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Abstract

Comparative genomic analyses among closely related species provide an opportunity to assess their evolutionary history. The
relatedness between species can depend on a variety of factors, including reproductive isolation, introgression, and incom-
plete lineage sorting, and this can impact divergence across the genome. Here, we use a combination of long- and short-read
sequencing and HI-C scaffolding to assemble genomes for each of the four species in the testacea species group of
Drosophila, including D. testacea, D. orientacea, D. neotestacea, and D. putrida, and its outgroup, D. bizonata. First, among
species, we find many structural rearrangements across the genome as well as a large size difference in the dot chromosome
that we infer is due to the expansion of repetitive elements. Second, we assess phylogenetic discordance and uncover a dif-
ference in the phylogeny inferred from genes on Muller E and the mitogenome relative to the rest of the genome, which may
be due to recent hybridization. Lastly, we assess the rate of molecular evolution of genes shared across all species and identify
genes evolving at different rates across the phylogeny. Our results present genomic resources for this species group and begin
to probe into some of the evolutionary characteristics that contribute to variation in genome structure, while highlighting the
need for high-quality genome resources to fully capture and understand the evolutionary history among closely related
species.

Key words: phylogenetic discordance, dot chromosome, evolutionary history, hybridization, reproductive isolation.

Significance

Among species, forces such as hybridization and introgression can impact selection and the evolution of genome struc-
ture, though a contiguous assembly is required to fully elucidate these factors. Here, we assemble genomes for the tes-
tacea species group of Drosophila and a closely related outgroup species, characterize structural differences among the
chromosomes, and identify regions of introgression. Our data provide the first genomic resources for this species group
that can be utilized to understand the evolutionary characteristics of these species, as well as provide a baseline for
future work on how introgression and hybridization impact the structural evolution of genomes, even among closely
related species.
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Introduction

As new species form, their genomes may not diverge at a
uniform rate (Feder and Nosil 2010; Nosil and Feder
2012; Sendell-Price et al. 2020; Schluter and Rieseberg
2022). This is especially true when radiations occur rapid-
ly. Among closely related species, factors such as incom-
plete lineage sorting, gene flow, and introgression can
cause genomic regions to diverge at different rates and
thus impact the interpretations of species trees (Pollard
et al. 2006; Pease et al. 2016; Edelman et al. 2019;
Dagilis and Matute 2023). For recently diverged groups,
different genomic regions can indicate different aspects
of the evolutionary history. For instance, these data
can be used to identify structural differences or rapidly
evolving genes that may promote divergence, as well as
regions of similarity due to incomplete lineage sorting
or hybridization.

Hybridization occurs when species come into secondary
contact (Harrison and Larson 2014; Moran et al. 202 1), and
it is widespread across plants and animals (Teeter et al.
2008; Payseur and Rieseberg 2016; Schumer et al. 2016;
Turissini and Matute 2017; Eberlein et al. 2019). A common
outcome of hybridization is introgression of genetic mater-
ial between species, which can both promote or constrain
adaptation. The extent of introgression and the genomic
regions that are able to move between species can be lim-
ited by selection against hybrids (Svedin et al. 2008; Hedrick
2013; Arnegard et al. 2014; Schumer et al. 2018; Marques
etal. 2019). In a hybrid individual, novel combinations of al-
leles come into contact in the same organism, and the inter-
actions between these alleles can have negative fitness
consequences for hybrids (Dobzhansky 1937; Presgraves
2010; Maheshwari and Barbash 2011). These hybrid in-
compatibilities can restrict gene flow, preventing introgres-
sion at the incompatible loci and the regions linked to them
(Teeter et al. 2008; Zuellig and Sweigart 2018). Thus, re-
gions of the genome that contribute to species differences
are expected to be more differentiated than regions that do
not.

The genomic location where hybrid incompatibilities oc-
cur shares some patterns across species. For example, loci in-
volved in hybrid incompatibilities tend to arise on X
chromosomes, where forces such as faster-X evolution and
X-chromosome meiotic drive can also be found (Presgraves
2008; Qvarnstrom and Bailey 2009; Maheshwari and
Barbash 2011; Trier et al. 2014). Further, structural rearran-
gements can maintain species boundaries in the face of hy-
bridization and gene flow (Noor et al. 2001). In particular,
chromosomal inversions can inhibit recombination in hetero-
zygotes (Hoffmann and Rieseberg 2008; Kirkpatrick 2010;
Stevison et al. 2011; Zhang et al. 2021) and cause meiosis
to fail in hybrids, resulting in hybrid incompatibility
(Stebbins 1958; Coyne and Orr 2004). Therefore, as species

diverge and their genomes accumulate structural rearrange-
ments between them, it is expected that their geneticincom-
patibility will also increase.

If hybridization occurs and fertile offspring are produced,
genetic exchange can occur between species. Introgression
is influenced by a variety of factors, including the genetic re-
latedness between species (Coyne and Orr 1997), the geo-
graphic proximity where they come into physical and
reproductive contact (Harrison 2012; Harrison and Larson
2014), and the timing and success of reproductive events
(Coyne and Orr 2004; Hamlin et al. 2020). Introgressed al-
leles can contribute to adaptation, allowing species to
evolve more rapidly in new environments (Owens et al.
2016; Khodwekar and Gailing 2017; Edelman and Mallet
2021). There is also evidence of reoccurring gene families
commonly introgressing between species, including genes
involved in the immune system (Fijarczyk et al. 2018; De
Cahsan et al. 2021), pigmentation (Giska et al. 2019;
Moest et al. 2020; Semenov et al. 2021), and selfish ele-
ments (Hurst and Schilthuizen 1998; Meiklejohn et al.
2018; Svedberg et al. 2021).

Drosophila have been used as a model system to under-
stand genome biology and evolution, as well as the conse-
guences of hybridization and introgression on patterns of
molecular evolution (Lohse et al. 2015; Turissini and
Matute 2017; Suvorov et al. 2022; Yusuf et al. 2022). The
initial 12 Drosophila genome project paved the way for
comparative genomic analyses (Clark et al. 2007). These
studies confirmed that over large phylogenetic distances,
there was conservation of genes on chromosomal
“Muller’ elements despite many structural variants be-
tween them, and these analyses identified many groups
of genes that were evolving rapidly across the genus
(Clark et al. 2007; Hahn et al. 2007; Bhutkar et al. 2008).
Across Drosophila, there is a conserved X chromosome
(Muller A), four large autosomes (Muller B-E), and a small
nonrecombining autosomal dot chromosome (Muller F)
(Patterson and Stone 1952). Initial comparisons between
closely related species were limited to the melanogaster
group (Ranz et al. 2007; Garrigan et al. 2012). With the ad-
vent of inexpensive and efficient genome sequencing, it is
now possible to produce high-quality genomes for groups
of related non-model species. This work has led to insights
about the importance of introgression, structural evolution,
and molecular evolution in recent adaptations both in
Drosophila (Kulathinal et al. 2009; Guillén et al. 2015;
Lohse et al. 2015; Turissini and Matute 2017; Mai et al.
2020; Yusuf et al. 2022) as well as other insects that have
been models for ecological and evolutionary questions
(Crawford et al. 2015; Fallon et al. 2018; Lucek et al.
2019; Martin et al. 2019; Herrig et al. 2024).

In this study, we investigate genome evolution of the
testacea species group of Drosophila, which consists of
four species: D. putrida, D. testacea, D. orientacea, and
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Fig. 1. Syntenic and phylogenetic relationships among testacea species group. a) Quartet trees corresponding to the three possible topologies for the three
ingroup species. b) Phylogenetic tree representing species relationships to each other. The topology is from the coalescent analysis, but the relationships are the
same in the maximum likelihood tree. Quartet support is from the ASTRAL analysis, where Q1 support represents the main topology, Q2 the first alternative,
and Q3 the second alternative. ) GENESPACE riparian plots showing syntenic relationship within Muller elements. Colors on braids indicate each Muller elem-
ent and connecting braids between each species represent homologous segments. Twisted braids suggest inversions between homologous regions.
Drosophila neotestacea and D. putrida Muller elements are full-length scaffolds, whereas the other three assemblies are split up into contigs. These contigs
may not be in the correct order, thus inflating the presence of structural variants. Stars denote X-chromosome inversions.

