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Abstract

The Drosophila nasuta species complex contains over a dozen recently diverged species that are distributed widely across
South-East Asia, and which shows varying degrees of pre- and postzygotic isolation. Here, we assemble a high-quality
genome for D. albomicans using single-molecule sequencing and chromatin conformation capture, and draft genomes for
11 additional species and 67 individuals across the clade, to infer the species phylogeny and patterns of genetic diversity
in this group. Our assembly recovers entire chromosomes, and we date the origin of this radiation ~2 Ma. Despite low
levels of overall differentiation, most species or subspecies show clear clustering into their designated taxonomic groups
using population genetics and phylogenetic methods. Local evolutionary history is heterogeneous across the genome, and
differs between the autosomes and the X chromosome for species in the sulfurigaster subgroup, likely due to autosomal
introgression. Our study establishes the nasuta species complex as a promising model system to further characterize the

evolution of pre- and postzygotic isolation in this clade.
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Introduction

Species radiations are responsible for most of today's biodi-
versity and are a prime study system to learn about the
factors resulting in the origin of new species. Recent work
in diverse species groups, ranging from humans, birds, fish to
mosquitos, butterflies, and other insects has highlighted that
genealogical relationships among closely related species can
be complex and can vary across the genome and among
individuals (Martin et al. 2013; Brawand et al. 2014
Fontaine et al. 2015; Lamichhaney et al. 2015; Dannemann
and Racimo 2018). Recently diverged species often have in-
complete reproductive barriers and may hybridize. Ancestral
polymorphism predating lineage splitting may also be sorted
stochastically among descendant lineages (i.e, incomplete
lineage sorting). Phylogenetic heterogeneity can be caused
both by hybridization and introgression and by incomplete
lineage sorting in ancestral populations, causing some parts of
the genome to have genealogies that are discordant with the
species tree.

Genome-wide studies have revealed that certain genomic
regions such as sex chromosomes can have distinct phyloge-
netic histories, possibly reflecting systematic differences in the
extent of interspecific gene flow across the genome (Fontaine
et al. 2015 Wong Miller et al. 2017; Fuller et al. 2018).
Introgression can transfer beneficial alleles between closely
related species, but interspecific gene flow can also be coun-
teracted by natural selection at particular “barrier loci”
(Dannemann and Racimo 2018). Thus, the landscape of ge-
nomic divergence contains information on the evolutionary
forces that contribute to the origin of new species

(Martin and Jiggins 2017). Here, we characterize the evolu-
tionary history of the rapidly radiating nasuta subgroup of the
immigrans species group of Drosophila. The nasuta group
consists of more than a dozen closely related species or sub-
species that are widely distributed across South-East Asia
(Wilson et al. 1969; Kitagawa et al. 1982; fig. 1), and that
show varying degrees of pre- and postzygotic isolation.
Members from different species or subspecies often produce
viable and sometimes fertile hybrids (Kitagawa et al. 1982),
but show differences in their behavior and morphology
(Spieth 1969; Wilson et al. 1969; Kitagawa et al. 1982).
Females of the nasuta species complex are indistinguish-
able from their external morphology. However the males can
be differentiated into phenotypic groups based on markings
on the frons and thorax (Wilson et al. 1969; Kitagawa et al.
1982; see fig. TA-F). The first category includes species where
males have a continuous silver patch on their frons and
dark bands on their thorax (i.e, D. nasuta, D. albomicans,
D. kepulauana, and D. kohkoa). Species in the second category
have prominent whitish orbits along the edges of their com-
pound eyes and slightly dark thoracic bands; these include all
subspecies of the D. sulfurigaster sp. group. Drosophila s. albos-
trigata and D. s. neonasuta have broader bands than
D. s. sulfurigaster and D. s. bilimbata. Drosophila pulaua males
have very pale white bands. The third category contains spe-
cies without whitish patterns (D. pallidifrons, Taxon-F). The
darkness of the bands on the mesopleuron on the thorax is
correlated with the coloration of the frons, with flies with
more bright areas on the frons showing more dark bands
on the thorax. Drosophila niveifrons males have an X-shaped
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Fic. 1. Morphology, karyotype, and distribution of species in the nasuta subgroup. (A—F) Male flies of the nasuta subgroup differ with regards to
their morphology. (A and B) Drosophila albomicans; (C) D. s. albostrigata; (D and E) D. pulaua; (F) D. niveifrons. (G and H) Karyotypes of members of
the nasuta group. Muller elements A—F are color-coded. (G) All species (apart from D. albomicans) have a telocentric X chromosome (Muller A), a
metacentric autosome (Muller B/E fusion), and a large telocentric autosome (Muller C/D fusion), and the small dot chromosome (Muller F). (H) In
D. albomicans, a neo-sex chromosome formed by the fusion of Muller C/D to both the X and Y chromosome. (I) Sampling locations of species and
strains investigated. Note that for flies with overlapping sampling locations, the markers where slightly shifted on the map for visualization.

silver patch on their forehead and no coloration on their
thorax.

