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Abstract
The guppy Y chromosome has been considered a model system for the evolution 
of suppressed recombination between sex chromosomes, and it has been proposed 
that complete sex- linkage has evolved across about 3 Mb surrounding this fish's sex- 
determining locus, followed by recombination suppression across a further 7 Mb of 
the 23 Mb XY pair, forming younger “evolutionary strata”. Sequences of the guppy 
genome show that Y is very similar to the X chromosome. Knowing which parts of 
the Y are completely nonrecombining, and whether there is indeed a large completely 
nonrecombining region, are important for understanding its evolution. Here, we de-
scribe analyses of PoolSeq data in samples from within multiple natural populations 
from Trinidad, yielding new results that support previous evidence for occasional re-
combination between the guppy Y and X. We detected recent demographic changes, 
notably that downstream populations have higher synonymous site diversity than 
upstream ones and other expected signals of bottlenecks. We detected evidence of 
associations between sequence variants and the sex- determining locus, rather than 
divergence under a complete lack of recombination. Although recombination is in-
frequent, it is frequent enough that associations with SNPs can suggest the region in 
which the sex- determining locus must be located. Diversity is elevated across a physi-
cally large region of the sex chromosome, conforming to predictions for a genome 
region with infrequent recombination that carries one or more sexually antagonistic 
polymorphisms. However, no consistently male- specific variants were found, sup-
porting the suggestion that any completely sex- linked region may be very small.
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1  |  INTRODUC TION

Genetic sex determination and sexual dimorphism were first stud-
ied in the guppy, Poecilia reticulata (formerly Lebistes reticulatus) just 
over 100 years ago (Schmidt, 1920), and the species has been con-
sidered a good system for understanding the lack of recombination 
between sex chromosome pairs. This fish has male heterogamety, 
though like the sex chromosomes of many other fish, the XY pair is 
homomorphic, or, at most, slightly heteromorphic, with the Y being 
larger than the X (Lisachov et al., 2015; Nanda et al., 2014; Traut & 
Winking, 2001). Recent genome sequence analyses have shown that 
the gene contents of this chromosome pair are very similar (Bergero 
et al., 2019; Charlesworth et al., 2020; Darolti et al., 2020; Fraser 
et al., 2020; Wright et al., 2017), unlike the situation in species such as 
mammals and birds (with sex chromosome heteromorphism and loss 
of many genes from the completely nonrecombining Y chromosomal 
regions). It has nevertheless been proposed that recombination sup-
pression has evolved in guppies, producing extensive nonrecombin-
ing regions, or “evolutionary strata” (Wright et al., 2017). Strata are 
nonrecombining regions with distinctively different Y– X sequence 
divergence levels detected in heteromorphic sex chromosome pairs, 
including those of humans and other mammals (Cortez et al., 2014; 
Lahn & Page, 1999), birds (Xu et al., 2019) and the plant Silene latifolia 
(Papadopulos et al., 2015).

It is important to understand whether the guppy XY pair has 
evolutionary strata because their presence implies that recombi-
nation suppression evolved, rather than alternative possibilities. 
One possibility is that a sex- determining locus evolved within an 
already nonrecombining genome region, and another is that a male- 
determining factor duplicated into a sex chromosome, in a turn-
over event, hindering pairing and directly stopping recombination 
(Charlesworth, 2019; Charlesworth et al., 2021). The most plausible 
situation generating selection for recombination suppression is the 
presence of sexually antagonistic (SA) polymorphisms closely linked 
to the sex- determining locus (Rice, 1987, recently reviewed by Dagilis 
et al., 2022). Trinidadian guppy populations are suitable for testing 
this idea, because their Y chromosomes carry SA male coloration 
factors that are advantageous in males, and increase male mating 
success, outweighing the disadvantage of being more conspicuous 
to predatory fish that are present along with guppies in their natural 
habitats (Endler, 1980; Houde, 1992). These factors are polymorphic 
within Trinidadian guppy populations (Haskins et al., 1961).

Under any of the possibilities just outlined, the presence of 
the sex- determining locus defines an oldest stratum (though this 
could be confined to a single sex- determining SNP). The guppy 
sex- determining locus is thought to be located roughly 30% of the 
physical distance from the telomere of the roughly 26.5 Mb telo-
centric XY pair, chromosome 12, or LG12 (Lisachov et al., 2015; 
Nanda et al., 2014; Tripathi et al., 2009). An old stratum was de-
tected between 22 and 25 Mb in the assembly of LG12, based on 
a sequence coverage analysis that suggested slightly diverged Y- 
linked sequences. Younger strata occupying about 7 Mb of the more 
centromere- proximal part of the XY pair were suggested by slightly 

elevated SNP density in males from natural populations, compared 
with that in two sequenced females (Darolti et al., 2020; Wright 
et al., 2017). However, these regions are unlikely to be completely 
nonrecombining, as the guppy Y crosses over occasionally with the 
X chromosome, so that most of the chromosome is partially, rather 
than completely, sex- linked (reviewed by Lindholm & Breden, 2002). 
Nevertheless, recombination rates are low across most of the 
chromosome, and molecular markers only rarely detect crossovers 
proximal to about 25.5 Mb (Bergero et al., 2019; Charlesworth 
et al., 2020).

Although studies of guppy samples consistently yield evidence 
that Y- linked sequences differ from their X- linked counterparts, di-
vergence between Y and X sequences is minimal, and clearly defined 
strata containing many genes, are not detected. A balanced poly-
morphism generates associations of closely linked neutral variants, 
and affects diversity similarly to population subdivision, leading to 
a local peak of differentiation in the region. This is potentially de-
tectable using FST analysis, which estimates the proportion of total 
diversity that reflects differences between sequences in two pop-
ulations, and is equivalent to linkage disequilibrium (LD) between 
the balanced polymorphism and the neutral variants (Charlesworth 
et al., 1997). FST between the sexes can therefore be used to quan-
tify differences between sequences in male and female populations 
reflecting LD with the male- determining locus. Previous studies de-
scribe hints that associations between sequence variants and the 
sex- determining locus are commonest in the region distal to 20 Mb 
of the guppy sex chromosome, but no completely male- specific vari-
ants (indicating complete Y- linkage) have yet been found (Bergero 
et al., 2019; Charlesworth et al., 2020; Darolti et al., 2020; Fraser 
et al., 2020; Wright et al., 2017). Here, we describe new evidence 
supporting the possibility that linkage disequilibrium (LD) in this 
rarely recombining chromosome, rather than recent recombination 
suppression creating new strata, has shaped diversity across the 
guppy XY pair.

