure in X-30 

linked region.  31 

Results 32 

Diversity is very low for all genes in the X-linked region in wild dioecious population, 33 

with nucleotide diversity πsyn = 0.00017, tenfold lower than the autosomal πsyn = 0.0017 and 34 

twelvefold lower than the Y-linked region πsyn = 0.0021. Analysis of the X-linked sequences 35 

shows an undivided population, suggesting a geographically wide diversity-reducing event, 36 

whereas two sub populations were observed in the autosomes separating gynodioecy and dioecy 37 

and three sub populations in the Y-linked region separating three male populations. The 38 

extremely low diversity in papaya X-linked region was probably caused by a recent, strong 39 

selective sweep before domestication, involving either the spread of a recessive mutation in an 40 

X-linked gene that is beneficial to males, or a partially dominant mutation that benefitted females 41 

or both sexes. Nucleotide diversity in the domesticated X samples is about half that in the wild 42 

Xs, probably due to the bottleneck when hermaphrodites were selected during domestication.  43 

Conclusions 44 

The extreme low nucleotide diversity in papaya X-linked region is much greater than 45 

observed in humans, great apes, and the neo-X chromosome of Drosophila miranda, which show 46 
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the expected pattern of Y-linked genes < X-linked genes < autosomal genes), whereas papaya 47 

shows an unprecedented pattern of X-linked genes < autosomal genes < Y-linked genes.  48 

 49 

50 



4 
 

Background 51 

Sex chromosomes with recombination-suppressed sex-linked regions are found in all 52 

major eukaryotic lineages, and have evolved independently numerous times, including in several 53 

plant species [1]. Suppressed recombination causes sex chromosomes to evolve differently from 54 

autosomes. First, some genes are restricted to one sex (for example, Y-specific genes are never 55 

present in females). Second, the effective population size (Ne) is lower for sex-linked regions 56 

than for autosomal, or pseudo-autosomal, ones (except for sequences extremely closely linked to 57 

the fully Y-linked region [2]). In a population with a 1:1 sex ratio, there are three X 58 

chromosomes, and one Y chromosome, relative to four of each autosome, so that the expected X 59 

and Y Ne values are thus 3/4 and 1/4, respectively, of the autosomal Ne. A lower Ne makes 60 

genetic drift more important for Y-linked and to a lesser extent X-linked genes than for 61 

autosomal ones. A third important difference between recombining genome regions and ones 62 

with suppressed recombination, including sex-linked regions, is that positive and purifying 63 

selection, respectively, reduce neutral diversity through selective sweeps and/or background 64 

selection, collectively called “genetic hitchhiking”; this is equivalent to a further reduction in Ne 65 

[3, 4]. These processes affect Y-linked sequences more than X-linked ones, but, in species where 66 

recombination occurs in both sexes, the X recombines less than autosomal genome regions, 67 

because it recombines only in females. Overall, therefore, X-linked sequences are also expected 68 

to have lower Ne than autosomal ones.  69 

Because of their low Ne, Y and X chromosomes are predicted to have lower neutral 70 

diversity than autosomes or the pseudo-autosomal region [5]. Lower X-linked than autosomal 71 

diversity is indeed found in the fruit flies Drosophila simulans and D. melanogaster [6, 7], and Y 72 
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linked diversity is low in humans and other mammals, D. miranda, and the plant Silene latifolia 73 

[8-11].  74 

This study examines DNA sequence diversity in sex-linked genes in papaya (Carica 75 

papaya).  Natural papaya populations are dioecious, with genetic sex determination and XY 76 

males and XX females. Cultivated varieties are mostly gynodioecious with XYh hermaphrodites 77 

and XX female. The papaya fully sex-linked region occupies about 13% of the XY chromosome 78 

pair. A Y-linked region of 8.1 Mbp is found in hermaphrodites and males (the very similar Yh 79 

and Y regions, respectively, also called HSY and MSY), and its X-linked counterpart is only 3.5 80 

Mb [12]. The rest of the chromosome consists of two large recombining pseudo-autosomal 81 

regions (PARs).  82 

The HSY region includes three sub-regions: two evolutionary strata whose gene order is 83 

inverted in the Y and Yh sequences, compared with the X region and the orthologous region in a 84 

closely related outgroup species, and in which the X and Y sequences have diverged, and a 85 

“collinear region” with the same gene order in the X, Y and Yh, and highly similar sequences in 86 

all three [12].  The border of the non-recombining fully sex-linked region was further refined 87 

based on variants differing between bacterial artificial chromosomes (BACs) made from the X 88 

and Yh of a single hermaphrodite plant [12, 13]. The molecular border defined in this manner 89 

extends 277 kb into the PAR beyond the genetically defined border, suggesting that part of the 90 

collinear region still recombines at a very low rate [12]. Here, we compare sequence diversity of 91 

the different genome regions, and show that the X-linked region has strikingly low diversity, 92 

even compared with closely adjacent PAR regions. 93 
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Recombination suppression between the papaya Y- and X-linked regions by a 94 

pericentromeric inversion in the Y chromosome is estimated to have begun 7 million years ago, 95 

causing the chromosome’s pericentromeric region to become sex-linked, forming a first 96 

evolutionary stratum [12] The Y-linked region’s larger size is largely due to repetitive element 97 

accumulation, forming four Y-specific heterochromatic knobs [14-17]; the X-linked region is 98 

also highly repetitive, and shares one knob with the Y. A second stratum is estimated to have 99 

stopped recombining with the corresponding Y-linked region about 1.9 MYA [12]. Despite its 100 

young age in comparison with the sex chromosomes of mammals, birds or Drosophila, there is 101 

evidence of genetic degeneration of the papaya Y and Yh [18], including presence of 102 

pseudogenes and loss of genes [12][19]. Finally, YY and YYh genotypes abort in the embryo 103 

stage 25 – 50 days after pollination [20], indicating that the Y and Yh have lost (or lost function 104 

of) at least one essential developmental gene in addition to carrying a gene that abolishes female 105 

functions.  106 

We previously analyzed papaya PAR and Y-linked loci obtained by whole genome 107 

sequencing, and showed that the HSY haplotype in domesticated hermaphrodites (Yh) is 108 

extremely similar to the MSY3 haplotype found in males in northwest Costa Rica, but not in 109 

other natural populations, and we concluded that domestication involved a hermaphrodite from 110 

this source about 4,000 years ago [19]. The X in domesticated hermaphrodites should also be 111 

derived from this source population, and this study tests this. Because the X- and Y-linked 112 

regions share most genes, the system is ideal for comparing X and Y diversity and population 113 

subdivision. Here we present the first such analysis of the complete X- and Y-linked regions. 114 

