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Abstract 23 

 The African cichlid radiations have created thousands of new cichlid species with 24 

a wide diversity of trophic morphologies, behaviors, sensory systems and pigment 25 

patterns. In addition, recent research has uncovered a surprising number of young sex 26 

chromosome systems within African cichlids. Here we refine methods to describe the 27 

differentiation of young sex chromosomes from whole genome comparisons. We 28 

identified a novel XY sex chromosome system on linkage group 14 in Oreochromis 29 

mossambicus, confirmed a linkage group 1 XY system in Coptodon zillii and also defined 30 

the limits of our methodology by examining a ZW system on linkage group 3 in 31 

Pelmatolapia mariae. These data further demonstrate that cichlids are an excellent model 32 

system for understanding the early stages of sex chromosome evolution.  33 

  34 



Background 35 

 Traditionally, sex chromosomes were thought to be stable features of animal 36 

karyotypes (Abbott et al., 2017). For example, the sex chromosomes of eutherian 37 

mammals arose ~181 million years ago and remain relatively similar in structure among 38 

species (Cortez et al., 2014). However, mounting evidence from other vertebrate groups 39 

suggests that sex chromosomes may turnover much more rapidly in some lineages (Lee et 40 

al., 2004; Cnaani et al., 2008; Gamble, 2010; Ser et al., 2010; Myosho et al., 2012). 41 

Transitions from one sex chromosome system to another most often begin when a 42 

mutation creates a novel sex-determination allele. Selection on linked, sexually 43 

antagonistic alleles may help drive this novel sex-determination allele to fixation. 44 

Inversions, and other mechanisms that reduce recombination between the novel sex-45 

determination allele and nearby sexually antagonistic variation, are selectively favored 46 

(Rice, 1987; Marshall Graves, 2008). However, the loss of recombination also triggers 47 

Muller’s ratchet, which contributes to the decay of many genes linked to the new sex-48 

determination allele (Muller, 1964; Blaser et al., 2012). This decay may gradually reduce 49 

the fitness for carriers of the new sex chromosome, allowing new mutations in the sex-50 

determination network to begin the cycle anew, a process that has been dubbed the ‘hot-51 

potato model’ (Blaser et al., 2014). To better understand this process, there is a need to 52 

characterize the patterns of decay during the earliest stages of sex chromosome 53 

divergence. 54 

 The adaptive radiations of African cichlids have created diversity in trophic 55 

morphology, behavior, pigmentation and sensory systems (Kocher, 2004). Recently, it 56 

has been discovered that African cichlids also harbor a diverse array of sex 57 



chromosomes. Among haplochromine cichlid species, distinct XY systems have been 58 

discovered on linkage group (LG) 7, LG18, LG20 and on a fusion of LG5 and LG14, 59 

while a ZW system has been discovered on LG5, and an XYW system found on LG13 60 

(Roberts et al., 2009, 2016; Ser et al., 2010; Parnell & Streelman, 2013; Böhne et al., 61 

2016; Peterson et al., 2017). Some species segregate multiple sex chromosome systems 62 

simultaneously (Ser et al., 2010). An additional study from three tribes of Lake 63 

Tanganyikan cichlids has identified a ZW system on LG7, an XY system on LG19 and a 64 

ZW system on LG5 that is possibly convergent with a ZW system on LG5 in Lake 65 

Malawi (Roberts et al., 2009; Gammerdinger et al., 2018).  66 

Deeper lineages of the Pseudocrenilabrinae segregate several additional sex 67 

chromosome systems, including XY systems on LG1 and LG23 and a ZW system on 68 

LG3. The causative sex-determination gene on LG23 is a duplication of anti-Müllerian 69 

hormone, which is known to play an important role in the vertebrate sex-determination 70 

network (Eshel et al., 2014; Li et al., 2015). Throughout Pseudocrenilabrinae, multiple 71 

sex-determination loci sometimes segregate within a given genus or even within a given 72 

species (Lee et al., 2004; Cnaani et al., 2008; Ser et al., 2010). For example, some 73 

populations of the blue tilapia, Oreochromis aureus (Steindachner), simultaneously 74 

segregate both a LG1 XY system and a LG3 ZW system (Lee et al., 2004).   75 

In this study, we provide a more detailed characterization of sex chromosomes 76 

from deeper lineages of the Pseudocrenilabrinae (Figure 1). We analyzed the sex 77 

chromosome systems of three species: Oreochromis mossambicus (Peters), Coptodon 78 

zillii (Gervais) and Pelmatolapia mariae (Boulenger). Previous research suggested that 79 

