
S1 Text

Supplemental Methods

Identifying Putative Genotype Errors in Prior to Sex-Linkage
Analysis

Genotyping errors inflate linkage map lengths, and reduce power to infer
genotype–phenotype associations. These errors can be caused by incomplete digestion of
DNA during RRGS library preparation, polymorphism at restriction enzyme cut sites,
and low or allelic bias in sequencing coverage [1–3]. We attempted to reduce the effects
of genotyping errors by inspecting three consecutive offspring genotypes in up to a 5 Mb
window, resolving the sex-specific parental haplotypes in each window, and setting
offspring genotypes to missing data that could only be explained by a double
recombination event, under the assumption that double recombination events are
unlikely within 5 Mb windows.

To accomplish this, we first assigned variants in offspring genotypes to each parent.
For example, if the genotype of an offspring was T/A, the mother was A/T, and the
father was A/A, we can infer that the T was maternally inherited and that the A was
paternally inherited. Then, in groups of three markers spanning no more than 5 Mb
(and spaced at least 5 Kb apart from each other, randomly discarding extra SNPs
within 5 Kb windows), we scored the frequencies of multilocus haplotypes that were
inherited from each parent. We assumed that the non-recombined haplotypes would be
more frequent in the offspring than recombined haplotypes, and thus reflect the parental
gametic phases. For example, the phases of a set of three markers might be inferred to
be ACT/TGC in the mother, and TGC/TGC in the father. In the offspring, we then
identified non-recombined haplotypes (ACT, TGC), single recombination haplotypes
(AGC, TCT, ACC, TGT), and double recombination haplotypes (AGT, TCC).

It is possible that setting suspected genotype errors to missing data could lead to
underestimated map lengths by removing any real double recombination events.
However, these events are probably infrequent and the effect therefore is expected to be
modest. As well, our interest is primarily in comparing map lengths between the sexes,
and we treated both maternal and paternal sets of markers identically, so any
underestimation of recombination rates is likely to similarly affect both.

Supplemental Results

In the Ghana west family Family 1 after FDR correction, five paternal SNPs had a
significant association with offspring sex; all of these were located on one end of
chromosome 7. Genome-wide heterozygosity was similar in the parents of Family 1,
which suggests that the power to detect female-linked and male-linked variants is
similar. 2,857 sites were heterozygous in the father, 2,834 were heterozygous in the
mother, and 1,660 were heterozygous in both parents. In Ghana east Family 2, three
paternal SNPs were identified that were significantly associated with offspring sex, but
none of these were significant after FDR correction (this cross included far fewer
offspring; Fig. 4). These three SNPs were in a similar locations (within 1.6 Mb) to the
sex-linked sites in Family 1 (Fig. 4). Other chromosomes (Fig. S3) did not have any
variants with a significant association with sex for Family 1, but in Family 2 there were
putative false positives (prior to FDR correction) on chromosomes 3 and 5 (Fig. S3).
Genome-wide, there were 2447 paternal heterozygous SNPs, 2700 maternal
heterozygous SNPs, and 2197 sites that were heterozygous in both parents of Family 2.
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In the Ghana west Family 1, one of the five significantly sex-linked SNPs (at
position 9,149,465 in X. tropicalis genome assembly version 10 (v10) was also 100%
sex-linked (heterozygous in all sons, homozygous in all daughters), and the variants near
this site (positions 8,104,283 – 13,579,674) were very strongly, but not completely sex
linked. In Ghana east Family 2, all three of the significantly sex-linked SNPs were 100%
linked with sex (positions 2,679,758, 5,227,940, 6,542,981). Differences in p-values
between these three SNPs in Fig. 4 are a consequence of differing numbers of missing
offspring genotypes. The distinctive statistical signatures of sex-linkage between the
Ghana west Family 1 and Ghana east Family 2 (significant after FDR correction for the
former, but not for the latter) is a consequence of the different number of offspring
analyzed (Fig. 2).

