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Abstract

X and Y chromosomes are usually derived from a pair of homologous autosomes, which then diverge from each other
over time. Although Y-specific features have been characterized in sex chromosomes of various ages, the earliest stages of
Y chromosome evolution remain elusive. In particular, we do not know whether early stages of Y chromosome evolution
consist of changes to individual genes or happen via chromosome-scale divergence from the X. To address this question,
we quantified divergence between young proto-X and proto-Y chromosomes in the house fly, Musca domestica. We
compared proto-sex chromosome sequence and gene expression between genotypic (XY) and sex-reversed (XX) males.
We find evidence for sequence divergence between genes on the proto-X and proto-Y, including five genes with mito-
chondrial functions. There is also an excess of genes with divergent expression between the proto-X and proto-Y, but the
number of genes is small. This suggests that individual proto-Y genes, but not the entire proto-Y chromosome, have
diverged from the proto-X. We identified one gene, encoding an axonemal dynein assembly factor (which functions in
sperm motility), that has higher expression in XY males than XX males because of a disproportionate contribution of the
proto-Y allele to gene expression. The upregulation of the proto-Y allele may be favored in males because of this gene’s
function in spermatogenesis. The evolutionary divergence between proto-X and proto-Y copies of this gene, as well as the
mitochondrial genes, is consistent with selection in males affecting the evolution of individual genes during early Y
chromosome evolution.
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because male-limited inheritance of the Y chromosome
favors the fixation of male-beneficial genetic variants (Rice
1996a). Second, suppressed recombination between the X
and Y chromosomes evolves, possibly due to sexually antag-
onistic selection, meiotic drive, or genetic drift (Charlesworth
2017,2018; Ponnikas et al. 2018). Third, “degeneration” occurs
in nonrecombining regions—functional genes that were pre-
sent on ancestral autosomes become pseudogenes on the Y

Introduction

In many organisms with two separate sexes, a gene on a sex
chromosome determines whether an individual develops into
a male or female. In XX/XY sex chromosome systems, males
are the heterogametic sex (XY genotype), and females are ho-
mogametic with the XX genotype (Bull 1983). Most X and Y
chromosomes are derived from a pair of ancestral autosomes.

For example, one copy of the autosome can obtain a male-
determining gene and become a proto-Y chromosome, and
the homologous chromosome without the male-determiner
becomes a proto-X. As the proto-X and proto-Y chromosomes
diverge from each other over time, they become differentiated
X and Y chromosomes (Bull 1983; Charlesworth et al. 2005).
Sex chromosomes have originated and diverged from each
other in multiple independent evolutionary lineages
(Bachtrog et al. 2014; Beukeboom and Perrin 2014).

Despite their independent origins, nonhomologous Y
chromosomes share many common features across species
(Charlesworth et al. 2005). First, “masculinization” occurs

chromosome because suppressed recombination between
the X and Y inhibits the purging of deleterious mutations
in Y-linked genes (Muller’s ratchet) and enhances the effects
of hitchhiking (Charlesworth and Charlesworth 2000;
Bachtrog 2013; Vicoso 2019). Other common features of Y
chromosomes are repetitive sequences and enlarged hetero-
chromatic regions due to reduced efficacy of purifying selec-
tion caused by suppressed recombination and a small
effective population size (Skaletsky et al. 2003). In some cases,
a mechanism evolves to compensate for the haploid dosage
of X-linked genes in males, but this is not always the case
(Mank 2013; Gu and Walters 2017).
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Many features of Y chromosomes are thought to
emerge shortly after an autosome obtains a new male-
determining locus or becomes Y-linked. For example,
recombination suppression has been considered to
evolve after the emergence of a new sex-determining
locus on a proto-Y chromosome to favor the coinher-
itance of the sex-determining locus and male-beneficial/
female-detrimental sexually antagonistic alleles (Orzack
et al. 1980; van Doorn and Kirkpatrick 2007, 2010;
Roberts et al. 2009). Additional sexually antagonistic
alleles on the proto-Y chromosome are predicted to trig-
ger progressive spread of the nonrecombining region
along the chromosome (Rice 1987; van Doorn and
Kirkpatrick 2007). Although these features have been
characterized in sex chromosomes of various ages and
degeneration levels (Bachtrog 2013; Zhou et al. 2014),
the very first stages of Y chromosome evolution are
poorly understood because of a lack of extremely young
sex chromosome systems. Recent studies of young sex
chromosomes have identified multiple types of X-Y dif-
ferentiation, including suppressed recombination, Y
chromosome gene loss, and X chromosome dosage com-
pensation (Bergero et al. 2013; Mahajan et al. 2018;
Darolti et al. 2019; Krasovec et al. 2019), which makes
it challenging to determine which type of differentiation
occurs first.

The extent to which the early evolution of sex chromo-
somes is dominated by chromosome-wide X-Y divergence
versus changes in individual genes remains unclear. This study
addresses that shortcoming by determining how a young
proto-Y chromosome has differentiated from its homologous
proto-X chromosome shortly after its emergence. We are
especially interested in how gene expression differences ac-
cumulate between the proto-Y and proto-X chromosomes.
As the proto-Y and proto-X chromosomes diverge, it is
expected that alleles on the proto-Y chromosome are up-
or downregulated because of cis-regulatory sequence differ-
ences that contribute to proto-Y gene expression (Zhou and
Bachtrog 2012a, 2012b; Wei and Bachtrog 2019). These cis-
regulatory effects may be especially important for the expres-
sion of sexually antagonistic (male-beneficial/female-deleteri-
ous) alleles and degeneration of functional genes (Rice 1984;
Zhou and Bachtrog 2012a). Degeneration of Y-linked genes
has been shown to be accompanied by decreased expression
as a result of relaxed selective constraints (Zhou and Bachtrog
2012a; Wei and Bachtrog 2019). However, the accumulation
of gene expression differences separately from degeneration
during the very earliest stages of sex chromosome evolution is
not well understood.

We used the house fly, Musca domestica, as a model sys-
tem to study the early evolution of sex chromosomes because
it has very young proto-sex chromosomes that are still seg-
regating as polymorphisms within natural populations
(Hamm et al. 2015). The M. domestica male determiner
(Mdmd) can be found on what was historically called the Y
chromosome (Y™) and on at least three other chromosomes
(Sharma et al. 2017). The house fly Y™ (and X) chromosome
has fewer than 100 genes, whereas the other five

chromosomes each have >2,000 genes (Meisel and Scott
2018). Each chromosome carrying Mdmd, including Y, is a
recently derived proto-Y chromosome (Meisel et al. 2017).
Mdmd arose in the house fly genome after divergence from
stable fly (Stomoxys calcitrans) and horn fly (Haematobia
irritans), within the past 27 My (Sharma et al. 2017; Meisel
et al. 2020). This provides an upper-bound on the age of the
house fly proto-Y chromosomes, although the minimal se-
quence and morphological divergence between the proto-Y
and proto-X chromosomes (Boyes et al. 1964; Hediger et al.
1998; Meisel et al. 2017) suggest they are much younger than
that. It is not clear the extent to which the house fly proto-Y
chromosomes are masculinized or degenerated. A previous
study revealed a small, but significant, effect of the proto-Y
chromosomes on gene expression (Son et al. 2019). However,
it could not resolve if the expression differences are the result
of changes in the expression of the proto-Y copies, proto-X
copies, or both.

