












ancestor of D. persimilis and D. pseudoobscura. Next, 
we test these two models. 

 
The D. persimilis SR and ST arrangements were 
polymorphic in the ancestor of D. persimilis and D. 
pseudoobscura 

Because D. persimilis and D. pseudoobscura 
can hybridize in nature (27), our results raise the 
possibility that D. persimilis SR originated as a recent 
introgression of D. pseudoobscura XR (Figure 3A). 
Under the introgression scenario, repeated back-
crossing to D. persimilis after the initial hybridization 
event gradually removes D. pseudoobscura material 
through single crossovers outside the inversion, and 
through double crossovers or gene conversion events 
inside the inversion. These recombination events 
homogenize D. persimilis SR and ST, largely wiping out 
any hints of a potential cross-species origin of D. 
persimilis SR from D. pseudoobscura. However, this 
history of introgression would be best preserved at the 
breakpoints of the inversion where suppression of 
crossovers is greatest (29, 30). The preservation of D. 
pseudoobscura material at the inversion breakpoints 
would then generate the blocks of phylogenetic 
discordance we observe on D. persimilis SR. The 
modified fd statistic is a test to discriminate between 
introgression versus incomplete lineage sorting (ILS), 
similar to related “ABBA-BABA” measures, that 
performs stably when applied in local sequence 
windows (31). We analyzed our genomic data from D. 
persimilis SR and ST, along with D. pseudoobscura and 
D. miranda sequences, to estimate the modified fd 
across the entire genome (Supplementary Methods). 
Indeed, we observed significant fd between D. 
pseudoobscura and D. persimilis SR at the same 
chromosomal inversion breakpoint regions that show 
phylogenetic discordance (Supplementary Figure 4). 

Interpreting significant values of fd and related 
statistics as introgression involves an implicit 
assumption of free recombination in the ancestral 
population. However, in regions of limited 
recombination, such as with inversions, it is incorrect to 
conclude that introgression is the only cause of such 
results from these statistical tests. The reason for this is 
that these regions have a single history, but individual 
polymorphisms in these regions are summed by the D 
statistic and related statistics in order to assess 
significance. Because the D. persimilis SR chromosome 
involves a chromosomal inversion that was potentially 

segregating in the ancestral population, this violates the 
assumptions required to reliably conclude introgression 
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Figure 3:  Discordance may be produced by introgression or 
incomplete lineage sorting of the XR arrangements. Under 
model (A), the D. persimilis ST inversion segregates in the ancestral 
population of the species. Later divergence between D. persimilis 
SR and D. pseudoobscura chromosomes and recombination 
restriction between the two D. persimilis chromosomes leads to 
phylogenetic discordance at the inversion breakpoints. (B) An 
introgression model again predicts discordance if the D. persimilis 
SR chromosome introgressed from D. pseudoobscura after species 
divergence. Recombination between the introgressed 
chromosome and D. persimilis ST will gradually homogenize the 
two chromosomes excluding the inversion breakpoints. 
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from such statistics (32). The interpretation of 
introgression based on any statistic that treats sites as 
independent may, therefore, be premature and instead 
may be the result of incomplete lineage sorting (ILS). 
Indeed, it is not clear if any of the existing statistical 
approaches can effectively discriminate between 
introgression and ILS to determine the ancestry of 
chromosomal inversions or non-recombining 
chromosomes like the Y-chromosome (33). 

An alternative explanation that involves the 
inheritance of the D. persimilis SR and D. 
pseudoobscura ST arrangements from the common 
ancestor of both species can adequately explain the 
observed patterns. In particular, the phylogenetic 
discordance that we observe can be explained by the 
inheritance of the D. persimilis SR arrangement from the 
ancestor of D. persimilis and D. pseudoobscura, in 
combination with the loss of one arrangement from D. 
pseudoobscura (Figure 3B). Under this scenario of 
incomplete lineage sorting in D. persimilis, the ST 
inversion originates as a segregating polymorphic 
chromosome in the ancestral population of D. persimilis 
and D. pseudoobscura. The recombination-suppressed 
regions at the breakpoints of the D. persimilis ST 
inversion begin diverging from the ancestrally arranged 
chromosomes long before speciation. During this time, 
the ancestor of D. persimilis SR and D. pseudoobscura 
ST chromosomes (which are collinear) continue to freely 
recombine until the time of speciation, but diverge from 
the ancestor of the D. persimilis ST chromosome. 
Similar to the introgression scenario, recombination 
events homogenize D. persimilis SR and ST after 
speciation, except at the breakpoints of the inversion, 
thus leading to the patterns of phylogenetic 
discordance. 