  115 
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Results 116 

Identification of polymorphisms and annotation 117 

We studied the same samples of wild males and cultivated hermaphrodites (Additional 118 

file 1: Table S1) as for our previous work on Yh and Y chromosomes: 12 cultivated 119 

hermaphrodites, representing a collection of commercial papaya varieties from around the world 120 

with varied fruit quality, size, shape, color and disease resistance, and 24 wild male papaya 121 

individuals collected from three natural populations in Costa Rica [19, 21]. Additionally, we 122 

sequenced female genomes from ten cultivated varieties, in order to assign variants as X- versus 123 

Y-linked and eliminate errors associated with Y reads mapping to the X region in the male and 124 

hermaphrodite samples (see below). Our whole genome re-sequencing (Additional file 1: Table 125 

S2) generated a total of 126 Gb of paired end sequence reads, with an average coverage per 126 

individual of 15.6x for autosomal loci and X linked loci in females, and the expected lower 127 

coverage of the X-linked alleles (7.8x) in our male and hermaphrodite individuals. To analyze 128 

the X-linked region, the quality-filtered reads (see experimental procedures) were aligned to the 129 

X region pseudomolecule [12]; for analyses of autosomal genes and the PAR, reads were aligned 130 

to the papaya draft genome [22]. We used strict parameters to avoid mapping reads from Y-131 

linked region to the X region, and inferred the phase of variants using reads from females, 132 

generating a set of validated X-linked haplotypes (see experimental procedures). Identifying 133 

variants in the X-linked region is difficult, given the highly repetitive nature of the X and its low 134 

gene density; overall, across the 3.5Mb region, we identified a total of 12,555 SNPs not found in 135 

any Y-linked sequences, and thus probably X-specific, and 718 small insertions/deletions (X-136 

specific InDels); 193,621 SNPs and 23,825 small InDels were found in the PAR sequences and 137 

3.1 million variants were identified across the autosome. In total, 20 polymorphic sites initially 138 



8 
 

assigned as X-specific were filtered from the analysis because of contaminant Y reads. These 139 

were all in a single 1 kb region containing an X-specific pseudogene (PCpX1), which may have 140 

recently transposed from the Y region, explaining the misalignment of Y reads. Most of the X-141 

specific SNPs are intergenic (9,793) and only 65 are in the 102kb of protein coding sequences 142 

(50 non-synonymous, and 15 synonymous variants; Additional file 1: Table S3); 700 are 143 

intronic, 818 are within 5kb upstream of transcript start sites, and 1179 are within 5kb 144 

downstream of the stop codon. One low frequency X-specific indel causes a codon deletion in a 145 

single male from a dioecious population, and two low frequency X-specific indels cause 146 

nonsense mutations in three other males.  147 

Extremely low nucleotide diversity and evidence of a recent selective sweep in the X region 148 

Unexpectedly, in the natural population samples, the nucleotide diversity of X-linked 149 

genes is extraordinarily low, more than 12 times lower than predicted under neutrality, assuming 150 

that the X-linked region has an effective population size (Ne) 0.75 of that for autosomal regions. 151 

The mean synonymous site nucleotide diversity (πsyn) for X-linked genes (Table 1, 2, Additional 152 

file 1: Table S4) is 0.00017, versus 0.0018 for all autosomal genes identified; the mean estimated 153 

nucleotide diversity for all sites (π) is 0.00038 for the X-linked region, again much lower than 154 

values for the autosomal or PAR regions (0.0017 and 0.0020, respectively, which do not differ 155 

significantly, Wilcoxon rank sum P = 0.12 while the difference from the X-linked region is 156 

highly significant, with P < 1 × 10−5 for both regions). Figure 1 shows that the low diversity 157 

affects the entire X-linked region, ending sharply at the PAR boundaries, which makes it 158 

unlikely that a mutation rate difference is responsible (see also below). It also cannot be 159 

explained by the fact that part of it is pericentromeric, and recombines rarely, so that the 160 

processes outlined above reduce diversity in both the X- and Y-linked regions; as explained 161 
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above, the Ne value should still be three times higher for the X- than the Y-linked region, and the 162 

Y should therefore have much lower nucleotide diversity. However, the X-linked copies of 163 

almost all paired X/Y genes (in both the younger and older strata) also have much lower πsyn than 164 

the corresponding Y copies, except for a few genes in the collinear region (Figure 2). The mean 165 

π for the Y is 0.0021, similar to that for the autosome. The Y value is high because Y 166 

chromosome haplotypes are strongly subdivided between populations, and the lack of 167 

recombination prevents Y-linked variants migrating between populations unless the complete 168 

haplotype migrates; the haplotype sequences can therefore diverge. Nucleotide diversity 169 

estimates in the Y-linked region within three previously identified, differentiated subpopulations 170 

MSY1, MSY2, and MSY3 are 0.0017, 0.0010, and 0.0009, respectively, and the diversity 171 

estimates for X-linked region in the corresponding subpopulations are statistically 172 

indistinguishable from these, also with very low values of 0.00012, 0.00011, and 0.00011.  173 

In the cultivated hermaphrodite papayas, nucleotide diversity in the autosome is slightly 174 

lower (0.0017) than in the wild plants (Figure 1), consistent with a loss in diversity due to a 175 

population bottleneck during domestication, though the difference is not statistically significant 176 

(Wilcoxon test; P = 0.09). Nucleotide diversity in the X-linked region is also lower than in the 177 

wild plants (π for all site types = 0.0002, πsyn=0.00013, 65% of the wild value).  178 