In a population of constant effective population size Ne, the di-
versity at neutral sites linked with a selected locus depends on the 
quantity ρ = 4Ner, where r is the recombination rate between the 
two loci. Figure 1 illustrates that the effects on diversity in both 
sexes near a sex- determining locus is restricted to a physically very 
small region, unless Ne is very small. Kirkpatrick and Guerrero (2014) 
showed that a polymorphic SA factor present in a partially sex- linked 
region closely linked to a sex- determining locus enlarges the phys-
ical distances across which neutral variants show associations with 
individuals' sexes. This effect might be detectable in the guppy, as, if 
the Y rarely recombines with the X in male meiosis, diversity in males 
could be high across a physically large region. This theory also shows 
that, if recombination occurs often enough, clusters of variants as-
sociated with the sexes could potentially identify the locations of 
the sex- determining and/or SA loci. A recent study inferred multiple 
SA polymorphisms in a recombining region of a stickleback neo- sex 
chromosome (Dagilis et al., 2022). Although small sample sizes cre-
ate chance associations, even between sequence variants that are 
not closely linked (Park, 2019), large enough samples to distinguish 
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such associations from complete sex linkage (evolutionary strata), 
can now be obtained.

To understand associations between sex and chromosome 12 
variants in populations of Trinidadian guppies, the demographic 
history of the populations sampled is important, particularly for up-
stream populations, which probably underwent bottlenecks when 
these sites were colonized (Magurran, 2005). Bottlenecks cause 
loss of low frequency variants, reducing diversity but increasing the 
variance in diversity values. Neutral variants in regions of the sex 
chromosome pair distant from the sex- determining locus could thus 
appear as outliers with high FST values between the sexes. This may 
explain high chromosome- wide FST values occasionally found be-
tween males and females, including a Guanapo river low predation 
population sample (Fraser et al., 2020), and a captive sample from an 
Aripo river high predation site (Bergero et al., 2019). On the other 
hand, male- specific variants (creating higher sequence diversity in 
males than females near an XY system's male- determining locus, as 
illustrated in Figure 1) might be clearest in bottlenecked populations, 
with low diversity elsewhere in the genome.

Populations of guppies with the SA polymorphisms mentioned 
above are present in most rivers in the Northern Range mountains of 
Trinidad. Some of the polymorphisms have probably been maintained 
for long times, as they are shared by many different populations 

(Haskins et al., 1961). They are found in both upstream sites, under 
low predation pressure, and downstream ones, with heavy predation 
(reviewed in Magurran, 2005, and in Tobago Haskins et al., 1961). 
Their maintenance involves rare male advantages (Fraser et al., 2013; 
Hughes et al., 2013; Olendorf et al., 2006), not solely SA selection. 
Nevertheless, these polymorphisms could have created selection 
favouring suppressed recombination, perhaps transiently, since the 
male coloration factors found in nature are male- limited in expres-
sion (reviewed in Haskins et al., 1961). Wright et al. (2017) indeed 
concluded that recombination was suppressed across large parts of 
the guppy LG12, after an older nonrecombining region carrying the 
sex- determining locus evolved, and that such changes occurred only 
in upstream, low predation sites.

The effect of different predation regimes on the maintenance 
of partially sex- linked SA coloration factors on the evolution of sup-
pressed recombination have not been modelled, and it cannot be 
ruled out that the ecological differences between up-  and down-
stream sites reviewed by Magurran (2005) might allow sex chro-
mosome strata to evolve only in upstream sites. For example, in 
downstream sites, selective disadvantages to recombinant females 
that inherit and express coloration factors might keep the frequency 
of these factors so low that selection against recombinants might 
be too weak to select for closer linkage with the male- determining 
factor. There is, however, direct evidence for more frequent (though 
still rare) recombination between a sex- linked male coloration factor 
(Sb) and the male- determining locus in up-  than downstream males 
from the Aripo river (Haskins et al., 1961). Moreover, stronger asso-
ciations between the male- determining locus and coloration factors 
in high-  than low- predation males were confirmed in other rivers, 
using testosterone treatment to reveal females carrying Sb (Haskins 
et al., 1961), and by consistent results in other rivers for other col-
oration factors (Gordon et al., 2012). Overall, these results support 
the view that low recombination rates between coloration factors 
and the male- determining locus prevail in high- predation condi-
tions, but that, after colonization of upstream sites, with weaker 
predation pressure, recombinants are less disfavoured (reviewed 
in Charlesworth, 2018). If so, close linkage should be reversible 
after guppies colonize low- predation sites, which is consistent with 
changes detected in evolutionary experiments (Gordon et al., 2017).

The conclusion that new evolutionary strata have evolved in low- 
predation populations is further called into question by evidence for 
occasional crossovers in the regions identified as younger strata 
(Almeida et al., 2021; Bergero et al., 2019; Charlesworth et al., 2020; 
Darolti et al., 2020). Even rare crossing over prevents accumulation 
of completely Y- specific variants (see Figure 1), and indeed these 
studies found no consistently male- specific variants in guppy pop-
ulations. It is therefore worth considering whether randomly gen-
erated associations in bottlenecked populations can account for 
associations between sequence variant and the sexes across large 
regions of chromosome 12, especially in low- predation populations.

