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21  ABSTRACT

22 Evolved changes within species lead to the inevitable loss of viability in hybrids.
23 Inviability is also a convenient phenotype to genetically map and validate functionally
24 divergent genes and pathways differentiating closely related species. Here we identify the
25  Drosophila melanogaster form of the highly conserved essential gap gene giant (gt) as a
26  key genetic determinant of hybrid inviability in crosses with D. santomea. We show that
27  the coding region of this allele in D. melanogaster/D. santomea hybrids is sufficient to
28  cause embryonic inviability not seen in either pure species. Further genetic analysis
29  indicates that tailless (tll), another gap gene, is also involved in the hybrid defects. giant
30  and #// are both members of the gap gene network of transcription factors that participate
31 in establishing anterior-posterior specification of the dipteran embryo, a highly conserved
32 developmental process. Genes whose outputs in this process are functionally conserved
33 nevertheless evolve over short timescales to cause inviability in hybrids.
34

| 35
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36 INTRODUCTION

37

38 The formation and persistence of species involves the buildup of barriers to gene
39 flow as genome divergence accrues over time. These genetic barriers arise as species

40  differentiate and involve breakdowns in a variety of cellular, developmental, and

41  behavioral processes; eventually these barriers lead to reduced fitness of hybrids relative
42  to pure species (Coyne and Orr 2004; Coughlan and Matute 2020). Hybrid inviability

43 (HI), the condition in which interspecific hybrids do not achieve adulthood because of
44  developmental defects, is one of these barriers. The question of how natural selection

45  could allow such maladaptive and extreme phenotypes has been a subject of intense

46 interest to evolutionary biologists and developmental geneticists alike (Darwin 1859;

47  Weir 1885; Shull 1923).

48 Dobzhansky (Dobzhansky 1937) and Muller (Muller 1942) formulated a widely
49  regarded genetic model in which hybrid defects, including HI, arise as a collateral effect
50  of evolutionary divergence between populations that acquire incompatible changes in

51 interacting loci, or Dobzhansky-Muller incompatibilities (DMlIs; (Dobzhansky 1937;

52 Muller 1942)). Because the divergent alleles at the DMISs loci only have fitness costs

53 when they are forced together in hybrids, natural selection does not oppose the changes in
54 each species. There is substantial evidence in support of the DM model (Maheshwari and
55  Barbash 2011), including nearly a dozen instances in which HI alleles have been

56  identified to the gene level (Wellbrock et al. 1998; Presgraves 2003; Brideau et al. 2006;
57  Bomblies et al. 2007; Lee et al. 2008; Tang and Presgraves 2009; Ferree and Barbash

58  2009; Phadnis et al. 2015; Zuellig and Sweigart 2018; Powell et al. 2020; Moran et al.

59  2021). Some of these alleles have been shown to evolve through positive selection

60  (Presgraves et al. 2003; Brideau et al. 2006; Bomblies et al. 2007; Tang and Presgraves
61  2009; Satyaki et al. 2014) while others show no clear signature of selection (Phadnis and
62  Orr 2009). The variety of both the gene type in HI and the processes that drive allelic

63  divergence indicates that HI can occur in a multitude of ways (Johnson 2010).

64 Developmental processes are generally guided by interacting regulatory genes and
65  elements, making them a rich source of potential candidates for HI. The question arises,

66  however, as to whether they evolve functionally at a sufficient pace to fuel the rapid
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67  formation of DMIs in the speciation process. Developmental processes and their outputs
68  are often deeply conserved phylogenetically, often displaying conserved functional

69 attributes (reviewed in (Gordon and Ruvinsky 2012)). Large-effect mutations to

70  developmental regulators are often incompatible with life, and these genes tend to be

71  evolutionarily conserved both in sequence and phenotypic output (Manzanares et al.

72 2000; Gaunt 2002; Santini et al. 2003; Lee et al. 2006). While the developmental

73 phenotypes in which these genes are involved generally remain similar across species, the
74  genetic underpinnings of these crucial phenotypes may evolve (Weiss and Fullerton

75 2000; True and Haag 2001; Palmer and Feldman 2009; Rebeiz et al. 2009; Pavlicev and
76 Wagner 2012), and if their pace of functional evolution is sufficiently fast, could

77  contribute to HI.

78 Several lines of evidence elevate this possibility and thus challenge the notion that
79  the conservation and selective constraints on regulatory genes, and the processes they

80  direct, immunize them from possibly contributing to HI. First, recent work by us on a

81  canonical example of a conserved regulatory gene and pathway — the gap gene giant in
82  Drosophila and the process of pattern formation— shows contrary to expectations that
83  this gene diverges functionally at a rapid and continuous pace in the genus, as evidenced
84 by loss of viability in carefully controlled transgenic complementation experiments

85  (Chang et al. 2021).

86 Second, several cases of embryonic hybrid lethality have been identified in

87  Drosophila: female hybrid inviability in hybrids between D. montana females and D.

88  texana males (Kinsey 1967), female lethality in hybrids of D. melanogaster females and
89  D. simulans males (Sawamura and Yamamoto 1993; Sawamura et al. 1993b; a); and

90  male embryonic lethality in hybrids of D. melanogaster females and D. santomea males
91  ((Gavin-Smyth and Matute 2013), see below).

92 Third, even for developmental phenotypes that remain similar across phylogeny,
93  their genetic underpinnings change occasionally in substantial ways (Weiss and Fullerton
94  2000; True and Haag 2001; Palmer and Feldman 2009; Rebeiz et al. 2009; Pavlicev and
95  Wagner 2012). Referred to as developmental systems drift —functional divergence of
96  genes in developmental regulatory pathways with conserved outputs — has also been

97  documented for nematode vulva induction (Wang and Sommer 2011; Sommer 2012), and
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98  sex determination in frogs (Cauret et al. 2020). Developmental systems drift has also
99  been proposed to lead to hybrid defects (Lynch 2009). If genetic changes occur in
100  different directions in two species, their hybrids might not have a functional pathway to
101  produce the required developmental phenotype. This is a simple—but to date

102 unsubstantiated— way to explain HI.

103

104 RESULTS

105

106 We first explored whether Drosophila hybrids other than mel/san also showed

107  embryonic hybrid inviability and abdominal ablations. We examined the embryonic

108 lethality rates and associated cuticular phenotypes from hybrid crosses between various
109  species within the melanogaster supercomplex and species of the yakuba subgroup

110  (Figure 1, Figure S1). Hybrid embryos between D. santomea and the other species in the
111 yakuba subgroup — D. teissieri and D. yakuba — are mostly viable and showed no

112 abdominal ablations in any of the six possible reciprocal crosses (Table S1; (Gavin-

113 Smyth and Matute 2013; Turissini et al. 2015, 2018; Cooper et al. 2017)). Embryonic
114  inviability is rare among crosses between collections of these species (but see (Cooper et
115  al 2017)). Hybrid inviability is also non-existent in hybrids between collections of

116  species of the simulans species group — D. simulans (sim), D. mauritiana (mau) and D.
117  sechellia (sec) (Figure 1, (Turissini et al. 2018)). The embryonic viability of male

118  mel/sim and mel/mau hybrids is high in all cases (Table S2, (Sturtevant 1920; Sawamura
119 et al. 1993a; Presgraves 2003; Matute et al. 2014)). The few rare embryos that failed to
120 develop and hatch showed no abdominal ablations (Table S2).

121 Crosses between females of two species of the sim clade (sim and mau) and san
122 males showed high levels of hybrid inviability, especially of males (Figure S1). These
123 dead hybrids show the characteristic abdominal ablation. This shared phenotype with me/
124 in hybrids with san indicated that genetic changes that ultimately lead to abdominal

125  ablations must have occurred before the split of the three species, approximately five
126  million years ago (Tamura et al. 2004; Matute et al. 2010; Suvorov et al. 2021). Genetic

127  analysis with these crosses also confirm that the locus involved in HI resides in the X-


https://doi.org/10.1101/2021.12.06.471493
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471493; this version posted December 7, 2021. The copyright holder for this preprint
(which was not 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 aCC-BY 4.0 International license.

128  chromosome. We next identified the genetic locus that causes hybrid inviability by
129  abdominal ablation using genetic tools available in D. melanogaster.

130

131 Genetic mapping shows giant is involved in mel/san HI

132 To identify the X-linked allele involved in HI, we did a genome-wide association study
133 using a panel of inbred D. melanogaster lines (i.e., DGRP, (MacKay et al. 2012; Huang
134 et al. 2014)) and studied whether any genetic variant segregating in D. melanogaster was
135  associated with total inviability in hybrids with D. santomea. In all crosses, the hybrid
136  males die, but the females show differential rates of survival. We found a strong

137  association between a 16.5 kb haplotype in the X-chromosome and high levels of HI

138  (Figure 2A). This haplotype harbors two genes: CG32797 and gt, and overlaps with a
139  segment of the D. melanogaster X-chromosome (Xy.;) previously associated with male
140  HI (Matute and Gavin-Smyth 2014).

141 A similar GWAS for the incidence of abdominal ablations (Figure 2B) showed
142 the frequency of abdominal ablations in mel/san hybrids (both sexes pooled) is associated
143 with an X, haplotype that contains six genes (CG32797, gt, tko, boi, z, and trol; Figure
144 2B). This interval also overlaps with the region associated with HI. Gene(s) on the tip of
145  Xue cause both HI and abdominal ablations.

146 Next, we generated mel/san hybrid males with the X-chromosome from D.

147  santomea (Xsan) and studied whether introducing small segments of X..; would cause HI.
148  mel/san hybrid males with the abdominal ablation typically inherit a X,,.; chromosome
149  and a Y chromosome from san (Ysan). By using mel attached-X chromosomes (Figure S1),
150  we manipulated chromosomal inheritance and generated hybrid Fi males that inherit a
151  Xsan and a D. melanogaster Y chromosome (Yner). These animals do not manifest the

152  abdominal ablation and are regularly viable (Gavin-Smyth and Matute 2013; Matute and
153  Gavin-Smyth 2014). We obtained a similar result when we crossed sim attached-X

154  females to san males; the cross produces viable hybrid F; males with a X;., and a D.

155  simulans Y chromosome. To refine the region of the X,,.;chromosome carrying the

156  determinant of the abdominal ablation phenotype, we introduced small segments of X
157  (containing mel alleles ranging from approximately 10 to 100 genes each; as in (Cook et

158  al. 2010; Venken et al. 2010; Matute and Gavin-Smyth 2014) into the genetic makeup of
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159 Xsan/Ymer hybrid Fi males (crossing scheme shown in Figure S2; fly stocks listed in Table
160 S3). Previous results had shown that the distal tip of X,..; contains an allele that causes
161  inviability in hybrid males. Measuring the rates of hybrid embryonic lethality in the

162 presence of nested Dp(1,Y) and Dp(1:3) duplications of the X, chromosome allowed us
163  to refine the genomic interval to the region encompassing the cytological region 3A3

164  (dmel6: 2,410,000-2,580,000; (Dos Santos et al. 2015b)). Male hybrid embryos harboring
165  Xsan and Yne with duplications containing the 3A3 portion of X, routinely fail to hatch
166  (Figure 2C). They also show the striking abdominal ablation common in mel/san hybrid
167  males carrying the full-length Xu..; and Yian (Figure 2C; Figure S3). Previous results had
168  shown that the distal tip of X, contains an allele that causes inviability in hybrid males.
169  Measuring the rates of hybrid embryonic lethality in the presence of nested Dp(1,Y) and
170  Dp(1:3) duplications of the X, chromosome allowed us to refine the genomic interval to
171  the region encompassing the cytological region 3A3 (dmel6: 2,410,000-2,580,000; (Dos
172 Santos et al. 2015b)). The comparison of Dp(1,Y) and Dp(1,3) duplications has two

173 caveats worth noting. First, pure species mel C(1)DX, Dp(1,;3)/Dp(1,3) temales are

174  generally weaker than C(1)DX, Dp(1,Y) and lay fewer eggs in conspecific and

175  heterospecific crosses. We thus had lower power in crosses involving the former type of
176  females (Table S4). Second, the rate of complementation of Dp(1,3) and Dp(1,Y) is not
177  1identical (Table S5) suggesting the existence of position effects.

178 _ Male hybrid embryos harboring Xsa, and X.e; duplications containing the 3A3

179  portion fail to hatch (Figure 2C). They also show the striking abdominal ablation

180  common in mel/san hybrid males carrying the full-length X.; and Ysa, (Figure 2D, Figure
181  S2). Notably, the overlapping region of the duplications that cause this ablation contains
182  only one gene: giant (Figure S2). The ablation phenotype is not found in the presence of
183  other lethality-inducing fragments from elsewhere on the X,,..; chromosome (as found in
184  this work and (Matute and Gavin-Smyth 2014)). gt caused HI with abdominal ablation
185  in hybrids with all examined lines from D. santomea confirming that the interaction is not
186  a line specific effect (Figure S4; Table S6). These experiments suggest that introducing a
187  gtme allele in a Xsan/Yimer male hybrid background is sufficient to cause lethality with

188  abdominal ablation.

189 We also did similar genetic crosses using Dp(1,Y) and Dp(1;3) duplications to
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190  assess whether the same X-chromosome segments (and therefore g#,..;) caused HI in
191  crosses with four additional species, two from the simulans species complex (mau and
192 sim), one from the yakuba species complex, D. teissieri, and mel itself. In no other
193 interspecific hybrids did gt have a deleterious effect (either reduced viability or

194  abdominal ablations) suggesting that the hybrid lethal effects gt...; are exclusive to
195  mel/san hybrids (Figures S5-S6).

196

197  The gt allele causes inviability in both male and female hybrids

198 The crosses described above address the effect of the presence of a gt allele on
199  HI in mel/san hybrids. Next, we studied the absence of a functional a gt allele using a
200  gtwe null-allele, gtme!! (Perrimon et al. 1984; Petschek et al. 1987). Hybrid male

201  embryos carrying gt¥! were less likely to be abdominally ablated compared to other

202 X™el/ysen hybrids (mean number of FM7/Y**" ablated embryos: 80.33%, Figure 3A; mean
203 proportion of gtme/"/Y**" ablated embryos: 4.41%, Figure 4B; t-test comparing the

204  frequency of ablations in FM7/Y**" males and gtne!!/Ysan males: t = 23.972, df = 21.614,
205 P <1 x 1079, and instead show other developmental defects (Figure S7).