D. neotestacea. We use the closely related species
D. bizonata as an outgroup (Scott Chialvo et al. 2019;
Finet et al. 2021; Erlenbach et al. 2023). These five focal spe-
cies are part of the immigrans-tripunctata radiation, and are
common in temperate and boreal forests in the Northern
Hemisphere (Grimaldi et al. 1992). Drosophila putrida occurs
in eastern and central North America, D. neotestacea is found
across northern North America, D. testacea occurs in Europe
and continental Asia, and D. orientacea and D. bizonata are
found in Japan (Kikkawa and Peng 1938; Grimaldi et al.
1992). Little is known about the geographic transition be-
tween D. orientacea and D. testacea in Asia and whether
these species overlap in range.

All species in the testacea group consume rotting mush-
rooms as a primary food source. Adult flies are attracted to
mushrooms, where they mate and females lay eggs. The
larvae develop in the decaying mushroom, and then the
emergent adults must find a new mushroom. These species
are generalists on fleshy Basidiomycota mushrooms, includ-
ing the toxic Amanita species. These species are not com-
mensal with humans, and in the forests where they
occur, they can be collected in very large numbers.
Species in the testacea group have been studied for several
evolutionarily and ecologically important traits. Some of
these traits include cold tolerance (Kimura 2004),
nematode parasite infection (Perlman et al. 2003), micro-
biome composition (Martinson et al. 2017; Bost et al.
2018), X-chromosome meiotic drivers (Dyer 2012; Keais
et al. 2017; Pieper et al. 2018), mycotoxin tolerance
(Jaenike et al. 1983; Kokate et al. 2022; Erlenbach et al.
2023), a Y-linked duplication on the dot chromosome in
D. neotestacea, D. orientacea, and D. testacea (Dyer et al.
2011), and B chromosomes in D. putrida (Patterson and
Stone 1952). The group also contains bacterial endosym-
bionts, including Wolbachia and Spiroplasma (Jaenike

et al. 2010a), and D. neotestacea has been a model for
studying how endosymbionts defend the host from other
parasites (Jaenike et al. 2010b).

The testacea group is evolutionarily young, and both
pre- and post-mating barriers contribute to reproductive
isolation between these species (Grimaldi et al. 1992). In
the laboratory, either reciprocal cross of D. testacea and
D. orientacea produces fertile male and female offspring,
although there is strong pre-mating isolation. When paired
with any other species in the group, D. neotestacea and
D. putrida either do not mate or do not produce viable off-
spring (Grimaldi et al. 1992). These patterns suggest
D. testacea and D. orientacea are the most closely related
of these species. This is inconsistent with previous phylo-
genetic findings, however, which place D. testacea and
D. neotestacea as most closely related, with D. orientacea
as the next most closely related and D. putrida as the out-
group to the others (as shown in Fig. 1b) (Erlenbach et al.
2023). This pattern occurs across the genome, including
for a gene on the Y chromosome as well as for three loci
on the mtDNA that often reflect recent introgression
(Dyeretal. 2011, Scott Chialvo et al. 2019). Overall, genetic
divergence between these species is low, and their effective
population sizes may be high based on levels of segregating
DNA polymorphism (Pieper et al. 2018), potentially compli-
cating inferences of evolutionary history.

Here, we sequence and assemble five high-quality gen-
omes, including Hi-C scaffolded hybrid assemblies for
D. putrida and D. neotestacea and hybrid assemblies for
D. testacea, D. orientacea, and D. bizonata. We then use
these assemblies to investigate genome evolution in the
testacea group. We ask how much discordance there is be-
tween the species tree and the patterns of reproductive iso-
lation, and what is the nature of the discordance in terms of
the distribution across the genome? And, do regions of
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discordance show faster rates of adaptive evolution? To ad-
dress these questions, first, we assess structural variation
across the genome and then examine the small nonrecom-
bining dot chromosome in further detail. Second, we
evaluate phylogenetic discordance across the genome
and identify regions of introgression. Third, we identify
protein-coding genes under strong diversifying selection,
and we associate this with introgression data. Lastly, we
assemble the mitogenome from each species and assess
mitochondrial species relationships. In summary, our
data provide a first glimpse at the genetic characteristics
of the testacea group and provide genome resources for
future studies.

Results

We sequenced and assembled genomes for four testacea
group species (D. testacea, D. orientacea, D. neotestacea,
and D. putrida) and the outgroup D. bizonata. The total
length of the genomes is between 152 and 168 Mb for
the testacea group species, and D. bizonata is larger at
212 Mb (Table 1). Based on early cytology, D. putrida and
D. neotestacea are expected to have four chromosomes, in-
cluding two large metacentric autosomes, a telocentric X
chromosome, and a dot chromosome (Patterson and
Stone 1952). Our D. neotestacea assembly matches this
karyotype, whereas our genome for D. putrida instead
has the Muller elements as separate scaffolds broken at
the repetitive centromeric regions. The de novo genomes
had N50s of 83 Mb for D. testacea, 6.6 Mb for
D. orientacea, and 7.4 Mb for D. bizonata (Table 1).
Similarly, our auN statistics indicate comparable contiguity
for the assemblies (Table 1). As a proxy for annotation qual-
ity, we assessed BUSCO scores, where all five genomes had
high scores (Table 1), ranging from 95% to 99% with low
duplication percentages, and our annotations confirm we
captured a majority of gene content, with similarly high
BUSCO scores (Table 1). Our assemblies show between
12,129 and 13,193 genes with support from RNA annota-
tion, which is comparable to the ~14,000 genes in
D. melanogaster (Kaufman 2017).

Between genomes, there is variation in size and repeat
content (Table 1). Drosophila bizonata has the largest gen-
ome (212 Mb) and the greatest percentage of repeats
(28.12%), whereas D. putrida has the smallest genome
(152 Mb) and the lowest percentage of repeats
(15.76%). Interspersed repeats, DNA elements, and LINEs
have variation corresponding with the total repeat content
for each species, with D. bizonata having the highest per-
centage, D. putrida the lowest, and D. orientacea and
D. testacea sharing similar amounts (Fig. S1). There is the
greatest variation comparing D. bizonata to the rest of
the group, but this is not surprising given its phylogenetic
distance from the other species.
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Synteny Analysis

As structural rearrangements can be associated with adap-
tation, reproductive isolation, and other factors facilitating
divergence between species (Zhang et al. 2014; Fuller et al.
2018), we assessed synteny between Muller elements in
the testacea group. Our D. neotestacea and D. putrida gen-
omes were scaffolded using Hi-C to aid in this analysis, and
we identified contigs in the other species belonging to each
Muller element. As expected, Muller elements are largely
conserved (Figs. 1a and 3; Fig. S2) (Clark et al. 2007). In
D. neotestacea, elements E and B form one metacentric
autosome, and elements C and D form the other large
metacentric autosome. Muller element E is not completely
syntenic between D. bizonata to the rest of the testacea
group, as part of the distal end of Contig 1062 shares syn-
teny with regions on Mullers B and E (Fig. S2). We hypothe-
size that either large translocations have shifted gene
content from one Muller to another between D. bizonata
and the testacea group, or D. bizonata has a different
karyotype.

Within Muller elements, rearrangements and structural
differences reduce collinearity between the species.
Without having fully scaffolded Muller elements for
D. bizonata, D. testacea, and D. orientacea, it becomes dif-
ficult to elucidate specifics of autosomal differences; there-
fore, we broadly assessed structural variation between
D. putrida and D. neotestacea, for which we have fully scaf-
folded Muller elements. Our results show differences in the
minimum number of rearrangements and inversions across
Muller elements (Fig. S3). Muller B has at least two inver-
sions and three translocations, whereas Muller E, which is
associated with Muller B through a metacentric fusion in
D. neotestacea, has at least ten inversions (Fig. S3). Muller
C has at least four inversions, including one that is nested,
and Muller D has at least three inversions, including one
that is nested. The dot is completely collinear between
the two species (Fig. S3). The X chromosome (Muller A)
has at least seven inversions between D. putrida and
D. neotestacea (Fig. S3). We obtained a single contig for
the D. bizonata X chromosome, and there are many small
rearrangements and inversions that differentiate
D. bizonata's X chromosome from the other two species
(Fig. $3), making it nearly impossible to determine the num-
ber of structural variants.