In this study, we tested if one house fly proto-Y chromo-
some, the third chromosome carrying Mdmd (IlI™), has evi-
dence of gene-by-gene or chromosome-wide differentiation
from its homologous proto-X chromosome by evaluating
DNA sequence and gene expression differences between
proto-Y genes and their proto-X counterparts. We selected
this proto-sex chromosome (as opposed to other house fly
proto-Y chromosomes) for three reasons. First, II™ is one of
the two most common proto-Y chromosomes found in nat-
ural populations (Hamm et al. 2015). Second, the other com-
mon proto-Y (known as Y™) has fewer than 100 genes, which
is over one order of magnitude less than ™ (Meisel et al.
2017; Meisel and Scott 2018). More genes on the third chro-
mosome give us greater power to detect divergence between
the proto-Y and proto-X. Third, we are able to create sex-
reversed males (genotypic females that are phenotypically
male) with the same genetic background as ™ males
(Hediger et al. 2010). This allows us to compare gene expres-
sion between phenotypic males that only differ in whether or
not they carry the II™ proto-Y chromosome (Son et al. 2019).

Our expectation for the extent of gene-by-gene versus
chromosome-wide differentiation between the proto-X and
proto-Y chromosomes will depend on the extent of X-Y
recombination. We expect gene-by-gene differentiation on
young sex chromosomes if recombination prevents the
effects of Muller's ratchet and genetic hitchhiking
(Charlesworth and Charlesworth 2000). Recombination be-
tween the house fly proto-X and proto-Y is possible because,
unlike Drosophila, there may be recombination in male house
flies (Feldmeyer et al. 2010). In addition, female house flies can
carry a proto-Y chromosome if they have a female-
determining allele on another chromosome (Mcdonald
et al. 1978; Hediger et al. 2010; Hamm et al. 2015), which
would provide additional opportunities for recombination.
However, if there are recombination suppressors (such as
chromosomal inversions that differentiate the proto-Y and
proto-X), this would promote chromosome-wide divergence
between the proto-X and proto-Y via Muller’s ratchet and
hitchhiking (Ponnikas et al. 2018).
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Results and Discussion

DNA Sequence Divergence between the Proto-Y and
Proto-X Chromosomes

We used RNA-seq data to identify single-nucleotide polymor-
phisms (SNPs) and small insertions/deletions (indels) within
genes in genotypic (I™/IIl) and sex-reversed (llI/Ill) male
house flies (Son et al. 2019). For each gene, we counted the
number of sites that are heterozygous in either genotypic or
sex-reversed males (i.e, two alleles in at least one genotype).
We then calculated the percent of those sites (per gene) that
are heterozygous only in the genotypic males. This value is 0%
if heterozygous sites are only in sex-reversed males, it is 100%
if heterozygous sites are only in genotypic males, and it is 50%
if the same number of heterozygous sites is found in both
genotypes. We found that the genotypic males have an excess
of heterozygous sites in third chromosome genes, relative to
the sex-reversed males (fig. 1; P < 10 '® in a Wilcoxon rank
sum test comparing percent heterozygous sites in genes on
the third chromosome with genes on the other chromo-
somes). This is consistent with elevated third chromosome
heterozygosity in a previous comparison between lII™ males
and Y™ males (Meisel et al. 2017), and it suggests that the
sequences of genes on the ™ proto-Y chromosome are dif-
ferentiated from the copies on the proto-X (i.e, the standard
third chromosome).

We expect that the ancestral X chromosome would have
the same levels of heterozygosity in genotypic males (X/X;
IM/111) and sex-reversed males (X/X; lll/Ill) due to the pres-
ence of two copies of the X chromosome in both genotypes.
However, the ™ males have elevated heterozygosity on the
X chromosome (fig. 1; P=2832x 10~ in a Wilcoxon rank
sum test comparing the X chromosome with chromosomes |,
II, IV, and V). Elevated X chromosome heterozygosity in III™
males was also observed in a comparison with Y™ males
(Meisel et al. 2017), and its cause remains unresolved. One
possible explanation for elevated X chromosome heterozy-
gosity is that the III™ chromosome was created by a fusion
between the third chromosome and the Y™ chromosome.
Because Y™ has nearly identical gene content as the X chro-
mosome (Meisel et al. 2017), a llI-Y™ fusion would cause I
males to have three copies of X chromosome genes, increas-
ing the likelihood that I males are heterozygous at any
given site on the X chromosome. This hypothesis remains
to be tested.

We further tested for divergence between the II™ proto-Y
chromosome and its homologous proto-X by assembling a
™ male genome using Oxford Nanopore reads from the
same strain as our RNA-seq data. We were specifically inter-
ested in identifying contigs that were separately assembled
from homologous regions on the proto-X and proto-Y chro-
mosomes (i.e, gametologs; Garcia-Moreno and Mindell
2000). Assembly into separate contigs would provide evi-
dence for divergence between the proto-X and proto-Y
sequences. Our ™ male assembly is smaller (427 Mb) than
the reference house fly genome assembly (691 Mb; Scott et al.
2014) and flow cytometry estimates of genome size
(~1,000 Mb; Picard et al. 2012), suggesting that we are
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Fic. 1. Elevated heterozygosity on the third and X chromosomes in
genotypic (I1™/111) males relative to sex-reversed (l1/1l) males. The
boxplots show the distributions of the percent of heterozygous var-
iants per gene in the genotypic males relative to the sex-reversed
males (% II™ heterozygous variants) on each chromosome. Muller
element nomenclature for each chromosome is shown in parenthe-
ses (Meisel and Scott 2018). See Materials and Methods for the cal-
culation of % III™ heterozygous variants. Values >50% indicate more
heterozygous variants in genotypic (IlI"/I1) males, and <50% indi-
cates more heterozygous variants in sex-reversed males. The median
across autosomes |, I, IV, and V is represented by a dashed line.

missing 30-50% of the genome sequence in our assembly.
The reduced assembled size of our III™ male genome is likely
the result of low-sequencing coverage. Nonetheless, we
should be able to identify X-Y divergence, albeit with reduced
power relative to a more complete genome assembly.