206 Xnet/Ysan males with a null allele of gtmer (i.€., gtmer™"!/Ysan) do not show increased
207  wviability. This result is not surprising because X, harbors at least eight more dominant
208  (or semidominant) factors that also cause embryonic inviability (Matute and Gavin-

209  Smyth 2014), which may be specifically lethal to mel/san hybrids. In contrast, male

210  hybrid embryos carrying a X, chromosome and null mutations of the genes adjacent to
211 gt (boi, trol, and tko) show abdominal ablations (Figure S8). These experiments

212 demonstrate that g, is necessary for the abdominal ablation in mel/san hybrid males,
213 but is not the only allele that can cause inviability in this hybrid individuals.

214 We also tested whether gt...;had a deleterious effect on hybrid females by scoring
215  whether any allele on X, between the cytological positions 2F1 and 3A4 affected the
216  fitness of mel/san hybrid females. We used deficiency mapping and scored the number of
217  df(i)/san hybrid females compared to their FM7/san sisters ((Coyne et al. 1998;

’218 Presgraves 2003), see Methods). Deviations from 1:1 expected ratio indicate the presence
219  of alleles involved in HI. If FM7/san hybrids survive at a higher rate than df(i)/san, then

220  the uncovered san segment contains a recessive allele involved in HI. If FM7/san hybrids
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221  survive at a lower rate than df(i)/san hybrids, then the absent mel segment contains a

222 dominant (or semi-dominant) allele involved in HI. The initial screening using the line
223 san Carv2015.16 showed that hybrid females with a deletion for the X,..; region between
224 3A2 and 3A3 (which contains gt,./) are more viable than hybrid females that carry the
225  balancer chromosome with gty (df/san to FM7/san ratio = 2:1; Figure 3A). The minimal
226  interval that harbors the female HI determinant contains six genes, one of them being gt.
227 We further refined the genetic analysis of this region by testing null alleles of the
228  genes in the interval. Of the four genetically characterized genes in the mapped interval,
229  3A3, only mutants of gt lead to an increase of female hybrid viability (Table S7).

230  Females that carry gtme (FM7::GFP/san) emerged at a lesser frequency than their null
231  allele-carrying sisters (gtmer*'!/san Figure 3B, Table S7). This difference in viability holds
232 when other X-chromosome balancers are used as well (Figure S9).

233 The abdominal ablation defect that is characteristic of mel//san males is also

234 present in some proportion of mel/san female embryos that die (Gavin-Smyth and Matute
235  2013; Matute and Gavin-Smyth 2014). We next tested whether g#,..; causes abdominal
236  ablations in female as it does in male hybrids. gt,e-carrying females (FM7.::GFP/san;
237  Figure 3B) have abdominal ablations more frequently than their gty./*'//san sisters

238  (Figure 5B; t-test comparing the frequency of ablations in FM7/X**" males and gr*!!/X**"
239  females t = 6.853, df = 16.147, P =3.699 x 10°). These results indicate that gtues, the
240  primary genetic determinant of the abdominal ablation in male mel/san hybrids, is

241  sufficient to render some hybrid females inviable by inducing abdominal ablations. This
242 trait varies across san lines, however, ranging from little inviability (e.g., san SYN2005,
243 df/san to FM7/san ratio = 1:1; Figure 3C) to almost complete inviability (e.g., san

244 Raind2; df/san to FM7/san ratio = 4:1; Figure 3C, Figure S4).

245 Two genes adjacent to gt, CG32797 and CG12496 have no available mutant

246  stocks. The former, CG32797, is not expressed in embryos (Kaminker et al. 2002; Brown
247 et al. 2014) and is an unlikely candidate to cause embryonic inviability in mel/san

248  hybrids. CG12496 is expressed in the early embryos (2-14 hours after egg laying,

249  (Kaminker et al. 2002; Brown ef al. 2014)), so an undetectable role in HI cannot be

250  excluded. However, the results for the gr" allele explain a large proportion of the

251  inviability and abdominal ablation phenotypes we observe with the larger deletion
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252 (Figure 3B, Figure S10).

253 These effects of gt are specific to the mel/san hybrid background, as crosses
254 between gt"!!/FM7::GFP and males from D. simulans, D. mauritiana (Figure S11), and
255  multiple lines of D. melanogaster (Figure S12) all yielded the 1:1 expectation of balancer
256  and null-allele progeny. Taken together, the mapping efforts are consistent and reveal that
257  the gt allele is: (1) necessary and sufficient to cause abdominal ablation defects; (2)
258  contributes to hybrid inviability in both male and female mel/san hybrids; and (3) causes
259  defects in that are specific to hybrids that have a san father.

260

261 Transgenic swaps confirm D. melanogaster gt causes hybrid inviability

262 To identify the specific region(s) of the gt locus responsible for causing mel/san
263  hybrid inviability, we generated whole-locus gt transgenes from mel and san, as well as
264  coding/noncoding chimeras between them, which we integrated into the D. melanogaster
265 3" chromosome docking site attP2 (Groth et al. 2004; Bischof et al. 2007); we replaced
266  the endogenous gtne with these gt transgenes in flies carrying the gt null allele gtme/’
267  (Figure S13). The whole-locus gty also designated gtmer-mer to identify the species source
268  of coding and noncoding regions respectively, is a ~27kb segment of DNA that rescues
269 lethality in the gtme/"''null mutant (Manu et al. 2013). First, we asked whether the gt

270  transgenes might carry cryptic functional elements, different from gt itself, that might
271  affect viability. To disrupt the function of gt specifically, a ~1.73kb removable piggyBac
272 cassette was inserted into the 5’UTR of every gt transgene to conditionally eliminate the
273 gene product (Figure S13B). All of them failed to restore viability in a gtme/’’ mutant
274  (Table S8). To restore the wildtype transgene allele, a piggyBac transposase was

275  employed to remove the piggyBac cassette (Thibault et al. 2004). This precise excision,
276  confirmed with sequencing, does not leave behind any additional DNA. Each pair of gt
277  transgenes with or without the piggyBac cassette have identical genetic backgrounds. The
278  restored gt transgenes rescue lethality in a gfme/"’! mutant (Tables 1 and 2). Thus,

279  transgene gt expression itself is necessary for viability in this rescue assay.

280 We carried out three sets of crosses with the pure-species and chimeric transgenes
281  (Figure S13) to measure gt contribution in hybrids to embryonic viability (Figure S13C),
282  and female adult viability (Figure S13D). We first measured the relative viability of
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transgene alleles in gtye/'//san hybrid embryos (sexes pooled). mel/san hybrids carrying
gtmer!! and the gtmer-mer transgene show a high prevalence of the embryonic lethal
phenotype (Table 1). @tsan::mes, an allele with the gs., non-coding DNA and the coding
sequence from gtue;, caused the embryonic lethality in mel/san hybrids at a similar rate
than that caused by gtmei:mer (Table 1). In contrast, gtmei:san, an allele with the gt,e; non-
coding and gt coding, increased viability compared to gtmer-me: hybrids (Table 1).
Notably, the gtsan:-san allele, which has the full gz, allele, shows viability comparable to
that of gtmersan carriers (X?; = 0.075, P = 0.784), but higher than chimeras carrying the
gtmer coding sequence (gtsan::mer and Gtmer-mel, X>1>4.98, P < 0.026; Table 1). These
results point to the coding region of gt alone as being necessary for embryonic hybrid
inviability.

We next evaluated the effects of these gt transgenes on a different metric of
hybrid fitness — female viability. We crossed san males to mel females that were
homozygous for gtme’! and hemizygous for each of the four g7 transgenes; the resulting
female progeny from this cross was hybrid females carries gtmer"!/gtsan X-chromosomes
and either a gt transgene or a wildtype 3, chromosome lacking a transgene (Figure
S13D). The effect of the transgene on hybrid female viability can then be measured the
ratio of flies with the transgene to flies with the wildtype 3,..; chromosome. The results
are largely consistent with the results from scoring embryonic lethality: one copy of the
Ztmer-me Allele reduces hybrid female adult viability compared to hybrids females without
the same transgene. This finding with transgenic gt is also consistent with the deficiency
mapping results using X-chromosome balancers. Hybrid females with one gtsu-mer allele
also show a reduction of viability similar to the one observed in gtyei-mer carriers (Table
2); the reciprocal chimeric allele —gtei- ssn—, caused no reduction in relative viability.
Finally, we find that the gtun-san transgene increases hybrid female adult viability
compared to the control (Table 2). This increase in viability can only be explained by an
epistatic interaction between coding and noncoding regions of gt:ax, as neither the coding
nor the non-coding region of g##*" alone confers such an increase of hybrid female
viability. These results collectively suggest that the inviability is mainly attributable to

coding region of gt consistent with its predominant role in hybrid embryonic lethality.
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314 tllwe exacerbates the hybrid inviability caused by Stmer

315 Hybrid defects are usually caused by at least two interacting elements (reviewed
316  in (Maheshwari and Barbash 2011; Nosil and Schluter 2011)). Giant is an essential factor
317  inthe gap gene regulatory network, a set of interacting genes expressed in the blastoderm
318  embryo to establish anterior-posterior patterning (Petschek ef al. 1987; Mohler et al.

319  1989; Eldon and Pirrotta 1991; Kraut and Levine 1991); its function in segmentation as a
320  reciprocal transcriptional repressor of other gap genes (Kruppel and knirps; (Kraut and
321  Levine 1991; Capovilla ef al. 1992; Wu et al. 1998)) is conserved in arthropods. giant is
322 itself repressed by the gene products of hunchback (Eldon and Pirrotta 1991; Kraut and
323  Levine 1991; Struhl et al. 1992), tailless (Reinitz and Levine 1990), and hucklebein

324  (Bronner ef al. 1994). The proteins Caudal (Schulz and Tautz 1995) and Bicoid (Eldon
325 and Pirrotta 1991; Rivera-Pomar et al. 1995) activate gt, which localizes to two broad
326  stripes, one towards the anterior and one towards the posterior pole of the embryo

327  (reviewed in (Jaeger 2011)). Given this knowledge, we hypothesized that gap genes

328 interacting with gt could be additional candidates contributing to inviability in mel/san
329  hybrids.

330 Even though gt is involved in generating abdominal ablations, hybrids with no
331  functional gt allele also show abdominal ablations but at lower frequency (Figure 3B,
332 (Matute and Gavin-Smyth 2014)). This means that other alleles in the genome are

333 involved in producing the maladaptive trait. We introgressed a g/’ allele into the

334 background of 200 DGRP (Drosophila Genetic Reference Panel) lines (Figure S14) to
335  assess whether autosomal variants segregating within mel, other than those in gt,..;, would
336  affect the frequency of abdominal ablations in hybrids. Using GWAS, we found a strong
337  association between a 75.7kb haplotype in 3L which harbors nine genes: cindr,

338 CG15544, tll, Cpri004, CG15545, CG15546, CG15547, CG12071, and Sap-r (Figure 4).
339  Of these nine, the only gene known to interact with gt is #/1.

340 To determine whether the two genes interact genetically in causing HI, we

341  generated double mutant females carrying loss of function mutations of g¢ and ¢//

342 (gtX!/FM7::GFP, tllne*°"/TM3 Ser Sb) and crossed them to san males. First, we scored
343  whether the presence of #//,..; had any effect on hybrid female viability by itself. We

344  found no effect of t//,..; in hybrid female viability in an otherwise heterozygote F1
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345  background (FM7::GFP /Xsan, tlne'“F/35vs. FM7::GFP /Xsan, TM3 Sb /3san; Table 3).
346  Next, we scored whether the presence of #//,..; had an effect on hybrid female viability in
347  a gtwer*!! background. Hybrid mel/san females that have only a functional copy of gtsun
348  (i.e., carry a gtwe*'! allele) and are hemizygous for #// (i.e., only have /ls,) are more

349  likely to survive to adulthood than gt,..*'/-carrying females and a functional ¢/,

350 (gtmer ™/ Xsan, e/ 35anvs. gt /Xsan, TM3, Sb /3san Table 3A). These results suggest
351  that while removing t/l,; on its own has no major effect on HI, removing both g#,..; and
352 tllne has a positive effect in viability that is larger than removing either allele

353  individually.

354 tllner also has a role in the frequency of abdominal ablations. Abrogating #//,,e; in a
355  gtme/gtsan background has no detectable effect in the frequency of abdominal ablations in
356  hybrid males or hybrid females with a functional copy of gtmer (FM7/Xsan, tlmer"°TF/3sanvs.
357  FM7/Xsan, TM3 Sb /3san, Table 3B and 3C). In a g™’ background, abrogating t/le:

358  decreases the proportion of male and female embryos showing abdominal ablations

359  (Table 3). These results suggest —just as occurs with female viability— the absence of
360  gtme and tllne together has a larger positive effect than the absence of each allele

361 individually. Table S9 shows similar analyses with a different ¢// loss-of-function allele.
362  Notably, in the conspecific crosses and the three possible interspecific crosses between D.
363  melanogaster females and males from other species, gtmer"! and tlly./'°"F have no effects
364  on viability (Table S10).

365 Finally, we tested the effect of disrupting the #//s4, in hybrids. /., did not
366  rescue tne/'°FF in hybrids. In mel/san hybrids, the tll;."**! deletion had no effect on
367  female viability when tested in hybrids with multiple me/ backgrounds (Table S11). This
368  result suggests that removing tl//s., in mel/san hybrids has no effect on hybrid viability in
369  an otherwise heterozygote hybrid background. Next, we tested the effect of /s, /*R¢? in
370  the null-gtmel, gtmer*’! background. We find that the #//,., deletion does not improve

371  viability in gtme*!!-carrying mel/san females either (Table S12). These results suggests
372  that even in the absence of a functional gt allele, removing #//;a, has no effect on hybrid
373  female viability. Since the reciprocal deletion (removing #/l..; and exposing the #//san

374  allele) does improve female hybrid viability in gt..*'/-carriers, these results indicate that

375  the presence of t//,e1, but not of tlls.s, 1s involved in the HI of mel/san female hybrids.
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376

377  Molecular Evolution

378 Gap genes gt and ¢/l have phylogenetically conserved roles in pattern formation,
379  as evidenced by their functionally conserved outputs in blastoderm embryos of distantly
380 related Drosophila species (Hare et al. 2008a) and beyond (Bucher 2004; Wilson et al.
381  2010). Yet, they have diverged sufficiently between mel and san such that they

382  malfunction in hybrids. We therefore conducted analyses to assess the patterns and

383  mechanism of divergence of the g¢ coding sequence in the melanogaster species

384  subgroup and across the Drosophila genus.