If we expand this structural variant analysis to include our
less contiguous assemblies, we identify large blocks of col-
linearity on most Muller elements. Based on visual inspec-
tion, we note that Muller E appears to contain more
rearrangements than the other elements (Fig. 1¢). In par-
ticular, between D. neotestacea and either D. testacea or
D. orientacea there are many small rearrangements and in-
versions, while D. testacea and D. orientacea contigs share
larger blocks of collinearity. For example, Contig 857 and

928 in D. testacea share large blocks of synteny with con-
tigs in D. orientacea, whereas these contigs are found in
many small pieces across most Muller E in D. neotestacea
(Fig. 1c). We verified several putative inversions using the
raw reads. Scaffolding the D. testacea and D. orientacea
genomes is necessary for a more quantitative analysis of
chromosome synteny.

Characterization of the Dot Chromosome

The dot chromosome, or Muller element F, in Drosophila is
distinct from the others with its larger proportion of repeti-
tive sequences, lack of recombination, and extremely long
introns, despite it typically being a much smaller chromo-
some compared to the other Muller elements (Riddle and
Elgin 2006). In addition, the dot in the testacea group has
experienced duplications of Y-linked genes, including the
male fertility factor k/-5 in all species but D. putrida (Dyer
etal. 2011). Most of the dot is completely syntenic between
species (Fig. 2a); however, the D. neotestacea and
D. testacea dots are twice as large as the D. bizonata and
D. putrida dots (4 Mb vs. 2 Mb; Fig. 2a and Fig. 54), and
D. neotestacea contains a non-syntenic region at the distal
end that is 249 kb.

The genes in this non-syntenic region in D. neotestacea
contain the k/-5 gene sequence, along with two genes
homologous to dynein chains and a gene with piggy-Bac
TE-like homology. KI-5 also encodes a dynein heavy chain,
but these other dynein chain sequences are ~0.8 and
~1.2kb in length, excluding introns, whereas /-5 is
8.3 kb, and they do not appear to be homologous to
kl-5. Next, we attempted to identify k-5 in the
D. orientacea and D. testacea genome annotations, but
we only found short sequences aligning to a small region
on the gene. Therefore, we examined homology per
exon, of which k/-5 has 20 in D. neotestacea. Three anno-
tated genes had homology to the k/-5 exons in
D. orientacea [g92 (contig 4; exons 1 to 9), g4852 (contig
364; exons 10 to 13), g11796 (contig 734; exons 14 to
20)], and D. testacea was separated into four annotated
genes [g10323 (contig 759; exon 1), g9494 (contig 591;
exons 3to0 9), g13107 (contig 951; exon 14), g13111 (con-
tig 951; exons 15 to 20)]; exons 2 and 10 to 13 in
D. testacea were not found.

The high proportion of repetitive content on the dot
could impact the k/-5 gene annotation. Thus, we assessed
if contigs in D. testacea and D. orientacea contained any
homology to k/-5, using the full D. neotestacea kI-5 gene
seqguence and its exons. These results identified three con-
tigsin D. testacea: contig 754 (24,458 bp) was homologous
to exon 2, contig 585 (40,441 bp) was homologous to
exons 3 to 10, and these exons were in order along the con-
tig, and contig 937 (142,594 bp) was homologous to exons
13 to 19 and in order. In D. orientacea, two contigs had
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Fig. 2. Synteny and repetitive content characterization for the dot chromosome. a) GENESPACE riparian plot showing the syntenic relationship between each
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homology to the k/-5 exons: contig 0 (938,640 bp) was
homologous to exons 2 to 12, whereas contig 732
(74,276 bp) was homologous to exons 13 to 19; these
exons were in sequential order in both contigs. These con-
tigs only contained exons from k/-5, consistent with the
long introns characteristic of this gene. Because these re-
sults indicated different contigs containing homology to
kl-5, we aligned our male RNA sequencing data for these
species to the D. neotestacea dot to determine if reads
spanned this region, which could impact annotation.
Drosophila orientacea and D. testacea have reads that align
to kI-5, though the reads do not provide consistent coverage

across the gene. Alternatively, in D. neotestacea, these reads
consistently map across k/-5 exons. Drosophila putrida has a
few sporadic reads aligning to this region, but because we
aligned the male RNA, these are most likely reads for the
Y-chromosome k/-5 gene sequence.

These results make characterizing the Y-linked duplicate
region in D. testacea and D. orientacea unclear, and would
require a deeper analysis into this region, including hand
annotation and piecing together the contigs with hom-
ology, though the large introns and repetitive content of
the dot make this difficult. Furthermore, the genomic se-
quencing for D. testacea is from males, and mis-assembly
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of Y-chromosome repetitive content with the Y-linked du-
plicate could have occurred, thus making characterization
of this region in D. testacea challenging without having a
Y-chromosome assembly. Currently, we do not have confi-
dence in identifying the Y-linked duplication, nor the male
fertility factor k-5, in D. testacea and D. orientacea.
However, we can show that D. neotestacea has a 249 kb
region at the distal end of its dot chromosome containing
kl-5, and this region is not present in D. putrida. Between
D. neotestacea and D. putrida, excluding this region, there
is gene-by-gene homology and conservation in gene order
along the entire rest of the chromosome; however, because
it is only 249 kb, it is not the only contributing factor to the
2 Mb size difference.

We assessed repeat content and intron size as factors that
could impact the size of the dot chromosome (Muller F). The
dot in D. neotestacea and D. testacea has more repeats than
D. bizonata and D. putrida (Fig. 2b), with L3/CR1, LINEs, LTR
elements, and interspersed repeats contributing the most to
this difference. When we compare this chromosome-wide
between D. neotestacea and D. putrida, the proportion of
LINEs and LTRs is higher across the entire dot (Fig. 20).
Furthermore, this increase in repetitive content in
D. neotestacea reduces the proportion of “Unknown” con-
tent, which is not genic (exons or introns) or repetitive and
could be noncoding regions and regulatory elements we do

not have annotations for in our assemblies. We also assessed
intron size across BUSCOs and SCOs and found that intron
size is larger on the dot for all species (Fig. S5). The autosomal
intron size in D. bizonata is slightly larger than that of other
species, but the higher proportion of repetitive content in
this genome (Table 1) is most likely impacting its intron
size. Taken together, these results indicate that repetitive
content, not intron size, is largely contributing to the differ-
ence in dot chromosome size between D. testacea and
D. neotestacea and D. putrida and D. bizonata.

Codon usage can be an indicator of the strength of se-
lection, and the dot chromosome (Muller F) in Drosophila
often exhibits different patterns in codon usage from the
rest of the genome (Vicario et al. 2007; Powell et al.
2011). Thus, we assessed codon usage among Muller ele-
ments. When we combine species, GC content and the ef-
fective number of codons (Enc) differ across Muller
elements (Fig. S6; Table S5), and GC content is higher in
coding regions than it is across the entire genome
(Table 1). Specifically, Enc is significantly different between
the dot and all Muller elements except Muller D, and GC
content is significantly different between the dot and the
rest of the genome (Table S6). Enc and GC content are
also different between the autosomes and the X
(Table S6), similar to other Drosophila species where codon
usage bias has been found to be stronger on the X than the
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large autosomes (Vicario et al. 2007). If we separate by spe-
cies, Enc values do not differ between the autosomes and
the dot and are similar to other Drosophila species
(Kokate et al. 2021). We also find that the Relative
Synonymous Codon Usage (RSCU), or the proportion of
synonymous codon usage for each amino acid, varies be-
tween the dot and the rest of the genome (Table S7),
with a higher RSCU for codons ending in A/T, especially
for 2-fold degenerate amino acids, though some 3- and
4-fold codons have a higher RSCU for A/T as well (Val
and lle; Table S7). Alternatively, codons ending in G/C
tend to have a higher RSCU for the X and autosomes.
These results support the lower GC content we find on
the dot for all species (Tables S5 and S6).