Species in this group also display clear differences in mating
behavior (Spieth 1969), and both acoustic and visual signals
appear important during courtship display (Spieth 1969).
Courtship songs, caused by wing vibration of the courting
males, are often species-specific and contribute to prezygotic
isolation between closely related species (Gleason and Ritchie
1998). Indeed, species or species groups in the nasuta species
clade differ in male song, both with regards to quantitative
and qualitative song parameters (Shao et al. 1997; Nalley M)
and Bachtrog D, unpublished data). Visual stimuli have also
diverged among species in this group. During courtship, males
in this species group show species-specific patterns of wing
displays, circling of the females, and frontal displays of the
males (Spieth 1969; Kitagawa et al. 1982).

Patterns of hybrid viability and sterility are complex within
the nasuta species group (Kitagawa et al. 1982). In general,
flies with similar frons patterns often produce viable and fer-
tile hybrids (but D. kohkoa, for example, is clearly more

reproductively isolated from other species with continuous
white frons) and other crosses also sometimes produce viable
offspring (in particular, D. albomicans females produce viable,
but often sterile crosses with several species; Kitagawa et al.
1982).

Thus, levels of both pre- and postzygotic isolation differ
among members of this species group, making it an ideal
system to study the evolution of sexual isolation.
Drosophila albomicans is of special interest in this clade, be-
cause of its recently formed neo-sex chromosomes: chromo-
somal fusions between an autosome and both the X and Y
have created a neo-sex chromosome roughly ~100,000 years
ago (fig. 1G and H). Neo-sex chromosomes of Drosophila have
served as a powerful tool to study the evolutionary forces
driving sex chromosome differentiation (Bachtrog and
Charlesworth 2002; Zhou and Bachtrog 2015; Mahajan et al.
2018).

Despite its general promise as a model system for specia-
tion genomics, and detailed morphological, behavioral, and
genetic investigations, little is known about the phylogenetic

209



Mai et al. - doi:10.1093/molbev/msz215

MBE

relationship among members of this group, or general pat-
terns of sequence differentiation, and the correct species
branching order has remained controversial and unresolved
(Yu et al. 1999; Nagaraja et al. 2004). Here, we utilize whole
genome sequencing to study patterns of genomic differenti-
ation in the nasuta species complex. We assemble a high-
quality genome of D. albomicans using single-molecule
sequencing and chromatin conformation capture, and draft
genomes for 11 additional species, and obtain genome-wide
polymorphism data for a total of 67 strains of the nasuta
group (supplementary table S1, Supplementary Material on-
line and fig. 1/). This comprehensive data set allowed us to
clarify species phylogenetic relationships, and describe overall
patterns of differentiation and divergence among species in
this group. As expected for such a recently diverged species
group, patterns of genomic differentiation are highly hetero-
geneous across the genome. Detailed knowledge of back-
ground levels of genomic differentiation will provide a
foundation for future studies on the genetic basis of pre-
and postzygotic isolation in this clade.

Results

Assembly of D. albomicans Genome and Annotation
Drosophila albomicans is a species of particular interest in this
clade, due to its recently formed neo-sex chromosomes
(fig. 1H; Zhou et al. 2012). We used a combination of single-
molecule long sequencing reads, Illumina reads, and chromatin
conformation capture to create a chromosome level genome
assembly of D. albomicans (supplementary fig. S1,
Supplementary Material online). Our final assembly is
165.8 Mb in size, with an N50 of 33.4 Mb (fig. 2), and with all
of the major chromosomes being contained within a single
scaffold (fig. 2A). We verified X-linked scaffolds on the basis of
significant differences in read depth between males (XY) and
females (XX) (fig. 2B). As expected, Muller element A shows
half the coverage in males relative to females; Muller CD (the
neo-sex chromosome), on the other hand, shows similar levels
of genomic coverage in both sexes. This means that most reads
from the neo-Y in males still fully map to the neo-X, indicating
low levels of differentiation between the neo-sex chromo-
somes. Our final genome annotation contained 12,387 genes,
and the repeat content is ~21%. We examined the genome for
completeness using BUSCO scores (Simao et al. 2015), and
found that 98% of core eukaryotic genes were present in our
reference genome (supplementary table S2, Supplementary
Material online). This assembly is a significant improvement
over a previous one based on lllumina reads (supplementary
fig. S2, Supplementary Material online; Zhou et al. 2012).