385 Both gt and ¢/l are highly conserved in their coding regions. The bZip domain that
386  confers Gt protein its ability to bind DNA is highly conserved across animals (Nitta et al.
387  2015) and shows no fixed differences among Drosophila species (Figure S15, Chang et
388 al. 2021). Gt shows only thirteen single amino acid substitutions in the melanogaster

389  species subgroup (Figures S15 and S16), six of which occur on the branches connecting
390  mel and san. Giant also contains three low complexity regions (including polyQ) that
391  show extensive variation both within and between species (Figure S17). ¢// is also

392  conserved in the melanogaster species subgroup, only four residues differ between the #//
393 alleles in the yakuba clade and the melanogaster clade: Val509Asp, Argl118Lys,

394  Ser1208Thr, Leul246Met (Figure S18). Only Val509Asp represents a change in the type
395  of amino acid (a change from a nonpolar to an acidic residue).

396 We also investigated whether substitutions in these two genes might have been
397  driven by adaptive evolution. Both genes, gt and ¢//, fall within the slowest-evolving

398  quantile of genes comparing mel with yak or san (25% and 10% respectively) and, noting
399  the limited power to detect selection as a result, show no signature of accelerated

400  evolution (Table S13).

401 DMI partner(s) of g¢™! is (are) unique to the D. santomea lineage

402 The phylogenetic occurrence of developmental defects provides an additional
403  hypothesis to test: we next evaluated whether the unknown genetic element(s) in the D.
404  santomea genome that must interact with gt,e;and tll e (gtsim) to cause HI are also

405  present in D. teissieri (a close relative of D. santomea, Figure 1A). The crosses $mel x
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Stei, Qsim x Jtei and Qmel x J'tei all produce viable adult females and males that die as
late larvae/early pupae. Little embryonic lethality is observed in any of these two crosses
and the rare embryos that die do not show abdominal ablations (Figure 1E, Figure S1).
All D. teissieri lines showed similar levels of viability in each cross (Figure S19). These
results suggest that at least one of the partners of this incompatibility is specific to san,

and evolved after san and tei diverged.
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414  DISCUSSION

415  Hybrid inviability is a strong barrier to gene exchange between species. While it is clear
416 that this trait is often caused by epistatic interactions between alleles from different

417  species, few examples have been identified to the gene level. Here, we identified two
418  genes, gt and t//, which contribute to HI in hybrids between two Drosophila species. The
419  two genes belong to the gap gene network, a highly conserved pathway that is in charge
420  of establishing embryonic polarity in insects (Bucher 2004; Goltsev et al. 2004; Hare et
421  al. 2008a; Wilson et al. 2010; Crombach et al. 2014; Wotton et al. 2015; Crombach et al.
422 2016). The mel alleles of these two genes are necessary and sufficient to cause a male
423  abdominal ablation phenotype that is particularly common in hybrid males of the cross.
424  We also find support for a third (or even more) elements that are exclusive to D.

425  santomea and remain unidentified. Additional members of the gap gene network must
426  have functionally diverged between the two species and contribute to HI. These are not
427  the only alleles that contribute to inviability in the cross but are sufficient to cause the

428  abdominal ablation defect that is particularly common in hybrid males of the cross (Gavin-

429  Smyth and Matute 2013; Matute and Gavin-Smyth 2014).

430 The involvement of g#,..; and #ll,., in HI indicates that one or more features of their

431  function have diverged between relatively closely related species, despite their borad

432  conservation across the Diptera ((Goltsev et al. 2004; Hare et al. 2008a; Crombach et al. 2014,
433  Wotton et al. 2015); but see (Garcia-Solache er al. 2010; Janssens et al. 2014; Crombach et al.
434 2016)), bees (Wilson et al. 2010) and beetles (Bucher 2004; Cerny et al. 2008). Our results

435  confirm speculation that HI can arise in phylogenetically conserved gene networks regulating
436  development (True and Haag 2001; Ludwig et al. 2005; Schiffman and Ralph 2021). The

437  involvement of gt.. and fll,.., in HI suggests that their function has diverged across Drosophila
438  species. Consistent with this result, precise gene replacements have also shown that gt alleles
439  from different species vary in the ability to complement in a D. melanogaster background (Chang
440 et al.2021). Natural selection has driven the evolution of regulatory elements of many

441  developmental genes in Drosophila which has led to a rapid turnover (Hare et al. 2008a; b; He et
442  al.2011; Ni et al. 2012). Yet, neither g nor #ll show signatures of positive selection in their

443 coding sequences. Our results also suggest that the evolution of the different components

444 involved in the DMI occurred at different times and is unlikely to have had any role on

445  speciation. The deleterious effects caused by gt seem to be common to D. melanogaster and
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the species in the D. simulans clade, suggesting that the allele necessary for the
incompatibility evolved before these species split between three and five million years
ago (Tamura et al. 2004; Suvorov et al. 2021). Because the presence of g™ has no
quantifiable viability effect in mel/tei hybrids, at least one of the genetic factor(s) that
interact with g¢ to cause abdominal ablation in hybrid embryos must have arisen after
D. santomea and D. teissieri split between 1 and 2.5 million years ago (Bachtrog et al.
2006; Turissini and Matute 2017). An alternative divergence scenario is that at least one
of the genetic components of the DMI evolved in the fei branch to suppress HI.
Regardless of which of these two scenarios is correct, the components of the DMI must
have evolved at different times in the two lineages, and the interactions with giant that
cause abdominal ablation could not have been involved with any speciation event in the
melanogaster species subgroup (Figure S11). Instead, these loci must have evolved
independently in each lineage, accumulating differences as the genomes diverged after
speciation, a scenario in accord with the Dobzhansky Muller model (Dobzhansky 1937;
Muller 1942; Coyne and Orr 2004; Matute et al. 2010; Moyle and Nakazato 2010; Wang
et al. 2015). Mapping the allele(s) that interact with gz and ¢/l in the D. santomea

genome is the next step in describing how genomic divergence creates hybrid defects.

Previous comparative analyses of gap gene expression in dipterans indicates gene
network evolution in spite of a conserved developmental phenotype (Wotton et al. 2015),
which suggests continual fine-tuning of the genetic interactions in the gap gene network
within species. Coevolved compensatory changes have been proposed to cause HI in
instances in which the phenotypic output of a gene network is under moderate stabilizing
selection (Kondrashov et al. 2002; Johnson and Porter 2007; Tulchinsky et al. 2014;
Mack and Nachman 2017). Molecular functional evolution without phenotypic change, or
developmental systems drift, has been hypothesized to underlie hybrid breakdown
involving canalized traits such as embryogenesis and gametogenesis (True and Haag
2001). The HI involving gt,..; and ¢ll,,., may exemplify compensatory changes resulting in
a stable phenotype when comparing pure species, but in an aberrant phenotype in

hybrids.
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475 The introduction of a developmental genetics perspective to speciation studies has
476  the potential to shed new light on the study of hybrid inviability (Cutter and Bundus

477  2020). Hybrid inviability is a natural experiment to test genetic interactions between

478  diverging genomes: the molecular interactions that go awry in hybrids reveal

479  evolutionary divergence of the genes involved, or the timing, location, or amount of their
480  expression (Mack and Nachman 2017). The interactions between gtyei, tlle; and the

481  unknown factors in the genome of D. santomea, had nothing to do with setting the

482  speciation process in motion in the melanogaster species subgroup. They are also not
483  involved in currently keeping species apart as D. melanogaster and D. santomea do not
484  naturally hybridize. The results shown here should be viewed in the broad context of
485  genome divergence and how genomes keep evolving long after speciation has occurred.
486  This represents a path forward in terms of how to think about stability vs. change of

487  different functional units within the genome and different developmental processes. The
488  identification of giant and ¢/l as genes involved in HI is the first indication that genes
489  involved in early embryonic development, a canonical example of a conserved

490  developmental process, functionally co-evolve at a pace sufficient to cause hybrid

491  inviability.

492
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493  FIGURE 1. All the X chromosomes from the mel supercomplex cause inviability in
494  mel/san hybrids but not in mel/tei hybrids. Unlike pure species (A. D. santomea; B. D.
495  melanogaster), F1 mel/san hybrid males show abdominal ablations (C). The nature of the
496  defect in these hybrid males is identical to that seen in sim/san and mau/san hybrid males.
497  Females from the same cross also show such ablations but more rarely and the majority
498  of dead embryos show a complete abdomen (Figure S8). Hybrids between females from
499  the melanogaster supercomplex and D. feissieri males show little embryonic lethality and
500 among the few dead embryos there are no abdominal ablations (e.g., D. mel/tei hybrid
501  male). The viability of each genotype is shown in Figure S1. E. Phylogenetic

502  relationships between the species of the melanogaster species subgroup. The heatmap
503  shows the relative occurrence of abdominal ablations in hybrid males. White: common,

504  grey: absent. Black: pairs with complete behavioral isolation.
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506 FIGURE 2. A D. melanogaster X-chromosome haplotype that encompasses gr" is
507  associated with hybrid inviability and abdominal ablations in Q D. melanogaster/3
508  D. santomea hybrid males. A. Genome-wide association study of the genetic causes of
509  hybrid inviability in mel/san hybrids (both sexes pooled) using segregating variation
510  within D. melanogaster. A haplotype of 54kb in the tip of the X-chromosome is strongly
511  associated with the presence of abdominal ablations. The haplotype harbors six genes:
512 CG32797, gt, tko, boi, z, and trol. B. Genome-wide association study of the genetic

513  causes of abdominal ablations in mel/san hybrids (both sexes pooled) using segregating
514  variation within D. melanogaster. A haplotype of 54kb in the tip of the X-chromosome is
515  strongly associated with the presence of abdominal ablations. The haplotype harbors six
516  genes: CG32797, gt, tko, boi, z, and trol. Green: insertions, blue: deletions, red: SNPs,
517  purple: multinucleotide polymorphisms. Green: insertions (INS), blue: deletions (DEL),
518  red: SNPs, purple: multinucleotide polymorphisms (MNP). C. We introduced small X"
519  pieces attached to Yo to identify X,.¢-linked alleles that cause hybrid inviability in in
520  mel/san hybrids males. For all Dp(1,Y) duplications, we evaluated at least 50 embryos
521  per cross were for viability. For Dp(1;3) duplications, we evaluate between 20-56

522 embryos as C(1) DX, Dp(1,3)/ Dp(1,3) are weak. We narrowed down the allele that

523  causes HI to an interval of X" comprising 3A3 which only contains giant. White bars
524  show duplications with no abdominal ablations. The light grey bar shows a duplication
525  with a moderate rate of abdominal ablations; dark grey show duplications with high

526  levels of abdominal ablations. D. Relative frequency of abdominal defects in five

527  different hybrid genotypes from D. melanogaster and D. santomea crosses. Pure species
528  embryos show no abdominal defects and show little embryonic lethality. mel/san hybrid
529  males (X™¢//Y*") frequently show a lethal characteristic abdominal ablation (red points)
530  that is also present in some mel/san hybrid females (blue points). The reciprocal mel/san
531  hybrid males (X***/Y"") routinely survive and the few embryos who die do not show
532  abdominal ablations (red points). X**"/¥Y"¢! males carrying X-Y translocations [i.e.,

533 Dp(1;Y) in blue and Dp(1,Y) in red] that harbor g¢"¢ also show this lethal ablation. Dp1:
534 Dp(1;Y)BSC78 (stock 29802); Dps: Dp(1;Y)BSC79 (stock 29803). A map showing the
535  frequency of abdominal defects caused by multiple X translocation is shown in Figure

536  S2.
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FIGURE 3. giant" causes HI and abdominal ablations in mel/san females. A.
Deficiency mapping and null-allele mapping revealed that giant also causes hybrid
inviability in hybrid females. Grey: deficiencies that increase viability of mel/san F1
hybrid females (Significant linear contrasts, P < 0.05 after multiple comparison
corrections). White: deficiencies that do not increase viability. B. When females fail to
hatch, it is not uncommon for them to be abdominally ablated. The presence of gtye:
increases the frequency of abdominal ablations. C. Relative gtner’/Xsan female viability
(i.e., proportion of gt carriers in hybrid crosses) in twenty D. santomea isofemale
lines. Boxes in the boxplot are ordinated from the lower median (left) to the highest
(right). S1: SYN2005; S2: sanCAR1490; S3: sanCOST1250.5; S4: sanCOST1270.1; S5:
sanOBAT1200; S6: sanOBAT1200.2; S7: sanRain39; S8: sanCAR1600.3; S9:
Carv2015.1; S10: Carv2015.5; S11: Carv2015.11; S12: Carv2015.16; S13: Pico1680.1;
S14: Pico1659.2; S15: Pico1659.3; S16: Amelia2015.1; S17: Amelia2015.6; S18:
Amelia2015.12; S19: A1200.7; S20: Rain42.
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FIGURE 4. A D. melanogaster third-chromosome haplotype that encompasses #// is
associated with the prevalence of abdominal ablations in gr¥’/ mutants. Association
study of autosomal genetic variants associated with the frequency of abdominal ablations
in gr¥//X*" hybrids using segregating variation within D. melanogaster. A haplotype of
54kb in the tip of the X-chromosome is strongly associated with the presence of
abdominal ablations in both males (A) and females (B). Each panel shows a different
chromosome arm. The haplotype 9 genes: cindr, CG15544, tll, Cpri004, CG155435,
CG15546, CG15547, CG12071, and Sap-r. Of these nine, t// is the only one known to
interact with gz. Green: insertions, blue: deletions, red: SNPs, purple: multinucleotide

polymorphisms.
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568 TABLE 1. The coding region of gt...: causes embryonic lethality in mel/san hybrids.
569  All gt proteins were tagged with eGFP. We used a 2-sample test for equality of

570  proportions to compare the proportion of dead embryos in mel/san gtmer"!, gtmeimel

571  carriers with the other three transgenes. df=1 for all tests.

Allele Non-coding | Coding | Hatched | Dead Relative 1 P
Embryos | Embryos | Embryonic
Lethality
Gtmel-mel | mel mel 40 17 0.298 NA NA
Glsan:mel | San mel 66 20 0.303 0.467 0.495
Ztmel:san | mel san 90 10 0.100 8.676 3.22x 1073
Slsan:san | San san 51 4 0.091 7.922 4.88 x 1073

572

573  TABLE 2. The coding region of gt.. causes female inviability in hybrid mel/san

574  females. The coding region of while gt increases female hybrid viability. We used a y?
575  test to compare the number of females carrying the transgene and those without it. df=1

576  for all tests.