Our goals in the present study were: (1) To analyse genome- wide 
patterns of synonymous site diversity to test for recent bottlenecks 
in upstream Trinidadian guppy populations. (2) To compare diversity 

F I G U R E  1  Peak of diversity predicted in males and females at 
regions linked to a male- determining factor for the case with no 
sexually antagonistic polymorphisms in the region. The values are 
based on deterministic equations for coalescence times between 
pairs of X- linked sequences and between Y-  and X- linked ones 
(Kirkpatrick et al., 2010). The elevated Y- X divergence times can be 
detected in phased data as higher Y- X divergence values at neutral 
sites close to the male- determining factor, or in unphased data 
as higher diversity in males than females. Coalescence times and 
diversity values are also elevated for X chromosome sequences, 
but only slightly. The y- axis shows the excess in coalescence time 
(and thus of neutral diversity) at different distances from a male- 
determining factor, compared with unlinked sites. Distances are 
shown on the x- axis as the recombination rate in males, ρ, or 4Nr 
values, where r is the recombination distance in Morgans, and also 
as the physical distances assuming a very low recombination rate 
of 0.01 cM/Mb and an N value of 1 million. Higher recombination 
rates decrease the physical distances proportionately.
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between the sexes for the XY pair and the autosomes in our natural 
population samples. Autosomal diversity was previously estimated 
by Almeida et al. (2021), but only FST values between the sexes and 
relative X/A and Y/A values were reported. However, it is important 
to consider absolute diversity values, because high FST values can 
be due to low diversity, as they estimate the proportion of total di-
versity that is found between, rather than within populations, and 
low diversity within one or both of the populations being compared 
necessarily implies high FST (Charlesworth, 1998; Charlesworth 
et al., 1997; Cruickshank & Hahn, 2014). In the case of FST values 
between the sexes, an advantageous X- linked mutation that has re-
cently spread through a population, causing a selective sweep, will 
result in low X chromosome diversity, creating locally high male– 
female FST. In contrast, the hypothesis of LD due to close linkage 
to a locus under balancing selection (as in Figure 1) predicts that 
the region where the guppy male- determining factor is located (or a 
wider region that recombines extremely rarely in males) should have 
high nucleotide diversity in males, compared with other genome re-
gions in individuals sampled from the same population. In the same 
region, diversity should also be slightly elevated in females, as shown 
in Figure 1. (3) To examine the sex chromosome region in which SNP 
genotypes show associations with individuals' phenotypic sexes, to 
narrow down the location of the guppy male- determining factor, and 
to assess the likely size of any nonrecombining region, or evolution-
ary stratum. In the Discussion section, we discuss problems that may 
be responsible for the difficulty experienced in locating this factor.

2  |  MATERIAL S AND METHODS

2.1  |  Trinidadian guppy samples

Fish were sampled from 12 natural populations in Trinidad (Table S1), 
and 20 males and 20 females from each population were preserved 
in the field (with approval by Trinidad's Ministry of Agriculture, Land 
and Fisheries) before transport to the UK for DNA extraction and 
sequencing.

2.2  |  Mapping pooled sequences to guppy 
female assembly

Low coverage Illumina sequencing was done using NovaSeq 6000 ma-
chine, whose error rate is less than 1% (Stoler & Nekrutenko, 2021). 
Separate male and female pools, each of 20 individuals, were se-
quenced for each sample, yielding sequence lengths of 150 bp, and 
the raw sequence reads from the 24 pools were processed as de-
scribed in detail previously (Yong et al., 2021). Briefly, reads were 
trimmed to remove low quality bases and adapter sequences using 
cutadapt. The cleaned reads were mapped to the guppy female assem-
bly version 1.0 (accession number: GCF_000633615.1) using bwa (Li 
& Durbin, 2010). Mapped reads were sorted and PCR duplicates were 
removed using samtools version 1.9 (Li et al., 2009). Reads around 

indels were realigned using the modules RealignerTargetCreator and 
IndelRealigner implemented in gatk version 3.4. Finally, the input file 
for the diversity analyses described in the next section was gener-
ated using the Samtools mpileup function, reads with mapping qual-
ity lower than 20 were discarded.

2.3  |  Nucleotide diversity analyses in 
males and females

To ensure that the sequences used are reliably aligned single- copy 
genes, and the variants analysed are likely to behave close to neu-
trally, we used synonymous sites in annotated genes for population 
genomic analyses of nucleotide diversity. The guppy genome GFF3 
file from Ensembl (release 97, https://www.ensem bl.org/pub/relea 
se- 95/gff3/poeci lia_retic ulata/) provided the annotation details re-
quired. Synonymous nucleotide diversity (πS) and Watterson's ϴS 
were estimated using the popoolation software (Kofler et al., 2011); 
the software's Syn- nonsyn- sliding.pl and Syn- nonsyn- at- position.pl 
scripts were used to estimate these quantities in nonoverlapping 250 
kbp windows and in individual genes, which yielded similar results 
(see below). To obtain reliable diversity estimates, SNPs with cover-
age lower than one third of the average coverage for the sample, or 
higher than three times the average coverage, were first filtered out. 
SNPs for these calculations were defined with a minimum number 
of reads supporting the minor allele, mc, of either 1, which yielded 
πS results very similar to those using the snpgenie software (Nelson 
et al., 2015), or 2, as suggested for data with low error rates like 
those for our sequencing, based on simulations (Kofler et al., 2011). 
Because ϴS estimates depend on rare variants (the majority of vari-
ants in natural populations), the threshold in PoPoolation analyses 
affects these values, but the Results section shows that the conclu-
sions were unaffected.

Diversity values were estimated separately for the samples of 
males and females from each collection site. Finally, values of the 
quantity 1 − (πS/ϴS), denoted by ΔϴS, were calculated for each win-
dow or gene. This detects frequency differences between variants, 
as values of ϴ are estimated using variants irrespective of their fre-
quencies, whereas π values largely reflect intermediate frequency 
variants. ΔϴS can therefore detect the excess of rare variants that 
is expected in a population as it returns towards the neutral equilib-
rium frequency distribution after a recent bottleneck; in such pop-
ulations, higher values of ΔϴS are expected (Tajima, 1989). The ΔϴS 
measure is preferable to Tajima's D values as it is less affected by the 
lengths of the sequences analysed.