O. mossambicus has either a LG1 XY system or a LG3 ZW system, while C. zillii only 80 



has a LG1 XY system and P. mariae only has a LG3 ZW system (Cnaani et al., 2008). 81 

However, this previous study used a small number of microsatellite markers to 82 

characterize these systems and thus could not characterize sequence divergence between 83 

the sex chromosomes in each species (Cnaani et al., 2008).  84 

 85 

Materials and Methods 86 

Materials 87 

 The O. mossambicus and P. mariae samples were from lab-reared fish purchased 88 

through the aquarium trade. The O. mossambicus stock likely came originally from South 89 

Africa. The C. zillii samples were derived from individuals originally collected in Lake 90 

Manzala, Egypt. Finclips were collected from each individual and their gonads were 91 

visually inspected to determine their sex. For O. mossambicus, we sampled two families 92 

(Family 1: 8M, 12 F; Family 2: 15M, 15F). We also sampled two families of P. mariae 93 

(Family 1: 25M, 21F; Family 2: 14M, 18F). The single family of C. zillii consisted of 9 94 

males and 13 females. 95 

Sequencing 96 

DNA was purified from fin clips by phenol-chloroform extraction using phase-97 

lock gel tubes (5Prime, Gaithersburg, Maryland). DNA concentrations for each sample 98 

were quantified using fluorescence spectroscopy and DNA pools for each sex were 99 

constructed with equal representation of each individual. Libraries were constructed 100 

using the TruSeq DNA PCR-Free LT Kit (Illumina, San Diego, California). For O. 101 

mossambicus and P. mariae, we pooled the two families of each species separately. 102 

Males and females from C. zillii and O. mossambicus each shared a lane of 100bp paired-103 



end Illumina sequencing. Males and females from P. mariae each received a separate 104 

lane of 100bp paired-end Illumina sequencing. 105 

Read mapping 106 

 Raw reads were de-multiplexed and filtered using the CASAVA 1.8 filter and 107 

low-quality reads that did not meet this criterion were discarded. The read qualities for 108 

each pool were visually inspected using FastQC version 0.11.2 109 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were aligned to the 110 

Oreochromis niloticus (O_niloticus_UMD_1) reference genome using BWA version 111 

0.7.12 with default parameters and utilizing the read groups option (Li & Durbin, 2009; 112 

Conte et al., 2017). The alignments were sorted, marked for duplicates, and indexed using 113 

Picard version 1.119 (http://broadinstitute.github.io/picard/). Samtools was used to filter-114 

out reads with an alignment quality of zero (Li et al., 2009). Then, the alignments from 115 

families of the same species were merged and indexed using Picard version 1.119. 116 

Coverage estimates were obtained across the genome and for each linkage group using 117 

the INTERVALS option within the CollectWgsMetrics program for both sexes of each 118 

species with Picard version 2.17.4 (http://broadinstitute.github.io/picard/). 119 

Variant calling 120 

  Variants were called with GATK version 3.7 software package (DePristo et al., 121 

2011). We used the HaplotypeCaller command of GATK for each sex within each 122 

species and set the sample ploidy (--sample_ploidy) to its maximum of 10 due to the 123 

pooled nature of our datasets. We followed this up with GATK’s GenotypeGVCF to 124 

combine the sexes for each of our species into a single output VCF file.  125 



We also converted our alignment files into mpileup files using Samtools version 126 

0.1.18 and subsequently into sync files with a PHRED score cutoff of 20 using 127 