Allele Non- Coding | F; females | F1 females Relative 1 P
coding with a gt with a 3a Hybrid
transgene chromosome Viability
&lmel-mel mel mel 86 116 0.741 4.455 | 0.035
Zlsan:mel san mel 143 188 0.761 6.118 | 0.013
&lmel:san mel san 173 180 0.961 0.139 | 0.710
Gtsan:san san san 81 56 1.45 4.562 | 0.033

577

578  TABLE 3. tll,..: exacerbates the defects caused by gt,..; in mel/san hybrids. A.

579  Females that carry functional gt and ¢/l alleles are more likely to die than females
580  that carry an abrogation of gz, (regardless of the genotype at #//) or that carry a

581  functional gtne and a null allele of tll,.... Tests with a different #// loss of function allele



582
583
584
585
586
587
588
589

590
591

show similar results (Table S6). B. mel/san hybrid males with functional copies of gtme
and tll,e; are more likely to show abdominal ablations than hybrid males with an
abrogated copy of #//..;, an abrogated copy of gtu.;, or abrogated copies of both. C.
Similar to males, mel/san hybrid females with functional copies of gt and t//,e; are
more likely to show abdominal ablations than hybrid males with an abrogated copy of
tllner, an abrogated copy of gtmel, or abrogated copies of both. In all three cases, we used a

x° proportion test for the two pairwise comparisons.

A. Female hybrid viability

FM7; FM7; Gtmer™!; /Xsan; Gtmer™; /Xsan;
sqh: :mCherry/Xsan, sqh: :mCherry/Xsan, | TM3, Act::GFP, e /3500
TM3, Act::GFP, Hlne"FT/ 3 an Ser/3san

Ser/3san

43 51 97 153
121=0.681, P=0.409 1=12.544, P=3.975 x 10

B. Proportion of male embryos showing abdominal ablations (100 embryos each)

FM7; FM7; Gtmel™; /Ysan; Gtmer™; /Ysan;
sqh: : mCherry/Ysan; sqh::mCherry/Ysan; | TM3, Act::GFP, e /3500
TM3, Act::GFP, Hlne"FT/ 3 san Ser/3san

Ser/3san

94 88 23 9

1= 1.526, P=0.217 1= 6.287, P = 0.012

C. Proportion of female embryos showing abdominal ablations (100 embryos each)

FM7; FM7; Gtmer™!; /Xsan; Gtmer™; /Xsan;
sqh: :mCherry/Xsan, sqh: :mCherry/Xsan, | TM3, Act::GFP, tHlne"TT /350
TM3, Act::GFP, Hlne"FT/ 3 an Ser/3san

Ser/3san

48 35 16 6

1= 2.966, P=0.085 1= 4.137, P=0.042
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species complex.

TABLE S2. Hybrids between D. melanogaster females and D. simulans and D.
mauritiana show no abdominal ablations or embryonic lethality.

TABLE S3. Mutant stocks used in this study

TABLE S4. C(1)DX, Dp(1;3)/TM3 lay few eggs are thus not ideal to measure the
magnitude of HI in crosses with D. santomea.

TABLE S5. The cross involved a gt,./X'//FM?7 female and a male hemizygote for the
duplication.

TABLE S6. Isofemale lines from 4 species used to assess whether HI in mel/san
hybrids was a species-specific phenomenon or a line specific phenomenon.

TABLE S7. Complementation mapping using loss-of function and hypomorphic
alleles show that g mutants are the only alleles in cytological region 3A3 that lead to
an increase of female viability in mel/san hybrid.

TABLE S8. The gt-vector does not carry extraneous elements that rescue the
viability of D. melanogaster gtu./X''-carriers.

TABLE S9. Confirmation that #/"¢ exacerbates the defects caused by gr" in
mel/san hybrids using a different #// mutant.

TABLE S10. Double mutant analysis of survival in hybrids between D. melanogaster
females and three males from four different species (D. melanogaster, D. simulans,

D. mauritiana, and D. teissieri).

TABLE S11. A #ll,, %R has no effect on HI in crosses between mel females from
four different backgrounds.
TABLE S12. Abrogating the tll;,, allele has no viability effect in gt/ mel/san

hybrids.
TABLE S13. gt and ¢/l are slowly evolving genes as measured by the rate of
aminoacid substitutions.

TABLE S14. Sequencing details and coverage for all the lines included in this study.

SUPPLEMENTARY FIGURES.

FIGURE S1. Xy, Xsim and Xuau cause abdominal ablations in hybrid males with D.
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santomea.

FIGURE S2. Crossing design to assess whether small piece of the X cause hybrid
inviability and abdominal ablations.

FIGURE S3. Frequency of abdominal ablations caused by the X" translocations
shown in Figure 1 in X**/Y"¢ hybrid males.

FIGURE S4. The presence of gr"* causes HI in mel/san hybrids produced with all D.
santomea lines but the magnitude of the inviability varies.

FIGURE SS5. Crosses between D. melanogaster females harboring Dp(1;Y)
duplications and males from the simulans species group (D. mauritiana, and D.
simulans) show no evidence of male embryo lethality or abdominal ablations.
FIGURE S6. Crosses between D. melanogaster females harboring Dp(1;Y)
duplications and males from different lines of D. melanogaster show no evidence of
male embryo lethality or abdominal ablations.

FIGURE S7. Hybrid male embryos carrying a gtw.\'! D. melanogaster allele show a
variety of developmental defects.

FIGURE S8. mel/san hybrids carrying a D. melanogaster chromosome and null
alleles for boi, trol, or tko show similar levels of hybrid viability, embryonic lethality,
and abdominal ablations at the same rate than FM7::GFP/san.

FIGURE S9. The X-chromosome balancer has no effect on the quantification of
hybrid inviability in mel/san hybrid females.

FIGURE S10. Frequency of abdominal ablations in each deficiency cross shown in
Figure 2.

FIGURE S11. gr" has no effect on the viability of mel/tei, mel/mau, and mel/sim
hybrid females.

FIGURE S12. g™ has no effect on the viability of D. melanogaster F1 females.
FIGURE S13. gt transgene, removable piggyBac cassette design and crossing
schemes involving g7 transgenes.

FIGURE S14. Introgression of the FM7::GFP and gr*'! alleles into 200 lines of the
DGREP lines.

FIGURE S15. gt alleles from six different species in the melanogaster species




690
691
692

693
694

695
696

697
698
699
700
701

702
703

complex.

FIGURE S16. Maximum-likelihood ancestral sequence reconstruction of GT
protein, excluding polyQ.

FIGURE S17. The polyglutamine repeats (polyQ) show differences among the
melanogaster subspecies complex species.

FIGURE S18. 7l alleles from six different species in the melanogaster species
complex.

FIGURE S19. Embryonic hybrid inviability does not occur in mel/tei hybrids.
FIGURE S20. Divergence in giant in the melanogaster species subgroup.

FIGURE S21. Experimental design to generated a GFP-mediated disruption of #//,....
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METHODS AND MATERIALS
1. STOCKS

1. 1. Drosophila melanogaster mutants

With two exceptions (see 1.1.2. ¢/l alleles and 1.1.5. gt transgenics), all D. melanogaster

mutant stocks used in this study were originally obtained from the Bloomington Stock

Center (BSC) and are listed in Table S1.

1.1.1.

1.1.3.

gt alleles. We obtained multiple g mutant alleles from BSC but we focused on a
null allele: gt (' sc! gt¥/FM6; BDSC stock #1529). The gtmeX has a
frameshift mutation that abrogates the bZIP DNA-binding domain (Chang et al.
2021). First, we confirmed that this stock did not complement a deficiency of
giant (Df(1)Exel6231; BDSC stock #7706) and verified gt*'! was indeed a loss-of
function allele. To differentiate between embryos carrying the gt allele or the
balancer, we rebalanced each stock with a FM7 Actin::GFP to allow for

genotypic distinctions in all further crosses.

. tll alleles. We used two t/l,.; alleles. The first one was a loss-of-function allele of

tI: tlI" which was procured from the Bloomington Stock center (st! e’ tll'/TM3,
Sb!; BDSC stock #2729). We also obtained a CRISPR-mediated #//,,.; GFP
disruption: 11 “S*P. Construct design, construction were performed by Rainbow
Transgenics (Camarillo, CA). The design for the disruption is shown in Figure
S21. The construct was then injected into a y w///® D. melanogaster stock. 105
larvae were injected and one showed a GFP integration. Heterozygote
transformants were identified by the GFP marker. These heterozygote flies (¢// e
AGEP/411™) were then crossed to a TM3, Sb/TM6B stock to obtain tllue " /TM3, Sb
flies.

Attached-X stocks. We used two different attached-X stocks: C(1)RM and
C(1)DX. These two stocks differ in the way that the two X-chromosomes are
attached to each other. C(1)RM, or reverse metacentric, is a fusion of the X-
chromosomes joint at their heterochromatic regions (Lindsley and Zimm 1992).
C(1)DX is a fusion of X-chromosomes with a reverse acrocentric fusion (Lindsley

and Zimm 1992). These chromosomes are a fusion of two X-chromosomes with
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the centromere at one end and the two joint X chromosomes fused in opposite

directions.

. X-Y translocations. (Dp(1,Y)) duplications and deficiencies are described below

in sections 2.2 and 2.3 respectively.

gt transgenics. We generated gt alleles that carried either the non-coding region
and coding region of gtue and gtsn using the phiC31 targeted transgene
integration system. Our goal was to generate four transgenes: one with the mel
non-coding and coding sequences, one with the san non-coding and coding
sequences, one with the mel non-coding sequences and the san coding sequence,
and one with the san non-coding sequences and the mel coding sequence. The
protocol to generate g¢ chimeric allels is described elsewhere (Chang et al. 2021).
Briefly, the gt transgene contains a 1.422kb interval encoding the gt protein
(CDS), ~25kb of flanking non-coding DNA. The corresponding orthologous
whole-locus gt from D. santomea, gt**"**" is approximately ~27kb in length,
containing 1.43kb coding region and ~26kb non-coding sequence. To generate the
transgenics, we used long-range PCR and amplified DNA fragments of
approximately 5kb. Besides the coding and non-coding elements described above,
we included two additional tags on each transgene. First, we included a piggyback
insertion on the 5° UTR of each chimeric allele. Second we included an eGFP tag
at the C-terminus. We used Sanger sequencing to verify the amplification had
introduced no extraneous mutations. Figure S13 shows a scheme with the
transgene design. These segments were then merged using Gibson assembly
(NEB E2611, (Gibson et al. 2009)) to generate all transgenics. Injections of the
transgenes were done by GenetiVision (Houston, TX). The piggyback insertion
was removed by crossing to a by crossing the transformed lines to a line
expressing a PiggyBac transposase ((Thibault ef al. 2004), BDSC stock #8285).
While the transgenic flies with the piggyback insertion do not rescue viability a
gtmer™!! mutant (Table S8), the lines with the excised insertion do rescue viability,
at least partially (Table 3). Please note that the san gt locus has a single short
intron, 75bp and 71bp for g™ and g*", respectively, with identical intron-exon

splice junction sequences. Although we cannot rule out the possibility that the
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small ~70bp intron region of gt CDS may contribute to the functional divergence
between g™ and gr**", it is unlikely as this intron region does not harbor any
known regulatory elements that might significantly affect gz expression. To
compare the proportion of inviable embryos across genotypes we used 2-sample
tests for equality of proportions with continuity correction as implemented in the

R function prop.test (library stats, (R Core Team 2016).

1. 2. Other species stocks.

Initial surveys of HI alleles used outbred lines (i.e., lines derived from combined

individuals from several isofemale lines) for interspecific crosses. In this report, we used

isofemale lines collected in nature. This allowed us to survey whether HI was a line-

specific or a species-wide phenomenon.

1.2.1

Isofemale lines. For interspecific crosses involving D. melanogaster
Gtmel'/FM7::GFP and D. melanogaster df{BSC)/FM7::GFP we used 25 D.
santomea isofemale lines collected in the island of Sdo Tomé. We also quantified
hybrid viability for hybrids from hybrids between females from these two D.
melanogaster mutant crosses with 25 D. mauritiana, 25 D. teissieri, and 25 D.

simulans lines. All lines, including their collection details, are listed in Table S6.

1.2.2. Other mutant stocks. Finally, we used five mutant stocks from three other species

from D. melanogaster. Attached X stocks from D. simulans (y w, (Coyne 1985)
reviewed in (Presgraves and Meiklejohn 2021)) were donated by D. Presgraves.
Attached X from D. yakuba (y) were produced by J. Coyne (Coyne et al. 2004).
Attached X from D. santomea (gn) were donated by A. Llopart (Coyne et al.
2004; Turissini et al. 2015; Llopart et al. 2018). yellow stocks from D. simulans,
and D. mauritiana were obtained from the San Diego stock Center (now Cornell

Stock Center).

2. INTERSPECIFIC GENETIC CROSSES

2. 1. Wild-type crosses
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Pure species males and females of each species were collected as virgins within 8
hours of eclosion under CO; anesthesia and kept for three days in single-sex groups of 20
flies in 30mL, corn meal food-containing vials. Flies were kept at 24°C under a 12 h
light/dark cycle. On day four, we assessed whether there were larvae in the media. If the
inspection revealed any progeny, the vial was discarded.

On the morning of day four after collection, we placed forty males and twenty
females together at room temperature (21°-23°C) to mate en masse on corn meal media.
To produce hybrid adults, vials were inspected every five days to assess the presence of
larvae and/or dead embryos. In order to maximize the lifespan of the parental, we kept all
the vials laying on their side. We transferred all the pure species adults to a new vial
(without anesthesia) every five days. This procedure was repeated until the cross stopped
producing progeny (i.e., females were dead). Once Lo larvae were observed in a vial, we
added a solution of 0.05% propionic acid and a KimWipe (Kimberly Clark, Kimwipes
Delicate Task, Roswell, GA) to the vial. We counted the hybrids as they hatched by
anesthetizing them with COa.

To quantify embryonic lethality, we mixed males and females as described above
in a 30mL plastic vial with corn-meal or molasses food. After two days, we transferred
the adults from the vials that showed larvae to an oviposition cage with apple juice media
and yeast. The plates were inspected every 48 hours for the presence of viable eggs. To
quantify embryonic lethality, we counted the number of egg cases (viable embryos) and
the number of brown eggs (dead embryos) in each oviposition cage. Rates of embryonic
lethality were calculated as the proportion of brown eggs over the total number of eggs.
For all interspecific crosses within the yakuba species complex (D. santomea, D. yakuba,
and D. teissieri), we only used lines that have been shown to be infected by Wolbachia
(wB) to minimize any possible effect of endosymbionts on hybrid inviability (Cooper et

al. 2017).