We reasoned that the same recombination-
suppressing properties of chromosomal inversions that 
thwart the application of some statistical approaches 
may also preserve the information necessary to 
discriminate between introgression and ILS. In 
particular, because recombinants at the sequences in 
the regions near the inversion breakpoints are less 
frequent, the divergence of the chromosomes can be 
reliably estimated using these sequences (12). The 
introgression and ILS hypotheses make distinct and 
testable predictions about the relative divergence times 
of each chromosomal arrangement. Under the 
introgression scenario, we expect the D. persimilis SR 
chromosome to appear much younger than the species 

divergence time due to a more recent coalescence at 
introgressed loci. In contrast, the ILS scenario makes 
two distinct predictions. First, we expect the D. persimilis 
SR chromosome split from the collinear D. 
pseudoobscura ST chromosome much earlier than the 
species divergence time. Second, we expect the D. 
persimilis ST chromosome and the D. persimilis SR 
chromosome to be more diverged than both the species 
divergence time and the divergence time between SR 
and the D. pseudoobscura ST chromosome (Figure 3B).  

To test these predictions, we estimated the 
absolute divergence (dxy) in 10 kb windows between D. 
persimilis and D. pseudoobscura in all collinear regions 
across the genome and observed a mean dxy of 2.42x10-

3 (95% CI: 2.37 – 2.47 x10-3). When standardized to a 
D. miranda divergence set to 2 million years in each 
window, this corresponds to an allelic divergence time 
between D. persimilis and D. pseudoobscura of 
approximately 500,000 years ago (see Methods). Here, 
the allelic divergence time represents an upper-bound 
for the speciation event. We used the sequences 
flanking the inversion breakpoints (± 250 kb) to estimate 
dxy between D. persimilis SR and D. pseudoobscura and 
observe a significantly higher (p<2.2x10-16) mean 
divergence (4.55 x10-3; 95% CI: 4.22 – 4.89 x10-3) than 
estimated between species in collinear regions, 
indicating the D. persimilis SR chromosome is older 
than the speciation time (Table 1). When similarly 
standardized to the D. miranda divergence in each 
window flanking the breakpoints, we estimate the D. 
persimilis SR chromosome to have diverged ~1.09 
million years ago. This is inconsistent with the 
introgression scenario, and suggests that ILS may 
better describe the evolutionary origins of the D. 
persimilis SR chromosome. Moreover, the ILS 
hypothesis makes a second prediction that the D. 
persimilis ST chromosome should be older than the 
divergence time between the two species. Indeed, we 
estimate dxy between D. persimilis ST and D. 
pseudoobscura in the same sequences flanking the 
breakpoint regions (dxy: 4.94 x10-3; 95% CI: 4.67 – 5.21 
x10-3) to be significantly greater (p<0.038) 
corresponding to an older standardized divergence time 
of ~1.23 million years old. 