Clustering of Species and Population

We resequenced 67 individuals from 11 species across the
nasuta species group (median sequence coverage per fly
24-fold; supplementary fig. S3, Supplementary Material online).
Reads were aligned to the genome assembly generated for
D. albomicans, and stringent variant calling revealed ~17.6
million variable sites within or between populations. We found
considerable levels of genetic diversity (average pairwise
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diversity ) within each species, in the range 0.18-0.61% (sup-
plementary table S3, Supplementary Material online), similar
to that reported in other Drosophila populations. Genetic di-
versity within species does not appear to be determined by
geographic range: D. s. bilimbata is widely scattered on many
islands in the Pacific Ocean but has the lowest level of genetic
diversity (0.18%), while D. albomicans has the highest level of
diversity (0.61%) yet a more limited distribution than its close
sister D. nasuta (Spieth 1969; Wilson et al. 1969; Kitagawa et al.
1982). Pairwise diversity between D. nasuta strains increases
with geographic distance (isolation by distance; supplementary
fig. S4, Supplementary Material online). We compared the
proportions of shared and fixed SNPs between species in the
nasuta group (fig. 3A and supplementary fig. S5,
Supplementary Material online). Extensive sharing of genetic
variation and few fixed differences among populations was
evident, particularly among subspecies of the sulfurigaster
group and D. pulaua, and between D. albomicans, D. nasuta,
and D. kepulauana (fig. 3A), indicative of their recent diver-
gence time. Drosophila niveifrons appeared most divergent
from all other species (fig. 3A). Principle component analysis
(PCA) revealed similar patterns of clustering between species,
with flies from the sulfurigaster group and D. pulaua consis-
tently forming a cluster, and D. albomicans, D. nasuta, and
D. kepulauana clustering (fig. 3B). Interestingly, one strain of
D. albomicans (E-10815_SHL48) clusters more closely with
D. nasuta on the autosome compared with other D. albomi-
cans strains; admixture analysis reveals that this strain indeed
has some D. nasuta ancestry (Cheng et al. 2017; supplementary
fig. S6, Supplementary Material online). We also find clusters of
D. pallidifrons and D. kohkoa flies. Drosophila s. albostrigata and
D. s. neonasuta consistently overlap in the PCA analysis
(fig. 3B), and also do not separate in the structure analysis
(supplementary fig. S6, Supplementary Material online), indi-
cating that they are genetically indistinguishable from each
other. Drosophila s. sulfurigaster and D. pulaua also fail to
clearly separate in the structure plots, especially for autosomes
(supplementary fig. S6, Supplementary Material online).
Drosophila s. bilimbata individuals form their own group,
but D. s. bilimbata strain 1821.03 shows high levels of D. s.
sulfurigaster/D. pulaua ancestry on the autosomes (supple-
mentary fig. S6, Supplementary Material online).

Phylogenomic Clustering of Species

We inferred phylogenetic relationships among species using
nonoverlapping 500-kb genomic windows (Stamatakis 2014),
and inferred consensus trees separately for the X chromo-
some and the autosomes (Mirarab et al. 2014; Zhang et al.
2018). Our species tree topology is overall consistent with
groupings based on PCA, identifying the same major clades
(fig. 4). In particular, D. albomicans and D. nasuta are sister
taxa, and group with D. kepulauana (the nasuta subclade).
Likewise, all the different sulfurigaster subspecies form a clus-
ter together with D. pulaua, with D. s. neonasuta and
D. s. albostrigata being intermingled in the tree (in agreement
with the clustering analysis above), and with D. s. sulfurigaster,
D. s. bilimbata and D. pulaua forming a separate group.
Interestingly, however, the topology of the consensus tree
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Fic. 2. Assembly of Drosophila albomicans genome. (A) Hi-C scaffolding of contigs. Gray lines denote PacBio contigs, and red lines indicate different
chromosomes. (B) Coverage analysis of chromosomes (Muller elements). Genomic reads from D. albomicans 15112-1751.03 males and females
were mapped to the genome (20x coverage each); each point represents the mean coverage in nonoverlapping 10-kb windows (blue: male
coverage, red: female coverage, purple: log2(male/female) coverage). The black line shows the mean repeat content (% repeat-masked bp along
10-kb windows). Unmapped scaffolds are highly repeat-rich and presumably correspond to pericentromeric regions. (C) Assembled size of the
different chromosomes, and of various unmapped scaffolds (UH1-5), and the mitochondrial DNA.

for this subgroup differs for the X and the autosomes: for the
autosomes, D. s. sulfurigaster, and D. s. bilimbata cluster and
D. pulaua is the outgroup, while the X topology places
D. s. bilimbata as the outgroup (fig. 4). Drosophila pallidifrons
is most closely related to Taxon F and D. kohkoa, and they
form the outgroup to the sulfurigaster clade, and D. niveifrons
is most distantly related to all other flies investigated (fig. 4).

Using molecular clock estimates, we dated several nodes
that define major groups and distinct species. Our inferred
date for the basal node suggests that this species group
started to diverge ~2 Ma. Assuming a neutral mutation
rate of 3.46 x 10~ ° per year (Keightley et al. 2009), we esti-
mate that D. nasuta and D. albomicans diverged roughly
0.6 Ma (Ks =0.030), and split from D. kepulauana ~0.7 Ma
(Ks = 0.034). The nasuta clade diverged from the sulfurigaster
clades roughly 1 Ma (Ks = 0.047) and ~1.8 Ma from D. nivei-
frons (Ks = 0.089). Thus, sequence divergence confirms that
species within the nasuta group split only very recently, con-
sistent with patterns of incomplete pre- and postzygotic iso-
lation in this clade.

Heterogeneity in Patterns of Ancestry across the
Genome

Although we generally find strong support for the inferred
species tree, it conceals rampant phylogenetic complexity

that is evident when examining the evolutionary history of
more defined genomic regions. In particular, we analyzed the
distribution of ancestry across the genome for the species
(using a randomly selected individual from each group) by
constructing trees in 500-kb (or 50-kb) sliding windows (fig. 5
and supplementary fig. S7, Supplementary Material online).
Consistent with the inferred consensus trees, we find that the
most prevalent topologies differ between the X and the auto-
somes. The most common topology is found in 35% of the
windows (19% of the X windows, and 42% of the autosomal
windows), and the second most common topology (21% of
windows) dominates on the X chromosomes (51% of win-
dows on X, vs. 12% of windows on autosomes). The third and
fourth most common topologies are found in only 4% and 3%
of windows, mostly on the autosomes. Conflicting signals in
the distribution of ancestry across the genome may reflect
incomplete lineage sorting and/or gene flow.