A severe bottleneck that caused almost complete loss of variability should create an 179 

excess of rare variants (due to subsequent mutations not having had time to reach high 180 

frequencies), but a less severe bottleneck (or contraction of a population) would lead to loss of 181 

rare variants, while variants at high frequencies would be less likely to be lost, leaving an excess 182 

of the latter, compared with the expectation under a constant population size. An excess of rare 183 

alleles can also be caused by a selective sweep recent enough that diversity, and variant 184 
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frequencies, have not yet reached the expected equilibrium values [23]. We therefore calculated 185 

Tajima’s D values, which can detect an excess or deficiency of rare variants (D values are 186 

negative in the first case above, and positive in the second). Very low diversity was found for Y-187 

linked genes in papaya hermaphrodites, compared with males, and D values were indeed much 188 

more negative, consistent with a severe bottleneck during domestication [19]. The D values for 189 

PAR sequences are close to zero in cultivated hermaphrodite papayas, and only slightly more 190 

negative than in wild plants (Figure 3), suggesting that the bottleneck during the domestication 191 

of papaya did not simply involve a single plant, but specifically involved selection for a Y-linked 192 

trait, most likely the loss of the female-suppressing factor that produced hermaphroditism. In 193 

contrast, in the sample from cultivated papaya the X-linked region has more positive D values 194 

(mean D = 1.02, Figure 3), also consistent with a moderately severe bottleneck due to sampling 195 

from a population with some diversity, or to mixing between populations. This value is 196 

significantly higher than in wild papaya, whose D value is -0.12 (Wilcoxon test P < 0.001). The 197 

mean values of Δπ, an alternative metric to Tajima’s D that is less affected by differences in the 198 

sequence lengths analyzed [24], are -0.63 for the cultivated X and -0.76 for the wild X, a slight, 199 

but again significant difference (Wilcoxon test P < 0.01), but not significantly different between 200 

the cultivated and wild PAR (-0.71 versus -0.78, respectively). This is consistent with previous 201 

findings based on four X-linked genes [25].  202 

Population structure in the X region and the PAR in wild and between wild and domesticated 203 

populations 204 

The papaya Y-linked regions (hermaphrodite Yh and male Y) show stronger population 205 

structure than that observed for the PAR sequences [19]. As explained above, the Y-linked 206 

region’s non-recombining situation makes it susceptible to genetic drift and loss of variability 207 
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during population bottlenecks, especially if Ne is further reduced by hitch-hiking processes. Y 208 

sequences from wild males fall into three haplotypes and the hermaphrodite Yh sequences 209 

closely resemble wild male Y haplotypes from the North Pacific Region of Costa Rica [19]. If 210 

the X-linked region also lacks recombination, haplotypes of this region should behave similarly. 211 

We therefore assessed population structure for X-linked and PAR genes, using the high quality 212 

SNP and indel variants in the X-linked and PAR regions described above.  213 

Maximum likelihood phylogeny, PCA and STRUCTURE analysis of X-linked sequences 214 

all suggest a largely undivided population (although two individuals, Cp11 and Cp44, appear as 215 

outgroups in the tree based on X-linked sequences, while their PAR and Y-linked sequences do 216 

not support a separation, and two Xs, Cp96 and Cp112, from other dioecious populations fail to 217 

cluster with the other Xs, see Figure 4 A, C). Gene flow clearly occurs between the wild 218 

populations. In contrast, both PCA and STRUCTURE analyses of the PAR region indicate 219 

separation between the wild and cultivated samples (Figure 4 B, D). The estimated phylogeny 220 

also groups the X sequences of cultivated hermaphrodites with X haplotypes from the dioecious 221 

subpopulations that have the MSY3 Y haplotype, as expected if the original hermaphrodite that 222 

was domesticated carried an X and a Yh haplotype from such a population.  223 

Consistent with these results, KST (a measure of population differentiation based on 224 

variance in variant frequencies between subpopulations, which is more suitable for recombining 225 

sequences than FST) is only 0.05 between the X-linked sequences from the wild and domesticated 226 

populations (Figure 5), and is 0.11 for PAR sequences, which suggests little differentiation from 227 

wild papaya following domestication as previously found [26]. The lower value for X-linked 228 

than PAR genes is surprising, as their lower diversity should lead to higher FST, and indeed it is 229 

higher for Y-linked than PAR genes, as expected [19]. The low FST for X-linked genes suggests 230 



12 
 

some interbreeding with wild papaya following domestication, perhaps via back-crosses to wild 231 

plants, which are occasionally used in papaya breeding programs to introduce disease resistance 232 

genes, or occasional gene flow from feral hermaphrodites to wild plants, which is known to 233 

occur. 234 

The collinear region yields a mean FST value for the wild populations , similar to that for 235 

PAR genes (0.14, see Figure 5B), consistent with the evidence mentioned above that 277 kb 236 

(50%) of this collinear region at the border of the fully sex-linked region is recombining, i.e. is 237 

partially, rather than fully sex-linked [12]. 238 

 239 

Discussion 240 

 Extremely low sequence diversity of the entire papaya X-linked region was first 241 

suspected when a domesticated hermaphrodite and a wild dioecious papaya were found to have 242 

nearly identical X-linked sequences. Our re-sequencing of 36 genomes confirms this unexpected 243 

situation.  What might have caused this? Because they recombine only in females, X-linked 244 

sequences will, on average, experience lower recombination frequencies 2/3 of those for 245 

autosomal genes. Estimates for female meiosis for 5 intervals in the 3.5 Mb papaya X-linked 246 

region resulted in higher recombination rate at 4.3 cM/Mb than for 17 intervals in 247 

pseudoautosomal region at 1.2 cM/Mb, or than the genome wide average of 2.9 cM/Mb [29], 248 

despite a small portion of this region being pericentromeric [27]. The high recombination rate in 249 

the papaya X-linked region in female meiosis then predicts that the rate in the population, which 250 

determines silent site diversity, is at 2.88 cM/Mb, considering that X chromosomes recombine at 251 

2/3 times in a population (4.3 cM/Mb x 2/3), about the same as the autosomal average at 2.9 252 
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cM/Mb. Recombination rate in the X-linked region cannot therefore account for its low diversity. 253 

