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Figure 3 | Genome-wide divergence between species.  On the left, each of the 3 inversion-267 
bearing chromosome arms are plotted from centromere (0) to telomere, inversion boundaries are 268 
shown with vertical black lines. Dxy per 50 kb window is plotted to show divergence between D. 269 
persimilis and D. p. bogotana (red) and divergence between D. persimilis vs D. p. pseudoobscura (blue). 270 
Boxplots (right) summarize these divergence estimates by region: Inverted, Collinear, and 271 
CollinearFR. CollinearFR is the subset of collinear positions predicted to be freely recombining 272 
(excludes the grayed-out positions near inversion breakpoints or chromosome ends). 273 

Confirming evidence for exchange between karyotypes early in the speciation 274 
continuum 275 

Previous studies identified differences in sequence divergence between D. persimilis and D. p. 276 

pseudoobscura among the three inverted regions (Noor et al. 2007; McGaugh & Noor 2012; Fuller et al. 277 

2018). They interpreted this finding as evidence that the derived inversions arose during, or 278 

interspersed by, periods where gene exchange was occurring in other regions of the genome. For 279 
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both D. persimilis vs D. p. pseudoobscura and D. persimilis vs D. p. bogotana, we compared measures of 280 

windowed divergence among the inverted regions. Each pairwise comparison between the 281 

inversions yielded a significant difference wherein XL > 2 > XR (p < 0.0001, Mann-Whitney U test; 282 

Supplementary Table 3). Our observed average divergence within the inversions confirms previous 283 

accounts of the relative divergence and apparent relative age of the inversions (Noor et al. 2007; 284 

McGaugh & Noor 2012; Fuller et al. 2018), supporting the previous suggestions of ancestral 285 

exchange prior to the completion of speciation. We next explored the possibility of exchange after 286 

speciation but before the split of D. p. pseudoobscura and D. p. bogotana (region 2 in Figure 1).  287 

Evidence for early post-speciation exchange 288 

Much of the previous support for post-speciation gene flow between these species has 289 

focused on comparisons of D. persimilis and D. pseudoobscura (Wang et al. 1997; Machado et al. 2002; 290 

Hey & Nielsen 2004; Kulathinal et al. 2009; Fuller et al. 2018). To distinguish between post-291 

speciation ancient gene flow and recent introgression (Figure 1), we leveraged the allopatric D. p. 292 

bogotana. Some past studies suggesting evidence of introgression between D. pseudoobscura and D. 293 

persimilis also leveraged this allopatric subspecies (Machado & Hey 2003; Brown et al. 2004; Chang & 294 

Noor 2007; Kulathinal et al. 2009). We sampled intergenic loci from D. persimilis and D. p. bogotana, 295 

and we fit the observed patterns of nucleotide variation to models of divergence in isolation, 296 

isolation-with-migration (IM), and isolation-with-initial-migration (IIM) using maximum-likelihood 297 

estimation of parameters under these models (Figure 2; Costa & Wilkinson-Herbots 2017). In 298 

traditional IM models applied to infer gene flow, parameter estimates can be skewed by the 299 

underlying assumption that gene flow is constant. IIM specifically addresses this assumption by 300 

operating on the premise of an initial period of gene flow followed by isolation. Maximizing 301 

parameter likelihoods under an IIM framework is appropriate for the D. persimilis and D. p. bogotana 302 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 20, 2020. ; https://doi.org/10.1101/842047doi: bioRxiv preprint 

https://doi.org/10.1101/842047
http://creativecommons.org/licenses/by-nc/4.0/


16 

comparison, given our knowledge that these taxa have been evolving in allopatry for the past 303 

150,000 years (Schaeffer & Miller 1991). Indeed, nested model comparison to test the relative 304 

support among the models rejects the null hypothesis of divergence in isolation and suggest that IIM 305 

models best fit the data. These results were consistent between the full set of loci and the subset 306 

sampled from only collinear regions (Table 1 and Supplementary Table 4). All models allowing for 307 

migration gave a significantly better fit than a model of strict divergence in isolation, and the log-308 

likelihood of the data under the tested models was maximized in the IIM2 scenario (Table 1 and 309 