2.4  |  PoolSeq detection of candidate fully sex- 
linked sites and sex- linked regions

To test for candidate completely sex linked variants on the sex chro-
mosome pair, we screened the data from each sample of 20 males 
and 20 females to detect sites with variants consistently showing 

https://www.ensembl.org/pub/release-95/gff3/poecilia_reticulata/
https://www.ensembl.org/pub/release-95/gff3/poecilia_reticulata/
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the genotype configuration expected under complete sex linkage: 
under male heterogamety, the guppy sex- chromosome system 
(Winge, 1922), all females will be homozygous for an X- linked vari-
ant at candidate sites, while all males will be heterozygous for a dif-
ferent variant. Male- specificity in a large enough sample indicates Y 
linkage, though not necessarily complete Y linkage (see discussion 
below and Figure 1). Sites with the configuration suggesting XX in 
females and XY in males are called “XY sites” in what follows. This 
analysis used all site types, not just synonymous sites, because vari-
ants of any kind can help detect sex linkage. Previous analyses using 
Illumina sequencing data in the guppy (Almeida et al., 2021; Bergero 
et al., 2019; Charlesworth et al., 2020) and a Nothobranchius spe-
cies (Reichwald et al., 2009) also analysed regional differences in the 
proportions of polymorphic sites with genotype configurations sug-
gesting different strengths of association with sex- determining loci, 
but sample sizes were small, or the individuals were from captive 
populations. Large samples from multiple natural populations are 
needed to narrow down the location of the guppy sex- determining 
locus, and our study adds new samples to those analysed previously, 
and describes the results of the analyses in greater detail, revealing 
valuable new information (see Section 3).

Table 1 illustrates our approach for such screening of PoolSeq 
data, based on the frequencies of alternative bases at biallelic sites. 
At a site where a variant was detected in a sample of females, the 
proportion of the variant (XFREQ) was computed using the total 
number of reads of either base, after the filtering described above 
(TOTAL). This detects candidate sites with no variation in the X 
chromosomes present in the females. At all such sites with variants 
detected in the male sample, we calculated the proportion of the 
variant, multiplied by 2, yielding YFREQ, the variant's estimated fre-
quency in the population of Y chromosomes. The table illustrates 
the method with three sites. When all 20 males are heterozygotes 
for a base that differs from the one found in all females, the YFREQ 
value is 1, suggesting fixation of the variant in the Y population (as 
expected for the male- determining locus, which must be present in 
all males). YFREQ values of 1, suggesting fixation in the Y population, 
may also be found at sites completely linked to the male- determining 
factor.

Because the individuals were sequenced in pools of males and 
females, the true numbers will be less than 20 of each sex. It is nev-
ertheless unlikely that many variants will be at high intermediate 

frequencies in the males, and have this YFREQ value, but yet be in-
variant in the female sample. For example, consider a site with both 
XFREQ and YFREQ values of 1, which thus has an estimated fre-
quency of the rarer variant (detected only in the males) of 0.25 (see 
Table 1). Most sites satisfying this criterion will be XY sites that are 
likely to be sex linked, even if many fewer than 20 females were in 
fact sequenced. For instance, if half of the individuals of either sex 
carry the allele detected in the males, the binomial probability that 
the variant is not present in a female pool of only 10 individuals is 
0.098% (ignoring genotyping errors in the male sample, or failure 
to detect the variant in heterozygous females). A further problem 
is that sequencing or mapping errors (or rare recombination events) 
might produce XFREQ values slightly below 1 in some samples, 
which would not be included as candidates for having male- specific 
variants. We therefore repeated the analysis with XFREQ ≥0.975 
(i.e., one of the 40 alleles in our female sample matching the puta-
tively Y- specific allele). As described below, this did not increase the 
sharing of candidate fully sex- linked sites between populations.

This approach has the potential to detect candidate sites with 
patterns suggesting complete sex linkage, and chromosome regions 
that show enrichment for such sites. Importantly, some variants at 
sites within a completely sex- linked region may have YFREQ values 
<1, because a recent mutation in a Y- linked sequence may not have 
become fixed at the site (although, in the absence of recombination, 
such a segregating variant will still be male- specific, and the site will 
have XFREQ = 1). Segregating male- specific variants might also be 
due to maintenance of different Y haplotypes. We consider this in 
the Discussion section, along with comparing this approach with 
alternative methods used for screening for sex- linkage. Variants in 
partially sex- linked regions may also have high YFREQ values, but 
both these, and their XFREQ values should be <1.

3  |  RESULTS

3.1  |  Nucleotide diversity in populations and 
evidence for recent population size bottlenecks

With both diversity measures (using the threshold mc value of 2 
reads supporting the minor allele, which yields lower diversity val-
ues than mc = 1, see Section 2), most upstream (low- predation, 

TA B L E  1  Examples of the method for finding candidate fully sex- linked variants among variants detected in the sample from a natural 
population of a species known to have a genetic sex- determining system with male heterogamety.

Site Counts of A:T:C:G at a site

XFREQ = X/TOTAL
YFREQ = Y/
TOTAL × 2

Position in the female 
assembly REF base Females Males

12 T 0:33:0:0 0:29:0:1 1 0.017

9320 T 2:44:0:0 23:48:0:0 0.957 0.648

9414 G 14:0:0:88 105:0:0:75 0.863 1.167

Note: The commonest variant in the females (in bold font in the table), is defined as the X- linked allele and the alternative variant at the same site is 
inferred to be Y- linked. The total coverage at a site is denoted by “TOTAL”.
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or LP) populations have lower values than the downstream (high- 
predation, HP) ones from the same river, as expected (Figures 2 and 
3), for both LG12 and autosomal sequences (except for the Quare 
river samples, individually labelled in Figure 3, with no diversity dif-
ference); the patterns are similar for diversity based on genes, rather 
than windows (Table S3A,B). Even including the Quare river, median 
π in upstream populations is at least 45% lower than in downstream 
ones, based on autosomal sequences from both sexes; this diversity 
measure is conservative for detecting diversity loss, as π depends 
most strongly on variants at intermediate frequencies; the differ-
ences in θ are larger, as this diversity measure is more weighted to 
low frequency variants (see Section 2), which are most likely to be 
lost in bottleneck events.

Both high-  and low- predation samples also show deficits of 
low- frequency variants (Δθs values, see Section 2, are shown in 
Figure 3 and Table S3A,B). Because the sequences were obtained by 
PoolSeq, absolute values of this quantity cannot be interpreted, but 
the values are consistently higher in three of the four rivers where 
up-  and downstream samples could be compared, with significant 
differences in both sexes, for both autosomal and sex- linked variants 
(Table S4). The results from three rivers with only one predation re-
gime represented (Guanapo, Paria and Petit Marianne, see Table S1) 
are also consistent with this pattern (Figure 3, Table S3). However, 
the Quare upstream sample (Quare LP in Figure 3) is again unusual, 
as its unexpectedly high diversity (for both LG12 and autosomal se-
quences) is accompanied by an absence of evidence for loss of rare 
variants, and its Δθs value is low, like the values for downriver sam-
ples, indicating abundant rare variants. Both mc values yielded much 
higher Δθs values for upstream than downstream samples (though, 
as expected, θs is greatly reduced with mc = 2, rather than 1, see 
Table S3A,B). This consistent pattern cannot be due to erroneous 
inclusion of variants due to our chosen mc value.