Comparative Phylogenetics

We identified 4,868 single-copy orthologs (SCOs) that we
both filtered for alignment quality and were present in all
species, and we built a species tree with these to assess
the phylogenetic relationships of the testacea group. We
used maximum likelihood and coalescent approaches to
build trees, and the topology of these two species trees is
the same (Fig. 1 and Fig. S6b). The tree puts D. putrida as
sharing the most distant common ancestor to the clade
for D. neotestacea, D. testacea, and D. orientacea, with
D. neotestacea and D. testacea as sisters to each other.
Our species tree indicates that D. testacea is more closely
related to D. neotestacea than D. orientacea (Fig. 1b and
Fig. S6), but factors such as hybridization, incomplete lin-
eage sorting (ILS), and introgression can impact the top-
ology (Nichols 2001; Pollard et al. 2006). Therefore, we
assessed gene tree discordance by analyzing quartet scores
in ASTRAL-Ill (Zhang et al. 2018) and concordance factorsin
IQ-TREE2 (Minh et al. 2020). The normalized quartet score
is 0.702, indicating that nearly one-third of quartet trees
are not found in the species tree (Table S4). The strongest
amount of discordance is found along the branch leading
to D. neotestacea and D. testacea, with only 46.3% of
guartets matching the species tree (Fig. 1b; Q1 Support).
Alternative quartet topologies show 33% of quartets sup-
porting the first alternative (Q2 Support), placing
D. orientacea and D. testacea as sisters to each other, and
21% of quartets supporting the second alternative (Q3
Support), putting D. orientacea and D. neotestacea as sister
species (Fig. 1b; Table S3). Our gene (gCF) and site concord-
ance factors (sCF) find similar patterns (Table S3), with the
branch to D. testacea and D. neotestacea having a gCF of
43.71% and sCF of 41%. Conversely, the branch to all
three testacea species has a gCF of 82.95% and sCF of
74.61%. Despite having high bootstrap support for these
branches (100; Fig. S7), these discordance values indicate
there are many conflicting signals among the gene trees,
potentially due to ILS and introgression. The high bootstrap

support despite these factors can be due to low sampling
variance resulting from the large number of genes and sites
in our analysis, especially with a short branch length
(0.2169) leading to D. testacea and D. neotestacea, which
tend to be harder to resolve.

To investigate what could be contributing to this high
phylogenetic discordance, we performed a four-taxon
ABBA-BABA test on the SCOs to identify putative introgres-
sion events. With a nonsymmetric phylogeny, a five-taxon
introgression test could not be performed. Our tree has
((D. neotestacea, D. testacea), D. orientacea) as the ingroup
species, with either D. bizonata or D. putrida as the
outgroup (Fig. 3a). Our results indicate stronger shared an-
cestry between D. testacea and D. orientacea, which could
be the result of introgression. With D. putrida as the out-
group, 10 genes are significant for the BABA topology
(sharing between D. neotestacea and D. orientacea) and
52 for the ABBA topology (sharing between D. testacea
and D. orientacea) (Fig. 3a; Table S4). Similarly, with
D. bizonata as our outgroup, 10 BABA (sharing between
D. neotestacea and D. orientacea) and 66 ABBA topologies
(sharing between D. testacea and D. orientacea) are signifi-
cant (Fig. 3a; Table S4). There were 31 orthologs shared be-
tween significant ABBA genes.

To determine which genes show putative introgression
between D. orientacea and D. testacea, we identified hom-
ology to D. melanogaster. Some orthologs (OG0011268;
0G0007049; OG0006556) included homologs to genes
predicted to have zinc ion binding activity. In Drosophila
oocytes, zinc is required for female fertility and is also the
most abundant transition metal in oocytes (Hu et al.
2020). We find homology to Mettl3 (O0G0006359),
which aids in female germ-line cyst encapsulation, and
cadherin-99C (OG0006670), a gene essential for female
fertility. Furthermore, there is homology to chitin-binding
domains (OG0O008100; OG0008099) or regulation of
chitin-containing cuticle (OG0006548). Genes with in-
volvement in embryonic development were also found, in-
cluding mira (0G0006554), sno (0G0007424), and side
(0G0007693). Though more work is needed to uncover
the role of these genes in regard to fertility between spe-
cies, homology to female fertility and development could
indicate a role in hybridization between D. orientacea and
D. testacea.

An excess of loci significant for the ABBA topology are
on Muller E (Fig. 3b; 57.7%, ¥*=89, df=4 with
D. bizonata, P-value <0.0001; 63.6%, y°=107, df=4
with D. putrida, P-value <0.0001; all pairwise tests with
element E were highly significant with a P-value < 0.0001,
while no other pairs had P < 0.01). However, the significant
loci are not clustered on the chromosome regardless of the
outgroup (Fig. S8). Thus, we sought to determine if Muller
elements have different species tree topologies. The trees
for Muller B, C, D, and A (X) share the same topology as
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Fig. 4. In contrast to the rest of the genome, in which D. neotestacea and D. testacea are sister species, the tree for Muller element E places D. orientacea and
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our species tree, with D. neotestacea and D. testacea as sis-
ters to each other. These Muller elements also have similar
patterns of gene tree discordance among the two branches
to the three ingroup species (Fig. 4a). However, Muller E
places D. testacea and D. orientacea as sisters to each other
(Fig. 4c) and has the most gene tree support for the top-
ology placing these two species as the most closely related
(Fig. 4a), which is expected if this element has been intro-
gressed in their history. We still find discordance for this
topology and the other Muller elements; however, the ma-
jority of gene trees place D. testacea and D. orientacea to-
gether (Table S3). The genes placing D. testacea and
D. orientacea as sisters to each other are also distributed

along the contigs for Muller E (Fig. 4b). These results sug-
gest Muller E is important for understanding the history
of introgression and hybridization between these two
species.

Molecular Evolution

To identify if certain genes or gene groups may be under se-
lection in the testacea group, we inferred the rate of evolu-
tion (dN/dS) for null and branch models on the single copy
orthologs (SCOs). We assessed the best-fitting model for
each gene, comparing if a branch model where the testa-
cea species clade (D. neotestacea, D. orientacea, and
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D. testacea) can evolve differently from the outgroups
(D. putrida and D. bizonata) has a higher likelihood than
the null where, the gene evolves at the same rate across
the tree. We found 683 orthologs (14%) evolving at a dif-
ferent rate in the D. neotestacea, D. orientacea, and
D. testacea clade compared to D. putrida and D. bizonata
(P<0.05; Table S4). Of these, 381 orthologs (56%) had a
higher dN/dS in the testacea clade than the outgroup spe-
cies. We note that a higher dN/dS does not indicate
whether this is due to a change in positive or relaxed selec-
tion between the groups. In contrast to our ABBA-BABA
results, there were more genes on Mullers C and D signifi-
cant for the branch model than expected based on size
(x*=13.702, P=0.0083, df = 4), with no significant differ-
ence among chromosomes in the proportion of loci with
higher dN/dS in the testacea clade versus the outgroup
species (Xz =5.321, P=0.26, df =4). We performed a GO
analysis to determine if biological processes are enriched
in these orthologs, and we found two terms are enriched
in the branch model, including G-protein coupled photo-
receptor activity (10.61, P=0.015) and cell migration
(3.09, P=0.025).

We then compared the genes evolving at a different rate
between the testacea clade and the outgroups to those
showing evidence of putative introgression between
D. testacea and D. orientacea. Of the genes with evidence
for introgression, there are 13 orthologs with a significantly
different dN/dS among groups with the branch model
using D. bizonata as the outgroup, of which 10 (77%)
have a higher dN/dS in the testacea clade than the out-
group. Likewise, of the introgressed genes, there are 17
orthologs with a significantly different dN/dS among
groups with the branch model using D. putrida as the out-
group, of which 12 (71%) have a higher dN/dS in the testa-
cea clade than the outgroups. There are eight genes with a
significantly different dN/dS among groups with the branch
model that are shared between both ABBA-BABA topolo-
gies, and 6 of these orthologs (75%) have a higher dN/dS
in the testacea clade than the outgroup. Included in these
six genes is Cadherin-99C (OG0006670), a female fertility
gene that contributes to eggshell formation and is ex-
pressed in follicle cells during oogenesis (D'Alterio et al.
2005). This suggests female fertility might act to facilitate
hybridization between D. orientacea and D. testacea, but
much more work is required to confirm this.