It is important to note three points. First, 
accurately estimating absolute divergence time in years 
is known to be fraught with several sources of error and 
relies on an accurate calibration point in the absence of 
an estimate of the mutation rate in each species (34). 
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We instead rely on the relative comparison between dxy 
estimates, which is sufficient to resolve the questions 
that we seek to address here. Second, our conclusion 
that the D. persimilis ST inversion existed as a 
segregating polymorphism in the ancestor of D. 
persimilis and D. pseudoobscura is robust to various 
methods of inferring the divergence between the two 
species. For example, our results are not significantly 
different (p<0.70) if we use whole genome data or only 
the collinear regions to estimate the absolute 
divergence between D. persimilis and D. 
pseudoobscura (genome-wide mean dxy: 2.41 x10-3; 
95% CI: 2.36 – 2.46 x10-3). Third, our data only address 
the order of origins of the various chromosomal 
inversions, but do not allow us to estimate when the 
Sex-Ratio distortion alleles evolved in these 
populations. Identifying the causal segregation 
distortion genes may allow us to address this aspect in 
the future. Despite these important caveats of our 
analysis, the two observations of D. persimilis SR being 
older than the species divergence and the D. persimilis 
ST chromosome appearing significantly more diverged 
than both the collinear regions and the D. persimilis SR 
chromosome reject the introgression scenario and 
support the ILS explanation.  
 
All fixed inversions in D. persimilis originated as 
segregating polymorphisms in the ancestral 
population of D. persimilis and D. pseudoobscura 

Because the XR inversion exists only in D. 
persimilis and not in D. pseudoobscura, it is often 
immediately assumed that this inversion must have 
originated in the D. persimilis lineage after speciation 
(23, 35). The idea that the XR inversion on the Standard 
chromosome of D. persimilis originated as a segregating 
polymorphic inversion in the ancestral population prior 

to speciation goes against this widely-accepted notion. 
The two other fixed inversions on the XL and 2nd 
chromosomes in D. persimilis are thought to be even 
older than the XR inversion (35). We used the same 
approach that utilizes the sequences flanking inversion 
breakpoints to also estimate the divergence of the 
inversions on the XL and 2nd chromosomes. Consistent 
with the idea that the XL and 2nd chromosome inversions 
are older than the XR inversion, we observed greater 
mean levels of dxy for both fixed inversions (XL: 1.08x10-

2; 2: 6.82x10-3) than for XR (dxy: 4.94 x10-3). Likewise, 
standardizing to the speciation time with D. miranda, we 
estimate that the inversions on XL and the 2nd 
chromosomes originated approximately 1.66 and 1.48 
million years ago, respectively (Table 1; Figure 4). Our 
results show that all of these fixed inversions originated 
in the ancestral population long before the speciation 
event that separated D. persimilis and D. 
pseudoobscura.  

Because it may be argued that genome-wide 
divergence estimates are a poor proxy for speciation 
time, we calculated an estimate using another method. 
D. persimilis and D. pseudoobscura harbor numerous 
inversion polymorphisms on the 3rd chromosome that 
are exclusive to each species, many of which are 
derived from the Standard arrangement (3ST) that 
continues to segregate in both D. persimilis and D. 
pseudoobscura populations (28, 36). 3ST is the only 3rd 
chromosome arrangement shared between the two 
species. Because the 3ST arrangement was present in 
the ancestral population, and was inherited by both D. 
persimilis and D. pseudoobscura, the amount of 
divergence between the 3ST arrangements of the two 
species provides another opportunity to determine an 
upper bound to the estimates of speciation time. We 
estimated absolute divergence in inversion-associated 
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Table 1: Estimates of the relative ages of chromosomal inversions in D. persimilis and D. pseudoobscura relative to species 
divergence time. The fixed inversions on the XL and 2nd chromosomes, as well as the polymorphic inversions on XR and the Pikes 
Peak (3PP) inversion arose before species divergence. 
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sequences from the 3ST strains of D. persimilis and D. 
pseudoobscura, and observed a mean dxy of 2.49 x 10-

3 (95% CI:  2.34 – 2.65 x10-3). Standardizing to the 
speciation time with D. miranda in these regions, we 
estimate the 3ST inversion between D. persimilis and D. 
pseudoobscura to have diverged approximately 
590,000 years ago. This estimate of the upper-bound of 
speciation time is consistent with those using genome-
wide sequences, and is far younger than the ages of any 
of the fixed inversion differences. This difference in the 
ages of the fixed inversions and the time of speciation is 
not subtle: while the genome-wide allelic divergence is 

estimated at around 500,000 years, the XL, XR and 2nd 
chromosome inversions are at least twice as old as this 
estimate (Figure 4). These results suggest that all of the 
fixed, derived inversions in D. persimilis must have 
freely segregated in the ancestral population for a 
substantial period of time before speciation. 
 