Lower diversity of upstream samples is expected to lead to 
comparisons involving such samples having the highest FST values. 
This can explain the high values in comparisons between pairs of 
upstream populations from different rivers, using all site types, 
and lower ones between upstream and downstream populations 
from the same river (Fraser et al., 2015; Suk & Neff, 2009; Willing 
et al., 2010); the same is seen for the samples and synonymous sites 
studied here, using the PoolFstat package (Hivert et al., 2018; see 
Table S2).

3.2  |  Male– female differentiation

We also detect higher synonymous site diversity in LG12 sequences 
in males than females, especially in the high diversity downstream 
samples (Figure 2 shows one river, as an example, Figure S2 shows 
results for all 12 populations sampled, and Figure S3 summarizes the 
mean values). Because separate pools were sequenced from males 
and females, and sex differences in diversity were not confined to 
the sex chromosome (Table S3A– C), we calculated sex chromosome/
autosomal diversity ratios in each sex. Almost all samples have ex-
cess diversity on the sex chromosome (Figure 4 shows results with 

mc = 2, and Table S3A includes a plot with the results using mc = 1). 
Interestingly, this excess is detected in both sexes, not just in the 
males, though it is larger in males than females in nine of the 12 
samples. In all high- predation populations, and in the low- predation 
Quare sample, excess diversity was detected in males across much of 
LG12; all samples had at least 70 windows with ratios above 1 (out of 
the total of 106,250 kb windows), highly significantly exceeding the 
expected 53 windows under the null hypothesis that this chromo-
some has diversity values similar to those for autosomal sequences. 
Among the female samples, however, only the high- predation one 
from the Guanapo river yielded a significant excess of such windows 
(69/106).

As the LG12 sequences sampled from females have at least as 
high diversity as autosomal sequences, our data do not suggest that 
the X chromosome has experienced recent hard selective sweeps 
creating low female- specific diversity regions. Genetic maps of LG12 
in female guppies are consistently around 50 centiMorgans (Bergero 
et al., 2019; Charlesworth et al., 2020), implying that more than a 
single crossover event per meiosis is rare. A recent strong selective 
sweep event would therefore create a wide region of very low diver-
sity, which is not seen (Figure S2B).

3.3  |  Attempts to locate the guppy male- 
determining region

The LG12 region in which the guppy male- determining factor is 
known to be located (distal to 20 Mb) is the region that most often 
shows higher synonymous site diversity in males than females 
(Figure 2, Figure S2). However, the difference is small. Moreover, 
coverage is low in the region, and other high LG12 regions with 
diversity are clearly associated with low coverage (Figure S8). 
These appear to be repetitive regions, and may not reliably iden-
tify the region that includes the male- determining factor. We 
therefore used an approach based on associations between sex 
and genotypes at variable sites on LG12. The approach searches 
the PoolSeq data for sites (of any type, not just coding region sites) 
where the genotypes in males and females conform to those ex-
pected under complete sex linkage, as described in the Methods 
section, which also describes filtering of sites to include in the 
searches. Figure 5 shows results for polymorphic sites within each 
population, and at which variants were detected only in the popu-
lation's male sample (while the females had good coverage, but 
were monomorphic, with XFREQ values equalling 1); the figure is 
based on YFREQ values above 0.9, indicating strong association 
with the male- determining locus (see Section 2). Although male- 
specific variants are concentrated in the expected region, the 
picture for the entire LG12 (Figure 5) does not identify a com-
pletely sex- linked region; the upper part of Figure 5 shows that 
at most four populations have sites satisfying this stringent Y 
criterion. This is consistent with the diversity results described 
above, and with the previously published results described in the 
Introduction. Figures S4 and S5A show results for male- specific 
variants with YFREQ = 0.7, to allow for nonfixation in the Y 
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chromosome population. This does not alter the regions showing 
most associations with the sex- determining locus. If we include 
sites where one allele in our female sample matched the putatively 
Y- specific allele (see Section 2) the sharing of candidate fully sex- 
linked sites between populations did not increase (Figure S5B).

Overall, these analyses do not definitively identify either 
the male- determining locus or any clear fully sex- linked region 
in which it is located. Of the total of 7705 candidate sites with 
male- specific variants in at least one population sampled, 79% 
were detected in only one of our 12 samples. The broad signals in 
some samples may reflect the expected wide LD in bottlenecked 
populations explained above. However, some high- predation sam-
ples (including those from the Aripo and Guanapo rivers) yielded 
few candidate sites, and very few were detected in the Aripo LP2 
sample (though their locations are consistent with the region iden-
tified in the other samples, Figure S4). Instead of a clear sex- linked 
region, two regions of the sex chromosome, between roughly 20.5 
and 21.8 Mb, and distal to 24.5 Mb in the female assembly, are 
enriched in sites with apparently male- specific variants, while 
the signal is much weaker between 21,519,986 and 25,369,837, 
with no candidates shared by more than two populations. No re-
combinants have yet been found between markers within these 
three regions and the male- determining locus (Charlesworth 
et al., 2020), and they may all be completely sex- linked, or almost 
so, while the pseudoautosomal region or PAR starts more distally 

(slightly centromere- proximal to 25,194,513 bp, see Charlesworth 
et al., 2020); the regions are shown, together with information 
about their genetic map locations, in Figure S6, and Figure S7 
shows that the two subregions with the strongest signal of sex 
linkage also have high repetitive content. The gap between these 
two regions does not reflect low coverage (Figure S8). The terminal 
parts of the sex chromosome may still not be correctly assembled, 
given their high repetitive content and presence of sequences that 
were unplaced in the male assembly (Figures S6 and S7), and the 
correct location of gap region could be distal to the two regions 
with male- specific SNPs.