Mitogenome Assembly and Phylogenetics

Mitochondrial genomes can vary in their evolutionary pat-
terns compared to nuclear DNA due to maternal inherit-
ance (Moritz et al. 1987; Meiklejohn et al. 2007; Dowling
and Wolff 2023); therefore, we assembled the mitogen-
ome for each species and assessed their phylogenetic rela-
tionship. The mitogenome assemblies ranged from 14 kb

to 15kb in length with GC content ranging between
22.03% and 25.02% (Table 1). In comparison, the
D. innubila mitogenome is 16 kb, with a GC content of
22.66% (CMO015047.1). We annotated the 13 mitochon-
drial genes found in D. melanogaster (YP_009047266.1
to YP_009047278.1) for each species. Visualization of the
annotations identified that the order and orientation
of these genes are consistent across all five species and
in the same order as D. innubila (Fig. S9a). The species
tree for mitochondrial DNA places D. testacea and
D. orientacea as sisters to each other (Fig. S9b), similar to
our Muller E species tree (Fig. 4), further supporting the en-
tangled history of introgression between these species.

Discussion

Species in the testacea group of Drosophila have been stud-
ied for their evolutionary and ecological characteristics, and
here, we assemble genomes for these species and begin to
probe their genomic differences. We find general conserva-
tion of Muller elements, with many rearrangements within
all elements (Fig. 1a and Fig. S2). These results are not sur-
prising, as across Drosophila species, Muller elements gen-
erally share gene content, but the gene order is usually
scrambled due to rearrangements (Bhutkar et al. 2008;
Chakraborty etal. 2021). Due to our less contiguous assem-
blies, it is difficult to completely characterize synteny, but
we do find many putative rearrangements that differ
among the testacea group species, especially on Muller E
(Fig. 1; Figs. S2 and S3). Whole-chromosome scaffolding
for all species would provide greater resolution on the num-
ber of rearrangements differing between species, but our
results show that D. bizonata is structurally very different
from the rest of the testacea group, and that, despite being
very closely related, many rearrangements differ between
D. neotestacea, D. testacea, and D. orientacea. Our study
complements other recent analyses of structural evolution
in closely related Drosophila species that are enabled by
high-quality genomes (Reis et al. 2018; Capinteyro-Ponce
and Macahdo 2024; Poikela et al. 2024).

Across a variety of taxa, inversions contain genes in-
volved in reproductive isolation (Jones et al. 2012;
Fishman et al. 2013; Lohse et al. 2015) and local adaptation
(Connallon et al. 2018; Sinclair-Waters et al. 2018;
Coughlan and Willis 2019) between closely related species.
We find an excess of rearrangements on Muller E between
D. neotestacea and D. putrida (Fig. S3). Further, if we com-
pare the three ingroup testacea species, there are more
structural rearrangements on Muller E in D. neotestacea
compared to D. testacea and D. orientacea, which are
mostly collinear (Fig. 1a and Fig. S2). This is consistent
with recent or ongoing introgression between D. testacea
and D. orientacea. The X chromosome is often the site
of incompatibilities between species (Presgraves 2008;
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Qvarnstréom and Bailey 2009; Meisel and Connallon 2013;
Charlesworth et al. 2018), and we find two inversions
that differentiate D. testacea and D. neotestacea on the X
chromosome that are collinear between D. testacea and
D. orientacea (Fig. 1). The presence of multiple inversions
may prevent gene flow from occurring between
D. neotestacea and the rest of the testacea group, ultimate-
ly increasing its divergence from them. Because D. testacea
and D. orientacea do not have these structural rearrange-
ments and contain more syntenic regions, this may allow
hybridization, and thus gene flow and introgression, to oc-
cur between them.

We uncovered a large size difference for the dot
chromosome (Muller F), where the dot is twice as large in
D. neotestacea and D. testacea as in D. putrida and
D. bizonata (Fig. 2a and Fig. S4). A major contributor to
this size difference is repetitive elements (Fig. 2b and ¢).
In D. ananassae, whose dot chromosome is 18.7 Mb, the
largest contributors to its increased size are transposons,
specifically LTR and LINE retrotransposons (Leung et al.
2017). Similarly, our results show an increase in LINEs and
LTR elements for D. neotestacea and D. testacea, as well
as L3/CR1 and interspersed repeats (Fig. 2b). Similar meth-
ods of expansion could be occurring in these species as they
do in D. ananassae.

The dot chromosome (Muller F) also contains a dupli-
cated Y-linked region in the three ingroup testacea species,
but not D. putrida (Dyer et al. 2011). Using homology to
kl-5, the translocated Y-chromosome gene, we identified
the 249 kb duplicated region in D. neotestacea at the distal
end of the dot. This region, despite being present in the
species found to have a larger dot, does not seem to be a
major contributor to the size difference (Fig. 2a).
Consistent with previous work (Dyer et al. 2011), it also ap-
pears to be syntenic between D. testacea and
D. neotestacea (Fig. 2a), suggesting it duplicated once in
the common ancestor of these species. However, we could
not confidently tease apart the rest of this duplicated region
in D. testacea, which is a consequence of having male gen-
omic data, where repetitive content between the Y
chromosome and dot in this region could lead to mis-
assembly. Drosophila orientacea has copies of k/-5 on the
dot and the Y chromosome (Dyer et al. 2011), and a
more contiguous genome assembly for D. orientacea will
be necessary to assemble this genomic region. In addition,
a scaffolded dot chromosome in D. testacea would confirm
if this region is ancestral and provide a better understand-
ing of the evolutionary history of k/-5. Additionally, we
find a gene with homology to k/-5 in D. bizonata, though
itis on a contighomologous to Muller C (Contig 598), high-
lighting the recurrent movement of genes off the Y
chromosome.

The Y chromosome in Drosophila can contribute to in-
compatibilities between species due to the presence of

essential male fertility factors (Vigneault and Zouros
1986; Lamnissou et al. 1996) and species-specific repetitive
content (Heikkinen and Lumme 1998). Drosophila testacea
and D. orientacea are the only species we studied here that
produce fertile offspring when crossed, and both male and
female F1 hybrids between them are fertile (Grimaldi et al.
1992; Dyer et al. 2011). However, the gene tree of kI-3, a
gene on the Y chromosome of all these species (Dyer
et al. 2011), as well as genes on the dot chromosome,
have gene trees with D. neotestacea and D. testacea
most closely related to each other, consistent with the spe-
cies tree (Fig. 1b), suggesting hybrid incompatibilities may
not reside in these regions.

Our species tree contained phylogenetic discordance in
the clade leading to the three ingroup testacea species
(Fig. 1b), with many trees supporting a topology that placed
D. orientacea and D. testacea as sisters to each other. We
tested for introgression to determine what could be con-
tributing to this discordance and identified strong shared
ancestry between D. testacea and D. orientacea on Muller
E (Fig. 3b). This was further supported by species trees gen-
erated for each Muller element, where the topology for
Muller E places D. orientacea and D. testacea as sisters to
each other (Fig. 4a). The mitochondrial DNA tree also shares
this topology (Fig. S9b) and has shown evidence of intro-
gression between other species (Llopart et al. 2014;
Mastrantonio et al. 2016; Makhov et al. 2021). Homologs
to fertility and development genes are introgressed be-
tween D. testacea and D. orientacea and have a higher
dN/dS within the species group (Table S4). A consequence
of hybridization between species is the reduction in fertility
and viability of hybrid offspring, leading to selection on iso-
lating barriers that reduce the risk of hybridization (Coyne
and Orr 1998). Hybridization can occur between
D. testacea and D. orientacea in lab crosses, but not to
D. neotestacea (Grimaldi et al. 1992). With more rearrange-
ments on Muller E increasing divergence between
D. neotestacea to D. orientacea and D. testacea, itis not un-
surprising to find that the majority of introgressed genes
are on this Muller element and between D. testacea and
D. orientacea. Ultimately, it is unclear how rearrangements
and introgressed genes on Muller E could be involved, but
they suggest a complex history of hybridization and gene
flow among these three species. We suggest that incom-
plete lineage sorting of ancestral polymorphism is less like-
ly, as it would require the entire Muller E to segregate as a
different inversion karyotype in the common ancestor and
then fix in a different pattern than the rest of the genome.
Given this study is limited in that we only used one strain
per species, further studies involving the resequencing of
multiple strains from each species will start to disentangle
this.