DISCUSSION 

The study of chromosomal inversions in the 
classic systems of D. pseudoobscura and D. persimilis 
has deeply informed our understanding of the 
evolutionary forces that shape natural variation, the 
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Figure 4: Incomplete lineage sorting of the inversions of D. persimilis and D. pseudoobscura. The fixed inversions on the XL and 
2nd chromosomes, as well as the polymorphic inversions on XR and the Pikes Peak (3PP) inversion arose before species divergence. 
Incomplete lineage sorting produced the observed inversion patterns in the species present today. 
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evolution of new species, and selfish chromosome 
dynamics. Our results have several important 
implications for all of these fields. We provide a solution 
to the strange collinearity of the D. persimilis SR and D. 
pseudoobscura ST chromosomes first observed by 
Dobzhansky (17, 28). We show that this collinearity is a 
consequence of the direct descent of these 
chromosomes from one of the ancestrally segregating 
arrangements, and not due to two independent 
inversions at the same breakpoints. A similar 
maintenance of chromosomal arrangements across 
species resulting from an ancient inversion 
polymorphism has also been demonstrated in 
Anopheles mosquitos (37). Segregation distorters are 
often associated with inversions because new 
inversions that tightly link a segregation distorter gene 
with existing enhancer alleles enjoy a selective 
advantage (20). In contrast to most other Sex-Ratio 
systems associated with derived inversions, our results 
show that the D. persimilis SR system evolved on the 
background of an ancestral arrangement. This indicates 
that segregation distorters may not only become 
associated with new inversions, but can also utilize 
existing chromosome inversion polymorphisms.  

In addition to clarifying the evolutionary history 
of Sex-Ratio chromosomes in these two species, the 
divergence we show between fixed arrangement 
differences in D. pseudoobscura and D. persimilis 
suggest a new model for the role of chromosomal 
inversions in the evolution of hybrid incompatibilities. 
Any model exploring this role must explain at least two 
empirical patterns: a) the fixed inversions between D. 
persimilis and D. pseudoobscura have higher 
divergence as compared to collinear regions of the 
genome, and b) most genes that underlie reproductive 
isolation between D. persimilis and D. pseudoobscura 
reside within these inversion differences (9–11). We 
show that these inversions were freely segregating in 
the ancestral population long before speciation, and that 
the genes contributing to reproductive barriers must 
have evolved within them afterwards.  

Here, we propose a simple model to explain the 
above two empirical patterns (Figure 5). Chromosomal 
inversions can arise and persist in ancestral populations 
for long periods of time driven by selection in 
heterogeneous environments (38). During this period, 
the genomic regions spanning the inversions and the 
corresponding regions on the un-inverted chromosomes 
can accumulate genetic divergence aided by the 

suppression of recombination in heterozygotes (38–42). 
These chromosomal inversions may undergo 
incomplete lineage sorting when the ancestral 
population is split into two allopatric populations (43). At 
the initial time of separation, the genes within the 
chromosomal inversions are already highly diverged, 
whereas the genes within the collinear regions are 
nearly identical, with little or no divergence. The highly 
diverged genes associated with chromosomal 
inversions are fewer mutational steps away from 
reaching an incompatible state and are, therefore, likely 
to evolve to an incompatible state more quickly than 
those in the collinear regions of the genome. This 
accumulation of hybrid incompatibilities occurs in 
isolation, unopposed by the selective cost of producing 
unfit offspring, and in a manner consistent with the 
Dobzhansky-Muller model (7, 8). Our simple model is 
consistent with all empirical results, and is sufficient to 
explain both patterns. Under our model, the 
heterogeneity in divergence across the genome caused 
by ancestrally segregating inversions makes the 
evolution of alleles that cause reproductive isolation 
more likely in the regions encompassed by these 
inversions rather than in the collinear regions of the 
genome.  