Popoolation2 (Li et al., 2009; Kofler et al., 2011). Next, each species was run through 128 

Sex_SNP_finder_GA.pl (https://github.com/Gammerdinger/sex-SNP-finder) in order to 129 

identify XY and ZW sex-patterned SNPs, and to calculate FST using a minimum coverage 130 

threshold of 10 and a maximum coverage threshold of 50. We also quantified the density 131 

of these sex-patterned SNPs in non-overlapping 10kb windows and looked for an 132 

elongation of the high SNP density tail in the distributions of both the XY and ZW 133 

patterned SNPs. If one tail was more elongated than the other, we ran a Mann-Whitney 134 

U-test to compare the distributions using a significance threshold of 0.05. If there was a 135 

significant difference, then we would fit a negative binomial distribution to the 136 

distribution without the elongated tail, using the fitdistr function from the MASS library 137 

in R (Venables & Ripley, 2002; R Core Team, 2016), to create a null expectation for the 138 

distribution of non-overlapping, sex-patterned 10kb windows in a given species. Next, we 139 

calculated the top 0.1% of this fitted negative binomial using the qnbinom function in R 140 

and we applied this threshold to our distribution with the elongated tail to define regions 141 

of high differentiation (R Core Team, 2016). We filtered the VCF file of each species by 142 

the list of sex-patterned SNPs generated by Sex_SNP_finder_GA.pl and used Bedtools 143 

version 2.26.0 intersect command to extract the sex-patterned SNPs within regions of 144 

high differentiation (Quinlan & Hall, 2010; Gammerdinger et al., 2014, 2016). 145 

Functional annotation 146 

 The functional significance of each sex-patterned SNP was evaluated using 147 

SnpEff version 4.3 (Cingolani et al., 2012b). Sex-patterned SNPs classified as “high-148 



impact” or missense mutations were extracted using SnpSift (Cingolani et al., 2012a). 149 

Missense mutations were subsequently analyzed with PROVEAN version 1.1.5 to predict 150 

the functional impact of each missense mutation on their respective protein (Choi et al., 151 

2012). We used the recommended PROVEAN score threshold of -2.5. Substitutions 152 

lower than this threshold were considered to be deleterious. 153 

 154 

Results  155 

Read mapping 156 

 For P. mariae, we obtained an 80.25% alignment rate for 22.96X coverage in the 157 

merged male pool and an 82.47% alignment rate for 19.41X coverage in the merged 158 

female pool. The sequencing from C. zillii returned an alignment rate of 77.59% for a 159 

coverage of 8.84X in males and an alignment rate of 78.74% for a coverage of 17.52X in 160 

females. From O. mossambicus, we retrieved a 79.28% alignment rate for 12.89X 161 

coverage in the merged male pool and a 79.35% alignment rate for 14.91X coverage in 162 

the merged female pool. 163 

Differentiation in Oreochromis mossambicus 164 

 In order to differentiate if the system is an XY or ZW system, and to define the 165 

regions of high differentiation, we needed to compare the XY and ZW distributions of the 166 

non-overlapping, 10kb windows with sex-patterned SNPs. The tail of the XY distribution 167 

was much larger than the tail of the ZW distribution, and the XY distribution is shifted 168 

significantly higher than the ZW distribution (Supplementary File 1; p < 0.05). The top 169 

0.1% of the negative binomial distribution fit to the ZW distribution corresponded to 13 170 

or more sex-patterned SNPs per non-overlapping, 10kb window. The corresponding 171 



regions of high XY differentiation encompass ~5.1Mb of the genome. Approximately 172 

2.6Mb are found on LG14 and ~890kb on LG3b (Figure 2). No other linkage group or 173 

unanchored contig contained more than 200kb of highly differentiated regions. These 174 

regions of high differentiation overlap with the regions that show a strong signal of FST 175 

differentiation. The regions of differentiation on LG14 are tightly clustered almost 176 

entirely within the first 10Mb (Figure 3). We identified 69 genomic missense mutations, 177 