2. 2. Genome wide association studies (GWAS)

2.2.1. Hybrid inviability GWAS. We identified polymorphisms segregating in D.

melanogaster associated with hybrid inviability and penetrance of abdominal ablations in
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mel/san F1 hybrids. We leveraged the Drosophila Genetic Reference Panel (DGRP)
genotype information (MacKay et al. 2012; Huang et al. 2014) to identify variants within
D. melanogaster associated with the presence of abdominal ablations when crossed to D.
santomea males. In total, we used 200 D. melanogaster lines, all of which are listed in
Table S1. In order to identify SNPs associated with abdominal ablations in hybrids, we
mated females from each of the D. melanogaster lines with D. santomea males following
the procedure described in 2.1 (immediately above). The response phenotype was the
percentage of larvae that showed abdominal ablations (scored as described above).

We submitted the percentage of ablated embryos of the 200-line study, not sexed,
to the web portal dgrp2.gnets.ncsu.edu for analysis. Since we could not differentiate
between female and male embryos (DGRP lines do not carry a y- marker), we collected a
single ablation score per line, combining the two sexes. Associations between the
phenotype (i.e. percentage of ablated embryos) and genome wide polymorphisms within
D. melanogaster were calculated by the DGRP algorithm, using a linear mixed model,
which accounts for any effects of Wolbachia infection, common polymorphic inversions,
and cryptic relatedness in the DGRP lines, as described in detail in (MacKay et al. 2012).
This GWAS incorporates information from 1.9 million SNP variants. The genome-wide
significant threshold at the 5% significance level was determined after a Bonferroni
correction for multiple testing (Johnson et al. 2010) and adjusting the critical P-value for

significance to as 2.60 x 10® (0.05/1,900,000).

2.2.2. GWAS restricted to the autosomes. Next, we assessed if any of the autosomal
segregating variants in the DGRP modified the effects of gtne/*’!. To this end, we
introgressed an FM7::GFP balancer and the null allele of giant, g/’ into 200 lines
from the DGRP. The introgression protocol is shown in Figure S18 and involved
introgressing FM?7::GFP (10 generations of backcrossing) by following the Bar and GFP
markers of the balancer (Figure SI8A). On generation 11, and for each DGRP stock,
gtme!!/FM7 females, were crossed to a male from each of the DGRP stocks that carried a
FM7:GFP (from the first round of introgression). F1 females with yellow mouth parts
carried gtmer"!! and FM7::GFP and were again crossed to DGRP males carrying
FM7:GFP. This procedure was repeated for 10 generations (Figure S18B). The result
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from this crosses was having FM7::GFP/ymer gtmer"! in 200 different genetic
backgrounds.

Next, we assessed the effects of the different DGRP genetic backgrounds on the
penetrance of gtwe'! in mel/san hybrids. We crossed females from each of these 200
stocks to D. santomea sanCAR1600.3 males. We separated the progeny into four
different categories. Females have black mouthparts (i.e., FM7::GFP/Xsan and ymer
Gtmer ™ /Xsan; Vsan T€SCUE Yimer); males (either FM7::GFP [Ysan OF Yl tmer"'!/ Ysan) have
brown mouthparts. Balancer carriers (i.e., FM7::GFP/Xsan and FM7::GFP/ Ysa,) have a
GFP marker. The goal of this experiment was to find autosomal factors that would affect
the frequency of abdominal ablations in a gt/ background in both females and males;
we scored the percentage of ablated embryos in ymer @tmer™ !/ Ysan males and yimer gtmer"!/
Xsan hybrid females apart. Because of the experimental design (introgression of a full yer
gtmer™!! X-chromosome on multiple autosomal backgrounds), we did not study possible X-
linked modifiers of the penetrance of gtme’!. Association mapping was done as described
immediately above but splitting the two sexes and excluding markers from the X-

chromosome (section 2.2.1. Hybrid inviability GWAS).

2.3. Duplication mapping.

Duplication mapping identifies dominant (or semidominant) alleles in the D.
melanogaster X-chromosome (X™¢) that cause inviability in hybrids resulting from
interspecific crosses. The technique uses stocks provided by Bloomington Stock Center
in which segments of the X-chromosome have been duplicated and attached to the Y-
chromosome by BAC recombineering (Venken et al. 2010). We used two classical
Drosophila techniques—attached-X females (described in section 1.1.2), and X-Y
chromosome fusions—to finely characterize the identity of HI alleles in the Xe:.
Drosophila melanogaster attached-X females carry two X-chromosome fused together
which carry recessive alleles for easy identification. We used two genotypes of attached-
X females: C(1)DX and C(1)RM. Unless otherwise noted, all crosses used C(1)DX. These
females can carry a Y chromosome and remain morphologically female. When these
females carry both an attached-X and a Y chromosome, they produce attached-X gametes

and Y. gametes.
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Previous experiments have shown that when C(1)DX (or C(1)RM) females are
crossed with D. santomea males the only viable genotype are F; hybrid males with
genotype Xsan Ymer (Figure S1, (Matute and Gavin-Smyth 2014)). Drosophila
melanogaster C(1)DX females can also be crossed to D. simulans (Orr 1993), D.
mauritiana (Cattani and Presgraves 2012), and D. feissieri. In the first two cases, the
cross produces viable hybrid males with an X-chromosome from the father, and a Y. In
the cross with D. teissieri males, C(1)DX females produce viable larvae from both sexes
that die before molting into pupae.

We addressed whether the introduction of small pieces of X in mel/san hybrid
males cause HI. We used a panel of small X,..-chromosome fragments attached to the Y-
chromosome [Dp(1,Y)] that tilled the cytological bands 2, 3 and 4 in the X-chromosome
(12 duplications). These segments also carry two phenotypic markers: yme*, and Bar.
Despite the multiple genetic modifications these stocks carry, the viability of these
crosses has been validated with several lines of wild-caught D. melanogaster (see below,
Section 3. Intraspecific crosses: dosage effects).

Since the procedure to produce interspecific hybrid males for the four species (D.
santomea, D. teissieri, D. mauritiana, and D. simulans) is identical, we only describe the
protocol for only one of them, D. santomea. We crossed attached-X"¢ females [C(1)DX]
to D. melanogaster Dp(1;Y) males that carry small fragments of X,.; on their Y-
chromosome. The female progeny [mel C(1)DX/Dp(1,Y)] will carry both the attached-X
and the Y-chromosome with the small fragment of X to be tested. These virgin females
awee then crossed to D. santomea males to produce Fi hybrid males harboring an Xy
and a (Yme, Dp(1,;Y)) chromosomes. The crossing scheme to identify these dominant
alleles on the X),e; chromosome is shown in Figure S1. The effect of the X.; fragment
was assessed by counting how many individuals survive the transition between three
developmental stages (embryo, larvae, pupae). This approach (shown in Figure S1) has
been used to identify alleles from X, that cause hybrid inviability (Sawamura and

Yamamoto 1993; Cattani and Presgraves 2012; Matute and Gavin-Smyth 2014).

A parallel set of X-duplications, was not attached to the Y-chromosome but the
third chromosome instead (Dp(1,3); (Venken ef al. 2010)). We introgressed these
duplications into a C(1)DX, TM3/+ background by repeated backcrossing (4 generations)
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to produce C(1)DX; Dp(1;3)/ Dp(1,3) temales. The effect of the Dp(1,3) was measured
in the same manner as described above for Dp(1,Y) by measuring transition rates across
developmental stages. Interspecific crosses using C(1)DX, TM3 or C(1)DX, TM6B stocks
yielded very low numbers of progeny which were not enough for embryo collection

(Nagy et al. 2018).

2. 4. Deficiency mapping.

Traditionally, deficiency mapping has been used to find recessive alleles in the
genome of the other species that are lethal when the D. melanogaster allele is deleted
(Coyne et al. 1998; Presgraves 2003; Matute ef al. 2010). We took a different approach
and focused on dominant alleles: those that when removed increased hybrid viability. We
used mel females from stocks containing known genomic deletions, or “deficiencies” (df,
Bloomington Drosophila Fly Stock Center) maintained as heterozygotes against a
balancer (Bal) chromosome carrying a dominant homozygous lethal mutation, to D.
santomea (san) males. Seven deficiencies encompass gtne (listed in Table S1). Virgin D.
melanogaster females were crossed to D. santomea males following previously described
procedures (Matute et al. 2010; Miller and Matute 2017). (Behavioral isolation seems to
be complete in the reciprocal direction (Gavin-Smyth and Matute 2013).) Crosses were
kept until no more progeny was produced out of each vial, usually 45 days after they
were set up. The effect of each hemizygous region on the viability of hybrid female
offspring was measured by comparing the ratio of df/san to Bal/san hybrid females. The
significance of the departure was assessed by a y ? test followed by a Sidak’s multiple
comparison correction. P-values were considered significant lower than 0.007 (P < 0.05
adjusted for 7 multiple comparisons). If the deletion has no effect on hybrid viability, the
ratio of F1 df/san to the total number of progeny (F1 Bal/san + F1 df/san) will not differ
from 0.5. If the deletion reveals alleles in the san genome that cause complete inviability,
the ratio will be equal to 0 (only progeny carrying the Balancer will survive). If the D.
melanogaster deficiency uncovers a recessive region of the D. santomea genome that
compromises hybrid fitness but does not cause complete lethality, the ratio (F1 df/san
/Total) will be greater than 0 and significantly lower than 0.5. Finally, and the target of
this study, if the ratio (F1 df/san /Total) is significantly higher than 0.5, then the dfis
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removing a dominant (or semidominant) contributor to HI. This last category must be
seen with caution as Balancer chromosomes carry deleterious alleles that might bias the
ratio upwards. To minimize the potentially deleterious effect of any given balancer, we
used seven different X-chromosome balancers to replicate crosses involving g¢*// and

df(gt): FM6::GFP, Binscy, Basc, Bascy, Binsn, Binsncy, FM4 and FM7a.

3. INTRASPECIFIC CROSSES: DOSAGE EFFECTS.

We tested whether any of the mutants caused phenotypic defects or inviability by
dosage effects. This is important because Dp(1,Y) carrying males have two copies of the
genes under study while wild-type males only have one copy. Similarly, df-carrying
females only have a single copy of a gene (i.e., they are hemizygous) while wild-type
females have two copies of that gene.

We studied whether any of the used duplications cause inviability in males for
being diploid (when they are normally hemizygous). All crosses were done as described
in section 2.3. (Duplication mapping) but instead of using heterospecific males, we used
males from 25 different D. melanogaster isofemale lines. The list of isofemale lines used
for these experiments is shown in Table S2. If there is a dosage effect (i.e., carrying
Dp(1;Y) and thus two copies of a gene while being male is deleterious), one would expect
inviability and/or developmental defects in these crosses.

We did a similar analysis to assess for potential haploinsufficiency in df-carrying
females. We tested whether any of the used deficiencies cause inviability in females for
being hemizygous (when they are normally diploid) in the same twenty-five D.
melanogaster backgrounds described immediately above. We measured the ratios of df-

and Balancer-carrying females using the methods described above.

4. CUTICLE PREPARATION

We generated cuticles for wild-type (i.e., progeny produced by crossing wild-type
stocks), Dp(1;Y)-carrying and g#*'/-carrying hybrids. The details for the production of the

three types of cuticles are described as follows.
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4.1 Wild-type hybrids.

To collect sex-specific hybrid cuticles, we used D. melanogaster a y' w stock.
Drosophila melanogaster y' w females were crossed to D. santomea males. Inseminated
females were allowed to deposit on apple juice plates overnight and embryos were aged
for 24 hours before scoring. To prepare cuticles, we used a slightly modified the protocol
described in (Gavin-Smyth and Matute 2013; Matute and Gavin-Smyth 2014a) . Briefly,
we dechorionated embryos using double-sided scotch tape. To devitellinize brown (dead)
embryos. We made a cut on the vitelline membrane and removed the rest of the cuticle
with a tungsten dissection needle and placed them in a 3:1 solution of acetic acid and
glycerol for 48 hours. After this period, cuticles were mounted on a pre-clean glass slide
(VMR VistaVision™, VWR; cat. no. 16004-422; Radnor, PA) on 20ul of a 1:1 solution
of Hoyer’s media (kindly donated by Dr. Daniel McKay) and acetic acid. Embryos
without pigmentation of the mouth hooks were scored as male with the genotype y' w/
Ysan. Embryos with black mouth parts were identified as females (3'/ ysan) as the 3/ allele
is complemented by the homologous ys.,. Embryos were visualized and imaged with an
Olympus BX61 dark-field microscope at the Microscopy facility of the Pathology
department at UNC.

4.2. Dp(1;Y) carrying male hybrids.

To collect Xsun Ymer (Dpl;Y), we followed a similar procedure to that described
immediately above (section 4.1). Individuals with brown mouth parts were concluded to
be females carrying C(1)DX (y/y homozygotes). Individuals with black mouth parts had
two possible genotypes: metafemales carrying three X chromosomes (C(1)DX y~ and Xsan,
VY /Vsan) OF Xsan/Ymei, Dp(1,Y) males (ysan). Since metafemales (i.e., C(1)DX y/Xsan
females) are thought to show a low rate of embryonic defects (Matute and Gavin-Smyth
2014b), the pooling of these two categories underestimates the penetrance of the alleles
responsible for the ablation. This bias is not a concern as it should occur at a similar rate
in all crosses involving C(1)DX. All rates of penetrance using C(1)DX, Dpl,Y females

should then be considered an underestimation.
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4.3 otnei!! carrying female hybrids.

We used a similar approach to collect cuticles for hybrids carrying a g¢-null allele
(gtmer'"). To score hybrid defects on gr-carriers, we used y’ sc’ gt¥’!. This stock was
purchased as y’ sc! gt¥'!/FM6 (Table S1, Row 1). We rebalanced the stock over a y! FM7
chromosome carrying an Gal4-Actin::UAS-GFP reporter. To produce g#*'//san cuticles,
gt*"!/FM7Actin: :GFP D. melanogaster females were crossed to D. santomea males. GFP
minus embryos that failed to hatch were separated and prepared for cuticle mounting
using standard procedures (see (Gavin-Smyth and Matute 2013)). Both, GFP minus
embryos (gr*!/-carriers) and GFP plus embryos (FM?7 carriers) were separated by the
color of their mouth-hooks as described above to identify by sex. Cuticles of other
interspecific crosses (e.g., mel/tei, mel/mau, mau/sim) were collected, prepared, and

imaged using the same scheme.