Supplementary Table 4, 5). The IIM2 model estimates parameters under divergence with potentially 310 

asymmetric bidirectional gene flow until some timepoint in the past and, unlike the IIM1 model, 311 

does not assume constant population sizes (Figure 2). We also considered models similar to IIM2, 312 

but assuming unidirectional gene flow from D. p. bogotana to D. persimilis (IIM3) or from D. persimilis 313 

to D. p. bogotana (IIM4). Nested model comparison supports the choice of any of the three models 314 

with varying population sizes (IIM2, IIM3, or IIM4) over IIM1, and the likelihood of IIM2 supports 315 

bidirectional gene flow (Table 1). These results provide additional support for gene flow between 316 

the D. persimilis and D. pseudoobscura lineages after speciation and demonstrate that a significant 317 

amount of this exchange was relatively ancient (region 2 in Figure 1), occurring prior to the split of 318 

D. p. bogotana.  319 

Table 1 | Forward selection of the best model† of D. persimilis - D. p. bogotana divergence using the 320 
maximized log-likelihood (LogL) under each model in likelihood-ratio tests.   321 

H0 H1 Deg. of Freedom LogL H0 LogL H1 LRT Statistic P-value 

Iso IM 2 -33702.73 -33659.39 86.68 1.505e-19 

IM IIM1 1 -33659.39 -33659.39 0 - 

IM IIM2 3 -33659.39 -33538.92 240.94 5.960e-52 

IIM1 IIM2 2 -33659.39 -33538.92 240.94 4.792e-53 

IIM1 IIM3 1 -33659.39 -33543.76 231.26 3.166e-52 

IIM1 IIM4 1 -33659.39 -33542.89 233 1.322e-52 
† See Figure 3 for illustration of the different models. 322 
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D-statistics suggest recent genetic exchange 323 

Given the evidence for gene flow between D. persimilis and D. pseudoobscura, we next 324 

examined the timing of this gene flow. To contrast sympatric and allopatric subspecies of D. 325 

pseudoobscura in their similarity to D. persimilis, we implemented Patterson’s D-statistic using the tree: 326 

(((D. p. bogotana, D. p. pseudoobscura), D. persimilis), D. lowei))). Patterson’s D-statistic is an 327 

implementation of ABBA-BABA, which uses parsimony informative sites to test whether derived 328 

alleles (“B”) in D. persimilis are shared with D. p. bogotana or with D. p. pseudoobscura at equal 329 

frequencies. Derived alleles in D. persimilis may be shared with D. p. pseudoobscura due to ancestral 330 

polymorphism, ancient gene flow (prior to the split of the two D. pseudoobscura subspecies), recent 331 

gene flow (since the split of the two D. pseudoobscura subspecies), or a combination of these factors. 332 

The null expectation is that the two phylogeny-discordant patterns, ABBA and BABA, should be 333 

present equally if ancestral polymorphism and ancient gene flow are the sole drivers of patterns of 334 

divergence. Gene flow between D. p. pseudoobscura and D. persimilis since the split of the two D. 335 

pseudoobscura subspecies (estimated at 150,000 years ago: Schaeffer & Miller 1991) would promote an 336 

excess of ABBA over BABA patterns, particularly on freely recombining chromosomes. Indeed, 337 

ABBA sites exceed BABA sites on all chromosomes (Table 2), and chromosome 4 shows an 338 

unambiguously significant excess of ABBA (|Z-score| >= 5), suggesting that the phylogenetic 339 

relationship between these four taxa does not fully explain the observed patterns of divergence and 340 

some very recent gene exchange has occurred between the North American species. Furthermore, 341 

the genome wide z-score for collinear regions is significant (|Z-score| = 7.215).  342 

  343 
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Table 2 | D-statistics. For each region†, the number of sites with BABA and ABBA patterns are 344 
provided along with the total number of SNPs at sites where all four populations have data.  345 

Region D-
Statistic 

Standard 
Error 

Z-score BABA 
Sites 

ABBA 
Sites 

SNPs 

Whole-Genome            
Inverted Regions -0.0111 0.0046 -2.401 10,269 10,500 2,063,794 
Collinear Regions -0.0179 0.0020 -9.154** 44,162 45,776 6,180,121 

CollinearFR Regions -0.0170 0.0024 -7.215** 30,749 31,813 3,750,444 
Chromosome 4       