41 on the Y-chromosome and 28 on the X-chromosome, that are responsible for 112 178 

transcript missense mutations within the regions of high differentiation. PROVEAN 179 

predicted that 27 of these 112 transcript missense mutations are deleterious. Also, SnpEff 180 

predicted three mutations, two on the Y-chromosome and one on the X-chromosome, to 181 

be “high-impact” mutations. A complete list of all missense, predicted deleterious 182 

missense and “high-impact” SNPs along with a complete list of the genes found in the 183 

regions of high differentiation in O. mossambicus can be found in Supplementary File 2. 184 

Differentiation in Coptodon zillii  185 

 The tail of the distribution of non-overlapping, 10kb windows containing XY sex-186 

patterned SNPs was significantly larger than the tail of the ZW distribution in C. zillii (p 187 

< 0.05) (Supplementary File 3). The threshold derived from the top 0.1% of the negative 188 

binomial distribution fit to the ZW dataset was 14 or more sex-patterned SNPs per non-189 

overlapping, 10kb window. Using this threshold, ~13.8 Mb of the genome falls within a 190 

region of high XY differentiation. Approximately 7.9Mb of this corresponds to LG1, 191 

with an additional ~1.1Mb on LG22 and ~728kb on LG3b (Figure 4). While there were 192 

many other small regions of differentiation scattered across the genome, no other linkage 193 

group or unanchored contig contained more than 350kb of highly differentiated regions. 194 



These regions of high differentiation explain the elevated FST on LG1 relative to the rest 195 

of the genome, and this differentiation corresponds to one end of the linkage group 196 

(Figure 5). There are 265 genomic sex-patterned mutations, 132 on the Y-chromosome 197 

and 133 on the X-chromosome, creating 498 transcript missense mutations within the 198 

regions of high differentiation. PROVEAN predicts that 92 of the 498 missense 199 

mutations are deleterious. Lastly, a single mutation on the X-chromosome caused a 200 

“high-impact” mutation within this region of high differentiation. This mutation, along 201 

with a complete list of the missense mutations, predicted deleterious missense mutations 202 

and the genes in the regions of high differentiation in C. zillii, can be found in 203 

Supplementary File 2.  204 

Differentiation in Pelmatolapia mariae 205 

 Analysis of P. mariae revealed a high level of both XY and ZW signal. We 206 

detected 82,937 sex-patterned SNPs in the XY direction and 80,945 in the ZW direction. 207 

Neither tail for the distributions of non-overlapping, sex-patterned, 10kb windows 208 

appeared more elongated than the other (Supplementary File 4). Figure 6 and 7 show that 209 

LG3b has a high level of FST differentiation. There are 18,974 sex-patterned XY SNPs 210 

and 20,718 sex-patterned ZW SNPs on LG3b. We did not attempt to identify regions of 211 

high differentiation in this species for two reasons: (1) neither tail appeared to be 212 

elongated relative to the other and (2) there was a large excess of sex-patterned XY SNPs 213 

relative to what would have been expected given the results of a previous microsatellite 214 

study (Cnaani et al., 2008).  215 

 Additionally, our analysis of coverage from each linkage group revealed that 216 

LG3a and LG3b consistently contained the lowest mean coverage, and the highest 217 



standard deviation in coverage, in both sexes for all of the species analyzed 218 

(Supplementary File 5). An example of this alignment problem is visualized in 219 

Supplementary File 6, which compares a region on LG3b to a similarly sized region on 220 

LG6 and illustrates how reads align much better to LG6 than LG3b. 221 

Discussion 222 

 In this study, we used whole genome sequencing of pools of males and females to 223 

identify regions harboring a high density of sex-patterned SNPs in deeply divergent 224 

species of Pseudocrenilabrinae. Our results provide additional support to the narrative 225 

that sex chromosomes transitions occur at a rapid rate in cichlid fishes. However, they 226 

also illustrate the limits of our methodology and we propose solutions for moving 227 

forward.  228 

LG14 in Oreochromis mossambicus 229 

 The high density of XY sex-patterned SNPs on LG14 likely indicates that this 230 

region of the genome harbors a novel sex-determination locus. Additionally, the lack of a 231 