We took two approaches to identify separate proto-X and
proto-Y contigs in our assembly: 1) identifying genes on the
same contig as the male-determining gene (Mdmd); and 2)
testing for contigs containing sequences that are enriched in
males relative to females (Carvalho and Clark 2013). Our
approaches will identify regions on the proto-sex chromo-
some that contain genes that can be assigned to the third
chromosome, are present on both the proto-X and proto-Y
with sufficient divergence to assemble separately, and with
both the proto-X and proto-Y gametologs assembled in our
™ male genome. We identified two loci, one from each of
our two approaches (see Supplementary Material online for
details), with sufficient X-Y divergence to assemble into sep-
arate proto-X and proto-Y contigs (fig. 2). At each locus, we
have one proto-Y contig and one proto-X contig.

One of the three genes on one proto-Y contig (ctg2382)
and all four genes on the other proto-Y contig (ctg2522) are
nuclear-encoded mitochondrial genes (fig. 2 and supplemen-
tary table 2, Supplementary Material online). Nuclear-
encoded mitochondrial genes can evolve under sexually an-
tagonistic selection (Rand et al. 2001), possibly because of
conflicts over mitochondrial functions in sperm and in other
tissues (Gemmell et al. 2004; Gallach et al. 2010). These
intersexual conflicts could favor or select against X-linked
mitochondrial genes depending on the extent of cotransmis-
sion of the X chromosome and mitochondria in females
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Proto-Y sequence (ctg2382) Proto-Y sequence (ctg2522)
10 kb 30 kb 10 kb 20 kb
20 kb 15 kb 25kb
LOC101892763 LOC101894537
LOC101893231 |] || LOC101894024
// LOC101894374
Truncated
Mdmd
LOC101893053 LOC101894698
Proto-X sequence (ctg1607) Proto-X sequence (ctg1519)
56 kb 36 kb 10 kb 30 kb
o we LOC101894537
LOC101892763
LOC101893231 LOC101894024
LOC101894374
LOC101893053 LOC101894698

FiG. 2. Two proto-X and proto-Y loci identified in the Il genome assembly. (A) One locus was identified with a truncated Mdmd on the proto-Y
(ctg2382) and the same three genes on both the proto-X (ctg1607) and proto-Y. (B) One locus was identified with four genes on both the proto-X
(ctg1519) and proto-Y (ctg2522). The two contigs (ctg2522 and ctg1519) were assigned to the proto-Y and proto-X based on sequences that are
enriched in the male relative to female reads (see supplementary fig. 1, Supplementary Material online).

(Drown et al. 2012; Dean et al. 2014). Our results suggest that
mito-nuclear intersexual conflicts might also be important for
X-Y divergence in young sex chromosomes, where sexually
antagonistic variants could be partitioned between female-
beneficial X-linked alleles and male-beneficial Y-linked alleles.
Additional work is required to test this hypothesis.

Two of the genes on the proto-Y contigs have differences
in their protein-coding sequence from their proto-X chromo-
some gametologs. One of the two (LOC107894698, encoding
fast kinase domain-containing protein 5, mitochondrial) con-
tains three missense variable sites at which genotypic (II"™/1Il)
males are heterozygous and sex-reversed (llI/Ill) males are
homozygous (supplementary table 3, Supplementary
Material online). The protein encoded by this gene contains
an RNA-binding (RAP) domain, but all three missense var-
iants are not found in the domain. The other gene
(LOC101893231, which does not have a predicted mitochon-
drial function) has three missense alleles at which genotypic
males are heterozygous and sex-reversed male are homozy-
gous (supplementary table 3, Supplementary Material on-
line). One of three missense sites (at position 29,021 in the
scaffold of the reference genome) in this gene is found in a
proline aminopeptidase P Il domain. For all missense alleles in
both genes, we inferred the Ill allele as the one in common
between genotypic and sex-reversed males and the IIIM allele
as the one unique to genotypic males. However, the inferred
1M alleles are not specific to the ™ chromosome because all
™ alleles in LOC101894698 and one of the 1™ alleles in
LOC101893231 (at position 29,021) were found in the refer-
ence genome (which comes from a genotypic female without
a ™ chromosome). Therefore, some of the 1M alleles in

these genes are segregating as polymorphic variants on the
proto-X chromosome.

An alternative explanation of our candidate proto-Y con-
tigs (ctg2382 and ctg2522) is that they are paralogous sequen-
ces that have been duplicated on the proto-Y chromosome,
creating a second Y-linked copy of the genes within the du-
plicated region. Intrachromosomal duplications are a com-
mon feature of Y chromosomes (Skaletsky et al. 2003; Hughes
et al. 2010; Soh et al. 2014; Bachtrog et al. 2019; Ellison and
Bachtrog 2019). It is therefore possible that the sequences we
classify as on the proto-X are actually present on both the
proto-X and proto-Y, whereas the contigs we classify as
proto-Y sequences are intrachromosomal duplications on
the proto-Y. However, even in this scenario, the proto-Y
sequences are still unique to the proto-Y. Therefore, our
interpretations are unlikely to be affected by whether the
sequences we classify as proto-Y are true gametologs of the
proto-X or intrachromosomal duplications on the proto-Y.

Gene Expression Divergence between the Proto-Y and
Proto-X Chromosomes

We next tested if differences in cis-regulatory sequences be-
tween the proto-Y and proto-X chromosomes contribute to
expression differentiation. We quantified differential expres-
sion between the proto-X and proto-Y chromosome copies
of the third chromosome genes by measuring allele-specific
expression (ASE) in normal (genotypic) males carrying a III"
proto-Y chromosome and sex-reversed (Il/IIl) males with no
proto-Y chromosome. Comparing genotypic and sex-
reversed males allows us to control for the effect of sexually
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dimorphic gene expression on the inference of divergence
between the proto-Y (II™) and proto-X (Ill) chromosomes.

To quantify ASE of genes in genotypic (II™/lll) and sex-
reversed (Il1/1l) males, we used existing RNA-seq data (Son
et al. 2019) along with our new Oxford Nanopore long-read
sequencing data. We used the IDP-ASE pipeline (Deonovic
et al. 2017), which is more accurate when a hybrid of short
and long reads is provided as input. This is because the long
reads are used to construct haplotypes, which are used to
estimate ASE from the RNA-seq data (see Materials and
Methods). This approach differs from our comparison of
proto-X and proto-Y contigs because the ASE analysis does
not require separate assembly of proto-X and proto-Y contigs.
Instead, IDP-ASE uses the raw long-read sequences from ge-
notypic and sex-reversed males to phase haplotypes when
inferring ASE. We measured ASE as the proportion of itera-
tions in a Markov chain Monte Carlo (MCMC) simulation in
which the expression of a focal haplotype is estimated as
>0.5. This proportion gives a measure of ASE ranging from
0 (extreme ASE in favor of one allele) to 1 (extreme ASE in
favor of another allele), with 0.5 indicating equal expression of
both alleles. We are unable to determine if the focal haplotype
refers to the III™ or Il allele across the entire third chromo-
some, but we do differentiate between these alleles for a
handful of genes where we are able to perform manual cura-
tion (see below).