Similar patterns of introgression and hybridization have
been identified in the melanogaster species complex,
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Table 2 Pairwise divergence among species in the testacea species group

Species D. bizonata D. putrida D. orientacea D. testacea D. neotestacea
D. bizonata 0.165 0.153 0.152 0.153

D. putrida 0.172 0.0687 0.0675 0.0681

D. orientacea 0.160 0.0717 0.0277 0.0302

D. testacea 0.158 0.0698 0.0297 0.0248

D. neotestacea 0.160 0.0708 0.0321 0.0269

K values are calculated across single-copy orthologs (SCOs) in PAML and are used as a proxy for genetic distance between species. The lower quadrant of values denotes

the average K; across SCOs, whereas the upper quadrant is the median.

where considerable gene flow despite geographic isolation
has occurred between the mainland species D. simulans
and the island endemic species, D. mauritiana and
D. sechellia (Garrigan et al. 2012; Presgraves and
Meiklejohn 2021). The simulans clade is a recent polytomy
largely due to rapid speciation that occurred ~250,000
years ago (Garrigan et al. 2012; Pease and Hahn 2013),
and these three ingroup species experience strong repro-
ductive isolation (Barbash 2010). The genomes of these
three species are mostly collinear, with few rearrangements
differentiating them, and mostly syntenic to the outgroup
D. melanogaster, with the majority of rearrangements on
the X chromosome (Chakraborty et al. 202 1). This contrasts
with the larger number of rearrangements identified
among the testacea group species, though we also find
many rearrangements on the X chromosome (Fig. 1¢) and
note that our assemblies are less contiguous than those
used to assess structural variation in the melanogaster com-
plex. Divergence between D. orientacea and D. testacea
has been estimated to be 0.17 MYA (95% Cl: 0.35 to
0.06) and the split of the three ingroup testacea species
to D. putrida is 8.02 MYA (95% Cl: 11.41 t0 5.17) and to
D. bizonata is 12.02 MYA (95% Cl: 16.26 to 8.40)
(Izumitani et al. 2016). As a proxy for divergence among
these species, we evaluate Ks calculated for each pairwise
species comparison on the filtered set of SCOs (Table 2).
Ks between D. putrida and the three ingroup species is
~0.07, and among the three ingroup species, Ks is between
0.02 and 0.03 (Table 2). These estimates are lower than
what is found between closely related species in the mela-
nogaster group (0.04 to 0.1)(Turissini et al. 2018) and be-
tween D. recens and D. subquinaria (0.08)(Ginsberg et al.
2019), two hybridizing sister species in the larger adaptive
radiation that the testacea group is a part of (Erlenbach
et al. 2023). These results suggest that reproductive isola-
tion has evolved faster between D. neotestacea and either
D. orientacea or D. testacea than in other Drosophila
species.

Complicating the evolutionary history of the testacea
group is selfish elements. Drosophila neotestacea (James
and Jaenike 1990), D. testacea (Keais et al. 2017), and
D. orientacea (K. Dyer, unpublished) all harbor sex-ratio
meiotic drivers that distort offspring sex ratios such that
males harboring the driving X chromosome only produce

female offspring (Jaenike 2008; Helleu et al. 2015). The sex-
ratio haplotype of D. testacea is thought to predate the split
of the three species, which can complicate species relation-
ships if it recombines with the non-driving X chromosome.
In addition, all three species harbor Wolbachia, a maternally
inherited endosymbiont (Jaenike et al. 2010a). The
Wolbachia infections in these species are closely related,
and are more similar between D. orientacea and
D. testacea than with D. neotestacea (Jaenike et al.
2010a). Wolbachia is maternally inherited along with the
mitochondria and is expected to show a similar pattern of
divergence (Hurst and Jiggins 2005; Charlat et al. 2009;
Jiang et al. 2018). It is unknown if the common ancestor
of these species was infected with Wolbachia or if it in-
vaded more recently and then introgressed via hybridiza-
tion. The sexual and intragenomic conflict arising from
possessing a meiotic driver, coupled with maternally inher-
ited endosymbionts, present an opportunity to understand
the interplay between these factors and how they impact
the evolutionary history of the species group, particularly
between the three ingroup species.

In conclusion, we present chromosome assemblies for
D. neotestacea and D. putrida, and de novo contig assem-
blies for D. orientacea, D. testacea, and D. bizonata.
High-quality genomes are critical to understand structural
differences between species and consequences of hybrid-
ization, and our assemblies provide the first resource that
can be used for this species group to uncover regions
important to the maintenance of reproductive isolation,
meiotic drivers, endosymbiont infection, and other charac-
teristics rendering the testacea group an exciting evolution-
ary genomic model. As a next step, genomic studies in this
group should complete scaffolded genomes for all the spe-
cies in the group, especially for Muller E, which would re-
solve the fixed rearrangements between species. In
addition, gene annotations and the resulting alignments
can be improved with the use of obtaining RNA from add-
itional life stages, as well as long-read RNA sequencing
methods. Obtaining Y-chromosome assemblies for these
species will allow a more complete history of the
Y-chromosome to the dot chromosome (Muller F) duplica-
tion, as well as if any Y-linked genes may underlie hybrid
incompatibilities. Future studies that incorporate poly-
morphism data within each species will show which regions
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of the genome are resistant to introgression, shedding light
on the frequency and consequences of hybridization and/or
incomplete lineage sorting on genetic variation. Finally,
these genomes will be useful in broader phylogenetic stud-
ies. For instance, all the species in our study have a similar
life history of consuming mushrooms; thus, comparisons
with more distantly related species will be needed to tease
out genes involved in the transition to utilizing mushrooms.
Understanding the mechanism of toxin tolerance is also of
great interest (Scott Chialvo and Werner 2018; Scott
Chialvo et al. 2019; Erlenbach et al. 2023); identifying gen-
etic associations among lines within species that vary in tox-
in tolerance, as well as comparing between the testacea
group species and related non-tolerant species, will shed
light on this question.

Methods

Genome Assembly

The laboratory stocks used for each species are as follows:
D. neotestacea (Rochester, New York, 1990 collected by
J. Jaenike); D. orientacea (collected by M. Kimura in Japan
in 2007); D. testacea (St. Sulpice, Switzerland, 2012),
D. putrida (Lawrence, KS, 2016), and D. bizonata
(FKO5-12 Japanese Stock Center). For D. orientacea and
D. bizonata, DNA was isolated from ten females using the
GentraPrep Qiagen DNA extraction kit. Long reads were se-
guenced with Oxford Nanopore’s MinlON, with one flow
cell per species, following the manufacturer’s protocol for
genomic DNA by ligation using the SQL-LSK109 kit. Bases
were called with Guppy v4.2.2 using the high-accuracy
model (Wick et al. 2019). Short-read genomic DNA libraries
for these species and D. neotestacea were sequenced on
the lllumina NovaSeq 6000 for PE 150 bp, filtered with
fastp (Chen et al. 2018), and quality checked with FastQC
(bioinformatics.babraham.ac.uk).