Whole Chromosome -0.0142 0.0027 -5.335** 22,606 23,256 2,526,132 
Chromosome 2       

Whole Chromosome -0.0149 0.0032 -4.713* 18,654 19,220 2,833,597 
Inverted Region -0.0044 0.0084 -0.531 3,381 3,411 695,574 

Collinear Regions -0.0172 0.0033 -5.099** 15,273 15,809 2,138,123 
CollinearFR Region -0.0176 0.0048 -3.686* 7,061 7,314 927,665 

Chromosome XL       
Whole Chromosome -0.0161 0.0053 -3.041* 7,860 8,117 1,659,395 

Inverted Region -0.0036 0.0099 -0.364 2,323 2,340 606,742 
Collinear Regions -0.0213 0.0061 -3.476* 5,537 5,778 1,052,653 

CollinearFR Region -0.0388 0.0125 -3.114* 1,513 1,635 245,552 
Chromosome XR       

Whole Chromosome -0.0174 0.0045 -3.881* 11,086 11,479 1,978,707 
Inverted Region -0.0173 0.0066 -2.633 5,236 5,420 893,006 
Collinear Region -0.0176 0.0061 -2.875 5,849 6,059 1,085,701 

CollinearFR Region -0.0224 0.0133 -1.688 1,577 1,649 265,259 
† The presented chromosomal regions include entire chromosomes, inverted regions only, collinear regions only, and collinear regions 346 
excluding sequence within 5 mb of chromosome ends or within 2.5 mb of inversion breakpoints (CollinearFR). 347 
* Significant at |z| >= 3. 348 
** Significant at |z| >= 5. 349 

Given the observed excess of ABBA over BABA sites throughout the genome, we next 350 

applied fd to quantify this excess in smaller genomic intervals. In comparison to D-statistics, fd is less 351 

affected by differences in effective population size and is better suited to identifying introgression 352 

regions (Martin et al. 2015). The genome-wide patterns of fd support the evidence of gene flow 353 

between D. p. pseudoobscura and D. persimilis, particularly in the collinear regions of the genome 354 

(Figure 4). Inverted regions exhibit markedly lower fd compared to collinear regions (Figure 4A). 355 

This difference is statistically significant on all inversion-bearing chromosomes, regardless of 356 

whether the inverted regions are compared to all collinear regions or just the conservative subset 357 

contained in collinearFR (Figure 4B; p < 0.01 for all comparisons, Mann-Whitney U). 358 
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 359 
Figure 4 | Signals of introgression along the genome. (A) The estimated proportion of 360 
introgression (fd) between D. pseudoobscura and D. persimilis is shown in non-overlapping 100 SNP 361 
windows along chromosomes 2, 4, XL, and XR. Inversion boundaries are shown with dashed black 362 
lines, and collinear regions are grayed-out where they approach inversion breakpoints or 363 
chromosome ends (windows excluded from CollinearFR). (B) Summarizes these introgression 364 
estimates by region: Inverted, Collinear, and CollinearFR.  365 

Is recent gene flow responsible for patterns of higher divergence in allopatry vs 366 
sympatry? 367 

All three inversion-bearing chromosomes exhibit lower divergence in the D. persimilis:D. p. 368 

pseudoobscura comparison vs the D. persimilis:D. p. bogotana comparison (Figure 3). Notably, this lower 369 

divergence in the sympatric comparison is statistically significant for both the collinear and inverted 370 

regions (p < 0.001 on each chromosome, Mann-Whitney U test). Divergence between the species 371 

pairs in both inverted and collinear regions shows the magnitude of this difference (Figure 3). This 372 

pattern is consistent across all strains: differentiation in the inverted regions between D. persimilis:D. 373 

p. bogotana is higher than differentiation between D. persimilis and any of the North American D. p. 374 

pseudoobscura genomes (Supplementary Figure 2). 375 
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The observation that divergence is lower in sympatry compared to allopatry even in the 376 

inverted regions is somewhat surprising. A possible explanation for the lower divergence in the 377 

sympatric species pair is that gene flow is homogenizing these species even in inverted regions. 378 

Though there is evidence that double crossovers and gene conversions occur within inversions 379 