The claim that highly diverged genes are likely 
to evolve to incompatible state more quickly than those 
with little divergence rests on the implicit assumption 
that the evolution of hybrid incompatibilities is a multi-
step process that requires multiple changes. Three lines 
of evidence support the view. First, theory shows that 
changes at a minimum of two genes are required to 
produce a hybrid incompatibility, and that it is easier to 
evolve more complex incompatibilities that involve 
changes at multiple genes (44). These ideas have 
strong empirical support (1). For example, the genetic 
architecture of hybrid sterility between D. 
pseudoobscura pseudoodobscura and D. 
pseudoobscura bogotana–one of the youngest 
hybridizations to be studied–involves interactions 
between at least six genes (45). Second, nearly all 
hybrid incompatibility genes that have been identified so 
far show the rapid accumulation of many amino acid 
changes, and represent some of the most highly 
diverged genes in the genome (46, 47). Ultra-fine scale 
mapping studies that dissect how many of these 
changes within these genes contribute to hybrid sterility 
or hybrid inviability have not yet been performed. 
However, there are no known cases of hybrid 
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incompatibility genes that involve one or only a few 
amino acid changes. Third, both theory and empirical 
data show that hybrid incompatibilities accumulate 
faster than linearly with divergence between populations 
(48–50). All other things being equal, populations that 
display higher genomic divergence are, therefore, more 
likely to have evolved hybrid incompatibilities as 
compared to those that have little or no genomic 
divergence (51). Together, these lines of evidence 
support the idea that the evolution of hybrid 
incompatibilities is a multi-step process. By 
accumulating genetic divergence even before the initial 
population split, the genes associated with ancestrally 
segregating chromosomal inversions are fewer steps 
away from reaching an incompatible state. In contrast, 
genes in collinear regions of the genome show little or 
no divergence between recently split populations and 
must start accumulating changes from scratch if they 
are to eventually an incompatible state. 

Both the Navarro-Barton and Noor-Rieseberg 
models rely on gene flow during or after speciation to 
account for the higher divergence of fixed inversions, 
and their association with hybrid incompatibility genes. 
We, however, find little evidence for extensive gene flow 
or introgression (Supplemental Figure 4) that would be 
required to explain the phylogenetic discordance that we 
observed on the D. persimilis XR chromosome. In the 
geographical localities where D. pseudoobscura and D. 
persimilis overlap, there are lineage-specific 
arrangements in both species that were derived from the 
ST karyotype at high frequencies (28). D. 
pseudoobscura alone harbors more than 30 different 
polymorphic inversions (52). If any of the 3rd 
chromosome inversion polymorphisms that arose after 
speciation in D. pseudoobscura were to be found in D. 
persimilis, this would provide strong evidence for gene 
flow during secondary contact between these species. 
For example, if D. persimilis harbored an Arrowhead 3rd 
chromosome arrangement, which arose in D. 
pseudoobscura after speciation (53), this would provide 
indisputable evidence of large-scale gene flow on 
secondary contact as necessitated by the Noor-
Rieseberg model. Instead, D. persimilis and D. 
pseudoobscura each have their own exclusive series of 
third chromosomes inversions. Similarly, strong 
evidence for gene flow during the accumulation of hybrid 
incompatibilities as necessitated by the Navarro-Barton 
model is also lacking.  

Our model can also account for a third empirical 
pattern that sympatric species are more likely to harbor 
fixed chromosomal inversion differences as compared 
to allopatric species (10, 11, 54). Under our model, 
when two temporarily isolated populations inherit 
segregating chromosomal inversions that were likely 
balanced polymorphisms in the ancestral population, 
these populations start with highly diverged genomic 
regions at birth (i.e. associated with inversions) where 
genes underlying isolating mechanisms may evolve 
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Figure 5: Inversions accelerate the formation of hybrid 
incompatibilities. (A) Polymorphic inversions arise in the ancestor 
of the two species. (B) Restricted recombination between the 
inversions leads to accumulating divergence (red, blue) distinct 
from collinear regions of the genome (grey). (C) Incomplete sorting 
of the inversions between two isolated populations generates 
immediate divergence between the two populations. (D) 
Preexisting divergence increases the chance of hybrid 
incompatibilities forming in the inverted regions as compared to 
the collinear regions. 
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quickly. In contrast, populations that inherit fully collinear 
genomes have little or no divergence between them at 
birth and may, therefore, require more time to evolve 
isolating mechanisms.  