Only 36 of the potentially male- specific sites satisfy the thresh-
old of YFREQ ≥0.7 in at least four population samples, 29 of which 
are distal to 20.9 Mb. The candidate site found in the largest number 
of populations (at position 21,410,653) is found in only seven sam-
ples. Excluding two sites distal to the gap region suggests a candi-
date sex- linked region with a total size of 590,830 bp, which includes 
only 22 genes (Table S5). Two, cyclin and shroom3- like, are in the 
previously proposed candidate region (contig IV gene island), whose 
repetitive parts had higher coverage in males than females, and are 
duplicated near 24 Mb in the assembly of the sequenced male (Fraser 
et al., 2020). Another candidate region (Dor et al., 2019), in the more 
terminal LG12 region assembled distal to the gap, was also detected 
in this study of fish from natural populations, but no candidate genes 
emerged (Fraser et al., 2020).

F I G U R E  2  Example of diversity 
estimates from the Aripo river, showing 
the two diversity measures, both based 
on synonymous sites (plots for all samples 
analysed are in Figure S2). The values 
shown are mean values in 250 kbp 
windows, with red for female samples 
and blue for male ones. The green 
lines indicate a diversity level of 1%, to 
emphasize the lower diversity in a low 
than high predation collection site (right-  
vs. left- hand plots, with LP and HP in the 
sample names indicating high and low 
predation, respectively), as well its much 
higher θs than πs value, suggesting a recent 
bottleneck in this LP site.
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4  |  DISCUSSION

Our analyses of synonymous site polymorphisms indicate a greater 
genome- wide excess of rare variants in upstream than downstream 

guppy populations, indicating that at least the upstream ones are not 
at mutation- drift equilibrium. This will create problems for popula-
tion genomic approaches aimed at detecting footprints of balancing 
selection (as here) or adaptive changes.

Low diversity in upstream populations is consistent with previ-
ous studies of polymorphic microsatellite or SNP markers (Barson 
et al., 2009; Willing et al., 2010) and very high FST values between 
pairs of samples from upstream populations from different rivers, 
though previous studies of FST either did not provide nucleotide 
diversity estimates (Fraser et al., 2015; Suk & Neff, 2009) or did 
not detect bottlenecks (Willing et al., 2010). FST estimates using 
the same PoolSeq data as analysed here (Yong et al., 2021; see 
Table S2), supported the same pattern, and a recent population 
genomics study using all site types inferred the occurrence of 
bottlenecks in several rivers (Whiting et al., 2021). Our analyses 
of synonymous, probably weakly selected, variants in coding se-
quences reveals specific loss of rare variants, as expected if up-
stream populations are recovering after recently losing diversity, 
rather than having evolved with long- term low effective popu-
lation sizes. Extremely severe recent bottlenecks are excluded 
(they would cause almost complete loss of variability, leaving only 
variants at intermediate frequencies, creating a difference in ΔϴS 
values opposite to that observed). Metapopulation dynamics, with 
local extinction and recolonisation events involving bottlenecks, 

F I G U R E  3  Diversity estimates in all 
populations sampled. Part A shows the 
consistently lower values of synonymous 
site diversity (πs) in low- predation 
upstream sites (solid symbols), compared 
with downstream, high- predation 
collection sites from the same rivers (open 
symbols), and part B shows the higher 
Δθs values in the former, suggesting that 
upstream sites have consistently been 
affected by recent bottlenecks. Blue 
and pink symbols show male and female 
results, respectively. Outlier results from 
samples from the Quare river are labelled, 
with the notation HP or LP used to denote 
high or low predation sites, respectively, 
as explained for Figure 2.
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may contribute to the low diversity of upstream guppy populations 
and very high FST values between upstream sites from different 
drainages (Figure 3a, Tables S2 and S3).

Rare migration from downstream populations is unlikely to ac-
count for the observed consistent pattern. Unless migration rates 
are very low, samples of more than 10 individuals per deme in a sub-
divided population should not display strong departures from equi-
librium (table 7.1 of Charlesworth & Charlesworth, 2010). Migration 
from up-  to down- river localities is probably more frequent (Whiting 
et al., 2021), though the aberrant Quare results may reflect migra-
tion of fish from headwaters of other rivers during floods.

4.1  |  Diversity differences between sex 
chromosomes and autosomes

Synonymous sites, under weak selective constraints reducing diver-
sity, also consistently detect sex chromosome- specific higher diver-
sity in males than females from natural populations (Figures 3 and 

4), whereas a previous analysis of FST between guppy males and fe-
males, using all site types, did not detect clear differences between 
LG12 and autosomes in most populations (Fraser et al., 2020).

Diversity of LG12 sequences in females, reflecting X- linked 
variants, is generally likely to be less than for autosomal se-
quences, contrasting with our results (Figure 4). An X/A diversity 
ratio of 0.75 is predicted (assuming equal mutation rates for both 
sexes and all chromosomes) under a 1:1 sex ratio, reflecting the 
larger numbers of autosomes than X chromosomes in populations, 
and hence larger autosomal effective population size. However, 
this difference implies that sexual selection (reducing males' ef-
fective population size) should increase X/A ratios; this ratio can 
also be higher in subdivided populations, approaching 1.5 if fe-
male migration rates are much lower than male rates (Laporte & 
Charlesworth, 2002), though our within- population values should 
not be affected. Selective sweeps in X- linked genes could reduce 
X/A ratios (and elevate FST between males and females), but our 
results do not suggest recent sweeps in LG12 regions with high 
diversity in females or males (Figure S2).