The higher recombination rate at the X-linked region is likely due to the higher DNA sequence 254 

identity in the X-linked region than that of the pseudoautosomal region, as the extremely low 255 

nucleotide diversity we reported here. Each pair of homologous chromosomes has 1 - 2 256 

crossovers per meiosis, and the increase frequency of recombination in the X-linked region 257 

would reduce the frequency of recombination in the pseudoautosomal region. This predicts 258 

nucleotide diversity values 75% of those for autosomal sequences, as explained above. However, 259 

the difference we observe is many folds larger than this. The distribution of males and females in 260 

wild papaya populations is somewhat variable, but most surveys suggest a ratio close to 1:1, with 261 

a slight excess of females. Hermaphrodites are the product of human domestication and are only 262 

found in the wild near regions with papaya cultivation. Chavez-Pesqueira et al [28] found 263 

populations of wild papaya with 62% females, suggesting that the effective population size could 264 

be slightly higher for the X-linked region than predicted under an even sex ratio, and thus 265 

predicting a higher expected nucleotide diversity for the X, the opposite of our results, which are 266 

therefore conservative. The extremely low sequence diversity of the X-linked sequences from 267 

wild dioecious populations, together with the lack of population structure, suggests that hitch-268 

hiking processes have reduced diversity in the populations surveyed here. Hitch-hiking includes 269 

both selective sweeps and removal of deleterious mutations [29-31], but the papaya sex-linked 270 

region is physically small, and includes modest numbers of genes (50 of the 96 genes have both 271 

X- and Y-linked alleles), so that a large diversity reduction is not expected through removal of 272 

deleterious mutations, and a selective sweep seems more likely, as explained below. 273 

However, another possibility is a low mutation rate for X-linked sequences. Because X-274 

linked regions spend a higher proportion of time in females, compared with autosomal genes, a 275 
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higher mutation rate in males than females results in a lower mutation rate for the X than the 276 

autosomes [32, 33]. It is not known whether papaya has a sex difference in mutation rate, as is 277 

observed for some genes in another plant, Silene latifolia [34]. Ideally, an HKA test should be 278 

done to establish whether the diversity for X-linked genes is significantly lower than expected, 279 

after taking account of mutation rate differences between different loci or genome regions [35]. 280 

Although there is a suitable outgroup species, Vasconcellea monoica, only five X-linked genes 281 

have been sequenced from this species [36], so we are currently unable to do this test. However, 282 

this explanation can be excluded because an implausibly largest mutation rates difference 283 

between PAR and X-linked genes would be required to account for the 12-fold diversity 284 

difference (or a more than 16-fold difference, taking account of the difference in Ne). Mutation 285 

rate differences in   [34] are detectable only in the older stratum genes, implying that, in papaya, 286 

any such difference is likely to be minor. Taken together, therefore, the low nucleotide diversity 287 

in the X-linked region suggests a strong selective sweep caused by the spread of a beneficial 288 

mutation in the region.  289 

Our evidence further suggests that this event reduced diversity throughout the species 290 

before domestication. Our previous population structure analyses based on PAR sequences 291 

detected subdivision between wild and domesticated papaya [19]. In contrast, the X-linked 292 

sequences cluster almost all individuals into a single group, regardless of which type of 293 

population they originated from, and the very low diversity in these sequences makes 294 

discrimination between populations very difficult. The low diversity of the X-linked sequences 295 

across the entire set of all these populations implies that the selective sweep that affected the X-296 

linked region caused spread of an X haplotype throughout a large geographic region, suggesting 297 

that strong selection was involved. It will be interesting in the future to study wild papaya 298 
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populations from other regions (papaya is also found in other regions of Central America), to 299 

discover the geographic extent of this event, and test whether the entire species was affected. The 300 

size of the genome region affected by a sweep depends on the recombination rate and the 301 

selection coefficient (s) [37], and can be roughly estimated as d = 0.01s/c, where d is the number 302 

of bases affected, and c is the recombination rate per base pair in Morgans. This equation was 303 

used to estimate the selection coefficient that caused the selective sweep at the tb1 gene in maize 304 

[38]. We used it to assess whether a sweep with a plausible selection coefficient could have 305 

removed diversity across the entire 3.5 Mb X-linked region of papaya. The papaya 306 

recombination rate can be roughly estimated based on the total genome size of 372 Mb, and the 307 

estimated total genetic map length of 1069 centiMorgans (cM) [39], suggests a value of 2.9 308 

cM/Mb. This is intermediate between estimates from maize (with a large genome size) of 0.73 309 

cM/Mb [40], and the higher values for plants with smaller genomes such as Arabidopsis thaliana 310 

[41] and rice [42]. Even assuming 5 cM/Mb, a plausible s value of 0.05 predicts that a sweep 311 

could eliminate diversity across a 3.5 Mb region. Strong selective sweeps have also been inferred 312 

in human and great ape X chromosomes [30, 43-45], and, as expected, the nucleotide diversity is 313 

much lower for the Y-linked than X-linked genes, while the autosomal sequences have slightly 314 

higher diversity than X-linked ones. The reduction in X-linked genes diversity in papaya is much 315 

more extreme than any of these cases, and the much lower diversity than in the Y-linked genes is 316 

unprecedented in any known sex chromosome systems, suggesting a recent strong selective 317 

sweep in papaya sex chromosomes evolved 7 million years ago (MYA) comparing with the 318 

mammalian sex chromosomes evolved 167 MYA. A previous study of four genes, all with both 319 

X- and Y-linked copies, found evidence for lower diversity of the former than the latter in 320 

natural populations [46]. The gene or genes causing these selective sweeps are unknown. 321 
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However, the prospects for identifying the gene involved are higher in papaya, because of the 322 

small number of potential candidates, 12 multi-exon X-specific genes, versus nearly a thousand 323 

such genes in the human X chromosome [47]. The mutation that caused the sweep cannot be the 324 

one that is essential for embryo development, whose absence from the Y and Yh chromosome 325 

leads to abortion of YY, YYh, and YhYh genotypes [20], because abortion is due to a Y-linked 326 

loss of function mutation.  The recombination suppression event that created the younger 327 

evolutionary stratum also cannot be the cause of the selective sweep, as the it is probably due to 328 

inversions in the Y-linked region [12]. A recessive or partially recessive male-beneficial 329 

mutation is possible, since such mutations have a higher probability of establishing in a 330 

population if they are X-linked and the Y chromosome has no corresponding allele, than if they 331 

are autosomal [48]. The papaya observations can be explained by such a mutation in one of the 332 