(Schaeffer & Anderson 2005; Stevison et al. 2011; Crown et al. 2018; Korunes & Noor 2019), an 380 

alternative explanation is that D. p. bogotana has experienced more substitutions per site, possibly due 381 

to differences in demographic history among the lineages. D. p. bogotana may have experienced a 382 

population bottleneck upon colonization of South America leading to a subsequently small effective 383 

population size (Schaeffer & Miller 1991; Wang & Hey 1996; Machado et al. 2002), which might 384 

allow drift to result in a higher fixation rate of slightly deleterious mutations (Whitlock 2000; 385 

Charlesworth 2009). Indeed, genome-wide comparison of the relative substitution rates (Tajima 386 

1993) between the lineages reveals that D. p. bogotana has experienced significantly more substitutions 387 

per site than D. p. pseudoobscura relative to the outgroup species, D. lowei (Supplementary Table 6) 388 

To correct for differences in evolutionary rates in these populations, we considered the 389 

effects of introgression on divergence after adjusting for an elevated rate of fixation leading to a 390 

longer branch length in D. p. bogotana. We compared the divergence of each D. pseudoobscura 391 

subspecies from D. persimilis to the divergence of each D. pseudoobscura subspecies from D. lowei using 392 

the following equation to define the “introgression effect”: (Dxy [D.persimilis:D.p.bogotana] -  Dxy 393 

[D.persimilis:D.p.pseudo.]) – ( Dxy [D.lowei:D.p.bogotana] -  Dxy [D.lowei:D.p.pseudo.]). The first half of this 394 

equation should include the effects of branch length in D. p. bogotana and the effects of any 395 

introgression between D. pseudoobscura and D. persimilis (Figure 5A). Since D. lowei does not hybridize 396 

with any of these species, the second half of the equation should reflect only the effects of branch 397 

length in D. p. bogotana. Thus, the difference between these terms should subtract the effects of 398 

evolutionary rate, leaving the effects of recent introgression. As we are interested in whether, when, 399 
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and how chromosomal inversions are contributing to patterns of divergence by suppressing gene 400 

flow, we compared inverted vs. collinear regions in their introgression effects. After subtracting the 401 

effects of branch length in D. p. bogotana, there is still evidence that differential gene flow in inverted 402 

vs collinear regions has statistically significantly influenced patterns of divergence between D. 403 

pseudoobscura and D. persimilis. The distributions of the introgression effect values in each of the 404 

sampled D. p. pseudoobscura genomes differs significantly between inverted and collinear regions (p < 405 

0.001, Mann-Whitney U test; Figure 5B). Notably, the introgression effect is positive, albeit small, in 406 

the inverted regions, potentially due to double crossovers and gene conversions occurring within 407 

inversions (Schaeffer & Anderson 2005; Stevison et al. 2011; Crown et al. 2018; Korunes & Noor 408 

2019).  409 
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 410 

Figure 5 | The effects of introgression on divergence after correcting for evolutionary rate. 411 
(A) Shows the strategy for examining the “introgression effect” of gene flow on divergence. The 412 
first half of the equation compares the divergence of each D. pseudoobscura subspecies from D. 413 
persimilis, and the second half compares the divergence of each D. pseudoobscura subspecies from D. 414 
lowei.  The difference between these terms, plotted in (B) for each of the sampled D. p. pseudoobscura 415 
genomes, should reflect the effects of introgression after correcting for branch length. 416 
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Discussion 417 

Our model-based examination of gene flow and our application of Patterson’s D-statistic to 418 

examine shared variation found between D. persimilis and sympatric and allopatric subspecies of D. 419 

pseudoobscura indicates post-speciation gene exchange, including both early post-speciation gene flow 420 

and gene flow within the past ~150,000 years. Specifically, we interpret the excess of ABBA > 421 

BABA sites as evidence that D. pseudoobscura and D. persimilis have exchanged genes in collinear 422 

regions since the split of D. p. bogotana. Our analyses span the majority of the assembled genome, 423 

excluding only the ~17% of the genome where we cannot reasonably apply these methods to 424 

examine introgression and divergence (see Methods).  425 

This evidence that introgression is driving patterns of divergence between D. pseudoobscura 426 

and D. persimilis is in agreement with previous reports of ongoing hybridization in these species 427 