Increased introgression on the X chromosome between
D. s. sulfurigaster and D. pulaua or autosomal introgression
between D. s. sulfurigaster and D. s. bilimbata could account
for the observed discrepancy of X-linked and autosomal to-
pologies (Fontaine et al. 2015; fig. 6). The X chromosome
often has a disproportionately large effects on hybrid sterility
(the large X-effect; Masly and Presgraves 2007; Presgraves
2018), and autosomes may thus introgress more easily across
species boundaries. Introgression will reduce sequence
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Fic. 3. Patterns of genome-wide differentiation in the nasuta group. (A) Proportion of fixed (top) and shared (bottom) SNPs in the nasuta group
between the X chromosomes (red) and autosomes (blue). Darker shading indicates larger values. The values in the diagonal indicate the sample
size. (B) Principle component analysis of autosomal (top) and X-linked (bottom) SNPs in the nasuta species group. The black arrow indicates

Drosophila albomicans E-10815_SHL48.

divergence between the species exchanging genes (Durand
et al. 2011; Fontaine et al. 2015). Thus, gene trees constructed
from nonintrogressed sequences should show deeper diver-
gences than those constructed from introgressed sequences.
To identify the correct species branching order, we inferred
the length of autosomal topologies that support each of the
possible groupings between D. s. sulfurigaster, D. s. bilimbata,
and D. pulaua. If autosomal introgression resulted in conflict-
ing phylogenetic signals, we would expect that topologies
supporting the majority X chromosome grouping (i.e,
(D. s. bilimbata, (D. s. sulfurigaster, D. pulaua))) to show higher
divergence times than those supporting the majority autoso-
mal topology (Fontaine et al. 2015). To estimate divergence
times, we chose a random D. s. sulfurigaster, D. s. bilimbata,
and D. pulaua strain and followed the procedure outlined in
(Fontaine et al. 2015). In particular, there are three possible
topologies and two divergence times for each tree (T; and T,)
for this trio (fig. 6A). We compared mean values of T, and T,
between the three possible topologies, only focusing on trees
derived from the autosomes (since many confounding factors
differ between the X chromosome and autosomes; Fontaine
et al. 2015). Indeed, the set of (autosomal) trees supporting
the majority X chromosome topology (D. s. bilimbata,
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(D. s. sulfurigaster, D. pulaua)) had longer branches, as mea-
sured by both T; and T, (P < 0.05 and P < 10~ %), than those
supporting the majority autosomal tree (fig. 6B). This indi-
cates that the species branching order inferred from the X
chromosome is likely the correct topology, and that extensive
autosomal introgression has resulted in a different majority
phylogeny for the autosomes.

To identify genomic regions that have introgressed be-
tween species in the recent past, we used the G, statistics
(Geneva et al. 2015). G, measures the ratio of the minimum
pairwise sequence distance between species to the average
pairwise distance between species, and is sensitive to genea-
logical configurations resulting from recent gene flow where
the minimum pairwise divergence (and thus G,y;,) is small
relative to the mean pairwise distance (supplementary fig. S8,
Supplementary Material online). A total of 11.9% of autoso-
mal 50-kb windows (294 out of 2,464 windows) support
significant introgression based on G,,;, between D. s. sulfur-
igaster and D. s. bilimbata but only 0.1% of windows on the X
(1 out of 669 windows). In contrast, we find a similar fraction
of introgressed windows on the X and autosomes for the
D. s. sulfurigaster and D. pulaua comparison: 7.7% of signifi-
cant windows on autosomes and 5.4% on the X. Thus,
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the strains that belong to the same species group.

patterns of introgression, as inferred by the G, statistic,
indicate pervasive introgression at autosomes between
D. s. sulfurigaster and D. s. bilimbata. Note, however, that
most of the small autosomal G,;,, values are caused by D. s.
bilimbata  strain  1821.03  (supplementary fig. S8,
Supplementary Material online), which also show signatures
of mixed ancestry in the structure analysis (supplementary fig.
S6, Supplementary Material online). We also used the
genealogy-based (ABBA-BABA) test, summarized by the
D and fp, statistic (Durand et al. 2011; Martin et al. 2015), to
evaluate the distribution of shared derived variants between
D. s. sulfurigaster and D. s. bilimbata on the X versus auto-
somes. Assuming a (((D. s. sulfurigaster, D. pulaua), D. s. bilim-
bata), D. pallidifrons) tree topology, we found significantly
elevated values for both statistics on autosomes relative to
the X chromosome (fig. 6C). This is indicative of a significant
excess of shared derived sites between D. s. sulfurigaster and
D. s. bilimbata on autosomes relative to the X, and provides
complementary support for a history of increased levels of
introgression on autosomes, potentially explaining the

topological differences between the autosomal and X chro-
mosome phylogeny. Indeed, we find that regions of the ge-
nome that support the alternative topology (D. pulaua, (D. s.
sulfurigaster, D. s. bilimbata)) show elevated levels of intro-
gression, as estimated by f, (fig. 6D, P < 10~).