12 hemizygous multi-exon genes in the papaya X-linked region homologous to the MSY and 333 

HSY, or else by a strong selective advantage acting in both sexes; there are in total 34 papaya X-334 

specific genes, that are absent from the Y and therefore hemizygous, but 22 of them have short 335 

single exons and their functions are unknown [12], and they are likely to be retrotransposon-336 

mediated new genes without functions [49]. Alternatively, a partially dominant mutation that 337 

benefitted females, or both sexes, could be involved; the papaya Y-linked region also carries a 338 

functional copy of 56 genes present on the X. 339 

Conclusions: 340 

The extreme reduction of X-linked diversity in papaya contrasts patterns observed in other sex 341 

systems such as humans and great apes, or in the neo-X chromosome of Drosophila miranda. X-342 

linked diversity in predicted to be higher than Y-linked diversity because of stronger genetic drift 343 

and hitchhiking effects as well as suppressed recombination. Our evidence further suggests that 344 
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the dramatic reduction in diversity occurred prior to human domestication contrasting the low 345 

Yh-linked diversity, which occurred through positive selection of hermaphroditism during early 346 

papaya cultivation. Low X-linked diversity is the product of a strong selective sweep that likely 347 

occurred in one of the 12 hemizygous multi-exon genes. Despite separate breeding systems of 348 

dioecy and gynodioecy, the X chromosomes are highly similar and clustered into a single group. 349 

This contrasts the two sub groups (Gynodioecy and dioecy) observed in the autosomes and three 350 

sub groups observed in the MSY and HSY region. The resources presented here will expedite the 351 

discovery of the sex determination genes in papaya and other genes with sex specific benefits.  352 

 353 

Experimental Procedures 354 

Sample preparation and sequencing 355 

Wild male papaya plants were collected from ten dioecious populations around Costa Rica 356 

(Additional file 1: Table S1). Cultivated hermaphrodite (gynodioecious) papaya plants were 357 

collected from the USDA tropical plant germplasm collection in Hilo Hawaii. Fresh tissue 358 

samples from Costa Rica were dried on silica gel in the field and stored at -80C and fresh leaf 359 

tissue from cultivated varieties was collected from greenhouse-grown plants and stored at -80C. 360 

Genomic DNA was extracted from young leaf tissues using the DNAeasy Plant Mini Kit 361 

(Qiagen, Valencia, CA). Paired-end DNA-seq libraries with an average insert size of 400bp were 362 

made using the Illumina DNAseq kit according to the manufacturer’s instructions (Illumina) and 363 

sequenced on an Illumina HiSeq 2500 at 100bp length.  364 

Read alignment and polymorphism identification 365 
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A total of 1.26 billion paired end reads were generated, representing an average of 15.6X 366 

coverage for autosomal and pseudo-autosomal loci, and 7.8X coverage of the X-linked region in 367 

males, as expected, as they have only a single copy of X-linked genes in this region. Raw reads 368 

were filtered to remove low quality bases and trimmed for indexes using Trimmomatic (v.0.32) 369 

[50] prior to alignment. Illumina sequence adaptors were removed, leading low quality (below 370 

quality 3) and N (undetermined) base pairs were trimmed, and reads were scanned using a 4-bp 371 

sliding window and trimmed when the average quality per base dropped below 30. Clean reads 372 

were aligned to the papaya draft genome sequence [22] and the X pseudomolecule [12]. The 373 

Burrows-Wheeler Aligner (Li and Durbin 2009) was used for read alignment using strict 374 

alignment parameters. The average sequence divergence between the X and Y sequences is 5-375 

6%, but genic regions and the collinear region are less diverged (up to 3%).  376 

To prevent the alignment of Y or autosomal reads to the X region, strict alignment and filtering 377 

parameters were used as previously reported in VanBuren et al, 2015. These criteria are briefly 378 

summarized below. We also resequenced female (XX) plants from ten cultivated accessions to 379 

verify X-specific SNP calling. Though the X and Y sequences have 5-6% sequence divergence, 380 

the two regions are largely unalignable due to the recent large scale inversions and numerous 381 

retrotransposon insertions. This divergence allowed accurate alignment of X and Y based reads. 382 

The last 100kb of the collinear region, whose sequence divergence between the X and Yh is < 2% 383 

(based on published BAC sequences [12]), and which may recombine, rather than being fully 384 

sex-linked, was excluded from our analyses of population structure and phylogeny, nucleotide 385 

diversity, FST, and Tajima’s D since there are no distinguishable X and  Y regions. To phase 386 

reads in the remaining fully sex linked region, strict parameters were used including reducing the 387 

fraction of missing alignments (-n= 0.015) and high mismatch penalty (-M) with a maximum 388 
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mismatch of 3 positions per read. The resulting list of variants was compared to a separate list of 389 

variants produced from ten female samples which are devoid of any Y-specific read mis-390 

alignment. Any variants present at high frequency (>90%) in the male/hermaphrodite samples 391 

but absent in the female samples were classified as contaminants from Y-specific reads aligning 392 

to the X region. Only 20 sites were classified as Y contaminants and all of the sites were within a 393 

1kb window between 39,804-40,610 bp in the X region. This region corresponds to an X specific 394 

pseudogene (PCpX1) which may have transposed from the Y region explaining the erroneous 395 

read alignment.  This suggests X-Y haplotype phasing and the low X-linked diversity are 396 

accurate.  397 

The SAMtools package [51] was used for identifying SNPs and small indels in the X and PAR 398 

regions of chromosome 1. The raw file of unfiltered SNPs and indels was generated using 399 

mpileup under default parameters from the sorted BAM file output from bwa. Variants were 400 

called using all of the individuals concurrently, verifying the accuracy of low frequency or low 401 

coverage SNPs/indels.  The unfiltered SNPs and indels include 17,324 X-linked variants and 402 