Sex-linked regions in Xenopus mellotropicalis

A closely related allotetraploid species, X. mellotropicalis, has almost completely
female-linked variation in the or8h1 gene [4]. This locus maps to position
11,962,496–11,963,464 on chromosome 7 in v10 (3,679,275 – 3,680,243 in v9), which is
very close to the third most strongly female-linked genomic region in X. tropicalis

(linkage group super 352:0; positions 3,272,993 – 3,436,880 in v9; LOD score:
12.60676032) [5]. Similarly, a scaffold from the genomee of X. mellotropicalis with a
completely sex-linked SNP corresponds to positions 250,772 —251,327 on chromosome 7
in v10 (scaffold 622, positions 39,157 – 38,626 in v9). Both of these female-linked
variants in X. mellotropicalis are homologous to portions of the the 95% Bayes credible
interval (positions 0 – 3,906,563 in v9) for the W-linked female determining marker in
X. tropicalis [5]. As discussed in the Introduction, this supports the proposal that
female heterogamy is a shared ancestral condition in X. tropicalis and X. mellotropicalis,
and that the Y chromosome of X. tropicalis is younger than and derived from the W or
Z chromosomes in this species.

Pairwise nucleotide polymorphism in expressed transcripts

We initially expected WW offspring to have no polymorphism in sex-linked transcripts
because both of these W chromosomes descend from specimen BJE4362, who was the
father and the grandfather of offspring of Family 3 (Fig. 2), but this expectation was
not borne out (Fig. 5). We suspect that this is a consequence of mapping error, for
example due to repetitive regions in untranslated regions of these transcripts. Another
non-exclusive possibility is that recombination occurred in the distal portion of the
sex-linked region of the W and Z chromosomes during oogenesis in the mother or in
distal portion of the sex-linked region of the W and Y chromosomes during
spermatogenesis in the father/grandfather. To test these possibilities, we separately
quantified polymorphism in transcripts encoded by genes <6 Mb on chromosome 7 in
v10 and between 6 Mb and 11 Mb of the sex-linked region (Fig. S4). If recombination
occurs between the W and Y sex chromosomes (in the father of Family 3) or between
the W and Z chromosomes (in the mother of Family 3), we expected diversity of the
first half would be similar to levels seen in other recombining regions of the genome (i.e.
the pseudoautosomal and autosomal regions). However, within three of the four sex
chromosome genotypes, the first portion and second portions of the sex-linked region
had similar diversities and these diversity levels were generally not similar to the
pseudoautosomal and autosomal regions (see below). In the putative ZY individuals,
the diversity in the 5’ portion of the sex-linked region was similar to that in the
autosomal region. We suspect that recombination between the Z and Y chromosomes
causes polymorphism to be similar in the first half of the sex-linked region. We
therefore favor a technical explanation for the inference of polymorphism in these
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putative WW individuals over the biological explanation associated with recombination
between W chromosome and the Y or Z chromosomes (Fig. 5).

We had no expectation about the relative level of pairwise nucleotide polymorphism
in expressed transcripts in recombining compared to non-recombining regions because
we do not know the proportion of sex-linked transcripts that are only expressed on one
sex chromosome (and thus completely homozygous, which decreases polymorphism
compared to expressed non-sex linked transcripts) or the level of divergence between
expressed transcripts on different sex chromosomes (which generates heterozygous
genotypes and increases polymorphism compared to expressed non-sex linked
transcripts). Moreover, the level of divergence between non-recombining portions of sex
chromosomes need not be constant throughout the non-recombining region [6]. The
average polymorphism of expressed non-sex-linked transcripts was 0.013 (range:
0.012-0.015). That this level of polymorphism is lower than that of expressed sex-linked
transcripts in putative WZ females and WY males argues for the presence of diverged
sites between the sex-linked regions of the W and Z chromosomes and the W and Y
chromosomes.