Discussion

Drosophila has long served as a prominent model in specia-
tion research, from describing macroevolutionary patterns of
diversification to identifying the molecular players involved in
species incompatibilities (Dobzhansky 1937; Muller 1942; Orr
1993; Castillo and Barbash 2017). A large body of work to
understand the genetic basis of reproductive isolation has
focused on D. melanogaster and its sibling species
(Presgraves et al. 2003; Brideau et al. 2006; Bayes and Malik
2009; Ferree and Barbash 2009; Phadnis and Orr 2009). These
studies benefit from the amazing repertoire of genetic tools
available in this model organism, and have allowed the dis-
section of hybrid incompatibilities at the molecular and
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cellular level. However, D. melanogaster and its siblings have
split >5 Ma (Tamura et al. 2004), and have accumulated a
large number of hybrid incompatibilities since their reproduc-
tive isolation (Presgraves 2003; Masly and Presgraves 2007).
To identify the evolutionary forces and molecular pathways
involved in the initial processes of species formation, it
is necessary to investigate systems at the earliest stages of
divergence (Phadnis and Orr 2009; Wong Miller et al. 2017).
The nasuta radiation is therefore an ideal group to
address questions on the genomics of speciation and adaptive
radiations.

214

The nasuta species complex shows dramatic differences in
patterns of pre- and postzygotic isolation, including diver-
gence in courtship song and mating behavior, and male col-
oration (Spieth 1969; Wilson et al. 1969; Kitagawa et al. 1982).
Yet many species pairs in this clade can form viable and often
fertile hybrids, making it an ideal system to study the genetic
basis of reproductive isolation. Our analyses establish phylo-
genetic relationships in this clade, and describe its evolution-
ary history, thereby providing a foundation for further
detailed investigations of pre- and postzygotic barriers to
gene flow. In addition, D. albomicans contains a recently
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formed sex chromosome, and genome-wide investigation of
its young neo-X and neo-Y can yield important information
about the initiation of sex chromosome divergence (Zhou
and Bachtrog 2012; Zhou et al. 2012), and its contribution
to the formation of species boundaries (Kitano et al. 2009;
Bracewell et al. 2017).

We generated a chromosome-level high-quality genome
assembly for D. albomicans and reference-based
“pseudogenomes” for the other species in the nasuta species
group, to resolve phylogenetic relationships in this clade, and
describe global patterns of differentiation and gene flow. In
addition to having all euchromatic chromosome arms con-
tained within a single scaffold, our assembly also recovers
large parts of repeat-rich regions. In particular, we assembled
4 Mb of the repeat-rich dot chromosomes, ~1.25 Mb of the
pericentromeric region on Muller B, and roughly 10 Mb of
repeat-rich unmapped scaffolds (UH1-5, see fig. 2B) that

presumably correspond to pericentromeric, heterochromatic
regions. In total, our assembly contains ~18 Mb of sequence
that is composed mainly of repetitive DNA (defined as 50% or
more bp repeat-masked in 10-kb windows). Many genome
assemblies, and in particular those using short-read sequenc-
ing data, are highly fragmented, and repeat-rich regions are
typically missing (Simpson and Pop 2015). Yet, several recent
studies have suggested that repetitive DNA, or genes inter-
acting with repeats and heterochromatin, play an important
role in the evolution of species boundaries. For example, sev-
eral of the known “speciation genes” in Drosophila associate
with satellite DNA and repeats. HMR and LHR interact with
heterochromatin at centromeres and telomeres, and are
needed for transposable element repression (Brideau et al.
2006); ZHR is a protein that localizes to a chromosome-
specific satellite (Ferree and Barbash 2009) and OdsH encodes
a heterochromatin-associated protein that binds to the
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repeat-rich Y chromosome (Bayes and Malik 2009).
Additionally, transposable elements have been found to be
misexpressed in hybrids between closely related species, in-
cluding Drosophila (Lopez-Maestre et al. 2017), fish (Dion-
Coté et al. 2014), mammals (O'Neill et al. 1998), or plants
(Wu et al. 2015). Finally, the rapid evolution of centromeric
satellite DNA and the centromere-specific histone protein
CENP-A has led to the proposal that these two components
evolve under genetic conflict, and may result in hybrid in-
compatibilities (Henikoff et al. 2001; Brown and O’Neill 2010).
Homologous chromosomes may compete for inclusion in the
oocyte, and centromere DNA may act as a selfish element
and exploit asymmetric female meiosis to promote transmis-
sion to the egg. Coevolution of CENP-A may restore meiotic
parity, but could result in segregation problems in hybrids
(Henikoff et al. 2001; Brown and O’Neill 2010; Rosin and
Mellone 2017). Work in monkeyflowers provides empirical
support for the centromere drive hypothesis (Fishman and
Saunders 2008). Interspecific monkeyflower hybrids exhibit
strong transmission advantage of one parental allele via fe-
male meiosis, and divergence of centromere-associated
repeats is thought to be responsible for this drive (Fishman
and Saunders 2008). Centromere drive has also been detected
in mice. Here, selfish centromeres exploit asymmetry of the
meiotic spindle and preferentially orient toward the egg pole,
thereby achieving preferential transmission into the next gen-
eration (Akera et al. 2017; Iwata-Otsubo et al. 2017). A can-
didate meiotic driver in a centromere-linked region that
shows a moderate increase in transmission frequency has
also been found in Drosophila using a quantitative sequencing
approach (Wei et al. 2017). Together, these studies provide
empirical support that repetitive DNA can play an important
role in the evolution of reproductive isolation. High-quality
genomes will be necessary to study the impact of heterochro-
matin and repetitive DNA on the evolution of species
boundaries.