254,312 PAR variants. Low coverage and repetitive variants were removed from the raw vcf file 403 

if they had < 4 or > 20-60X coverage, depending on the coverage of each individual accession. 404 

Variants with a collective root mean square (RMS) and mapping qualities (PHRED scores) < 25 405 

were removed from further analysis. Any polymorphism with more than one allele was removed 406 

as the X regions are be haploid in the sequenced males/hermaphrodite plants and these variants 407 

were either repeats or Y alleles. After filtering, 12,555 SNPs and 718 indels were retained in the 408 

X-linked region and 193,621 SNPs and 23,825 indels in the PAR. SNPs in the coding region 409 

were annotated for amino acid substitutions using the papaya gene models [22] and X transcripts 410 

[12] using the program SNPeff [52]. 411 
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Population structure analyses  412 

Maximum likelihood phylogenies were generated using a total of 217,446 high quality variants 413 

from the PAR of chromosome 1 and 13,273 variants from the X chromosome using SNPhylo 414 

[53]. SNPhylo is a highly automated package that aligns variants from a vcf file using MUSCLE 415 

and constructs a maximum likelihood phylogenetic tree using dnaml. Trees were visualized 416 

using the FigTree (v1.4). Population structure was determined using the same variants in the 417 

program STRUCTURE [54]. The methods outlined in [30] were used to infer the number of 418 

clusters (K) in the population. STRUCTURE results were plotted in distruct v1.1 [55]. The 419 

Principle component analysis was performed using the PCO software 420 

(https://www.stat.auckland.ac.nz/~mja/Programs.htm).  421 

Population genetics analyses 422 

FST was estimated using pair wise comparisons of the gynodioecious lines and dioecious lines in 423 

the program SFselect (http://bioinf.ucsd.edu/~rronen/selection_stats.html). Nucleotide diversity 424 

(π) and Tajima’s D were calculated in sliding windows of 100 kb with 25kb overlap using a suite 425 

of programs in SAMtools [51]. Δπ was calculated as described in [24]. Synonymous site 426 

nucleotide diversity was calculated using aligned X genes in DnaSP [56].   427 

  428 

http://bioinf.ucsd.edu/~rronen/selection_stats.html
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Additional file 1: Table S1. Collection sites of wild Costa Rican papaya. Table S2. Summary of 593 

sequencing statistics of re-sequenced papaya genomes. Table S3. Annotation of polymorphisms. 594 

Table S4. Synonymous site diversity for genes in the X-linked region.  595 
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Table 1 Summary statistics for population genetics tests in papaya 598 

Chromosomal region πsyn π 
Tajima's 

D 
Δπ Fst 

autosome 0.0018 0.0017   
 

PAR 0.002 0.002   
 

X-linked X 0.00017 0.00038    
X wild   -0.12 -0.76  
X cultivated   1.02 -0.63  
X-linked wild vs X cultivated     0.05 

PAR wild vs PAR cultivated         0.11 

 599 

 600 

 601 

Table 2 Summary of statistical comparisons between regions in papaya 602 

Comparison 
P values* for Wilcoxon 

signed-rank tests 

X-linked πsyn vs autosomal πsyn X πsyn vs autosome πsyn 1 × 10−5 

X-linked π vs autosomal π X π vs autosome π 2.4 × 10−6 

X-linked π vs PAR πX π vs PAR π 4.3 × 10−6 

PAR π vs autosomal πPAR π vs autosome π 0.14 

D Xwild vs D Xcultivated 1.5 × 10−4 

Δπ Xwild vs Δπ Xcultivated 1.5 × 10−3 

 603 

*Based on Wilcoxon sign-rank tests, to take account of the different sample sizes being compared. 604 

  605 
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Figure Legends: 606 

Figure 1. Reduced nucleotide diversity in the X region of papaya. Nucleotide diversity (π) is 607 
plotted along chromosome 1 in sliding windows of 100kb with step size of 25kb. Nucleotide 608 

diversity in gynodioecious papaya from domesticated samples (including X-linked regions of 609 
both hermaphrodites and females) is plotted in red, and for wild dioecious populations (including 610 

males and females) in blue. 611 

 612 

Figure 2. Reduced X-linked region nucleotide diversity compared to that of homologous Y-613 
linked genes. The percentage differences in synonymous site nucleotide diversity between X and 614 
Y gene copies, relative to the diversity estimates for the Y-linked copies, are plotted for each 615 

gene with non-zero diversity in the Y-linked copy in the old stratum (inversion 1), young stratum 616 
(inversion 2) and collinear region. The names of the genes are shown on the x axes of the plots. 617 
Four genes with one of more variants in the X-linked copy, but none in the Y-linked copy were 618 

excluded from the figure, one in region 2, and three in the collinear region; the diversity among 619 

the X-linked copies of all these genes was very low (the highest value was 5 x 10-4 for one of the 620 

collinear region genes, about 100 times less than the average for alleles inferred to be associated 621 

with the corresponding Y-linked region). 622 

 623 

Figure 3. Tajima’s D across the X region and PAR of papaya. Tajima’s D values are plotted in 624 

sliding windows of 100kb with step size of 25kb. Red shows values in gynodioecious papaya, 625 

and blue is for dioecious natural populations. 626 

 627 

Figure 4. Contrasting population structure of the X region and the PAR. Gynodioecious papaya 628 

(hermaphrodites) are shown in blue, and males from dioecious natural populations in red. 13,259 629 
X specific and 217,446 PAR SNPs/InDels were used for all analyses. (A) Maximum likelihood 630 
phylogeny based on X-specific polymorphisms constructed in SNPhylo. (B) Principal 631 
Component Analysis (PCA) based on all PAR SNPs/InDels. The two distinct clusters separating 632 
male and hermaphrodite autosomes are circled in grey. (C) Principal Component Analysis (PCA) 633 
based on all X specific SNPs/InDels. The single cluster containing both males and 634 
hermaphrodites Xs is circled, and the outliers Cp11 and Cp44 are labeled. (D) Population 635 

structure analysis of PAR using STRUCTURE. Each accession is represented by a vertical bar 636 

and the length of each colored segment represents the contribution of each subgroup. (E) 637 