We assigned each gene with sufficient expression data into
one of five bins of ASE. The proportions of iterations with
focal haplotypes >0.5 were overrepresented at five values (0,
0.25, 0.5, 0.75, and 1) both in genotypic and sex-reversed
males (supplementary figs. 2 and 3, Supplementary Material
online). These proportions may be overrepresented because
we only sampled two genotypes for our ASE analysis, which
caused us to have a noncontinuous distribution of propor-
tions. We divided the proportion of iterations with the focal
haplotypes >0.5 into five bins, with each bin capturing one of
the five most common proportions (supplementary figs. 2
and 3, Supplementary Material online): 1) extreme ASE, with
a value between 0 and 0.125; 2) moderate ASE, with a value
between 0.125 and 0.375; 3) non-ASE, with a value between
0.375 and 0.625; 4) moderate ASE, with a value between 0.625
and 0.875; and 5) extreme ASE, with a value between 0.875
and 1. In the analysis below, we considered a gene to have ASE
if it falls into one of the two bins of extreme ASE; genes in the
non-ASE bin (proportion of focal haplotype >0.5 between
0.375 and 0.625) were classified as having non-ASE. Genes
with moderate ASE were excluded from most of our analyses
in order to be conservative about ASE assignment.

We first investigated ASE of genes we identified at the two
loci where we have separate proto-X and proto-Y contigs
from our genome assembly (supplementary table 2,
Supplementary Material online). We had enough sequence
coverage and heterozygous sites to estimate ASE in five out of
seven genes. Two mitochondrial genes (LOC101894537 and
LOC101894698) had extreme ASE in genotypic males and
moderate ASE in sex-reversed males. The elevated ASE in
genotypic males is suggestive of expression divergence be-
tween the proto-Y and proto-X copies. Three genes
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(LOC101892763, LOC101893231, and LOC101894024) exhib-
ited extreme ASE in sex-reversed males and non-ASE or mod-
erate ASE in genotypic males. Elevated ASE in sex-reversed
males is not expected because they are genotypic females
with two copies of the proto-X chromosome. This result
suggests there is not large-scale expression divergence be-
tween the proto-Y and proto-X chromosomes. The limited
expression  divergence  (supplementary  table 2,
Supplementary Material online) and paucity of fixed amino
acid differences (supplementary table 3, Supplementary
Material online) between proto-Y and proto-X gametologs
are consistent with minimal differentiation between the
house fly proto-Y and proto-X chromosomes.

We next examined ASE across the entire third chromo-
some. If the III™ proto-Y chromosome is differentiated in gene
expression from its homologous Il proto-X chromosome be-
cause of differences in cis-regulatory alleles across the entire
third chromosome, then we expect a higher fraction of genes
with ASE on the third chromosome in the genotypic (IlI™/IIl)
males than in the sex-reversed (lll/Ill) males. In contrast to
that expectation, we did not find an excess of genes with ASE
in genotypic males compared with ASE genes in sex-reversed
males on the third chromosome relative to other chromo-
somes (fig. 3A and supplementary table 4, Supplementary
Material online; Fisher's exact test, P=0.6996). This result
suggests that the III™ proto-Y chromosome is not broadly
differentiated in cis-regulatory alleles from the standard third
(proto-X) chromosome. This provides evidence that the early
stages of Y chromosome evolution do not involve
chromosome-wide changes in gene regulation.

We next identified individual genes with differences in ASE
between genotypic (I™/) and sex-reversed (1ll/I1) males.
There are 95 third chromosome genes with ASE in the geno-
typic males that are non-ASE in the sex-reversed males (sup-
plementary table 5, Supplementary Material online). These
genes could have ASE in III™ males because of differences in
cis-regulatory sequences between the II™ and standard third
chromosome. To test whether the observed number of third
chromosome genes with ASE in genotypic males that are
non-ASE in sex-reversed males is in excess of a null expecta-
tion, we determined the number of third chromosome genes
with ASE in sex-reversed males that are non-ASE in genotypic
males (i.e, the opposite of what we did above to find the first
set of 95 genes). There are 76 third chromosome genes with
ASE in the sex-reversed males that are non-ASE in genotypic
males (supplementary table 5, Supplementary Material on-
line). We also identified 241 genes on other chromosomes
with ASE in genotypic males that are non-ASE in sex-reversed
males, as well as 281 genes on other chromosomes with ASE
in sex-reversed males that are non-ASE in genotypic males
(fig. 3B and supplementary table 5, Supplementary Material
online). We do not expect any difference in ASE between
genotypic and sex-reversed males for chromosomes other
than the third. Comparing genes with and without ASE on
the third chromosome and the rest of the genome, there is
indeed an excess of third chromosome genes with ASE in
genotypic males that are non-ASE in sex-reversed males
(fig. 3B and supplementary table 5, Supplementary Material
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onling; Fisher’s exact test, P = 0.03467). These results suggest
that, although the II™ proto-Y chromosome is not broadly
differentiated in cis-regulatory sequences from the standard
third (proto-X) chromosome, there is an excess of individual
genes with cis-regulatory differences between the III™ proto-Y
and its homologous proto-X chromosome.

Male-specific selection on individual proto-Y genes could
be responsible for ASE in genotypic III™ males. In this scenario,
male-specific selection would favor cis-regulatory variants
that drive up- or downregulation of the I copy of a gene
(Parsch and Ellegren 2013; Mank 2017). These sex-specific
selection pressures are expected to have the greatest effect
for genes closest to the male-determining Mdmd locus be-
cause those genes are most likely to be coinherited with
Mdmd (Charlesworth et al. 2014). Unfortunately, we lack a
chromosome-scale assembly of the house fly genome (Scott
et al. 2014; Meisel and Scott 2018), which prevents us from
testing if genes with ASE are clustered on the third chromo-
some in close proximity to the Mdmd locus.

Upregulation of the Y-Allele and Male-Biased
Expression of a Testis-Expressed Gene

We next tested if genes with ASE are differentially expressed
between genotypic males, sex-reversed males, and females. A
relationship between ASE and sexually dimorphic expression
would suggest that up- or downregulation of Y-linked alleles
affects sexually dimorphic phenotypes. We started by select-
ing genes that we had previously identified as differentially
expressed between genotypic (II"/Ill) and sex-reversed (lll/
I1I) males (Son et al. 2019). These two genotypes have nearly
the same expression profiles, with a small number of differ-
entially expressed genes. We were specifically interested in
genes on the third (proto-sex) chromosome with “discordant
sex-biased expression.” Discordant sex-biased genes have

male-biased expression in genotypic males (i.e, upregulated
relative to phenotypic females) and female-biased expression
in the sex-reversed males (downregulated relative to pheno-
typic females), or vice versa. This pattern of expression is
suggestive of cis-regulatory divergence between the proto-Y
and proto-X chromosomes—a hypothesis that was presented
but not tested in our previous study (Son et al. 2019). Here,
we test that hypothesis by determining if any third chromo-
some genes with discordant sex-biased expression have ASE
consistent with cis-regulatory divergence between the proto-
Y (™) and proto-X (1) alleles.