If single species often fragment into temporarily 
isolated populations and merge again, then the 
populations that inherit ancestrally segregating 
inversion differences are more likely to survive as 
separate species even if they later become fully 
sympatric. In contrast, those with collinear genomes are 
less likely to evolve hybrid incompatibilities during 
temporary allopatry and may collapse back into single 
species on secondary contact. Such cases will not be 
observed, unless allopatry is maintained long enough to 
allow the evolution of hybrid incompatibilities. Together, 
this process is predicted to generate a pattern of 
sympatric species pairs that are enriched for inversion 
differences, and allopatric species pairs that have 
collinear genomes.  

Our model also makes a distinct prediction 
regarding young allopatric species that inherit 
ancestrally segregating inversions: if such cases are 
found, hybrid incompatibility genes must be enriched in 
regions spanned by the inversion differences despite no 
gene flow between these populations. Because hybrid 
incompatibilities may accumulate across the genome 
over time through the snowball effect, this enrichment of 
hybrid incompatibility genes at inversions may decay 
over time in older species. This prediction is not 
expected under the Noor-Rieseberg or Navarro-Barton 
models. 

The idea that chromosomal inversions are often 
associated with hybrid incompatibility genes is a widely-
held view among evolutionary geneticists. There are 
four lines of reasoning for the widespread acceptance of 
this notion. First, experimental studies involving genetic 
mapping of loci that underlie reproductive barriers may 
be localized to genomic regions that contain fixed 
chromosomal inversions. Such studies provide the most 
direct line of evidence for the association of reproductive 
isolation genes with chromosomal inversions. Second, 
genomic regions spanning chromosomal inversions 
often show signatures of higher divergence or reduced 
introgression. As our results show, this line of evidence 
may be susceptible to erroneous interpretations when 
the evolutionary histories and the ages of these 
inversions are unknown. Third, sympatric species show 
higher incidence of fixed inversions than allopatric 
species. While there are limited data supporting such a 

pattern (55, 56), this line of evidence for the association 
of hybrid incompatibility genes with chromosomal 
inversions is indirect and prone to observational biases. 
Fourth, theoretical studies show that it may be possible 
for hybrid incompatibility genes to evolve and persist 
despite gene flow during or after speciation. These 
theoretical results, however, are not a substitute for 
direct empirical evidence. We, therefore, consider direct 
genetic mapping studies that localize hybrid 
incompatibility genes to regions spanning chromosomal 
inversions as the only reliable line of evidence 
supporting the association of chromosomal inversions 
with reproductive isolation genes.  

Such genetic studies that map loci that 
contribute to reproductive isolating barriers, and overlay 
those loci on the locations of chromosomal inversions 
are surprisingly rare. To our knowledge, the only direct 
study of this nature in animal taxa involves the D. 
pseudoobscura-D. persimilis hybridization, where 
genetic mapping studies have shown that loci that 
contribute to reproductive isolation are located on 
chromosomes that carry fixed inversion differences 
between these species (7, 11, 57–59). In the absence 
of other such studies, it is not clear whether this pattern 
is specific to this particular species pair, or is a pattern 
of a broadly held pattern. We, therefore, find that the 
amount of evidence for the association of hybrid 
incompatibility genes with fixed chromosomal inversions 
is not proportionate to how widely this pattern is believed 
to be true.  