Population structure analysis of the X-linked region, showing that STRUCTURE assigns the 638 

sequences from the dioecious and gynodioecious samples to a single population. 639 

 640 

Figure 5. Genetic distance (FST) between the dioecious and gynodioecious papaya samples using 641 

the PAR and fully X-linked regions. (A) Mean FST values between gynodioecious and dioecious 642 
papaya strains, plotted in sliding windows of 100kb with step size of 25kb. (B) Mean FST values 643 
for the X-specific region. The two inversion regions correspond to the two evolutionary strata 644 

(see text).  645 
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Additional file 1 

Table S1. Collection sites of wild Costa Rican papaya 

Accession Sex GPS Coordinates 
Operational 

Population 
Region  

Cp11 M 9° 46.538’ N, 82° 54.546’ W 1 Caribbean 

Cp44 M 9° 49.713’ N,  82° 55.339’ W 1 Caribbean 

Cp50 M 10° 01.641’ N,  83° 15.118’ W 2 Caribbean 

Cp54 M 10° 02.655’ N,  83° 16.768’ W 2 Caribbean 

Cp57 M 10° 03.886’ N,  83° 22.046’ W 2 Caribbean 

Cp66 M 10° 04.157’ N,  84° 46.187’ W 3 N Pacific 

Cp112 M 10° 13.565’ N,  85° 07.665’ W 4 N Pacific 

Cp82 M 10° 27.753’ N,  85° 08.870’ W 5 N Pacific 

Cp96 M 10° 27.810’ N,  85° 08.304’ W 5 N Pacific 

Cp125 M 9° 55.915’ N,  84° 57.774’ W 6 Nicoya 

Cp128 M 9° 55.314’ N,  84° 57.558’ W 6 Nicoya 

Cp171 M 9° 53.855’ N,  84° 56.173’ W 6 Nicoya 

Cp172 M 9° 53.867’ N,  84° 56.175’ W 6 Nicoya 

Cp173 M 9° 53.870’ N,  84° 56.180’ W 6 Nicoya 

Cp242 M 9° 35.267’ N,  84° 37.294’ W 7 Central Pacific 

Cp245 M 9° 41.125’ N,  84° 39.064’ W 7 Central Pacific 

Cp185 M 9° 24.150’ N,  84° 04.735’ W 8 Central Pacific 

Cp188 M 9° 23.384’ N,  84° 03.696’ W 8 Central Pacific 

Cp202 M 9° 12.835’ N,  83° 49.199’ W 9 S Pacific 

Cp203 M 9° 12.842’ N,  83° 49.200’ W 9 S Pacific 

Cp204 M 9° 12.838’ N,  83° 49.201’ W 9 S Pacific 

Cp221 M 9° 00.221’ N,  83° 34.209’ W 10 S Pacific 

Cp222 M 9° 00.221’ N,  83° 34.208’ W 10 S Pacific 

Cp227 M 8° 59.947’ N,  83° 33.782’ W 10 S Pacific 

     

 

  



2 

 

Table S2. Summary of sequencing statistics of re-sequenced papaya genomes. 

Name Origin Cultivar Sex 
No. of Read 

1 
No. of Read 2 Coverage 

Cp11 Dioecious NA M 30,596,007 30,596,007 13.3 

Cp44 Dioecious NA M 45,068,687 45,068,687 19.6 

Cp112 Dioecious NA M 37,729,972 37,729,972 16.4 

Cp203 Dioecious NA M 38,088,943 38,088,943 16.6 

Cp204 Dioecious NA M 37,218,734 37,218,734 16.2 

Cp54 Dioecious NA M 29,190,589 29,190,589 12.7 

Cp57 Dioecious NA M 25,835,569 25,835,569 11.2 

Cp66 Dioecious NA M 17,529,174 17,529,174 7.6 

Cp82 Dioecious NA M 40,331,523 40,331,523 17.5 

Cp96 Dioecious NA M 39,844,156 39,844,156 17.3 

Cp125 Dioecious NA M 52,530,869 52,530,869 22.8 

Cp128 Dioecious NA M 45,642,555 45,642,555 19.8 

Cp221 Dioecious NA M 46,838,557 46,838,557 20.4 

Cp172 Dioecious NA M 51,569,790 51,569,790 22.4 

Cp173 Dioecious NA M 25,526,766 25,526,766 11.1 

Cp242 Dioecious NA M 20,800,737 20,800,737 9 

Cp245 Dioecious NA M 46,641,984 46,641,984 20.3 

Cp185 Dioecious NA M 22,674,546 22,674,546 9.9 

Cp50 Dioecious NA M 16,498,230 16,498,230 7.2 

Cp188 Dioecious NA M 28,451,281 28,451,281 12.4 

Cp202 Dioecious NA M 31,997,441 31,997,441 13.9 

Cp171 Dioecious NA M 41,564,101 41,564,101 18.1 

Cp222 Dioecious NA M 57,093,669 57,093,669 24.8 

Cp227 Dioecious NA M 122,109,612 122,109,612 53.1 

HCAR 16 Gynodioecious ‘HAES 7836' H 30,405,103 30,405,103 11.6 

HCAR 17 Gynodioecious 'Saipan Red' H 47,308,928 47,308,928 18 

HCAR 20 Gynodioecious 'Khag Naun' H 27,625,175 27,625,175 10.5 

HCAR 27 Gynodioecious 'Kapoho' H 48,174,233 48,174,233 18.4 

HCAR 196 Gynodioecious 'Higgins' H 26,815,590 26,815,590 10.2 

HCAR 207 Gynodioecious 'Tainung No. 5' H 18,931,566 18,931,566 7.2 

HCAR 217 Gynodioecious 
'Puerto Rico 6-

65' 
H 18,322,599 18,322,599 7 

HCAR 302 Gynodioecious Line 8 H 16,799,494 16,799,494 6.4 

HCAR 309 Gynodioecious 'Khak Dum' H 13,912,543 13,912,543 5.3 

HCAR 310 Gynodioecious 'Waimanalo' H 15,850,446 15,850,446 6 

HCAR 314 Gynodioecious ‘KSGS’ H 15,531,622 15,531,622 5.9 

HCAR 321 Gynodioecious no7 323 H 29,987,992 29,987,992 11.4 

Zhonghuang Gynodioecious Zhonghuang' F 17,281,602 17,281,602 19.2 

Zhongbai Gynodioecious Zhongbai' F 20,152,509 20,152,509 22.4 

Sunset Gynodioecious Sunset' F 16,469,011 16,469,011 18.3 

Kamiya Gynodioecious Kamiya' F 16,253,995 16,253,995 18 
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CR6-16 Gynodioecious CR6-16' F 17,887,058 17,887,058 19.9 