We identified a single gene (LOC101899975) with discor-
dant sex-biased gene expression out of the 95 genes on the
third chromosome with ASE in the genotypic (IlI™/I1l) males
that are non-ASE in the sex-reversed (II/IIl) males. This gene is
homologous to dynein assembly factor 5, axonemal (human
gene DNAAF5 and Drosophila melanogaster gene HEATR2).
The gene, which we refer to as M. domestica HEATR2 (Md-
HEATR?2), is expected to encode a protein that functions in
flagellated sperm motility (Diggle et al. 2014), and it has strong
testis-biased expression in D. melanogaster (Chintapalli et al.
2007). Md-HEATR2 has male-biased expression in the abdo-
mens of genotypic males and female-biased expression in the
abdomens of sex-reversed males (Son et al. 2019), suggesting
that expression differences between the III™ proto-Y and the
standard third (proto-X) chromosome cause the male-biased
expression of the gene in the genotypic males.

We identified three diagnostic variant sites for ASE within
Md-HEATR?2 (fig. 4A), which are all synonymous SNPs. The
genotypic (IM/II) males are heterozygous and the sex-
reversed (Ill/Il) males are homozygous at all diagnostic sites.
We inferred the allele on the standard third chromosome as
the one in common between genotypic and sex-reversed
males, and the III™ allele as the one unique to genotypic males
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Fic. 4. Allele-specific expression (ASE) of Md-HEATR2. (A) Diagnostic variable sites for ASE in the Md-HEATR2 gene are based on haplotypes
estimated in IDP-ASE. Read depth is measured as fragments per million mapped reads (FPM) in 111" males, sex-reversed (SR) males, and the 1™ or
Il allele in ™ males. (B) Variable sites that differ between genotypic (I1I™) males and sex-reversed males (triangles) across 1,273 bp upstream of
Md-HEATR2 were identified using Oxford Nanopore long reads only. (C) Transcription factor (TF)-binding motifs predicted within 1,273 bp
upstream of Md-HEATR?2. The starting position of each motifis given, along with its length (in parentheses). None of the variable sites overlaps with
predicted TF motifs. All positions are coordinates in scaffold NW_004764965.1 of the reference genome assembly (Scott et al. 2014).

at each diagnostic variant site. Curiously, all three III™ alleles
are found in the reference genome, suggesting that these
synonymous variants are not fixed differences between the
proto-Y and proto-X. Md-HEATR2 is expressed higher in III™
genotypic males than in sex-reversed males (fig. 4A). In the
1™ genotypic males, the III™ (Y-linked) alleles are expressed
higher than the X-linked alleles, indicating that the Y-linked
alleles are associated with the upregulation of the gene in I
genotypic males relative to sex-reversed males (fig. 4A). The
copy of Md-HEATR2 on the ™ proto-Y chromosome is
therefore upregulated relative to the proto-X copy, consistent
with higher expression of Md-HEATR2 in genotypic males.
Using our Nanopore-sequencing reads mapped to the ref-
erence genome, we examined 1,273bp upstream of Md-
HEATR?2 to identify diagnostic sites that could be responsible
for regulating the expression differences between the proto-X
and proto-Y alleles. We chose that distance because it
includes the first variable site we could identify on the scaffold
containing Md-HEATR2 in our Nanopore data (i.e, includinga
larger region would not provide any additional information).
We found 12 variable sites with different alleles (SNPs and
small indels) between genotypic (III™/111) and sex-reversed (1ll/
III) males (fig. 4B). We next examined whether these sites are
located within a potential transcription factor (TF)-binding
region. We found five TF-binding regions predicted upstream
of Md-HEATR2 using the “Tfsitescan” tool in the “object-ori-
ented Transcription Factors Database” (Ghosh 2000).
However, none of the 12 variable sites is found within any
predicted TF-binding regions (fig. 4C). It is possible that the
cis-regulatory  sequences responsible for differential
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expression are located outside of the region we were able
to investigate, which would be consistent with our failure
to identify fixed differences in the exons between the
proto-Y and proto-X copies of Md-HEATR2. A long distance
would reduce the genetic linkage between the cis-regulatory
region and transcribed sequence, allowing for the X-Y differ-
entiation of the regulatory region without differentiation of
the transcribed gene. Further work is needed to determine
how the differential expression of the proto-X and proto-Y
copies of Md-HEATR?2 is regulated.

We hypothesize that the upregulation of the proto-Y copy
of Md-HEATR?2 is the result of selection for higher expression
in males. We think that the cis-regulatory region is under
selection, rather than the protein-coding sequence, because
we fail to find any protein-coding differences between the
proto-X and proto-Y copies, and the synonymous differences
we observe are not fixed differences. HEATR?2 is involved in
dynein arm assembly (Diggle et al. 2014), and axonemal dy-
nein is essential for flagellated sperm motility (Kurek et al.
1998; Carvalho et al. 2000). Therefore, it may be beneficial to
male fitness to have higher expression of Md-HEATR2 in testis.
However, HEATR?2 also functions in mechanosensory neurons
in Drosophila (Diggle et al. 2014). There may be conflict over
the cis-regulatory sequences that promote expression in testis
and neurons, which may prevent upregulation of the proto-X
copy of Md-HEATR?2 in testis. These opposing (i.e, sexually
antagonistic) selection pressures on Md-HEATR2 expression
would be resolved in a Y-linked copy that is only under se-
lection in males (Rice 1996b). Alternatively, the expression
differences between sex-reversed and genotypic males could
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be caused by differences in tissue scaling between genotypes
(Montgomery and Mank 2016). For example, if genotypic
males have larger testes and if the proto-Y allele is preferen-
tially expressed in testis, then it will appear as if genotypic
males have higher expression of Md-HEATR2. Even in this
model, there is ASE associated with testis-specific expression,
which is consistent with male-specific selection favoring the
proto-Y allele.