This paucity of mapping studies describing the 
locations of hybrid incompatibility genes relative to 
chromosomal inversions is not entirely surprising. A 
necessary step in understanding the molecular basis of 
speciation involves the identification of the genes that 
contribute to reproductive barriers. Most speciation 
geneticists who aim to identify such genes may either 
focus on studying species pairs that lack chromosomal 
inversion differences, or abort such studies when these 
genes map to chromosomal inversions because there is 
little hope of precisely identifying the causal genes. 
Fortunately, uncovering evidence of the association of 
reproductive isolation genes with chromosomal 
inversions requires neither the precise identification of 
the genes nor determining the precise breakpoints of 
chromosomal inversions. Coarse mapping of 
quantitative trait loci that underlie reproductive isolation 
across several species pairs, and overlaying these loci 
with the approximate locations of chromosomal 
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inversion differences between these species may prove 
sufficient to establish the generality of this pattern (60). 

In summary, we propose that higher divergence 
and hybrid incompatibilities are emergent properties of 
chromosomal inversions when they are segregating in 
ancestral populations and inherited through incomplete 
lineage sorting. Our model explains previously observed 
empirical patterns without invoking gene flow across 
populations during or after speciation and forces a 
reconsideration of the role of inversions in speciation, 
perhaps not as protectors of existing hybrid 
incompatibility alleles, but as fertile grounds for their 
formation. 
 
MATERIALS AND METHODS 
Isolation and maintenance of Sex-Ratio chromosome strains:  

Wild caught D. persimilis strains were provided as a 
generous gift by Dean Castillo, collected in the Sierra Nevada 
mountain range and near Mt. St. Helena, CA. We tested individuals 
from these strains for the presence of Sex-Ratio chromosomes by 
crossing males to standard D. persimilis females. We isolated two 
individual D. persimilis Sex-Ratio strains and generated stable stocks 
through eight to twelve generations of inbreeding. All stocks were 
raised on standard cornmeal media at 18 degrees C. 
Polytene chromosome analyses:  

We used two crosses of D. persimilis SR/ST heterozygotes 
to compare the D. persimilis SR chromosome with D. pseudoobscura 
and D. persimilis ST chromosomes.  In the first cross, a D. persimilis 
SR/ST sepia (se) heterozygous female was crossed to a D. 
pseudoobscura ST se male.  Of the two XL/XR karyotypes possible 
from this cross, we examined females heterozygous for XL and 
homozygous for XR inversions.  These females allow us to evaluate 
whether the D. persimilis SR and D. pseudoobscura ST chromosomes 
are homosequential.  In a second cross, a D. persimilis SR/ST se 
heterozygous female was crossed to a D. persimilis ST se male.  Of 
the two XL/XR karyotypes possible from this cross, we examined 
females homozygous for XL and heterozygous for XR inversions.  
These females allow us to examine the D. persimilis SR and D. 
persimilis ST heterozygotes. We prepared salivary squashes from 
larvae from these two crosses using standard techniques, with 
modifications described by Harshman (1977) and Ballard and Bedo 
(1991) (61–63). 
DNA extractions and sequencing:  

To generate whole genome shotgun sequencing libraries 
for D. persimilis strains, we pooled one male each from two SR strains 
and two ST strains (from Sierra Nevada and Mt St Helena collections). 
We extracted DNA from these flies using the 5 Prime Archive Pure 
DNA extraction kit according to the manufacturer’s protocol 
(ThermoFisher, Waltham, MA). All libraries were generated with the 
Illumina TruSeq Nano kit (Epicentre, Illumina Inc, CA) using the 
manufacturers protocol, and sequenced as 500bp paired end reads 
on an Illumina HiSeq 2000 instrument. 
Sequence alignment and SNP identification: 

Low-quality bases were removed from the ends of the raw 
paired end reads contained in FASTQ files using seqtk 
(https://github.com/lh3/seqtk) with an error threshold of 0.05. Illumina 
adapter sequences and polyA tails were trimmed from the reads using 

Trimmomatic version 0.30 (64). The read quality was then manually 
inspected using FastQC. Following initial preprocessing and quality 
control, the reads from each pool were aligned to the D. 
pseudoobscura reference genome (v 3.2) using bwa version 0.7.8 with 
default parameters (65). Genome wide, the average fold coverage 
was ~180x and ~133x for the D. persimilis ST and SR pools, 
respectively (Supplementary Table 1). For reads mapping to X 
chromosome scaffolds, the average fold coverage was ~97x and ~74x 
for D. persimilis ST and SR, respectively (Supplement Table 2).  