F I G U R E  5  Candidate fully sex- linked sites in the entire LG12, based on PoolSeq data. SNPs at all site types (including noncoding sites) 
were analysed in our samples of 20 individuals of each sex from 12 natural populations. The plot shows results for sites with no variants in 
the 20 diploid sequences from females (XFREQ = 1 in Table 1), and the x- axis shows the positions of the sites in the male guppy assembly. 
The upper section shows the results for each such site that varied within any of the populations analysed, and the y- axis shows the number 
of populations where a site was classed as having the XY configuration, suggesting that it is a candidate for complete or near- complete sex- 
linkage. The results shown used the criterion that the YFREQ threshold value was 0.9, indicating that at least 18 males in the sample of 20 
had the putatively Y- linked variant at the site. No site has a male- specific candidate SNP in all 12 populations. The bottom part shows the 
locations of candidate male- specific SNPs in each of the 12 individual population samples (in different colours, with the population codes in 
Table S1 shown on the y- axis). Signals of sex- linkage were detected in the terminal part of the chromosome in all the different populations, 
but are found in two regions, separated by a gap where male- specific SNPs are rare.
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A higher mutation rate in males than females (documented in 
other vertebrates in Manuel et al., 2022, but not yet for fish, to 
our knowledge) increases autosomal more than X- linked rates, and 
should also lower X/A ratios. However, synonymous and fourfold 
site divergence from Xiphophorus maculatus orthologues suggests 
that LG12 could have a higher neutral mutation rate than the au-
tosomal average (Figures S9 and S10). Because the guppy Y car-
ries alleles of X- linked genes, higher LG12 diversity within guppy 
populations partly reflects Y- X divergence, which contributes to 
these raw divergence estimates. Therefore, the effect of muta-
tion rate differences on X/A ratios (in sequences from females) 
cannot be predicted without direct mutation rate estimates using 
parents and offspring. Differences between Y-  and X- linked alleles 
contribute to the higher LG12 than autosomal diversity in males 
(LG12/A values >1 in Figure 4), and analyses based on all sites 
types in phased sequence data detected high Y/A diversity ratios, 
consistent with diversity among Y sequences also being affected 
by Y- X recombination (Almeida et al., 2021), as reviewed in the 
Introduction.

Overall, the data suggest the presence on LG12 of gene(s) 
under balancing selection in addition to the sex- determining locus. 
Even rare recombination will restrict signals of balancing selec-
tion to regions very near the male- determining locus. This is ex-
emplified by several distantly related fish whose sex- determining 
factors are within recombining genome regions, the fugu (Kamiya 
et al., 2012), species in the genus Seriola (Koyama et al., 2019), and 
possibly also Nothobranchius furzeri, which also has homomorphic 
X and Y chromosomes (Reichwald et al., 2015). Figure 1 shows 
that a very low population recombination rate (ρ < 5) is required to 
account for the almost 20% higher sex chromosome than autoso-
mal diversity observed in guppy males, in the absence of balanced 
polymorphisms other than that at the sex- determining locus. 
However, SA polymorphisms increase Y- X coalescence times at 
closely linked sites (Kirkpatrick & Guerrero, 2014), elevating both 
LG12/A and X/A ratios, as observed (Figure 4). Recombination 
may occur rarely in guppy males enough to allow maintenance of 
male coloration SA polymorphisms in any of the many hundreds of 
genes across most of LG12.

P. wingei appears to show LD across a larger proportion of 
LG12 than P. reticulata (Almeida et al., 2021; Darolti et al., 2019, 
2020), and this may reflect recombination suppression or more 
male coloration factors than on the guppy Y. Samples from natural 
populations are not available, however, and the small sample sizes 
studied from this species will be even more important than in the 
guppy.

4.2  |  Approaches for discovering completely sex- 
linked regions and variants

Many approaches can detect an extensive nonrecombining sex- 
determining region, or evolutionary stratum containing many sites 
with male- specific variants, but it is difficult to detect a small 

region, or a nonrecombining region that evolved recently, or one in 
which occasional recombination events still occur. Physically small 
male- determining loci will be difficult to locate in genomes if as-
sociations arise due to close, but incomplete, linkage across large 
regions, especially if linked SA polymorphisms are maintained. 
Low diversity populations, such as upstream guppy populations, 
might be expected to show the clearest signals, because associa-
tions between molecular variants and the male- determining locus 
should be maintained, while the rest of the genome loses vari-
ability; such differences in transposable element insertions were 
detected in Anole lizard populations that recently expanded after 
a bottleneck that reduced diversity (Bourgeois et al., 2020). The 
sex- linked region will thus be an outlier, compared with the rest 
of the genome. On the other hand, small or bottlenecked popula-
tions, with lower ρ- values, should have higher LD at equilibrium 
(Haddrill et al., 2005), and higher variance of LD, generating con-
fusing footprints of sex- linkage between sequence variants that 
are not closely linked (Park, 2019). Some apparently male- specific 
variants were indeed detected proximal to 20 Mb on the guppy 
sex chromosome.

The guppy male- determining factor could nevertheless poten-
tially be located by testing for LG12 regions with higher diversity. 
Whether the functional site is in a coding or a noncoding region, 
analyses of individual sites, as described here, can find variable 
sites with XY genotype configurations. Given a male- determining 
factor shared by all populations of a species, even a single base 
change from the sequence in females should be detectable. 
Associations are consistently found within a guppy sex chromo-
some region distal to 20 Mb. Both our results (Figure 5), and those 
of Almeida et al. (2021) detected somewhat stronger associa-
tions in upstream than downstream samples, as suggested above. 
Surprisingly, both find most of the associated SNPs in two regions, 
separated by a region that largely lacks such SNPs (between about 
21.8 and 24.5 Mb, see Figure S6).

The approach used here may be preferable to using FST values be-
tween the sexes to detect sites associated with the sex- determining 
locus (Almeida et al., 2021; Bergero et al., 2019; Fraser et al., 2020). 
It avoids the problem that very high FST values can arise if diversity 
in one of the populations is low, since FST quantifies the propor-
tion of diversity found between populations (Charlesworth, 1998; 
Charlesworth et al., 1997; Cruickshank & Hahn, 2014). When the 
sexes are treated as two populations, a recent selective sweep on 
the X chromosome could have reduced diversity in females, or a re-
cent bottleneck might eliminate much X- linked diversity (leaving a 
high proportion of the remaining diversity due to Y- X divergence, 
even if that divergence is small in absolute terms).