Previous studies have obtained conflicting results on the
phylogenetic relationships among members of the nasuta
species group (summarized in Yu et al. 1999). These phylog-
enies were based on both phenotypic data, such as hybrid
sterility (Kitagawa et al. 1982), courtship song (Shao et al.
1997), male frons coloration (Yu et al. 1999), or genetic
markers, such as isozymes (Kitagawa et al. 1982), mitochon-
drial loci (Yu et al. 1999), or a handful of nuclear genes
(Bachtrog 2006). Our phylogenomic approach reveals that
while phylogenetic relationships vary dramatically across
the genome, we find overall strong support for the inferred
species trees. Our analysis, using both population genetic and
phylogenetic inferences, reveals consistent species groupings.
Drosophila albomicans, D. nasuta, and D. kepulauana form
one cluster. These species all show similar male frons colora-
tion (fig. 4), and produce viable (though partially sterile) off-
spring. Another cluster consists of D. pulaua, D. s. sulfurigaster,
D.s. bilimbata, D. s. albostrigata, and D. s. neonasuta, and most
crosses between these species result in viable hybrids
(Kitagawa et al. 1982). Drosophila s. albostrigata and D. s.
neonasuta have been described as different subspecies (Yu
et al. 1999) but are genetically indistinguishable in our
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analysis. Previous studies have typically placed D. pulaua as
the sister group to the D. sulfurigaster semi-species, but our
genomic analysis clearly places D. s albostrigata and D. s. neo-
nasuta as the sister species to D. s. sulfurigaster, D. s. bilimbata,
and D. pulaua. These taxa also show differences in their frons
colorations: D. s albostrigata and D. s. neonasuta have thicker
frons markings than D. s. bilimbata and D. s. sulfurigaster, and
D. pulaua males have very faintly marked frons (fig. 4).
Drosophila pallidifrons, Taxon F and D. kohkoa form a distinct
cluster, and are the sister to the sulfurigaster species group,
and D. niveifrons forms the outgroup to this radiation.
Interestingly, however, signals involved in prezygotic isola-
tion (i.e, courtship song mating behavior and male frons
coloration) do not always follow the species phylogeny. For
example, frons marking on male forehead seems to have
evolved convergently in different groups (see figs. 1 and 4).
The silvery markings on the frons were either present in an
ancestor of the nasuta species complex, and modified or lost
in some species, or gained independently in different clades.
Drosophila pallidifrons, which is most closely related to
D. kohkoa, completely lacks silvery markings on its forehead,
while D. kohkoa males have a continuous silver patch on their
frons similar to D. albomicans/D. nasuta. Interestingly, D. pal-
lidifrons is also the only species in this group in which the
male never faces the female in his courtship (Spieth 1969),
which may suggest that the frons marking and courtship
display coevolved. Drosophila pulaua, on the other hand, is
very closely related to D. s. bilimbata and D. s. sulfurigaster, yet
its frons are extremely faintly marked, and male courtship
song is also drastically different in this species relative to all
the D. sulfurigaster flies (Nalley MJ and Bachtrog D, unpub-
lished data). Introgression between lineages, or independent
sorting of ancestral variation may be responsible for conver-
gent evolution of signals involved in prezygotic isolation.
Intriguingly, we observed a large amount of phylogenetic
discordance between trees generated from the autosomes
and X chromosome for D. s. sulfurigaster, D. s. bilimbata,
and D. pulaua. The autosomes, which make up the majority
of the genome, largely supported the grouping of D. s. bilim-
bata and D. s. sulfurigaster being sister species, while on the X
chromosome, D. pulaua and D. s. sulfurigaster are more often
placed as sister species. Our analysis suggests that the most
common topology on the X reflects the true species branch-
ing order, and introgression on the autosomes has contrib-
uted to the incongruent topologies between the X
chromosome and autosomes in this species clade. Lower rates
of introgression on the X are expected, since X chromosomes
from different species generally have disproportionately large
effects on hybrid sterility (the large X-effect; Masly and
Presgraves 2007; Presgraves 2018). The large X-effect results
from the hemizygous expression of recessive X-linked hybrid
sterility factors in XY hybrids and the higher density of hybrid
sterility factors on the X relative to the autosomes. Thus,
strong selection against hybrid sterility factors would dispro-
portionately eliminate incompatible X-linked variation in spe-
cies hybrids. Indeed, reduced introgression on the X
chromosomes has been reported in multiple systems. For
example, hybridizing subspecies of rabbits show elevated
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levels of differentiation on the X compared with autosomes
(Carneiro et al. 2014). Likewise, the X chromosomes of house
mouse subspecies are more highly differentiated than the
autosomes (Phifer-Rixey et al. 2014). Interspecific gene flow
has also been found to be lower on X chromosomes in various
Drosophila clades (Turissini and Matute 2017; Meiklejohn
et al. 2018). Thus, our data support the notion that X chro-
mosomes are less permeable to cross species boundaries.
Extensive autosomal introgression between D. s. bilimbata
and D. s. sulfurigaster paradoxically has the effect that most
of the trees derived from autosomes do not recover the cor-
rect species branching order. This resembles patterns of ge-
nomic differentiation between mosquito species (Fontaine
et al. 2015). Mosquito species also show discordant X-linked
and autosomal phylogenies, with the X chromosome reflect-
ing the species branching order while pervasive autosomal
introgression groups nonsister species together (Fontaine
et al. 2015).