The upregulation or testis-biased expression of the proto-Y
copy of Md-HEATR2 may not completely resolve sexually
antagonistic selection pressures on Md-HEATR2 expression
because of three notable features of house fly genetics. First,
Y-linked alleles are only under male-specific selection when
they are in complete genetic linkage with a male-determining
gene (Charlesworth et al. 2014). Complete linkage between
loci can be caused by recombination suppressors (e.g, chro-
mosomal inversions) that prevent genetic exchange between
the X and Y chromosomes (Rice 1987; Charlesworth 2017).
Although there is no direct evidence for inversions or other
suppressors of recombination on the house fly third chromo-
some, crossing over in male meiosis is rare in most flies
(Gethmann 1988). A general lack of recombination in males
would prevent X-Y exchange. However, male recombination
has been documented in house fly (Feldmeyer et al. 2010),
suggesting that X-Y exchange is possible. Second, female
house flies can carry proto-Y chromosomes if they also carry
the female-determining Md-tra® allele (Hamm et al. 2015).
Female-transmission of the proto-Y provides another avenue
for X-Y exchange in the absence of an inversion or other
suppressor of recombination on the proto-Y or proto-X. We
observe alleles in Md-HEATR2 and other third chromosome
genes that are found on both the proto-Y and proto-X (sup-
plementary table 3, Supplementary Material online), which is
consistent with either X-Y recombination or ancestral poly-
morphisms that predate the formation of the proto-sex chro-
mosome. Third, when females carry a proto-Y chromosome,
there will be selection against male-beneficial, female-detri-
mental sexually antagonistic alleles, which will further prevent
the resolution of sexual conflict.

Selection on proto-Y alleles in females, along with X-Y
recombination that moves proto-X alleles onto the proto-
Y, will reduce the efficacy of male-specific selection pressures
on sexually antagonistic alleles of Md-HEATR2. The extent of
these effects will depend on the frequency of proto-Y chro-
mosomes found in females. First, the extent to which selec-
tion in females acts against male-beneficial sexually
antagonistic alleles depends on the frequency with which
the proto-Y chromosomes are found in females (Rice 1984).
Second, if recombination rate is sexually dimorphic, the rate
of population-level recombination between the male-
determiner and Md-HEATR2 will depend on how often the
proto-Y chromosomes are found in females (Sardell et al.
2018). Notably, the frequencies of proto-Y chromosomes
and the female-determining Md-tra® allele vary across pop-
ulations (Hamm et al. 2015; Meisel et al. 2016). Therefore, the
frequency with which females carry proto-Y chromosomes
will vary across populations, suggesting that selection against

male-beneficial cis-regulatory alleles of Md-HEATR2 on the
proto-Y may be population specific.

The expression divergence of the proto-X and proto-Y
copies of Md-HEATR2 could constitute an early stage of X—
Y differentiation before chromosome-wide X-Y differentia-
tion occurs (Bachtrog 2013). Young Y chromosomes have
very similar gene content as their ancestral autosomes. In
contrast, old Y chromosomes are more likely to have only
retained genes with male-specific functions or recruited genes
associated with testis expression from other autosomes
(Koerich et al. 2008; Kaiser et al. 2011; Mahajan and
Bachtrog 2017). Our results suggest that changes in the ex-
pression of individual Y-linked genes that were retained from
the ancestral autosome could have important phenotypic
effects during early Y chromosome evolution, consistent
with gene-by-gene divergence on the young Y chromosomes
(Wei and Bachtrog 2019).

Conclusions

We investigated gene sequence and expression differences
between the house fly I proto-Y chromosome and its ho-
mologous proto-X to determine how a very young proto-Y/
proto-X pair diverge shortly after the proto-Y was formed. To
those ends, we used genotypic (III™/IIl) and sex-reversed (lll/
1) males because they are phenotypically almost the same
and only differ in whether they carry a proto-Y chromosome
(Hediger et al. 2010; Son et al. 2019). We observe elevated
heterozygosity on the proto-sex chromosome in genotypic
males (fig. 1), which could be indicative of chromosome-wide
sequence differentiation between the proto-Y and proto-X.
Alternatively, elevated heterozygosity in genotypic males
could merely be a result of being heterozygous for the third
chromosome. Consistent with this alternative hypothesis,
when we previously substituted a third chromosome without
Mdmd onto a common genetic background, the effect on
gene expression was comparable with substituting a Il chro-
mosome on the same background (Son et al. 2019).

Our subsequent analyses suggest that the house fly ™
proto-Y chromosome is differentiated in sequence and ex-
pression from its homologous proto-X chromosome at indi-
vidual genes, but not chromosome-wide. This is consistent
with previous work that found evidence for gene-by-gene
divergence in a young neo-Y chromosome (Wei and
Bachtrog 2019). For example, we only identified two genomic
loci (containing a total of seven genes) that are sufficiently
differentiated to assemble into separate proto-X and proto-Y
contigs (fig. 2). Notably, five out of seven of those genes have
mitochondrial functions, suggesting that mitochondrial func-
tion in sperm might be an important target of male-specific
selection during the early evolution of a Y chromosome. We
did not identify any fixed differences in the protein-coding
sequences between the proto-X and proto-Y gametologs of
the five mitochondrial genes (supplementary table 3,
Supplementary Material online), or in the sequence of
Md-HEATR?2 (fig. 4), providing further evidence for minimal
differentiation between the proto-X and proto-Y. This
also suggests that sex-specific selection may be operating
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on cis-regulatory sequences of these genes. Consistent with
this hypothesis, two of the mitochondrial genes are differen-
tially expressed between the proto-Y and proto-X (supple-
mentary table 2, Supplementary Material online). Despite
these intriguing examples, there is only a moderate excess of
genes with evidence for differential expression between the
proto-Y and proto-X (fig. 3). The number of genes with ASE on
the third chromosome only in genotypic males, and not in
sex-reversed males, is small; we identify fewer than 100 genes
that meet these criteria, which is <5% of the 2,524 genes
assigned to the third chromosome (Meisel and Scott 2018).

We identified one gene on the third chromosome (Md-
HEATR2) with ASE in genotypic males that is non-ASE in sex-
reversed males and has discordant sex-biased expression be-
tween genotypic and sex-reversed males (fig. 4). We hypoth-
esize that expression divergence of Md-HEATR2 could be an
example of very early X-Y differentiation of individual genes
that results from sex-specific selection. Notably, Md-HEATR2
is expected to have important functions in spermatogenesis
or sperm motility (Fuller 1993; Diggle et al. 2014), similar to
the five mitochondrial genes contained within genomic
regions that are divergent between the proto-Y and proto-
X. Male fertility is an important target of selection during the
evolution of old Y chromosomes (Carvalho et al. 2009;
Hughes et al. 2010), and our results suggest that selection
on male fertility is also an important driver of X-Y divergence
during the early evolution of sex chromosomes. Our results
also suggest that these selection pressures during the earliest
stages of Y chromosome evolution drive gene-by-gene, rather
than chromosome scale, changes in gene expression.