Furthermore, if distinct Y haplotypes coexist, each with “private”, 
haplotype- specific variants, this will reduce FST between the sexes. 
This situation might arise if the rarely recombining region carries 
polymorphic male coloration factors. Diverse Y haplotypes, associ-
ated with different male colour patterns, and supporting complete 
Y linkage, have been uncovered in Poecilia (=Micropoecilia) parae 
(Sandkam et al., 2021), a species with polymorphic Y- linked male 
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coloration (Lindholm et al., 2004). Although the male- determining 
factor should be shared by all males, variants in the completely 
linked region will have arisen independently on the different hap-
lotypes, and many variants may not be shared with other coloration 
types (Figure S1). Analysing individual sites, rather than FST in win-
dows containing multiple variable sites, partially avoids this problem, 
because only shared Y- linked variants that arose before the different 
Y haplotypes split will be detected. Reliable phasing and LD analysis 
can resolve such situations.

Our approach failed to find completely sex- linked variants. If the 
reference genome assembly of a species with male heterogamety 
is derived from sequencing a female, some Y- specific sequences, 
such as a duplication with a male- determining effect, will not be rep-
resented in the reference genome. However, use of a guppy male 
genome assembly also failed to reveal clear associations (Fraser 
et al., 2020). Regions of high repeat density may prevent Y-  and X- 
linked sequences aligning reliably, resulting in gaps even if the male- 
determiner is a single nucleotide polymorphism in a gene present in 
both the X and Y. Our filtering to remove regions with high coverage 
(see Section 2) may have created gaps where repetitive sequences 
are abundant, potentially excluding sites with XY genotype configu-
rations, and recent repetitive sequence insertions will create prob-
lematic haplotype- specific variants (Almeida et al., 2021). However, 
the absence of strong associations between about 21.8 and 24.5 Mb 
appears not simply to reflect this problem, as coverage values are 
higher than in the flanking regions with high densities of male- 
specific SNPs (Figure S8).

The two chromosome 12 regions in which associations with sex 
are commonest could reflect an assembly error, or possibly separate 
peaks of variation associated with the male- determining factor, and 
a SA polymorphism, as modelled by Kirkpatrick and Guerrero (2014), 
or cluster of polymorphisms. We cannot currently exclude the possi-
bility that the different populations have different male- determining 
factors (Almeida et al., 2021). However, non- 1:1 primary sex ratios 
should then arise in crosses between or within populations. Sex ratio 
data are scarce in guppies. To our knowledge, data are not yet avail-
able from newborn progeny or fry extracted from gravid females 
(which could be sexed using molecular markers located in the sex 
chromosome region that recombines rarely, and are mostly transmit-
ted to male progeny of male heterozygotes). Interstrain crosses and 
crosses involving YY males showed that female- biased sex ratios in 
laboratory strains of guppies are determined primarily by Y- linked 
genes decreasing production or competitive ability of Y- bearing 
sperm, possibly reflecting accumulation of deleterious alleles, or 
pleiotropic effects of Y- linked alleles that increase male fitness (Farr, 
1981). Finally, perhaps the genome region is arranged differently in 
different individuals. This could explain the different location of the 
signal in the Quare samples (although the signal at 20.9 Mb is weak).

Some guppy sex- linked SA factors recombine very rarely with 
the male- determining factor, while others show rates of up to 8%, 
though rates in natural populations are unclear, as many genetic 
studies used captive ornamental fish (Lindholm & Breden, 2002). It is 
currently unclear whether exchanges of coloration factors between 

the Y and X reflect locations in the frequently recombining region 
distal to the male- determining locus, or crossovers proximal to this 
locus. In a large region extending from the centromere, cytogenetic 
studies of crossover locations (Lisachov et al., 2015) and genetic 
mapping of molecular markers (Charlesworth et al., 2020), suggest 
very rare, or no, crossing over in male guppies. The polymorphic 
male coloration factors could be located anywhere in this region.

5  |  CONCLUSIONS

Overall, our results show that there is no need to invoke complete 
sex linkage, or the evolution of new nonrecombining strata, to ex-
plain the pattern of differentiation between males and females 
across different parts of the guppy LG12. There may be no extensive 
(multi- gene) completely nonrecombining region corresponding to 
evolutionary strata of other organisms such as humans. The appear-
ance of strata may reflect the LD that is expected across regions 
that rarely recombine with the male- determining locus, especially in 
bottlenecked populations. A male- determining locus within a 600 kb 
region near 21 Mb in the guppy female LG12 assembly is consist-
ent with evidence that the male- determining factor maps distal to a 
marker at 21.3 Mb, while the boundary of the pseudoautosomal re-
gion is near 25 Mb (Charlesworth et al., 2020). Although the assem-
bly of the terminal part of LG12 remains uncertain, the sex- linked 
region could be confined to a single SNP in or near one of the 22 
genes in the region defined here (Table S5).

The localization of crossovers at one end of each chromosome 
arm in male guppies, may be an ancestral state, as emerging sex- 
specific genetic maps suggest similar patterns in other fish (Sardell 
& Kirkpatrick, 2020), and there is currently no evidence for changed 
recombination rates in male guppies. Therefore, rather than select-
ing for suppressed recombination between loci with SA balanced 
polymorphisms and the male- determining locus, low recombina-
tion across most of LG12 (producing close linkage with the male- 
determining factor), may have favoured establishment of such 
polymorphisms. The resulting associations of variants across the XY 
pair (Kirkpatrick & Guerrero, 2014) would resemble young evolu-
tionary strata.

LD across the sex chromosome could reflect other SA polymor-
phisms not just male coloration factors. Guppy populations show sev-
eral other sexual dimorphisms, including smaller size of males than 
females and behavioural differences (Olendorf et al., 2006). However, 
it is currently unclear whether the differentiation detected across the 
guppy sex chromosomes implies the presence of multiple SA factors. 
Theoretical modelling shows that this requires strong selection at loci 
that are tightly linked, but distant from the sex determining region, and 
the loci remain polymorphic only if selection favours heterozygotes 
(Otto, 2019). Nucleotide diversity depends on recent demographic 
changes, not just on the recombination rates and effective population 
sizes (i.e., ρ- values in Figure 1) under which populations are evolving. 
Upstream populations have undergone such changes, and also evo-
lutionary changes since these sites were colonized, as reviewed by 
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Magurran (2005), and selective sweeps may have affected diversity of 
some genome regions. Therefore, even if the low recombination rates 
across much of the guppy LG12 could be estimated, it may be diffi-
cult to fit diversity results to theoretical equations to test whether 
LD with weakly selected synonymous variants is so high that SA poly-
morphisms must be invoked to account for it.
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