Materials and Methods

Fly Strains

We investigated a total of 67 nasuta group fly strains, and one
D. immigrans strain as an outgroup. Supplementary table S1,
Supplementary Material online, gives an overview of the spe-
cies and strains used, and their geographic location. We chose
the inbred D. albomicans 15112-1751.03 strain to generate a
high-quality genome assembly using PacBio sequencing and
Hi-C scaffolding.

PacBio DNA Extraction and Genome Sequencing

We used a mix of 15112-1751.03 females and extracted high-
molecular weight DNA using a QIAGEN Gentra Puregene
Tissue Kit (Cat #158667). DNA was sequenced on the
PacBio RS Il platform. In total, this produced 11.6-Gb span-
ning 531,638 filtered subreads with a mean read length of
12,992 bp.

Chromatin-Conformation Capture

Hi-C libraries were created from sexed female third instar
larvae of D. albomicans, adapted from (Stadler et al. 2017).
Single larvae were first homogenized, washed, and fixed with
final concentration of 1% formaldehyde for 30 min. Fixed
chromatin was then digested overnight with HpyCH4IV at
37 °C. The resulting sticky ends were then filled in and
marked with biotin-14-dCTP, and dilute blunt end ligation
was performed for 4 h at room temperature. Cross-links were
then reversed by incubation at 65 °C with Proteinase K. DNA
was purified through phenol/chloroform extraction and
sheared using a Covaris instrument S220. Biotinylated frag-
ments were enriched using streptavidin beads and subse-
quent washes. Library preparation (end repair, A-tailing
adapter ligation, library amplification) was performed off
the DNA on the streptavidin beads. The final amplified library
was purified using Ampure XP beads.

Whole-Genome Resequencing of nasuta Group Flies
We extracted DNA from all flies from supplementary table S1,
Supplementary Material online, using either lllumina TruSeq

or Nextera libraries. lllumina TruSeq Nano libraries were pre-
pared from 100 ng genomic DNA according to Illumina’s
protocol for 350-bp inserts. Libraries were pooled and se-
quenced on a HiSeq 4000 with 100-bp paired-end reads.
Nextera libraries were prepared from genomic DNA, follow-
ing lllumina’s protocol with the following modification: reac-
tion volumes were scaled to 10 ng input DNA. Two-sided
Ampure XP size selections removed fragments <200 bp
and minimized fragments >800 bp. Libraries were pooled
and sequenced on a HiSeq 4000 with 100-bp paired-end reads
or 150-bp single-end reads.

Genome Assembly and Annotation

The genome assembly was generated as described in (Michael
et al. 2018). Briefly, long reads were assembled into contigs
using Minimap and Miniasm (Li 2016). This draft assembly
was polished three times with RACON (Vaser et al. 2017) and
once with Pilon (Walker et al. 2014). Juicer (Durand et al.
2016) and 3D DNA (Dudchenko et al. 2017) were used to
process Hi-C reads and reorder contigs from the draft assem-
bly based on levels of short range interactions. Blocks of or-
dered contigs which showed short-range interactions were
stitched together into chromosome level scaffolds. Juicer’s
bash script was modified to run on our cluster and job sched-
uling system. 3D DNA was used with the following options: “-
m haploid -t 10000 -s 0 -c 3.” We looked at synteny between
our scaffolded assembly and a previously published D. albo-
micans genome assembly (Zhou et al. 2012) using MUMmer3
(Kurtz et al. 2004). Scaffolds from our assembly were assigned
to Muller elements based on synteny. To confirm that the sex
chromosome, Muller A, was correctly assembled, we mapped
20x male and female D. albomicans reads with BWA (Li and
Durbin 2009) using default options and obtained coverage
data for 10-kb windows using bedtools genomecov (Quinlan
and Hall 2010) and an in-house Python script. Female cover-
age was also compared with male/female coverage to identify
uncollapsed heterozygosities in our assembly (i.e, regions
where both haplotypes were assembled independently).
Uncollapsed haplotypes can be identified based on reduced
genomic coverage (by half, Mahajan et al. 2018), and were
removed from our assembly, and resulting gaps in our scaf-
folds were stitched over. The final genome assembly was an-
notated using Maker (Campbell et al. 2014). RNA-seq data
from the following tissues (male and female head, third instar
larvae, carcass; and ovary, spermatheca, accessory glands, and
testis) was mapped to the D. albomicans genome assembly
with HiSat2 version 2.1.0 (Kim et al. 2015) using default
parameters and the -dta option. A transcriptome assembly
was then generated with the alignments using StringTie ver-
sion 1.3.3b (Pertea et al. 2015) with default parameters. Finally,
fasta sequences of the transcripts were extracted and used as
the input for Maker.