Materials and Methods

Fly Strain

We analyzed RNA-seq data and performed Oxford Nanopore
sequencing on a house fly strain that allows for identification
of genotypic (I™/I) males and sex-reversed (IlI/Ill) males
(Hediger et al. 2010). This is because the standard third chro-
mosome (111 in this strain has the recessive mutations pointed
wing and brown body. Sex-reversed males (and normal
females) have both mutant phenotypes, whereas genotypic
males are wild type for both phenotypes because the I
chromosome has the dominant wild-type alleles. The RNA-
seq data that we analyzed (available at NCBI GEO accession
GSE126689) come from a previous study that used double-
stranded RNA (dsRNA) targeting Md-tra to create sex-
reversed phenotypic males that have a female genotype with-
out a proto-Y chromosome (Son et al. 2019). This is because
active Md-tra drives female development and inactive Md-tra
triggers male development (Hediger et al. 2010). We com-
pared gene expression in the abdomens of sex-reversed males,
genotypic males that received a sham treatment of dsRNA
targeting GFP, and genotypic females that are phenotypically
female. We analyzed data from three replicates of each geno-
type and treatment, with each replicate consisting of a single
fly abdomen (Son et al. 2019). We used genotypic males and
sex-reversed males from the same strain that were subjected

614

to the same treatment for genome sequencing using the
Oxford Nanopore long-read technology.

Oxford Nanopore Sequencing

We performed Oxford Nanopore sequencing of one geno-
typic (I1™/111) male and one sex-reversed (lll/Ill) male created
from the same strain and using the same Md-tra dsRNA
treatment as a previous RNA-seq study (Son et al. 2019).
DNA was isolated with a phenol/chloroform protocol (see
Supplementary  Material online). Oxford Nanopore
Sequencing libraries were prepared with the 1D genomic
DNA Ligation kit (SQK-LSK109, Oxford Nanopore), following
the manufacturer’s protocol. DNA from the genotypic male
and sex-reversed male was used to create a separate sequenc-
ing library for each genotype. Following the manufacturer’s
protocol, 15 ul of each library, along with sequencing buffer
and loading beads (totaling 75 ul), were separately loaded
onto two different R9.4 flow cells (i.e, the libraries from the
genotypic and sex-reversed males were run on separate flow
cells) until no pores were available on a MinlON sequencer
(Oxford Nanopore).

We performed two different base calling pipelines, using
the Guppy pipeline software version 3.1.5 (Oxford Nanopore).
First, for the IDP-ASE analysis, we used parameter options
with “-calib_detect -qscore_filtering —min_qgscore 10.”
Second, for the genome assembly, we used the default param-
eters. We used different parameters for IDP-ASE because base
quality affects accurate haplotyping used to estimate ASE (see
below), and we therefore used a higher threshold for the base
quality. For the IDP-ASE analysis, the base called reads were
aligned to the house fly genome assembly v2.0.2 (Scott et al.
2014) using Minimap2 version 2.17 with the “-ax map-ont”
parameter (Li 2018).

Genome Assembly, Transcript Alignment, and
Sequence Divergence
We used wtdbg2 to assemble our base called Oxford
Nanopore reads using the default parameters (Ruan and Li
2020). To find genic regions in our genome assembly, we
aligned house fly transcripts (from Annotation Release 102)
as a query against our genome assembly contigs using BLAT
with a minimum mapping score of 50 (Kent 2002). We con-
sidered BLAT alignments to be gene copies only if the
matched sequence length in the BLAT alignments covers at
least half of the original (annotated) transcript length. We
selected contigs in our assembly that contain genes that are
assigned to the third chromosome in the reference genome.
We used two approaches to differentiate the proto-Y and
proto-X contigs. In both approaches, we specifically focused
on pairs of contigs that contain the same genes because they
are indicative of X-Y divergence (i.e, one contig likely con-
tains a proto-Y sequence, and the other contains a proto-X
sequence). First, we tested if one contig contains a copy of
Mdmd, which allows us to designate that contig as the proto-
Y copy (and the other is proto-X). Mdmd is not present in the
annotated house fly genome because the genome was se-
quenced from female DNA (Scott et al. 2014). To find
Mdmd copies in our genome assembly, we used the sequence
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of the Mdmd transcript (Sharma et al. 2017) as a query to find
contigs containing Mdmd with BLAST using an e-value cutoff
of 1e-3 (Altschul et al. 1990). Second, we used a k-mer com-
parison approach to differentiate the proto-X and proto-Y
contigs (Carvalho and Clark 2013). In this approach, we used a
k-mer size of 15 to measure the percent unmatched by female
reads (%UFR) for every contig in our assembly, with higher
values indicating an increased likelihood that a contig is Y-
linked. The female reads were from the genome project
(BioProject accession PRINA176013; Scott et al. 2014), and
we included the ™ male Oxford Nanopore-sequencing
reads we generated for validation of the bit-array. We fol-
lowed the options suggested to identify Y sequences in
Drosophila genomes (Carvalho and Clark 2013), as described
previously (Meisel et al. 2017). We used the R package Gviz
(Hahne and Ivanek 2016) to visualize genes that are present in
™ (proto-Y) contigs and Ill (proto-X) contigs.

Variant Calling

We used available RNA-seq data (Son et al. 2019) to identify
genetic variants (SNPs and small indels) that differentiate the
™ proto-Y chromosome from the standard third (proto-X)
chromosome, and then we tested if II™ males have elevated
heterozygosity on the third chromosome as compared with
sex-reversed males (Meisel et al. 2017). We used the Genome
Analysis Toolkit (GATK) pipeline for calling variants in the
RNA-seq data from the Md-tra RNAi experiment in Son et al.
(2019), following the best practices for SNP and indel calling
on RNA-seq data (McKenna et al. 2010; Meisel et al. 2017).
First, we used STAR (Dobin et al. 2013) to align reads from
three genotypic (II™'/1Il) male libraries and three sex-reversed
(111711 male libraries to the (female) reference assembly v2.0.2
(Scott et al. 2014). The reference genome was sequenced from
the aabys strain, which differs from the one we used in our
experiment and has males that carry the Y proto-Y chro-
mosome. The aligned reads were used to generate a new
reference genome index from the detected splice junctions
in the first alignment run, and then a second alignment was
performed with the new reference. We next marked duplicate
reads from the same RNA molecule and used the GATK tool
“SplitNCigarReads” to reassign mapping qualities to 60 with
the “ReassignOneMappingQuality” read filter for alignments
with a mapping quality of 255. Indels were detected and
realigned with “RealignerTargetCreator” and
“IndelRealigner.” The realigned reads were used for base reca-
libration with “BaseRecalibrator” and “PrintReads.” The base
recalibration was performed in three sequential iterations in
which recalibrated and filtered reads were used to train the
next round of base recalibration, at which point there were no
beneficial effects of additional base recalibration as verified by
“AnalyzeCovariates.” We next used the recalibrated reads
from all three replicates of genotypic and sex-reversed males
to call variants using “HaplotypeCaller” with emission and
calling confidence thresholds of 20. We applied
“genotypeGVCFs” to the variant calls from the two types of
males for joint genotyping, and then we filtered the variants
using “VariantFiltration” with a cluster window size of 35 bp,
cluster size of three SNPs, FS > 20, and QD < 2. The QD filter