5. GENOME SEQUENCING

We next studied the patterns of polymorphism in gt across the nine species of the
melanogaster species subgroup. This involved (7) collecting flies in nature, (i)
sequencing their genomes, and (ii7) aligning them. These three steps are described in

detail as follows.

5.1. Stock collection

We collected lines from five species in the melanogaster group in their natural habitat.
Drosophila santomea and D. yakuba were collected in the volcanic island of Sao Tomé.
Drosophila teissieri was collected in the highlands of the island of Bioko, Equatorial
Guinea. Drosophila simulans was collected in Bioko, Sao Tomé and Zambia. In all cases,
single females were collected with banana traps, anesthetized with FlyNap (triethylamine,
Carolina Biological Supply Co.) for 2-5 minutes. Individual females were then placed in
plastic vials with instant potato fly media (Carolina Biological Supply Co.) and were
allowed to oviposit until their death. Vials with progeny were hand carried to the USA
(USDA permit: P526-150127-009) and progeny was transferred to a corn-meal diet in

100 mL vials. Drosophila mauritiana stocks were kindly donated by D. Presgraves.
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5.2. Sequencing: Genomic data

All the genomes of the lines used in this study were previously published. We
downloaded available raw reads (FASTQ files) for D. yakuba (Rogers et al. 2014, 2017,
Turissini and Matute 2017; Turissini ef al. 2018), D. santomea (Turissini and Matute
2017; Turissini et al. 2018), D. teissieri (Turissini and Matute 2017; Turissini et al.
2018), D. mauritiana (Garrigan et al. 2012; Brand et al. 2013), D. sechellia (Schrider et
al. 2018; Turissini et al. 2018), D. simulans (Garrigan et al. 2012; Serrato-Capuchina et
al. 2021), and D. melanogaster (Pool 2015; Lack et al. 2016) from NCBI and mapped
them to the corresponding reference genome (see below). All the accession numbers are

listed in Table S14.

5.3. Sequencing: Read mapping and variant calling

Reads were mapped to the closest reference genome using bwa version 0.7.12 (Li and
Durbin 2009; Li 2013). Reads from D. yakuba, D. teissieri, and D. santomea were
mapped to the D. yakuba genome version 1.04 (Drosophila 12 Genomes Consortium et
al. 2007), and reads from D. simulans, D. sechellia, and D. mauritiana were mapped to
the D. simulans w’%' genome (Hu et al. 2013). We used Samtools version 0.1.19 (Li et al.
2009) to merge Bam files. We used GATK version 3.2-2 RealignerTargetCreator and
IndelRealigner functions to identify indels and polymorphic sites (McKenna et al. 2010;
DePristo ef al. 2011). Read mapping and SNP genotyping were done independently for
the D. yakuba and D. simulans clades using GATK UnifiedGenotyper but in both cases
we used similar parameters and files. The parameter het was set to 0.01. We also used the
following filters to all resulting vcf files: QD = 2.0, FS _filter = 60.0, MQ _filter = 30.0,
MQ Rank Sum filter =-12.5, and Read Pos Rank Sum filter = -8.0. If a site had a
coverage below five reads or above than the 99" quantile of the genomic coverage

distribution for the given line, that site was assigned an ‘N’.

5.4. Sequencing: Indel identification

We studied the positions of indels in the giant locus across the melanogaster species

subgroup. To genotype indels, we used GATK UnifiedGenotyper with the -glm INDEL
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flag for just the sequence orthologous to the D. melanogaster giant gene. We then
generated fasta files for the giant locus. No coverage thresholds were used for indel

genotypes.

5.5. Genomic Alignments.

We next generated genome alignments that included D. melanogaster, D. simulans and
D. yakuba . The D. yakuba and D. simulans reference genomes were separately aligned to
the D. melanogaster genome using nucmer version 3.23 with parameters —r and —q. Next,
we used the dmel6.01 annotation:

ftp.flybase.net/genomes/Drosophila_melanogaster/dmel r6.01 FB2014 04/gff/ dmel-all-r6.01.gff.gz
(Dos Santos et al. 2015a) to identify the giant coding region (D. melanogaster X
chromosome: 2,427,113 — 2,429,467). These alignments were the used to extract
polymorphism data for this region for 8 species in the melanogaster species subgroup. In
total, we included data for 903 sequences. The subsequent alignment was visually
inspected using Mesquite version 3.04 (Maddison and Maddison 2010) to ensure indels

were aligned and did not disrupt codons.

6. DETECTION OF NATURAL SELECTION

6.1. PAML

Next, we studied whether the giant locus had evolved though natural selection. The first
approach to detect positive selection was to count the number of synonymous (dS) and
non-synonymous (dN) substitutions in each branch and calculate the ratio between these
two variables. First, we generated a consensus sequence for each of the species in the
melanogaster species subgroup. Next, we ran PAML version 4.8 (Yang 1997, 2007) to
calculate dN/dS ratios. We used four sets of parameters: basic model (model=0), free
ratios (model=1), 3 ratios (model=2, tree = ((mel, (sim, sech, mau) $2)$1, ((yak, san), tei)
$3);), and 2 ratios (model=2, tree = ((mel, (sim, sech, mau))$1, ((yak, san), tei) $2)). A
dN/dS ratio significantly higher than 1 means positive selection, while a dN/dS ratio
significantly lower than 1 means negative/purifying selection ((Yang 1997, 2007) but see



1096  (Venkat et al. 2018)). dN/dS values not significantly different from zero represent neutral

1097  evolution.

1098 SUPPLEMENTARY TABLES
1099
1100  TABLE S1. Rates of ablation in F1 hybrids between the species of the yakuba

1101  species complex. None of the six possible F1 hybrids show abdominal ablations.

Cross Scored Dead embryos | Ablated
embryos embryos

Q D. santomea x & D. santomea 120 2 0

Q D. yakuba x 3 D. yakuba 162 4 0

Q D. teissieri x 3 D. teissieri 149 7 0

Q D. santomea % & D. yakuba 102 16 0

Q D. santomea x & D. teissieri 110 21 0

Q D. yakuba x 3 D. santomea 123 19 0

Q D. yakuba x 3 D. teissieri 98 16 0

Q D. teissieri x 3 D. santomea 101 15 0

Q D. teissieri x & D. yakuba 98 10 0

1102
1103



1104 TABLE S2. Hybrids between D. melanogaster females and D. simulans and D.
1105  mauritiana show no abdominal ablations or embryonic lethality. The reciprocal
1106 crosses (?D. simulans x & D. melanogaster; @ D. mauritiana < 3 D. melanogaster) show

1107  high levels of female embryonic lethality but death occurs before embryogenesis stars.

Cross Hatched Dead brown Ablated
embryos embryos embryos

Q D. melanogaster x 3 D. 110 6 0

melanogaster

Q D. simulans x & D. simulans | 105 5 0

Q D. sechellia x & D. sechellia 88 8 0

Q D. mauritiana % 3 D. 121 4 0

mauritiana

Q D. melanogaster x 3 D. 98 5 0

simulans

Q D. melanogaster x 3 D. 74 5 0

mauritiana

Q D. melanogaster x 3 D. 99 41 0

sechellia

Q D. simulans x & D. 101 6 0

melanogaster

Q D. simulans x 3 D. sechellia |78 1 0

Q D. simulans x & D. 95 2 0

mauritiana

Q D. sechellia x & D. 73 2 0

melanogaster

Q D. sechellia x & D. simulans | 77 4 0

Q D. sechellia x & D. 71 6 0

mauritiana

Q D. mauritiana x 3 D. 83 4 0




1108

1109

1110
1111

sechellia

Q D. mauritiana x 3 D. 99 2 0
simulans

Q D. mauritiana x 3 D. 68 4 0
melanogaster

TABLE S3. Mutant stocks used in this study.

O 0 1NN AW -

[ —
—

[
[\®]

13
14

15

16

17

18

Stock
number

53
54
1528
1529
1530
35

17003
13245

4283
59642

52400

52401

29799

29801

29803

29804

Genotype

gtl wa

gt[13z]/Dp(1;2;Y)w[+]/C(1)DX, y[1] f]1]

gt[Q292] rst[6]/FM7a

y[1] sc[1] gt[X11]/FM6

y[1] gt{E6] rst[6]

dor4/C(1)RM, y1 w1l fl1

C(1)DX

P{EP}boiEP1385 w1118

y1 P{SUPor-P}boiKG03233

tko3/FM7a/Dp(1;2;Y)w+

yl Mi{MIC}tkoMI15120 w*/FM7h

y1 tkoA w* P{neoFRT}19A/FM7c, P{GAL4-Kr.C}DCI, P{UAS-
GFP.S65T}DCS, sn+

yl tkoB w* P{neoFRT}19A/FM7c, P{GAL4-Kr.C}DC1, P{UAS-
GFP.S65T}DCS, sn+

FM7::GFP

Dp(1;Y)BSC75, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)ED6630, P {w[+mW.Scer\FRT.hs3]=3"RS5+3.3'} ED6630
w[1118]/C(1)RA, In(1)sc[J1], In(1)sc[8], 1(1)1Ac[1], sc[J1] sc[8]
Dp(1;Y)BSC77, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)ED6630, P {w[+mW.Scer\FRT.hs3]=3"RS5+3.3'} ED6630
w[1118]/C(1)RA, In(1)sc[J1], In(1)sc[8], 1(1)1Ac[1], sc[J1] sc[8]
Dp(1;Y)BSC79, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)ED6630, P {w[+mW.Scer\FRT.hs3]=3"RS5+3.3'} ED6630
w[1118]/C(1)RA, In(1)sc[J1], In(1)sc[8], 1(1)1Ac[1], sc[J1] sc[8]
Dp(1;Y)BSC80, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)ED6630, P {w[+mW.Scer\FRT.hs3]=3"RS5+3.3'} ED6630
w[1118]/C(1)RA, In(1)sc[J1], In(1)sc[8], 1(1)1Ac[1], sc[J1] sc[8]



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37
38

29805

29806

29807

29808

29809

29811

29812

29814

32295

30233

30751

38476

31455

32294

8950

9345

9054

8031

26569
7705

Dp(1;Y)BSC81, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)ED6630, P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3"}ED6630
w[1118])/C(1)RA, In(1)sc[J1], In(1)sc[8], I(1)1Ac[1], sc[J1] sc[8]
Dp(1;Y)BSC82, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)Exel6233, w[1118] P{w[+mC]=XP-U}Exel6233/C(1)RA,
In(1)sc[J1], In(1)sc[8], I(1)1Ac[1], sc[J1] sc[8]

Dp(1;Y)BSC83, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)Exel6233, w[1118] P{w[+mC]=XP-U}Exel6233/C(1)RA,
In(1)sc[J1], In(1)sc[8], I(1)1Ac[1], sc[J1] sc[8]

Dp(1;Y)BSC84, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)Exel6233, w[1118] P{w[+mC]=XP-U}Exel6233/C(1)RA,
In(1)sc[J1], In(1)sc[8], I(1)1Ac[1], sc[J1] sc[8]

Dp(1;Y)BSC8S5, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)Exel6233, w[1118] P{w[+mC]=XP-U}Exel6233/C(1)RA,
In(1)sc[J1], In(1)sc[8], I(1)1Ac[1], sc[J1] sc[8]

Dp(1;Y)BSC87, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)Exel6233, w[1118] P{w[+mC]=XP-U}Exel6233/C(1)RA,
In(1)sc[J1], In(1)sc[8], I(1)1Ac[1], sc[J1] sc[8]

Dp(1;Y)BSC88, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/Df(1)Exel6233, w[1118] P{w[+mC]=XP-U}Exel6233/C(1)RA,
In(1)sc[J1], In(1)sc[8], I(1)1Ac[1], sc[J1] sc[8]

Dp(1;Y)BSC90, y[+] P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} BSC3,
B[S]/winscy/C(1)RA, In(1)sc[J1], In(1)sc[8], I(1)1Ac[1], sc[J1] sc[8]
w[1118]; Dp(1;3)DC454, PBac{y[+mDint2]

w[+mC]=DC454} VK00033/TM6C, Sb[1]

w[1118]; Dp(1;3)DC045, PBac{y[+mDint2]

w[+mC]=DC045} VK00033

w[1118]; Dp(1;3)DC107, PBac{y[+mDint2]

w[+mC]=DC107} VK00033

w[1118]; Dp(1;3)RCO013, PBac{y[+mDint2]

w[+mC]=RC013} VK00033/TM6C, Sb[1]

w[1118]; Dp(1;3)DC405, PBac{y[+mDint2]

w[+mC]=DC405} VK00033

w[1118]; Dp(1;3)DC453, PBac{y[+mDint2]

w[+mC]=DC453} VK00033/TM6C, Sb[1]

Df(1)ED409, P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} ED409
w[1118])/FM7h

Df(1)ED11354, P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'}ED11354
w[1118])/FM7h

Df(1)ED11354, P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'}ED11354
w[1118])/FM7h

Df(1)ED411, P{w[+mW.Scer\FRT.hs3]=3".RS5+3.3'} ED411
w[1118]/FM7j, B[1]

Df(1)BSC717, P+PBac{w[+mC]=XP3.RB5}BSC717
w[1118]/FM7h/Dp(2;Y)G, P{w[+mC]=hs-hid} Y

Df(1)Exel6230, P{XP-U}Exel6230 w1118/FM7c



39 7706 Df(1)Exel6231, P{XP-U}Exel6231 wl118/FM7c
1112

1113



1114
1115
1116
1117

1118
1119

TABLE S4. C(1)DX, Dp(1;3)/TM3 lay few eggs are thus not ideal to measure the

magnitude of HI in crosses with D. santomea. The second and third column show the

number of eggs produced by a singly-mated female when mated to a w'//® male over 4

days.
Duplication Stock C(1)DX, C(1)DX, C(1)DX,

Dp(1;3)/Dp(1;3) | Dp(1;3)/TM3,Sb | Dp(1;Y)

Dp(1;3)DC405 31455 47 7 NA
Dp(1;3)DC301 31452 51 24 NA
Dp(1;3)DC112 31445 43 15 NA
Dp(1;3)DC272 30389 24 20 NA
Dp(1;Y)BSC87 29811 NA NA 56
Dp(1;Y) BSC170 | 32117 NA NA 68
Dp(1;Y)BSC58 29782 NA NA 53
Dp(1;Y)BSC14 29782 NA NA 64




1120 TABLE S5. The cross involved a gt,../X''/FM?7 female and a male hemizygote for the

1121  duplication. In the case of Dp(1,Y) duplications, the male had a Xyer/YmeDp(1,Y)
1122 genotype. In the case of Dp(1,3) duplication, the male had a Xet/Ymer, Dp(1,3)/TM3,Sb

1123 genotype.
1124

Genotype Stock | Dp(1;Y) or F1 male genotypes | Rescue X° P
Dp(1;3)? 2t/ Dp | FM7/Dp Rate

Dp(1;Y)BSC74 | 29798 | Dp(1;Y) 81 73 0.526 0.117 0.732

Dp(1;Y)BSC78 | 29802 | Dp(1;Y) 53 48 0.525 0.045 0.833

Dp(1;3)DC405 | 31455 | Dp(1,3) 41 75 0.353 4.511 0.034

Dp(1;3)RC013 | 38476 | Dp(1;3) 16 37 0.302 3.545 0.060

1125

1126
1127




1128
1129
1130
1131

1132

TABLE S6. Isofemale lines from four species used to assess whether HI in mel/san

hybrids was a species-specific phenomenon or a line specific phenomenon. All lines

were collected by D. R. Matute with the exception of the three D. teissieri lines marked

with an asterisk. Those three lines were donated by J.R. David.