(Dobzhansky 1973; Powell 1983; Machado & Hey 2003; Hey & Nielsen 2004). Despite our evidence 428 

for recent gene exchange, it appears that introgression is not the sole driver of patterns of 429 

divergence between these species overall. While D-statistics and fd suggest an excess of shared, 430 

derived alleles across the genomes of D. pseudoobscura and D. persimilis, these statistics may be biased 431 

by factors such as ancestral population structure and differences in effective population size (Slatkin 432 

& Pollack 2008; Martin et al. 2015; He et al. 2020). In comparison to Patterson’s D-statistic, fd is less 433 

sensitive to local variation in recombination rate and divergence. However, it can still be biased by 434 

regions of reduced interspecies divergence, which may distort tests for recent introgression (Martin 435 

et al. 2015), so the conclusion of recent introgression would be tentative based on these results alone. 436 

Here, we explore other important factors that might underlie the observed patterns of divergence, 437 

with particular consideration of how these factors might confound signals of recent introgression.  438 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 20, 2020. ; https://doi.org/10.1101/842047doi: bioRxiv preprint 

https://doi.org/10.1101/842047
http://creativecommons.org/licenses/by-nc/4.0/


24 

As seen in Figure 3 and in previous studies (Kulathinal et al. 2009), divergence is higher in 439 

inverted vs collinear regions in this system. This difference holds for divergence between D. persimilis 440 

and either D. p. bogotana or D. p. pseudoobscura. The lower observed divergence in sympatry compared 441 

to allopatry even in the inverted regions is somewhat surprising given the expectation that 442 

recombination in hybrids will be restricted in these inverted regions. This observation led us to 443 

consider the possibility that the allopatric subspecies, D. p. bogotana, might have experienced more 444 

nucleotide substitutions per site than the other taxa. Thus, we considered four non-mutually 445 

exclusive factors that might contribute to the observed patterns of divergence with respect to 446 

chromosomal arrangement: 1) the segregation of ancestral polymorphism (as advocated by Fuller et 447 

al. (2018)), 2) increased branch length in the allopatric D. p. bogotana, 3) gene flow prior to the split of 448 

D. p. bogotana, and 4) recent/ongoing gene flow (the latter two discussed in Powell 1983; Wang & 449 

Hey 1996; Wang et al. 1997; Noor et al. 2001, 2007; Machado & Hey 2003; Hey & Nielsen 2004; 450 

Machado et al. 2007; Kulathinal et al. 2009; McGaugh & Noor 2012).  Achieving a cohesive view of 451 

the role of inversions in species divergence relies on considering the combined effects of these 452 

factors.  453 

For the sympatric pair D. persimilis vs D. p. pseudoobscura, any difference in Dxy in inverted 454 

regions compared to collinear regions could be due to the segregation of ancestral inversion 455 

polymorphism or to post-speciation genetic exchange. In contrast, any difference in Dxy in inverted 456 

regions compared to collinear regions in the allopatric pair D. persimilis vs D. p. bogotana could be 457 

driven by the segregation of ancestral inversion polymorphism or by post-speciation gene flow prior 458 

to the split of D. p. bogotana. This comparison will not reflect any recent gene flow, since D. p. 459 

bogotana has evolved in allopatry for the past 150,000 years. We leveraged this contrast to isolate the 460 

effects of recent introgression on divergence, and our findings here suggest that contributions from 461 

recent gene flow only partially explain observed divergence patterns.  462 
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The observed "introgression effect" can be thought of as an indicator of the relative 463 

influence of recent introgression on the reduction in D. persimilis vs D. pseudoobscura divergence in 464 

sympatry vs allopatry. Our method does not account for all evolutionary forces shaping nucleotide 465 

divergence, so we do not consider it a quantitative measurement of introgression. However, it 466 

provides a useful way to consider the relative contribution of recent introgression compared to 467 

ancestral polymorphism and branch length. The second half of the introgression effect equation 468 

(Figure 5A; Dxy[D.lowei:D.p.bogotana] -  Dxy[D.lowei:D.p.pseudo.]) includes the effects of branch length 469 

in D. p. bogotana and the effects of ancestral polymorphism without including any effects of recent 470 

introgression. We can subtract this term from Dxy[D.persimilis:D.p.bogotana] to obtain a hypothetical 471 