Reference Bias

One possible concern for these analyses relates to the possibility that reference bias –
when the reference sequence influences genotypes or mapping of transcripts – could
affect our results. The effect of reference bias is typically evidenced by poor mapping or
inferences of lower expression in the heterogametic sex when data are mapped to a
reference genome from the homogametic sex (e.g., [7]). In the current study, however,
expression levels were assessed using a transcriptome assembly we generated de novo,
and the genomic locations of assembled transcripts was assessed by mapping these
transcripts to the genome assembly from a female individual that may have been
heterogametic (WZ) or homogametic (WW). In several analyses using the entire data
sets or subsets with specific sex chromosome genotypes, we consistently observed an
excess of male-biased expression of sex-linked transcripts in heterogametic males
compared to females (Figs. S6, S7, S8). For these reasons we believe our inference of
extensive male-biased expression of transcripts in the sex-linked region has a biological
rather than a technical basis.

Because the X. tropicalis individual that was used for genome sequencing was female,
Y chromosome specific sequences or genes, might not be present in this genome
sequence. We therefore searched for transcripts with male-specific expression in the
tadpole gonad/mesonephros transcriptome that did not have a strong mapping to v10.
Only one unmapped transcript had substantial male-specific expression
(TRINITY DN3464 c0 g2 i2). However, we were able to amplify and sequence a portion
of this transcript in both sexes, which indicates that the gene encoding this transcript is
not specific to the Y chromosome, although we did identify a diverged position between
one male and one female sequence (several other individuals failed to amplify or
sequence). As discussed above, other factors such as GC content and repetitive
sequences also may have contributed to mapping error of transcripts to the genome
assembly or of RNAseq reads to the transcriptome assembly. However, we have no
reason to suspect GC content would disproportionately affect mapping in certain
genomic regions (e.g., sex-linked and non-sex-linked) or in a specific sex.

Expression Bias in Offspring subsets from Family 3

If the inferred sex chromosome genotypes of the parents of Family 3 discussed in the
main text are correct, we predicted that patterns of male-biased expression might be
distinctive if we reanalyzed the data using a subset of individuals (subset 1) that
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included only putative WW females (XT3, XT9, XT11, XT20) and only putative WY
males (XT7, XT8) as compared to a subset (subset 2) that included only putative WZ
females (XT2, XT6, XT10, XT16, XT17) and only putative ZY males (XT1, XT13,
XT19) because females do not have a Z chromosome in the first subset but they do in
the second subset. As expected, more significantly male-biased transcripts were
identified in the analysis of subset 1 (Fig. S6) than subset 2 (Fig. S7), even though
subset 1 included fewer individuals of both sexes. Another interesting finding that
emerges from these analyses is that the portion of chromosome 7 with the high density
of genes with sex-biased expression extends slightly beyond the sex-linked region that
we identified when all individuals were included for subset 1, but not for subset 2. This
suggests that the degeneration of the W chromosome may extend beyond 11Mb, but the
male-biased expression associated with this degeneracy on the W chromosome in this
region is not as apparent in WZ females due to the presence of the Z chromosome.

When we performed an analysis of differential expression between putative WW
females and putative ZY males (subset 3), the results were similar to the subset 1
analysis in terms of number and identities of differentially expressed transcripts in and
near the sex-linked region (Fig. S8). We also performed an analysis of only putative
WZ females and putative WY males (subset 4). If male-biased expression were solely
due to degeneration on the W chromosome, we expected this comparison to have even
more modest sex-differences than the other subsets. However, the pattern of male
biased expression was relatively similar to the analysis of subset 2 (which is putatively
WZ females versus ZY males; Fig. S9). This suggests that, in addition to degeneration
of the W chromosome, there may be regulatory differences of alleles on the sex-linked
portions of the Z and Y chromosomes that contribute to male-biased expression in the
main analysis (Fig. 6). Alternatively or in addition, regulation of several genes in the
sex-linked portion of the Z chromosome may vary depending on whether it this
chromosome is in a female or male individual.
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