simultaneously considers read depth and variant quality so
that a separate read depth filter is not needed during variant
filtration. Because this filtration is applied during the joint
genotypic step, all variants are genotyped using the combined
information across both types of males, eliminating the need
to separately cross-reference read-mapping information
across genotypes. The final variant calls were used to identify
heterozygous variants within genes and to estimate ASE with
the IDP-ASE tool (see below) using the coordinates from the
genome-sequencing project, annotation release 102 (Scott
et al. 2014). If a locus has different variants (e.g, a reference
allele and an alternative allele), we considered the locus het-
erozygous. We measured relative heterozygosity within each
gene in genotypic (IM/111) and sex-reversed (1ll/Ill) males as
the number of heterozygous variants in genotypic males for a
given gene (hg) divided by the total number heterozygous
variants in both genotypic and sex-reversed males (hsg), times
one hundred: 100 X hg/(hg + hsg). To annotate each variant
within coding sequences, we used SnpEff with filter options “-
onlyProtein,” “-no-intergenic,” “-no-downstream,” “-no-
upstream,” “-no-intron,” and “-no-utr” (Cingolani et al. 2012).

For the variant calling from Nanopore long reads, the base
called reads were indexed using fast5 files with the “index”
module of Nanopolish version 0.11.1 (Quick et al. 2016), and
they were aligned with Minimap2 version 2.17 (Li 2018) to
house fly genome assembly v2.0.2 (Scott et al. 2014). The
aligned and raw reads were used to call variants using the
“variants” module of Nanopolish version 0.11.1 with the “-
ploidy 2” parameter (Quick et al. 2016). We used a python
script “nanopolish_makerange.py” provided in the package
to split the genome into 50-kb segments because it was
recommended to use the script for large data sets with ge-
nome size >50 kb.

Allele-Specific Expression
ASE is the unequal expression of the maternal and paternal
alleles in a diploid. Estimating ASE with a single reference
genome generates bias in the ASE measurement because
RNA-seq reads from the allele found in the reference genome
could preferentially map to the reference genome relative to
reads from alternative alleles (Stevenson et al. 2013). This
read-mapping bias can be reduced by filtering out clusters
of variants found in close proximity (Stevenson et al. 2013;
Zimmer et al. 2016). We accomplished this by excluding all
clusters of three or more SNPs found within windows of 35 bp
(see above), which is similar to the recommended filtering
parameters to reduce mapping bias (Stevenson et al. 2013).
Our filtering step retained only 21.3% of all SNPs, which we
consider to be high-confidence SNPs for inferring ASE. In
comparison, Zimmer et al. (2016) applied a filter of six
SNPs per 100 bp, which we find retains 30.4% of all SNPs in
our data. Therefore, the filter we have applied to remove SNP
clusters is as stringent or more stringent than those previously
used to reduce mapping biases that could affect measure-
ments of ASE.

We investigated if there is elevated ASE on the third chro-
mosome in males carrying one (18 proto-Y and one proto-X
chromosome compared with sex-reversed males with two
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proto-X chromosomes. To do this, we implemented the IDP-
ASE tool at the gene level with house fly genome annotation
release 102 (Scott et al. 2014), following the developers’ rec-
ommended analysis steps (Deonovic et al. 2017). The IDP-ASE
software was supplied with raw and aligned reads created by
RNA-seq (Son et al. 2019) and Nanopore sequencing, as well
as variant calls (SNPs and small indels) in RNA-seq reads
created by GATK. We only used the Nanopore reads for
phasing haplotypes in the IDP-ASE run, and not for variant
calling, because there was <10 coverage across the house
fly genome (i.e, too low for reliable variant calling).

The prepared data from each gene were next run in an
MCMC sampling simulation to estimate the haplotype within
each gene with a Metropolis—Hastings sampler (Bansal et al.
2008). The software estimates the proportion of each esti-
mated haplotype that contributes to the total expression of
the gene (p) from each iteration using slice sampling (Neal
2003). A value of p = 0.5 indicates equal expression between
two alleles, whereas p < 0.5 or p > 0.5 indicates ASE. The
MCMC sampling was run with a 1,000 iteration burn-in fol-
lowed by at least 500 iterations where data were recorded.
The actual number of iterations was automatically adjusted
by the software during the simulation to produce the best
simulation output for quantifying ASE within a gene. The IDP-
ASE simulation generated a distribution of p for each gene
across all postburn-in iterations, and then it calculated the
proportion of iterations with p > 0.5. This proportion was
used to estimate the extent of ASE for each gene. For exam-
ple, if all iterations for a gene have p > 0.5, then the propor-
tion is 1 and the gene has strong evidence for ASE of one
allele. Similarly, if all iterations for a gene have p < 0.5, then
the proportion is 0 and the gene has strong evidence for ASE
of the other allele. In contrast, if half of the iterations have
p > 0.5 and the other half have p < 0.5, then the proportion
is 0.5 and there is not any evidence for ASE. In our subsequent
analysis, we only included genes with at least ten mapped
reads combined across three RNA-seq libraries from the ge-
notype under consideration.

We used the output of IDP-ASE to compare expression of
the Il (proto-Y) and Il (proto-X) alleles in genotypic males.
IDP-ASE only quantifies ASE within biallelic loci, so we only
included genes with heterozygous sites within transcripts in
genotypic (™71 or sex-reversed (1ll/Ill) males. In addition,
we removed heterozygous variants with the same genotype
in genotypic and sex-reversed males because they do not
allow us discriminate between the proto-Y and proto-X
alleles. Removing these variants may have also sped up the
simulation times, but this was not rigorously investigated. To
discriminate between the III™ and I1I alleles, we used haplo-
types estimated during IDP-ASE runs and genotypes inferred
from GATK for genotypic (II™/ll) and sex-reversed (lll/IIl)
males. For example, using genotypes called using GATK from
the RNA-seq data, we first identified sites with heterozygous
alleles in genotypic males and homozygous alleles in sex-
reversed males. Next, we inferred the allele in common be-
tween genotypic and sex-reversed as the Il allele, and the
other allele that is unique to genotypic males as the III" allele.
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Lastly, we matched those sites to the haplotypes estimated by
IDP-ASE to quantify ASE within each genotype.
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Supplementary data are available at Molecular Biology and
Evolution online.
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