bimodal distribution for the non-overlapping sex-patterned 10kb windows, as was 232 

observed in a recent study of Lake Tanganyikan cichlids, suggests that this novel sex 233 

chromosome system may be younger than its Lake Tanganyikan counterparts 234 

(Gammerdinger et al., 2018). This is further corroborated by its small size, which 235 

suggests it has not had sufficient time to accumulate structural rearrangements that 236 

expand the regions of high differentiation, a characteristic of older sex chromosome 237 

systems. Furthermore, there are relatively few genes that have accumulated predicted 238 

deleterious missense and “high-impact” mutations as would be expected in an established 239 

sex chromosome. Taken together, this evidence suggests this is a young sex chromosome.  240 



 Since LG14 has not been previously described as a sex chromosome in cichlid 241 

fishes, it could be that this system is epistatically recessive to the previously reported 242 

LG1 XY and LG3 ZW systems in other species of Oreochromini. Studies of O. aureus 243 

demonstrated a LG3 W that was epistastically dominant to a LG1 Y, and individuals who 244 

were ZZ at LG3 and XX at LG1 were a mix between males and females, suggesting at 245 

least one additional factor for controlling sex in Oreochromini (Lee et al., 2004). It could 246 

be that LG14 represents this additional factor, which may have been revealed in our 247 

strain if the LG3 W and LG1 Y were lost after several generations of lab rearing. 248 

Alternatively, there may be geographic variation in sex-determination in this species. 249 

A candidate gene for sex-determination within this region on LG14 is AHNAK, 250 

which has a “high-impact” SNP altering a splice acceptor site on the X-chromosome. 251 

AHNAK is involved in a multitude of cellular processes including the regulation of 252 

calcium channels, cell signaling and membrane repair. But it also interacts with the TGF-253 

β pathway as a tumor suppressor gene (Davis et al., 2014; Lee et al., 2014). The TGF-β 254 

pathway has been previously implicated to play a critical role in sex-determination by 255 

modulating the germ cell count in the bipotential gonad (Kikuchi & Hamaguchi, 2013). It 256 

has been observed that bipotential gonads with fewer germ cells develop into testes, 257 

while bipotential gonads with more germ cells develop into ovaries (Kikuchi & 258 

Hamaguchi, 2013). Because AHNAK acts as a tumor suppressor for the TGF-β pathway, a 259 

SNP that disrupts this function on the X-chromosome could promote more germ cell 260 

growth in XX versus XY individuals. If this is true, the XX individuals with two mutant 261 

copies of AHNAK would develop into females and XY individuals with only one mutant 262 



copy of AHNAK would develop into males. However, the pleiotropic effects of such a 263 

mutation might impose large fitness costs on individuals. 264 

LG1 in Coptodon zillii 265 

 The high density of XY sex-patterned SNPs on LG1 is consistent with a previous 266 

report of an XY system on LG1 in C. zillii (Cnaani et al., 2008). Similar to O. 267 

mossambicus, we did not detect a bimodal distribution of 10kb windows with sex-268 

patterned SNPs, but rather we observed an extended tail in the XY distribution, 269 

suggesting that the LG1 system could be younger than the sex chromosome systems 270 

found in Lake Tanganyikan cichlids (Gammerdinger et al., 2018). Additionally, it 271 

appears that during the sequencing process we did not sample equal proportions of male 272 

and female DNA and thus we under-sampled the male pool. Because we continued to 273 

maintain the minimum coverage threshold of 10 for our analysis, we have likely 274 

underestimated the number of sites that show a sex-patterned profile in this species. 275 

However, we do not think the true level of divergence between the X and Y in C. zillii is 276 

close to the divergence between the apparently older but still young sex chromosome 277 

systems we identified in Lake Tanganyikan cichlids (Gammerdinger et al., 2018). 278 

 Phylogenetic evidence suggests that the divergence between C. zillii and the 279 

composite group of O. niloticus and Sarotherodon melanotheron (Rüppell), which share 280 

a common LG1 XY system, predates the emergence of the Lake Tanganyikan cichlids 281 