SNP Calling and Filtering

Repeat libraries for D. albomicans 15112-1751.03 were gener-
ated using RepeatModeler version 1.0.5 (Smith and Hubley
2008-2015) and REPdenovo (Chu et al. 2016) using default
parameters. RepeatModeler was run with default parameters.
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REPdenovo was run with the following parameters:
“MIN_REPEAT_FREQ 3, RANGE_ASM_FREQ DEC 2,
RANGE_ASM_FREQ_GAP 0.8, K_MIN 30, K_MAX 50,
K_INC 10, K_DFT 30, READ_LENGTH 100, READ_DEPTH
185.099490, THREADS 20, GENOME_LENGTH 172728670,
ASM_NODE_LENGTH_OFFSET -1, MIN_CONTIG_LENGTH
100, IS_DUPLICATE_REPEATS 0.85, COV_DIFF_CUTOFF 0.5,
MIN_SUPPORT_PAIRS 20, MIN_FULLY_MAP_RATIO 0.2,
TR_SIMILARITY 0.85, and RM_CTN_CUTOFF 0.9.” The D.
albomicans genome was then repeat masked with
RepeatMasker version 3.3.0 (Smith et al. 2013-2015) using
default parameters. Reads from each fly strain were mapped
separately to the D. albomicans genome. Read alignment files
of strains from the same species were combined. We then call
SNPs and indels for each strain using GATK’s haplotype caller
(DePristo et al. 2011). SNPs were filtered out with the follow-
ing cutoffs (Gilks et al. 2016): “QD < 2.0,” “MQ < 58.0,” “FS >
600, “SOR > 3.0” “MQRankSum < —70" and
“ReadPosRankSum < —5.0"—SNPs that fail to meet these
thresholds are subsequently masked. These SNPs were used
to perform phylogenetic analyses. However, they were pruned
using PLINK1.9 (Chang et al. 2015) to minimize the effects of
LD in our clustering analyses and demographic inference us-
ing the following option: “—indep-pairwise 5 kb 50 0.1.”

Phylogenetic Reconstruction and Analysis

To create a phylogeny, we generated pseudogenomes for
each strain by replacing sites on the D. albomicans genome
assembly with their called SNPs. Sites that are heterozygous
and where there is <20x coverage were masked, and the
reference D. albomicans genome was excluded from this anal-
ysis, due to reference genome biases. The pseudogenomes
were split into 50-kb bins, and a maximum likelihood (ML)
phylogeny was created for each bin using RAXML 82.11
(Stamatakis 2014), and a consensus tree was created with
ASTRAL-IIl (Zhang et al. 2018). We used FigTree (https://
github.com/rambaut/figtree/) to visualize the phylogeny. To
test for heterogeneity in evolutionary history across the ge-
nome, we randomly selected one representative strain for
each species, and calculated topologies in 50-kb or 500-kb
windows, as described earlier. To calculate tree heights in the
sulfurigaster subgroup, we followed an approach outlined in
(Fontaine et al. 2015). We randomly selected (four times) one
representative strain for D. s. sulfurigaster, D. pulaua,
D. s. bilimbata, and D. pallidifrons and generated phylogenies
using nonoverlapping 50-kb windows along the autosomes
with RAXML using the same parameters as mentioned earlier.
With the topology, ((a, b), ), we calculated the more shallow
divergence time (T,) using the equation, %, and the more
deep divergence time (T,) using the equation, doct da \yhere
dgp is the distance between strains a and b in branch lengths.
We used the phytools R package (Revell 2012) to infer the
topologies and obtain terminal branch length for each

phylogeny.

Divergence Time Estimates
We used the set of coding sequences (CDS) from the genome
annotation to derive Ks (the number of synonymous
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substitutions per site) values between species. To obtain
the coding sequences from non-D. albomicans species, we
used the corresponding sites from the pseudogenome used
to create a phylogeny. Ks values were calculated using
KaKs_Calculator (Zhang et al. 2006). We used a neutral mu-
tation rate estimate of 3.46x 10" ° per base per generation,
which was experimentally determined from D. melanogaster
(Keightley et al. 2009). The species studied here have a gen-
eration time that is slightly longer than D. melanogaster and
we therefore used an intermediate estimate of the number of
generations per year for Drosophilids (7 generations; Cutter
2008) to convert the mutation rate to time-based units
(2.42x10~® mutations per base per year).

Population Genetic Analysis

We used Ohana (Cheng et al. 2017) with default options to
quantify population structure, and calculate admixture pro-
portions between species in the two major clades found in
the phylogenetic analysis: the albomicans subclade consisting
of D. albomicans, D. nasuta, and D. kepulauana as well as
the sulfurigaster subclade consisting of D. s. albostrigata,
D. s. neonasuta, D. s. bilimbata, D. s. sulfurigaster, and
D. pulaua. FlashPCA (Abraham and Inouye 2014) was used
to perform PCA with all strains. To test for introgression in
the sulfurigaster subgroup, we calculated the G, and ABBA-
BABA statistics (Durand et al. 2011; Geneva et al. 2015; Martin
et al. 2015). Aligned reads from D. s. bilimbata, D. s. sulfur-
igaster, and D. pulaua were processed in 50-kb windows with
the POPBAM package (Garrigan 2013), and G,;, was calcu-
lated using POPBAMTOools (https://github.com/geneva/
POPBAMTools). We also calculated the D and fp statistic
(Green et al. 2010; Martin et al. 2015), to test for introgression
between (((D. s. bilimbata, D. s. sulfurigaster), D. pulaua),
D. pallidifrons). The genome was split into 50-kb windows
and a Wilcoxon test was used to determine if the median
values are statistically different between X-linked and auto-
somal windows. We calculated values of average pairwise di-
versity © along the genome using nonoverlapping 50-kb
windows. Mean and median values of the entire genome
for species with more than one sequenced individual are
reported. Software to calculate both the D and fy statistic
as well as  was obtained from (https://github.com/simonh-
martin/genomics_general).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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