Dxy reflecting what divergence between D. persimilis and D. p. pseudoobscura might look like without 472 

the effects of recent introgression, ancestral polymorphism, or longer branch length in D. p. bogotana. 473 

Dividing the introgression effect by this hypothetical Dxy gives the hypothetical change in Dxy in 474 

allopatry vs sympatry due specifically to recent introgression. Given the observed average 475 

introgression effect (0.0045) and the hypothetical Dxy[D. persimilis:D. p. pseudoobscura] of 0.01, recent 476 

introgression might explain roughly half of the reduction in Dxy observed in sympatry vs allopatry. 477 

As such, the homogenization effect of recent introgression on sequence divergence appears far from 478 

trivial.   479 

These results suggest that patterns of divergence between D. persimilis and D. pseudoobscura are 480 

explained by a combination of segregating ancestral polymorphism and post-speciation gene flow. 481 

We applied a model-based approach to investigate the timing of gene flow between D. persimilis and 482 

D. pseudoobscura. Our results suggest that an isolation-with-initial-migration model best explains the 483 

divergence of D. persimilis and D. p. bogotana when compared to a model of strict isolation. This result 484 

provides further evidence for gene flow between D. persimilis and D. pseudoobscura, and it suggests that 485 
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some of this gene flow occurred prior to the split of D. p. bogotana and remains detectable in 486 

observed genetic patterns. 487 

Our results question interpretations from earlier studies of this system. Given that D. p. 488 

bogotana can be reasonably assumed to not be currently exchanging genes with either D. persimilis or 489 

D. p. pseudoobscura (Schaeffer & Miller 1991; Wang et al. 1997), D. persimilis:D. p. bogotana divergence 490 

was argued to be a suitable “negative control” for examining the effect of recent hybridization 491 

between D. persimilis and D. p. pseudoobscura (Brown et al. 2004). By this argument, the effect of recent 492 

gene flow can be estimated by an allopatric vs sympatric comparison of the difference in divergence 493 

(whether in DNA sequence or in phenotype) in inverted regions to divergence in collinear regions. 494 

Specifically, Brown et al. (2004) and Chang and Noor (2007) inferred multiple hybrid sterility factors 495 

between D. p. bogotana and D. persimilis that did not distinguish North American D. p. pseudoobscura 496 

and D. persimilis (Brown et al. 2004; Chang & Noor 2007). Similarly, Kulathinal et al. (2009) observed 497 

significantly greater sequence difference between D. p. bogotana and D. persimilis than between D. p. 498 

pseudoobscura and D. persimilis. In both cases, the authors interpreted the difference to result from 499 

recent homogenization of the collinear regions in the latter pair. Based on our findings, we suggest 500 

this difference may result at least in part from the accelerated rate of divergence in D. p. bogotana. 501 

Overall, we caution that simple allopatry-sympatry comparisons can easily be misleading, and 502 

the population histories and rates of evolution of the examined species should be carefully 503 

considered. Variation in Ne due to events such as recent population bottlenecks in one of the taxa 504 

can dramatically influence evolutionary rates (reviewed in Charlesworth 2009; Lanfear et al. 2014). 505 

Additionally, the process of genetic divergence that shapes alleles responsible for local adaptation 506 

and hybrid incompatibility can extend deep into the history of the species. In fact, the influence of 507 

inversions on the divergence of a species pair can predate the split of the species. Inversion 508 

polymorphisms in the ancestral population of a species pair can contribute to patterns of higher 509 
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sequence differentiation between species in those inverted regions (Fuller et al. 2018). Separating 510 

these effects requires an understanding of the timing and extent of introgression, which can only be 511 

understood with an appreciation for the evolutionary processes occurring in each of the taxa at 512 

hand. Though there are many remaining questions about how inversions shape divergence, we 513 

present evidence that inversions have contributed to the divergence of D. pseudoobscura and D. 514 

persimilis over multiple distinct periods during their speciation: 1) pre-speciation segregation of 515 

inversions in the ancestral population, 2) post-speciation gene flow prior to the split of D. p. bogotana, 516 

and 3) recent gene flow. 517 
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