Species Line Notation in Location Year
Figures S4 and
S19
D. santomea | Thena$ S1 Sao Tomé 2005
D. santomea | sanCAR1490 S2 Sao Tomé 2005
D. santomea | sanCOST1250.5 | S3 Sao Tomé 2009
D. santomea | sanCOST1270.1 | S4 Sao Tomé 2009
D. santomea | sanOBAT1200 S5 Sao Tomé 2005
D. santomea | sanOBAT1200.2 | S6 Sao Tomé 2009
D. santomea sanRain39 S7 Sao Tomé 2009
D. santomea | sanCAR1600.3 S8 Sao Tomé 2009
D. santomea Carv2015.1 S9 Sao Tomé 2015
D. santomea Carv2015.5 S10 Sao Tomé 2015
D. santomea Carv2015.11 S11 Sao Tomé 2015
D. santomea Carv2015.16 S12 Sao Tomé 2015
D. santomea | Pico1680.1 S13 Sao Tomé 2015
D. santomea | Pic01659.2 S14 Sao Tomé 2015
D. santomea | Pico1659.3 S15 Sao Tomé 2015
D. santomea | Amelia2015.1 S16 Sao Tomé 2015
D. santomea | Amelia2015.6 S17 Sao Tomé 2015
D. santomea | Amelia2015.12 S18 Sao Tomé 2015
D. santomea | A1200.7 S19 Sao Tomé 2009
D. santomea Rain42 S20 Sao Tomé 2009
D. teissieri Balancha 1 Tl Bioko, Equatorial | 2013
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o

. teissieri

. teissieri

. teissieri

. teissieri

. teissieri

. teissieri
. teissieri
. teissieri

. teissieri

. teissieri

. teissieri

. teissieri

. teissieri

. teissieri

. teissieri

. teissieri

Balancha 2

Balancha 3

House Bioko 0

House Bioko 1

House Bioko 2

La Lope Gabon*

Selinda*

Zimbabwe*

cascade 2 1

cascade 2 2

cascade 2 4

cascade 4 1

cascade 4 2

cascade 4 3

cascade 4 4

cascade 4 5

T2

T3

T4

T5

T6

T7
T8
T9
T10

T11

T12

T13

T14

T15

Tl6

T17

Guinea
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea
Gabon
Gabon
Gabon
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea
Bioko, Equatorial
Guinea

Bioko, Equatorial

Guinea

2013

2013

2013

2013

2013

~1975
~1975
~1975
2013

2013

2013

2013

2013

2013

2013

2013




D. teissieri

D. teissieri

D. teissieri

cascade 4 6

Bata 2

Bata 8

T18

T19

T20

Bioko, Equatorial
Guinea

Bata, Equatorial
Guinea

Bata, Equatorial

Guinea

2013

2009

2009

1133
1134



1135
1136
1137
1138
1139
1140
1141
1142

1143

TABLE S7. Complementation mapping using loss-of function and hypomoprhic

alleles show that gf mutants are the only alleles in cytological region 3A3 that lead to

an increase of female viability in mel/san hybrid. mutant/san refers to the number of

F1 hybrids carrying the mutant allele. g#X’/ is a loss of function (amorphic) allele (Eldon
and Pirrotta 1991; Chang et al. 2021). Both boi?*#!7 and pje01708 shows significantly lower

RNA production than wild-type flies (Hartman et al. 2010). trol°%?’!is a hypomorph

(Skeath et al. 2017). tko® is null allele. Carriers of the allele die as larvae but are able to

complete embryogenesis (Toivonen et al. 2001).

Gene Allele FM7::GFP/san | mutant/san | Ratio
(F1 mutant/san)/Total
giant | gt*!! 256 610 0.704
boi P {XP}boi!04197 440 478 0.521
boi PBac{RB}boi01708 561 610 0.521
troll trol©9%71 510 464 0.476
tko tko? 501 457 0.477




1144  TABLE S8. The gt-vector does not carry extraneous elements that rescue the

1145  viability of D. melanogaster gtm./\''-carriers. When the gt alleles are disrupted by a
1146  piggyBac stop cassette , none of the transgenics causes rescue of a gtme’’ null allele.

1147
Allele Non-coding Coding F1 male genotypes Rescue Rate
gtX!/Y; transgene/+ | FM6/Y;
transgene/+
Slmel-mel-STOP mel mel-STOP 0 150 0
Zltsan-mel-STOP san mel-STOP 0 221 0
8lmel:san-STOP mel san-STOP 0 180 0
lsan:san-STOP san San-STOP 0 300 0

1148




1149
1150
1151
1152
1153
1154

1155

TABLE S9. Confirmation that #/"¢ exacerbates the defects caused by gr" in
mel/san hybrids using a different #// mutant. The analysis is similar to that shown in
Table 1 with the difference that the y° test has 4 degrees of freedom and not two as the
tests in Table 1. A. Female viability B. Frequency of abdominal ablations in hybrid
males. C. Frequency of abdominal ablations in hybrid females.

A. Female hybrid viability

FM7; FM7; gt /xsan TM3, | gt¥1; /Xon: (Il /35"
sqh::mCherry/X*"; sqh::mCherry/X**"; | Act::GFP, Ser/3*""

TM3, Act::GFP, (il /3san

Ser/35"

18 22 34 54

¥*1=0.40, P=0.527

¥*1=4.55, P=0.033

B. Proportion of male embryos showing ab

dominal ablations (100 embryos each)

FM7: FM7: X yyans TM3, | @t¥1: syen; dll/3se
sqh::mCherry/Y"*"; sqh::mCherry/Y°®"; | Act::GFP, Ser/3*""

TM3, Act::GFP, (il /3san

Ser/35"

94 88 23 9

1= 1.526, P=0.217

1= 6.287, P =0.012

C. Proportion of female embryos showing abdominal ablations (100 embryos each)

FM7; FM7; gt xsan TM3, | gt¥1; /Xoen: (Il /35"
sqh::mCherry/X*"; sqh::mCherry/X**"; | Act::GFP, Ser/3*""

TM3, Act::GFP, (il /3san

Ser/35"

48 35 16 6

1= 2.966, P=0.08505

1= 4.137, P=0.0420




TABLE S10. Double mutant analysis of survival in hybrids between D. melanogaster females and three males from four
different species (D. melanogaster, D. simulans, D. mauritiana, and D. teissieri). Individuals that are hemizygote for both alleles do
not show different viability from individuals that are hemizygote for one allele and heterozygote for the other one, or heterozygote for

both alleles.

Hr
FM7, FM7, thII,. thII,. X2> df P-
sqh::mCherry/X*®"; | sqh::mCherry/X*® /xEan /xEan: | = value
TM3, Act::GFP, an . ¢]1/3san M3, tl]'/354
Ser/359" Act::GF | "
P,
Ser/359"
D. melanogaster | 95 104 121 98 1.869 | 0.599
5 9
D. simulans 34 31 28 29 0.338 | 0.952
64 6
D. mauritiana 52 41 39 41 1.143 | 0.766
6 6
D. teissieri 19 22 15 20 0.715 | 0.869
74 5
tllAGFP
F M7, F M7, th 11 ; th 11 ; X2
sqh::mCherry/X*®"; | sqh::mCherry/X*® /xsan . /xsan .
TM3, Act::GFP, an . ¢]1/3san M3, tl1'/354
Ser/359" Act::GF | "
P,
Ser/359"
D. melanogaster 104 87 99 78 2.142 | 0.543
8 3




D. simulans 42 36 39 44 0.460 |0.927
75 4

D. mauritiana 51 38 49 43 1.181 | 0.757
5 5

D. teissieri 20 25 21 26 0.567 | 0.903
22 9




TABLE S11. A #l, A% has no effect on HI in crosses between mel females from four different backgrounds.

tAYRe/3 01 3san/Imet X2 P-value
mel AkLa 31 36 0.067 0.795
mel Zs2 62 74 1.600 0.206
mel Senegal 49 41 0.200 0.654
mel NC103 62 71 0.184 0.668

TABLE S12. Abrogating the t/l,,, allele has no viability effect in gt,../"’’ mel/san hybrids.

A. Female hybrid viability

FM7; Act::GFP/Xan, | FM7; Gtmel  Xsan, 3met, | Gtmer ™/ Xsans 3mel, 3san
3met, tllsan®™Re Act::GFP/Xsan; tllgan™Re

3mel, 3san
12 20 41 44

v*1=0.571, P=0.450

¥*1=0.006, P=0.939




TABLE S13. gt and ¢/l are slowly evolving genes as measured by the rate of aminoacid substitutions. We show Ka/Ks values for
two species comparisons (D. melanogaster vs. D. santomea, and D. melanogaster vs. D. yakuba) and the quantiles of the Ka/Ks
values compared to the rest of the genome. We used four different parametrizations in PAML (listed in the first column). D.
melanogaster: mel, D. santomea: san; D. yakuba: yak.

Giant
Parameter Ka Ks Ka/Ks Quantile Ka Ks Ka/Ks Quantile
model CG melvs.san _melvs.san _melvs.san  Ka melvs. san mel vs. yak_ mel vs. yak mel vs. yak  Ka mel vs. yak
2_ratios CG7952 0.0062 0.2192 0.0283 0.2227 0.0060 0.2074 0.0289 0.2281
3_ratios CG7952 0.0062 0.2189 0.0283 0.2427 0.0060 0.2071 0.0290 0.2499
basic_model CG7952 0.0055 0.2218 0.0248 0.1869 0.0052 0.2102 0.0247 0.1862
free_ratios CG7952 0.0055 0.2222 0.0248 0.2278 0.0044 0.2139 0.0206 0.1960
Tailless
Parameter Ka Ks Ka/Ks Quantile Ka Ks Ka/Ks Quantile
model CG mel vs.san melvs. san  mel vs. san Ka mel vs. san mel vs. yak_ mel vs. yak  melvs. yak Ka mel vs. yak
2_ratios CG1378 0.0045 0.384 0.012 0.095 0.0045 0.376 0.012 0.0977
3_ratios CG1378 0.0034 0.395 0.009 0.086 0.0034 0.383 0.009 0.0872
basic_model CG1378 0.0037 0.389 0.010 0.075 0.0037 0.380 0.010 0.076
0.091

free_ratios  CG1378 0.0028 0.389 0.007 0.087 0.0028 0.381 0.007




TABLE S14. Sequencing details and coverage for all the lines included in this study.

Read Average SRA
Species Line type coverage Source
SRR1555246,SRR1560430,
D. mauritiana | maul2w pe 153.67 SRR1560444, SRR483621
D. mauritiana | MauKiti se 13.86
D. mauritiana | mauST se 3.11
SRR556195, SRR556206,
D. mauritiana MS17 se,pe 60.56 SRR556199, SRR556196
SRR 1560090,
D. mauritiana | R23 pe 115.98 SRR1560089, SRR1560087
SRR1560098,
D. mauritiana | R31 pe 99.96 SRR1560097, SRR1560095
SRR1560102,
D. mauritiana | R32 pe 120.55 SRR1560100, SRR1560103
D. mauritiana SRR1560110,
R39 pe 116.33 SRR1560109, SRR1560108
D. mauritiana SRR1560130,
R41 pe 145.38 SRR1560132, SRR1560131
D. mauritiana SRR1560147,
R44 pe 122.59 SRR1560146, SRR1560133
D. mauritiana SRR1560150,
R56 pe 121.66 SRR1560149, SRR1560148
D. mauritiana SRR1560268,
R61 pe 140.32 SRR1560267, SRR1560269
D. mauritiana | R8 pe 90.27 SRR1560276, SRR1560275
D. santomea (Turissini and Matute 2017;
Qiuja630.39 se 24.16 | Turissini et al. 2018) SRX3029341
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. santomea

. santomea

. santomea

. santomea

. santomea

. santomea

. santomea

. santomea

. santomea

. santomea

. sechellia

. sechellia

. sechellia

. sechellia

. sechellia

Quija37
sanC1350.14
sanCAR1490.5
sanCOST1250.5
sanCOST1270.6
sanOBAT1200.13
sanOBAT1200.5
sanRain39
sanSTO7
sanThena5
Anro Bl

Anro B2

Anro B3

Anro BS5

Anro B6

SC

SC

SC

SC

SC

SC

SC

SC

SC

SC

pe

pe

pe

pe

pe

11.74

18.62

15.77

13.27

14.76

14.47

16.82

15.81

15.29

12.98

36.85

34.56

38.75

38.36

33.48

(Turissini and Matute 2017;
Turissini et al. 2018)
(Turissini and Matute 2017;
Turissini et al. 2018)
(Turissini and Matute 2017;
Turissini et al. 2018)
(Turissini and Matute 2017;
Turissini et al. 2018)
(Turissini and Matute 2017;
Turissini et al. 2018)
(Turissini and Matute 2017;
Turissini et al. 2018)
(Turissini and Matute 2017;
Turissini et al. 2018)
(Turissini and Matute 2017;
Turissini et al. 2018)
(Turissini and Matute 2017;
Turissini et al. 2018)
(Turissini and Matute 2017;
Turissini et al. 2018)
(Schrider et al. 2018;
Turissini et al. 2018)
(Schrider et al. 2018;
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SUPPLEMENTARY FIGURES

FIGURE S1. X, Xsim and Xuau cause abdominal ablations in hybrid males with D. santomea. Hybrid males from the Q@sim x
d'san and Q@mau x & san crosses show high frequency of abdominal ablations similar to those observed in than in Qmel x & san
hybrids. Hybrid females from the same crosses show a lower frequency of ablations. The nature of the defect in these hybrid males is

identical to that seen in mel/san hybrid males, a characteristic ablation of abdominal segments (as shown in Figure 1).
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FIGURE S2. Crossing design to assess whether small piece of the X...; cause hybrid inviability and abdominal ablations. Blue
bars represent D. santomea chromosomes; yellow bars represent D. melanogaster chromosomes. Solid colors: sex chromosomes,
stripped bars: autosomes. This approach is a modified version of (Sawamura and Yamamoto 1993; Cattani and Presgraves 2012;

Matute and Gavin-Smyth 2014).
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FIGURE S3. Frequency of abdominal ablations caused by the X,..; translocations shown in Figure 2 in X;./Yu.: hybrid males.