(Meyer et al., 2015; Gammerdinger et al., 2016). The simplest explanation is that this 282 

system could represent multiple evolutions of LG1 XY sex-determination systems. 283 

Alternatively, this pattern could be explained if the LG1 system in these species is 284 

accumulating new mutations on the sex chromosomes at a slower rate than the sex 285 



chromosomes of some Lake Tanganyikan cichlids. It could be that the mechanisms that 286 

have reduced recombination in the Oreochromini and Coptodonini LG1 systems have 287 

emerged more recently than the mechanisms that reduced recombination in the Lake 288 

Tanganyikan cichlid sex chromosomes. As a result, the Lake Tanganyikan sex 289 

chromosomes systems would have accumulated sex-patterned, deleterious SNPs at a 290 

much more rapid rate and thus appear older than the LG1 XY system in the 291 

Oreochromini and Coptodini.  292 

 Since the C. zillii system overlaps with the region previously shown to be 293 

associated with sex in O. niloticus and S. melanotheron, the candidate genes for 294 

controlling sex from this region are the same as we discussed in previous work: Ras-295 

related protein R-Ras2, Suppression of tumorigenicity 5 protein, Ras association domain-296 

containing protein 10, AFG3-like protein 1, Wilms tumor protein homolog, Estrogen-297 

related receptor gamma and Growth regulation by estrogen in breast cancer 1 298 

(Gammerdinger et al., 2014, 2016). 299 

Interestingly, a second, slightly less divergent region of differentiation centered 300 

around ~30Mb in O. niloticus is not present in C. zillii (Conte et al., 2017). Similarly, C. 301 

zillii seems to have a second, slightly less divergent block of differentiation around 302 

~34Mb.  We suggest that these regions represent independent evolutionary strata in each 303 

lineage. Additionally, S. melanotheron shows widespread differentiation across this 304 

region (Gammerdinger et al., 2016). Theory suggests that a region harboring hypothetical 305 

sexually antagonistic alleles can remain in linkage disequilibrium with a sex-306 

determination locus, and that the intervening region can show less differentiation than the 307 

differentiation at either locus (Kirkpatrick & Guerrero, 2014). However, given the 308 



distance between the sex-determination region and the hypothetical sexually antagonistic 309 

locus in C. zillii, there would need to be very high levels of sexual antagonism to keep 310 

these regions in linkage disequilibrium. Therefore, it is more likely that the region around 311 

~34Mb represents a structural rearrangement that has captured a new region of LG1 and 312 

created a less differentiated stratum in C. zillii.  313 

LG3 in Pelmatolapia mariae 314 

 Previous research suggested that P. mariae has a ZW sex chromosome system on 315 

LG3 (Cnaani et al., 2008). Our FST data (Figure 6) also clearly indicate the presence of a 316 

sex chromosome system on LG3. However, our data also show a large number of XY 317 

patterned SNPs which make it difficult to confidently call regions of high differentiation. 318 

This 'noise' is likely to be the result of several factors. First, LG3b harbors many 319 

repetitive blocks that make alignment of short reads difficult. While our read alignments 320 

were relatively even on other linkage groups, we had relatively poor alignments in both 321 

sexes on LG3b, with reads piling up in some locations and absent in others 322 

(Supplementary Files 5 and 6). It could be that repetitive reads originating from non-323 

homologous regions are piling up in this alignment create an artifact that resembles an 324 

XY signal. Second, it could be that the Z-chromosome in P. mariae harbors a high level 325 

of polymorphism and thus creates spurious XY signal. Third, and likely most 326 

importantly, it could be that our LG3 sequence is simply too diverged from the reference 327 

genome to effectively align short reads. We were able to align these short reads to the rest 328 

of the genome as seen in Supplementary Files 5 and 6, but the reference sequence for this 329 

linkage group appears to be particularly problematic. It seems that our approach for 330 

finding sex-patterned SNPs has limitations that prevent us from determining whether it 331 



represents an XY or ZW signal; however, we are confident that our samples have a sex 332 

determination system on LG3b because of the high level of FST divergence between 333 

males and females on LG3b. The approach we have developed in this and previous 334 

studies seems effective at defining sex chromosomes in their earliest stages, but breaks 335 

down when sequences diverge strongly from the reference sequence. Longer sequencing 336 

read technologies and a better reference sequence will likely facilitate future studies of 337 

the LG3 ZW system on this sex chromosome pair. Lastly, this sex chromosome system, 338 

along with the other sex chromosome systems described here, could be strain-specific. 339 