Sunrise Gynodioecious Sunrise' F 18,528,089 18,528,089 20.6 

Red Royal Gynodioecious Red Royal' F 21,268,535 21,268,535 23.6 

Kapoho Gynodioecious Kapoho' F 18,935,901 18,935,901 21 

AU9 Gynodioecious AU9' F 17,859,040 17,859,040 19.9 

        Average Coverage 15.6 
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Table S3. Annotation of polymorphisms 

  X region Chromosome 1 (PAR) 

Total SNPs 12,555 193,621 

Total InDels 718 23,825 

Intergenic  9,793  

Intronic 700  

Upstream 818  

Downstream 1179  

Non-synonymous 50  

Synonymous 15  
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Table S4. Synonymous site diversity for genes in the X-linked region.  

 

Gene Name 
Gene length (bp 

in exons) 

Synonymous site 

diversity 
Region* 

Mean for 

region 

CpXYh1_X 2544 0.000314465 1 

0.000185 

 

CpXYh2_X 1979 0 1 

CpXYh3_X 2299 4.34972E-05 1 

CpXYh4_X 294 0 1 

CpXYh5_X 824 0.000121359 1 

CpXYh6_X 3360 2.97619E-05 1 

CpXYh7_X 2450 4.08163E-05 1 

CpXYh8_X 3601 5.55401E-05 1 

CpXYh9_X 1161 0.000258398 1 

CpXYh10_X 533 0.000187617 1 

CpXYh11_X 3126 0 1 

CpXYh12_X 564 0 1 

CpXYh13_X 588 0 1 

CpXYh14_X 1449 0.000138026 1 

CpX-1 355 0.00084507 1 

CpX-10 432 0 1 

CpX-11 207 0.000483092 1 

CpX-12 183 0 1 

CpX-13 382 0 1 

CpX-14 247 0 1 

CpX-15 775 0.000129032 1 

CpX-16 246 0.000406504 1 

CpX-17 186 0 1 

CpX-18 249 0.000401606 1 

CpX-19 178 0 1 

CpX-20 249 0.001204819 1 

CpX-21 474 0.000843882 1 

CpX-24 206 0.000970874 1 

CpX-25 195 0 1 

CpX-26 387 0 1 

PYhCpXYh3_X 600 0 1 

PYhCpXYh5_X 261 0 1 

PYhCpXYh7_X 1159 0 1 

PCpX-1_X 1185 0.000168776 1 

PCpX-2_X 379 0.001319261 1 

PCpX-3 153 0 1 

PCpX-4 352 0 1 

PXCpXYh10_X 1779 5.62114E-05 1 

PXCpXYh14_X 2920 0.000171233 1 
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PXCpXYh22_X 407 0.0004914 1 

PXCpXYh6_X_v3 1209 0.000165426 1 

PXYhCpXYh1_X 861 0 1 

PXYhCpXYh2_X 360 0 1 

PXYhCpXYh4_X 906 0 1 

PYhCpXYh2 369 0 1 

PYhCpXYh22_X 3250 3.07692E-05 1 

PYhCpXYh23 339 0 1 

PYhCpXYh27 252 0 1 

CpX-29 465 0.000430108 2 

0.000166 

CpXYh15_X 4016 4.98008E-05 2 

CpXYh16_X 239 0 2 

CpXYh17_X 1357 7.3692E-05 2 

CpXYh18_X 748 0 2 

CpXYh19_X 831 0.000240674 2 

CpXYh20_X 6632 0 2 

CpXYh21_X 1304 0 2 

CpXYh22_X 243 0 2 

CpXYh23_X 1022 0 2 

CpXYh24_X 1800 0 2 

CpXYh25_X 550 0.000363636 2 

CpXYh26_X 2799 7.14541E-05 2 

CpXYh27_X 2516 7.94913E-05 2 

CpXYh28_X 273 0.0003663 2 

CpXYh29_X 1869 0 2 

CpXYh30_X 308 0 2 

CpXYh31_X 618 0.000485437 2 

CpXYh32_X 748 0 2 

CpXYh33_X 515 0 2 

CpX-32 170 0 2 

CpX-33 138 0 2 

CpX-34 315 0.000634921 2 

CpX-6 422 0.000473934 2 

CpX-8 1114 0.000448833 2 

CpX-9 507 0.000591716 2 

CpXYh34_X 1611 6.20732E-05 Collinear 

0.000158 

CpXYh35_X 824 0 Collinear 

CpXYh36_X 1259 0.000158856 Collinear 

CpXYh37_X 1406 0 Collinear 

CpXYh38_X 911 0 Collinear 

CpXYh39_X 1037 0.000289296 Collinear 

CpXYh40_X 1925 0 Collinear 

CpXYh41_X 1250 0.0004 Collinear 
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CpXYh42_X 1971 0 Collinear 

CpXYh43_X 1318 0 Collinear 

CpXYh44_X 908 0.000330396 Collinear 

CpXYh45_X 1533 0.000130463 Collinear 

CpXYh46_X 498 0 Collinear 

CpXYh47_X 3946 0 Collinear 

CpXYh48_X 176 0.001136364 Collinear 

CpXYh49_X 3456 0 Collinear 

CpXYh50_X 391 0.000511509 Collinear 

 

*Region refers to: inversion 1 (1), inversion 2 (2) and the collinear region (collinear).  
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