Long- and short-reads for D. putrida, long-reads for
D. neotestacea, and short-reads for D. bizonata were se-
guenced following the methods of Miller et al. (2018).
Briefly, DNA from females was extracted using the
Qiagen Blood and Cell Culture DNA Mini Kit, and libraries
were prepared using the Ligation Sequencing Kit 1D
(Oxford Nanopore) following the manufacturer’s protocol.
Base-calling was performed with Guppy v4.2.2 using the
high-accuracy model (Wick et al. 2019). Short-read sequen-
cing was prepared from females using the Qiagen Blood
and Tissue Kit and sequenced on an lllumina NextSeq 500
as PE 150bp reads. The long- and short-reads for
D. testacea were sequenced as follows. DNA was extracted
from the homogenate of forty male flies using two rounds
of phenol:chloroform:isoamyl alcohol (25:24:1) extraction
and treated with RNase A (Qiagen). Long reads were se-
quenced with an Oxford Nanopore minlON following the

manufacturer’s protocol for genomic DNA using the
SQL-LSK109 kit. Bases were called with Guppy v4.2.2 using
the high-accuracy model (Wick et al. 2019). PCR-free
TruSeq LT lllumina sequencing libraries (approximately
500 bp inserts) were generated at Génome Québec.
Paired-end 125bp reads were sequenced on a
HiSeq2500 instrument. Raw sequencing data for all species
are listed in Table S1.

Genomes were assembled following the pipeline estab-
lished by Kim et al. (2020). This pipeline begins with run-
ning Flye v.2.8.1 (Kolmogorov et al. 2019), a long-read
draft genome assembler, followed by Minimap2 v2.17 (Li,
2018) to identify overlaps, and Racon v1.4.13 (Vaser et al.
2017) for long-read polishing, each consecutively run
twice. Medaka v1.2.1 (Nanoporetech.com) was used to
polish the assembly and create consensus sequences before
three rounds of short-read polishing with Pilon v1.23
(Walker et al. 2014). Assembly completeness was assessed
with the diptera database in BUSCO v4.0.6 (Seppey et al.
2019). Contaminated contigs were identified using
BLAST +v2.10.1 (Camacho et al. 2009) and removed
from the assembly. The remaining contigs were scaffolded
with npScarf (Cao et al. 2017), a scaffold program for
Oxford Nanopore sequencing. We generated de novo re-
peat databases for each genome using RepeatModeler
v2.0.1 (Flynn et al. 2020) and soft repeat masked each as-
sembly with RepeatMasker v4.0.9 (Smit et al. 2013-2015)
using the assembly’s de novo repeat database. Final assem-
bly completeness was determined with N50 and auN calcu-
lated by QUAST v5.2.0 (Mikheenko et al. 2018) and BUSCO
scores.

We obtained HI-C reads to scaffold contigs for D. putrida
and D. neotestacea. Female adult flies and genome assem-
blies were sent to Phase Genomics, who performed library
preparation, quality check, sequencing, and assembly.
Genes known to be on each Muller element (Table S2)
were blasted to the scaffolds to identify Muller elements.
For the species we do not have scaffolded assemblies for
(D. orientacea, D. testacea, and D. bizonata), we identified
contigs for each Muller element using a blastn search
against each Muller element identified in our scaffolded as-
semblies and visually inspected for homology.

To annotate each genome, total RNA was extracted for
each species from ten 7-day-old females and ten 7-day-old
males separately using the TRIzol RNA extraction kit by
Invitrogen. Libraries were prepared with the Illumina TruSeq
mRNA Stranded Library kit, and PE 150 bp reads were se-
guenced using the NovaSeq 6000. Reads were filtered with
fastp (Chen et al. 2018) and quality checked with FastQC
(bioinformatics.babraham.ac.uk). We annotated each gen-
ome using the BRAKER pipeline for gene prediction (Hoff
et al. 2019). First, we indexed the genome and aligned
RNA-seq reads to it with Hisat2 v2.1.0 (Kim et al. 2019), gen-
erating a SAM file that was sorted using samtools v1.10. This
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was used as the input for BRAKER's braker.pl script along
with the masked genome assembly to generate a genome
annotation. The number of genes predicted was calculated
using BRAKER's selectSupportedSubsets.py script.

Synteny and collinearity between Muller elements were
visualized with GENESPACE v1.2.3 (Lovell et al. 2022). For
this, bed files of annotations were used as input, along
with peptide files for these sequences. Peptide files were
generated with gffread (Pertea and Pertea 2020) to create
a fasta file from the gff files, and then translated to amino
acids using seqkit translate (Shen et al. 2016). GENESPACE
was run with default parameters to generate a synteny
map. We ran GENESPACE on whole genomes and groups
of Muller elements to look at sets of chromosome synteny.

Dot Chromosome Characterization

The dot chromosome (Muller element F) in Drosophila pos-
sesses a unique set of characteristics relative to other auto-
somes, including a reduction in size, gene content, and
recombination (Riddle and Elgin 2006). In addition, a previ-
ous study characterized a Y-chromosome-to-dot duplica-
tion in D. neotestacea, D. testacea, and D. orientacea
(Dyer et al. 2011). Thus, we sought to characterize the
dot chromosome in further detail to understand the pres-
ence and effect of this duplication. To identify dot contigs
in the unscaffolded assemblies, we created a separate
BLAST database for the D. putrida and D. neotestacea un-
masked dot scaffolds using makeblastdb. We then per-
formed a blastn search of the D. bizonata, D. testacea,
and D. orientacea assemblies against these databases.
Contigs were visually inspected for synteny using Mauve
(Darling et al. 2004). We were unable to successfully extract
dot contigs in D. orientacea, as this assembly was not as
contiguous, and many contigs with homology contained
non-syntenic regions and did not align well to the other
dot sequences; therefore, we do not include this species
in analyses regarding the synteny of the dot.

The portion of the dot that originated from the Y
chromosome contains the male fertility factor gene k/-5
(Dyer et al. 2011). Thus, to identify this region we per-
formed a blastn search of k/-5 to the D. neotestacea dot
scaffold. KI-5 was found at the distal end of the dot (bp:
3937061 to 4062246). To determine the length of this du-
plicated region, pairwise gene homologs between
D. neotestacea and D. putrida dot annotations was identi-
fied by blasting the D. neotestacea dot-linked genes to a
blast database generated from the D. putrida dot-linked
genes. Synteny in gene order was manually assessed along
both dot scaffolds in Geneious Prime (2022.1.1 Biomatters
Ltd). This identified a ~ 249 kb region containing seven an-
notated genes in D. neotestacea. Homology to known
genes was identified through BLASTN searches using the
NT database. To determine if these seven genes were in

the other assemblies, they were blasted against either the
annotation or the genome databases for each species.
Sequence alignments and homology were visualized in
Geneious Prime (2022.1.1 Biomatters Ltd). Read coverage
for k-5 was assessed by aligning the filtered RNA reads
for each species to the D. neotestacea dot scaffold using
STAR (Dobin et al. 2013), filtering for uniquely mapping
reads, and visualizing read coverage in IGV (Robinson
etal. 2011).

Scaffold sizes and alignments indicated a large size differ-
ence between the D. neotestacea and D. testacea dot, which
have the Y-duplication, compared to the D. putrida and
D. bizonata dot, which do not have the Y-duplication. We as-
sessed repeat content and intron size to identify factors that
could be contributing to the dot size differences between
these species. Repeat content was compared between spe-
cies by creating a de novo repeat database with all dot se-
guences using RepeatModeler v2.0.1 (Flynn et al. 2020)
and characterizing repeats on the dot in each species with
RepeatMasker v4.0.9 (Smit et al. 2013-2015) using the dot
de novo repeat database. Intron sizes for single-copy and
BUSCO dipteran orthologs were extracted from the gff files,
and we examined differences in first, second, and third in-
tron size. A Kruskal-Wallis test was used to identify signifi-
cant differences across species. The relationship between
intron size and repetitive content was visualized using
GENESPACE (Lovell et al. 2022) and the tools for a sliding
window analysis of gene and repeat content for
D. putrida and D. neotestacea. This was done in 1 Mb win-
dows, with a step size of 100 kb.

Codon usage can indicate long-term changes in the
strength of selection (Hershberg and Petrov 2008) and
can differ on the dot chromosome from the other auto-
somes (Vicario et al. 2007); therefore, we calculated codon
usage bias with coRdon (Elek et al. 2023) on filtered SCO
genes and assessed the effective number of codons (Enc)
per gene separately in each species. GC content per
gene was calculated with segkit (Shen et al. 2016).
Comparisons for GC content or Enc between species on
each Muller element were tested for significance with a
pairwise Wilcoxon test in R v4.1.0 with a P-value adjust-
ment using the BH method. We calculated the Relative
Synonymous Codon Usage (RSCU), a measure of the ob-
served synonymous codon usage compared to a uniform
synonymous codon usage, using seqinr (Charif and Lobry
2007).