Conclusions 340 

 We report and quantify the decay of a novel XY sex chromosome system on 341 

LG14 in O. mossambicus. The discovery of this new sex chromosome system continues 342 

to illustrate the incredible diversity of cichlid sex chromosomes and argues for more 343 

studies to quantify their rich variety. Additionally, we confirm a previous study that 344 

reported a XY system on LG1 in C. zillii and we quantified the level of decay on this 345 

chromosome. We were unable to distinguish the presumed ZW system from an XY 346 

system in P. mariae, likely due to both technical and biological issues. We suggest 347 

refinements to our approach, such as longer reads and a more closely related reference 348 

assembly of LG3, which should allow for the characterization of this sex chromosome in 349 

future studies.  350 
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Figures 468 

Figure 1.  Phylogeny of the species studied showing the relationships to other members 469 

of Pseudocrenilabrinae. Phylogeny adapted from Dunz and Schliewen, 2013 (Dunz & 470 

Schliewen, 2013). 471 

Figure 2. Whole genome scan of O. mossambicus for a) FST and b) the allele frequency of 472 

the Y SNP in the male pool. The rectangles underneath each figure represent regions of 473 

high differentiation. 474 

Figure 3. LG14 scan of O. mossambicus for a) FST and b) the allele frequency of the Y 475 

SNP in the male pool. The rectangles underneath each figure represent regions of high 476 

differentiation. The bars underneath panel (b) represent the number of XY-patterned 477 

SNPs in each non-overlapping, 10kb window and the horizontal line represents the 478 

threshold for assigning a region as a region of high differentiation. 479 

Figure 4. Whole genome scan of C. zillii for a) FST and b) the allele frequency of the Y 480 

SNP in the male pool. The rectangles underneath each figure represent regions of high 481 

differentiation. 482 

Figure 5. LG1 scan of C. zillii for a) FST and b) the allele frequency of the Y SNP in the 483 

male pool. The rectangles underneath each figure represent regions of high 484 

differentiation. The bars underneath panel (b) represent the number of XY-patterned 485 

SNPs in each non-overlapping, 10kb window and the horizontal line represents the 486 

threshold for assigning a region as a region of high differentiation. 487 

Figure 6. Whole genome scan of P. mariae for a) FST and b) the allele frequency of the W 488 

SNP in the female pool. 489 



Figure 7. LG3b scan of P. mariae for a) FST and b) the allele frequency of the W SNP in 490 

the female pool.  491 

Supplementary Files   492 

Supplementary File 1. Distribution of sex-patterned windows both the XY and ZW 493 

direction for O. mossambicus. The vertical red line denotes the threshold of 13 sex-494 

patterned SNPs per non-overlapping 10kb window. 495 

Supplementary File 2. A list of all sex-patterned missense mutations, deleterious 496 

missense mutations, “high-impact” mutations and genes within the regions of high 497 

differentiation in both O. mossambicus and C. zillii. 498 

Supplementary File 3. Distribution of sex-patterned windows both the XY and ZW 499 

direction for C. zillii. The vertical red line denotes the threshold of 14 sex-patterned SNPs 500 

per non-overlapping 10kb window. 501 

Supplementary File 4. Distribution of sex-patterned windows both the XY and ZW 502 

direction for P. mariae.  503 

Supplementary File 5. Mean and standard deviations for coverage on each linkage group 504 

in both sexes for each species. 505 

Supplementary File 6. Coverage in P. mariae from males and females on (a) LG3 and (b) 506 

LG6.  507 