After the binary alignments were sorted and indexed with 
SAMtools (66), single nucleotide polymorphisms (SNPs) were called 
using freebayes (v. 0.9.21; (67) with the expected pairwise nucleotide 
diversity parameter set to 0.01, based on a previous genome-wide 
estimate from D. pseudoobscura (40). The samples were modeled as 
discrete genotypes across pools by using the “–J” option and the 
ploidy was set separately for X chromosome scaffolds (1N) and 
autosomes (2N). SNPs with a genotype quality score less than 30 
were filtered from the dataset. We restricted all downstream analyses 
to sites that had coverage greater than 1N and less than 3 standard 
deviations away from the genome wide mean for all samples (Table 
S1). Across the genome we identified a total of 3,598,524 polymorphic 
sites, 703,908 and 844,043 of which were located on chromosomes 
XR and XL, respectively. 

The D. pseudoobscura reference assembly does not 
contain complete sequences for either of the arms of the X or 4th 
chromosomes. Instead, each is composed of a series of scaffold 
groups that differ both in size and orientation relative to one another 
(68). Schaeffer et al. (2008) previously determined the approximate 
locations and ordering of each of these scaffolds (68). We used their 
map to convert the scaffold-specific coordinates of each site to the 
appropriate location on the corresponding chromosome to construct a 
continuous sequence.  
Estimating the phylogenetic relationship of Sex-Ratio 
chromosomes:  

We estimated the genetic distance between each pairwise 
grouping in 10 kb windows using Nei’s DA distance, which has been 
shown to accurately recover the topology of phylogenetic trees from 
allele frequency data (69, 70). To root the tree with an outgroup, we 
aligned publically available short reads of D. miranda (SRX965461; 
strain SP138) to the D. pseudoobscura reference genome. In each 
window, we constructed neighbor-joining trees (71) using distance 
matrices constructed from the estimated genetic distances (DA) and 
classified the phylogeny based on the topology it supported. If a 
window contained fewer than 10 segregating sites, we did not 
construct a tree or estimate the genetic distance. For each tree we 
performed 10,000 bootstrap replicates and only included those 
windows with a support value of 0.75 or higher. 
Divergence Estimates:  

We estimated absolute divergence with Nei’s dxy, a measure 
of the average number of pairwise nucleotide substitutions per site 
(72, 73). dxy was measured between each population grouping in 10 
Kb, nonoverlapping windows across the genome. To convert 
estimates of absolute divergence into divergence times, the dxy values 
were scaled to a 2 My species split between D. pseudoosbcura and 
D. miranda in each window. Methods for estimating introgression with 
the modified fd statistic are found in the Supplementary Methods. 
Identification and verification of inversion breakpoints: 

The proximal and distal breakpoints have both been 
characterized previously, and the regions in D. pseudoobscura 
contain unique sequence flanking a series of 302-bp repeats known 
as Leviathan repeats, present throughout the genomes of both D. 
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pseudoobscura and D. persimilis. We designed primers to capture 
both the array of repeats as well as portions of unique sequence. We 
extracted DNA from all three genotypes and amplified the proximal 
breakpoint region using primers designed to anneal to the D. 
pseudoobscura genomic sequence flanking the Leviathan repeats 
(F5’- GATCTAATCCAGAAAGTTCGCTTGCG -3’, R5’- 
AGTGTGACCCATTTTAAGCGG-3’). These primers amplified a 
single, approximately 1500bp, product in D. pseudoobscura and D. 
persimilis SR, but not D. persimilis ST. PCR products were Sanger 
sequenced using the forward and reverse PCR primers at the DNA 
Sequencing Core Facility, University of Utah. The reads were aligned 
both to one another and to sequence from the D. pseudoobscura 
genome assembly around the proximal breakpoint. The sequenced 
PCR product was confirmed to contain both the repeats and sections 
of the unique sequence flanking the repeat region at the proximal 
breakpoint. 
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