Comparative Phylogenetics

We generated a species tree for the testacea group using
maximum likelihood and coalescent-based methods. First,
we generated coding sequence fasta files for each species
using gffread (Pertea and Pertea 2020) and the gtf annota-
tion file. These fasta files were used to identify single copy
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orthologs (SCOs) in an all-by-all blast search in OrthoFinder
(Emms and Kelly 2019), and we generated alignments for
each SCO using MAFFT (Katoh et al. 2019). We identified
6,411 SCOs. Because these alignments may contain errors
due to incorrect gene annotations, we attempted to use
only the most robust alignments by removing orthologs
where more than 50% of the sequence was gaps. This re-
moved 1,543 (24%) orthologs and left 4,868 (76 %) filtered
orthologs. This threshold was determined by investigating
how alignment quality impacted the calculation of omega
for each gene and determining that alignments with less
than 50% gaps in the sequence did not have a significant
shift in omega value (data not shown). This was identified
in the ete3 package (see Patterns of Molecular Evolution),
where codeml was run with either cleandata=0 (no re-
moval) or cleandata=1 (removal of gaps). We built the
maximum likelihood tree using a concatenated alignment
of all genes with 1Q-Tree (Nguyen et al. 2015) using
ModelFinder (Kalyaanamoorthy et al. 2017) and the ultra-
fast bootstrap approximation (Hoang et al. 2018) with
1000 bootstraps. For the coalescent analysis, we generated
individual gene trees for SCOs in RAXML v4 (Stamatakis
2014) with the GTRCAT model and 1000 bootstraps.
These gene trees were the input for a coalescent analysis
with ASTRAL-IIl (Zhang et al. 2018), and we performed
100 bootstraps on the resulting species tree.

Our species tree indicated that D. neotestacea and
D. testacea are sister to each other; however, hybrids are
produced only between D. testacea and D. orientacea,
and they both have strong reproductive isolation with
D. neotestacea (Grimaldi et al. 1992). Therefore, we as-
sessed gene tree discordance along our phylogeny. We
used the coalescent phylogeny as our species tree and cal-
culated the quartet score (-t 1) with ASTRAL-IIl -g (Zhang
et al. 2018) and the gene trees. This score determines the
percentage of quartets in the gene tree that support a
branch and helps to identify if there is gene tree conflict
around it. We also assessed alternative quartet topologies
(-t 8), identifying quartet support for the main topology,
first alternative, and second alternative. Additionally, we
identified gene and site concordance factors (gCF and
sCF) in IQ-TREE 2 (Nguyen et al. 2015; Minh et al. 2020).
These analyses were done for all SCOs, and separately for
SCOs on each Muller element to assess if there were differ-
ences in the phylogeny and discordance between individual
Muller elements. The location of discordant genes was vi-
sualized with chromoMap (Anand and Rodriguez Lopez
2022).

To test for putative introgression between species, we
ran a four-taxon ABBA-BABA test using dfoil (Pease and
Hahn 2015) and the filtered SCO dataset. Fasta files were
provided as input, and the fasta2dfoil.py script was used
to first generate counts files for each SCO, followed by
dfoil.py, where it was run with the dstat mode to calculate

the D statistic per ortholog. The three ingroup species were
D. neotestacea, D. testacea, and D. orientacea. This test
was run twice, using D. putrida or D. bizonata as the out-
group, as we could not perform a five-taxon introgression
test with the asymmetric phylogeny. Genes were defined
as introgressed if they had a significant P-value, as calcu-
lated in dfoil using a chi-square test. The location of puta-
tively introgressed genes using either outgroup was
visualized with chromoMap (Anand and Rodriguez Lopez
2022). D scores were plotted across each Muller element
using ggplot (Wickham 2016). We tested if there were sig-
nificant differences in estimates of D among each of the
Muller elements using a Kruskal-Wallis test followed by
pairwise Steel-Dwass tests between Muller elements.

Patterns of Molecular Evolution

We identified the rate of molecular evolution of genes in
the filtered set of SCOs by assessing patterns of nonsynon-
ymous to synonymous substitutions (dN/dS, also called
omega) using ete3 evol (Huerta-Cepas et al. 2016). The
phylogeny used was the coalescent tree, which is the
same as the ML tree (Fig. S7). For each gene, we ran two
models of molecular evolution, including a null model
where omega is constant over the entire tree, and a branch
model where the (D. neotestacea, D. testacea, and
D. orientacea) clade had one omega value, and the out-
groups could take on a different omega value. Likelihood
ratio tests were used to determine if genes were evolving
differently under the branch model versus the null model.
Multiple testing correction was done using a false discovery
rate (FDR) of 0.05 and calculated in the R package
gvalue (Storey et al. 2024). Homology to genes was
identified using the D. melanogaster Uniprot database
(UP0O00000803). To determine if biological processes are
overrepresented in the genes with significant results for
the branch model, we performed a GO analysis using the
DAVID Database (Sherman et al. 2022).

We evaluated divergence between species pairs using
estimates of Ks as calculated by PAML in ete3. The results
of the null model (M0) were used to calculate this value.
We obtained pairwise divergence between each species
pair by either calculating the average or median of Ks across
all filtered SCOs.

Mitogenome Assembly

We assembled the mitochondrial genome for each species
using a variety of methods. First, for our scaffolded gen-
omes (D. putrida and D. neotestacea), we assessed if any
unscaffolded sequences contained mitochondrial DNA.
The D. melanogaster (NC_001709.1) and D. innubila
(CM015047.1) mitochondrial sequences were obtained
from NCBI, and a blast database was generated for each
using makeblastdb. We ran a blastn search for both
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scaffolded assemblies against each database to identify
putative mitochondrial scaffolds. In D. neotestacea, one
scaffold (Scaffold265__unscaffolded) consisted of mito-
chondrial DNA and appeared to be looping (ie had multiple
copies of the mitochondrial genome assembled). Based on
homology to the reference mitochondrial assemblies, we
identified the region of this sequence representing one
full mitochondrial genome (bp: 8932 to 23963). In
D. putrida, one scaffold (Scaffold115__unscaffolded) con-
sisted of hits to the mitochondrial references; however,
the middle region of the reference mitogenomes appeared
to be missing from this scaffold. We expanded this analysis
to the other assemblies and identified a contig in
D. bizonata (Scaffold115) representing a looping mito-
chondrion, with the consecutive mitochondrial sequence
in the middle (bp: 8273 to 23484).

We could not confidently identify mitochondrial se-
guences from contigs in D. orientacea, D. testacea, and
D. putrida, thus, we assembled the mitochondria from
our long-read libraries. Protein sequences for each
mitochondrial gene in D. melanogaster were obtained
from NCBI (YP_009047266.1-YP_009047267.1), and a
DIAMOND (Buchfink et al. 2021) blastx search was done
on each species’ raw long-read fastq.gz files. The resulting
fastq reads were subsetted with seqtk (https:/github.com/
Ih3/seqtk) and aligned with Flye (Kolmogorov et al. 2019).

The assemblies were visualized for completeness to the
D. innubila and D. melanogaster mitochondrial sequences
in Mauve (Darling et al. 2004) and Geneious Prime
(2022.1.1 Biomatters Ltd). To annotate the mitochondria,
we used MITOS2 (Donath et al. 2019) and the dm6 data-
base, which generated bed files of mitochondrial genes
for each species using homology searches. The mitochon-
drial assemblies were aligned with MAFFT (Katoh et al.
2019), and a maximum likelihood tree was generated
with IQ-TREE 2 (Minh et al. 2020), using ModelFinder
(Kalyaanamoorthy et al. 2017) to identify the best fit model,
after which 1000 ultrafast bootstrap replicates were used
to infer tree confidence (Hoang et al. 2018).
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Supplementary material is available at Genome Biology and
Evolution online.
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