Each Bloomington stock number is shown within the bar. The precise genotype of each stock is shown in Table S1.
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FIGURE S4. The presence of gt,,.; causes HI in mel/san hybrids produced with all D. santomea lines but the magnitude of the

inviability varies. We measured frequency of abdominal ablations in hybrid Xe/Ysa, males (A). The magnitude of the frequency of

abdominal ablations and of hybrid female inviability are correlated among lines (panel B; p =0.1734, P = 0.0141). Boxes in the
boxplot are ordinated from the lower median (left) to the highest (right). S1: Thena5; S2: sanCAR1490; S3: sanCOST1250.5; S4:
sanCOST1270.1; S5: sanOBAT1200; S6: sanOBAT1200.2; S7: sanRain39; S8: sanCAR1600.3; S9: Carv2015.1; S10: Carv2015.5;
S11: Carv2015.11; S12: Carv2015.16; S13: Picol680.1; S14: Pico1659.2; S15: Pico1659.3; S16: Amelia2015.1; S17: Amelia2015.6;

S18: Amelia2015.12; S19: A1200.7; S20: Rain42.
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FIGURE S5. Crosses between D. melanogaster females harboring Dp(1;Y) duplications and males from the simulans species

oroup (D. mauritiana, and D. simulans) show no evidence of male embryo lethality or abdominal ablations. Dp(/:Y) duplications

containing gt,.; cause no embryonic defects and do not cause heightened hybrid inviability. The color code is the same as used in

Figure 2C. The lack of gray bars indicates that none of the duplications caused hybrid inviability in any of the crosses. Please note that

embryonic lethality is low in all these crosses and consequently the number of dissected embryos (Panels D-F) is also low.
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FIGURE S6. Crosses between D. melanogaster females harboring Dp(1;Y) duplications and males from different lines of D.

melanogaster show no evidence of male embryo lethality or abdominal ablations. Dp(!:Y) duplications containing o cause no

embryonic defects and do not cause heightened hybrid inviability. The color code is the same as used in Figure 2C. The lack of gray

bars indicates that none of the duplications caused hybrid inviability in any of the crosses. Please note that embryonic lethality is

exceptionally low in all these crosses and consequently the number of dissected embryos (Panels D-F) is also low.
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FIGURE S7. Hybrid male embryos carrving a gt...\'! D. melanogaster allele show a variety of developmental defects.

gt el /Yan males are inviable and show a variety of developmental defects (A-C). Some individuals also show abdominal ablations

(D).




FIGURE S8. mel/san hvbrids carrving a D. melanogaster chromosome and null alleles for boi, trol, or tko show similar levels of

hybrid viability. This is in contrast to males also carrying a D. melanogaster chromosome but a g null allele (gtn.r*'’) which show a

significant reduction in abdominal ablations (shown in Figure 2). These three genes have no effect in hybrids between D.

melanogaster and three more species (D. teissieri [B, D. simulans [C], and D. mauritiana [D]).
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FIGURE S9. The X-chromosome balancer has no effect on the quantification of hybrid inviability in mel/san hybrid females.
We found no heterogeneity in the relative viability of gt../*’’ when different balancer chromosomes are used (One-way ANOVA,
Fe.100= 0.694, P=0.655). We used seven different X-chromosomes balancers and none of them had a major effect on the quantification
of the relative frequency of gt/ ! viability in any of the hybrid crosses.
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FIGURE S10. Frequency of abdominal ablations in each deficiency cross shown in Figure 2. Deficiency chromosomes that

contain a functional gz, (e.g., 8031, 9054, and 8950) were prone to show abdominal ablations than deficiencies that harbored other

genes. On the other hand, deficiency chromosomes with no functional copy of gz..;show reduced rates of abdominal ablations. The

mean proportion of abdominal ablation in X/ Xsq, hybrid females is 0.420.
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FIGURE S11. gr”¢ has no effect on the viability of mel/tei, mel/mau, and mel/sim hybrid females. We used the same deficiency

chromosomes reported to detect the effect of gtmes in mel/san hybrid females (Figure 3A). In all three cases, df/FFM7::GFP crossed to

males of each of the species led to 1:1 ratios in female progeny. The color code is the same as in Figure 3A but since no deficiency

departed from the 1:1 expected (i.e., no gtue effect on hybrid viability), there are no gray bars.
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FIGURE S12. gt has no effect on the viability of pure-species D. melanogaster F1 females. We used the same deficiency
chromosomes reported to detect the effect of gt in mel/san hybrid females (Figure 3A). In all three types of crosses (three isofemale
lines), df/FM7::GFP crossed to males of each of the species led to 1:1 ratios in female progeny. The color code is the same as in

Figure 3A but since no deficiency departed from the 1:1 expected (i.e., no gtne effect on hybrid viability), there are no gray bars. No
cross showed any abdominal ablation.
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FIGURE S13. gt transgene, removable piggyBac cassette design and crossing schemes involving gz transgenes. Panel A shows
the general experimental design to generate the four chimeric alleles included in this study and the insertion site for their integration
(attP2 site in the 3rd chromosome). Panel B shows a detail of the 5 UTR common to all the four alleles with piggyBac

cassette. Panel C shows the crosses used in Table 1 when measuring giant’s effects on hybrid embryonic lethality. Panel D shows the

crosses used in Table 2 when measuring the effects of different alleles of giant on adult hybrid female lethality.
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FIGURE S14. Introgression of the FM7::GFP and gtX!! alleles into 200 lines of the DGRP lines. Each bar represents a
chromosome. Short bars are the X-chromosome while longer bars represent the autosomes (only one set of autosomes shown). The bar
with dashed lines represents the FM7::GFP balancer. Solid yellow represent the FM7::GFP background. Red bars represent each of
the DGRP genetic backgrounds. Dashed blue lines represent the t the g#*’/ chromosome, while solid blue lines represent the autosomal
background of the g#*’/ stock. A. The first step of the experimental design involves introgressing the FM7::GFP balancer into each of
the 200 DGRP backgrounds. After ten generations of repeating backcrossing, we obtained both females and males that carried the
balancer and the DGRP background. B. Males from the cross shown in A (carriers of the FM7.::GFP balancer) were crossed the
gt¥"!/FM7::GFP females. This cross produces females that carry the g’/ chromosome, the FM?7::GFP balancer and a mixed genetic
background. These females were crossed to males that had the DGRP autosomal background and a FM7::GFP balancer (C). We
repeated this backcrossing approach for ten generations. After, 11 generations we obtained gt/ //FM7::GFP females with DGRP

autosomal backgrounds. These females were then crossed to D. santomea and the percentage of ablated progeny were scored.
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FIGURE S15. gt alleles from six different species in the melanogaster species complex. We found no major differences at the
coding portion of the gene between the melanogaster species supercomplex (D. melanogaster, D. simulans, and D. sechellia) and that
the D. santomea/D. yakuba species pair is the structure of poly-glutamine repeats. melgt: D. melanogaster, simgt: D. simulans, sechgt:
D. sechellia, sangt: D. santomea, eregt: D. erecta. Asterisks show residues that are conserved across the whole group.



nelgc L MLMHEKLMAG QF FDLKTDRK PLMHHHQYOH HOQOQPLHHL? HSQLPVOGSL
singt L MLMHEKLMAG OFFDLKTDRK PLMHHHOYQH HQQQPLHHLP? HSQLPVOGSL
secgt L MLMHEKLMAG QFFDLKTDRK PLMHHHQYOH HOQOQPLHHL? HSQLPVOGSL
yakgr L MLMHEKLMAG OFFDLKTDRK PLMHHHOYQH HOQQOQPLHHLP? HSQLPVOGSL
sangt L MLMHERLMAG QFFDLKTDRK PLMHHHOYQH HOQQPLHHLP HSOLPVOGSL
ecegt L MLMHEKLMAG OFFDLKTDRK PLMHHHOYQH HQQOQPLHHLP? HSQLPVOGSL
KXERENRANS SXXRANNRNS SSARSARNES SSARSNNSNS SSASSXARSES
nelgt SL GLPRMDLYTA YAYQOQOLLGA ALSQO0QQQOQ Q0 QH---00LOQ
singt SL GLPRMDLYTA YAYQQOLLGA ALS0000QQQQ QH---00L00
secgt SL GLPRMDLYTA YAYQQOQLLGA ALSO00QQQHQ QH---00L00
yakgr SL GLPRMDLYTA YAYQQOQLLGA ALS0000QQQ0Q QHOOMOO0000
sangt SL  GLPKMDLYTA YAYQQOLLGA ALS000000- 0X---00000
ecegt 5L GLPRMDLYTA YAYOQOLLGA ALS0000000 HO---0L000
FXERAERSNS SXARSERSNS SXAREEN
nelgt aL OQHTSSAEVLD LSRRCDSVET PRKTPSPYQT S5YSYGSGSPS ASPTSNLLYA
singt 90 QHTSSAEVLD LSRRCDSVET PRKTPSPYQT SYSYGSGSPS ASPTSNLLYA
secgt aL QQTSSAEVLD LSRRCDSVET PRKTPSPYQT SYSYGSGSPS ASPTSSLLYA
yakgr 93 QOTSSAEVLD LSRRCDSVET PRKTPSPYQT SYSYGSGSPS ASPTSNLLYA
sangt 93 QOQTSSAEVLD LSRRCDSVET PRKTPSPYQT SYSYGSGSPS ASPTSNLLYA
ecege 90 QOSSSAEVLD LSRRCDSVET PRKTPSPYQT SYSYGSGSPS ASPTSNLLYA
5 KXEREES SAXRAERAES SXARNARNES EANRXNRNES SXARNAENES
melgt LaL AQMOQOOHO- Q00QQOQQQ0 QLASLYPAFY YSNIKQEQAT PTAAPPRVTP
singt 140 AOMQQQOQHO- 00000Q0Q0Q-- -LASLYPAFY YSNIKQEQAT PTAAPPRVTP
secgt LaL AQMQQQOQNOQ- 00000QQ0Q-- -LASLYPAFY YSNIKQEQAT PTAAPPRVTP
yakgt 143 AOQMQQQQOOH 0000000Q0-- -LASLYPAFY YSNIKQEQAT PTAAPPRVTP?
sangt 143 AQMQQQQQOH 0000000Q0-- -LASLYPAFY YSNIKQEQAT PTAAPPRVTP
ecegt 140 AQMOQOO0Q0H QQO0Qh-00-- -LASLYPAFY YSNIKQEQAT PTAAPPRVTP
FXEREREEE KEER KEXNEEREE SNFANFERE ANRANRANES
nelgt 190 TANLLOTFAA ASAAAMAAAA ASSTNSPRPA SNASTMQIDV LENPLSPAVE
singt LBS TANLLOTFAA ASAAA--AAA ASSTNSPRPA SNASTMQIDY LENPQSPAVE
secgt LB7 TANLLOTFAA ASAAMAAAAA ASSTNSPRPA SNASTMQIDY LENPQSPAVE
yakge 190 TANLLOTFAA ASAMMAAAAA ASATNSPRPA SNASTMQIDY LENPQSPAVE
sangc 190 TANLLOTFAA ASAAAMAAAA ASATNSPRPA SNASTMQIDV LENPQSPAVE
ecegt LBS TANLLOTFAA ASAAMAAAAA ASSTNSPRPA SNASTMQIDY LDNPQSPAVE
FXEXSERANS KSARS AFK SSARSANNEN SXARSARSES SESRSAREES
nelgt 240 ATTPTTS555G EAGKNTRPFK AFPRDPLVIA ANFAATDVLL DNPRVERYTE
singt 234 ATTPTTSS5G EAGKNTRPFK AFPRDPLVIA ANFAATDVLL DNPRVERYTE
secgt 237 ATTPTTS55G EAGKSTRPFK AFPRDPLVIA ANFAATDVLL DNPRVERYTE
yakgr 240 ATTPTTSSSG EAGKNTRPFK AFPRDPLVIA ANFAATDVLL DNPRVERYTE
sangt 240 ATTPTTSS55G EAGKNTRPFK AFPRDPLVIA ANFAATDVLL DNPRVERYTE
ecege 236 ATTPTTSS5G EAGKNTRPFK AFPRDPLVIA ANFAATDVLL DNPRVERYTE
FXEREERSNS SXSRSNRSNS SESFSAREES SESRTARELS SESRTIREES
mnelgt 290 YRKRVLEQIR SSNGGSRTVT NPKMRRTNSR SGSYNEGSSS NNNSESEDRA
singt 264 YRKRVLEQIR SSNGGSRTVT NPKMRRTNSR S5GSYNEGSSS NNNSESEDRA
secgt 2B7 YRKRVLEQIR SSNGGSRTVT NPKMRRTNSR SGSYNEGSSS NNNSESEDRA
yakge 290 YRERVLEQIR SSNGGSRTVT NPKMRRTNSR SGSVNEGSSS NNNSESEDRA
sangt 290 YRKRVLEQIR SSNGGSRTVT NPKMRRTNSR SGSYNEGSSS NNNSESEDRA
ecegt 286 YRKRVLEQIR SSNGGSRTVT NPKMRRTNSR SGSVNEGSSS NNNSESEDRA
FEERERRERS SXSRSERENS SESRTANEES SXTRTAREES SESRTAREES
nelgt 340 AAEESSDCDS QAGNFESKSA TSSSSNLANA TAANSGISSG SQVKDAAYYE
singt 334 AAEESSDCDS QAGNFEGKSA TSSSSNLANA TAANSGISSG SQVRKDAAYYE
secgt 337 AAEESSDCDS QAGNFEGKSA TSSSSNLANA TAANSGISSG SQVKDAAYYE
yakgt 340 AALESSDCDS QAGNFEGKSA TSSSSNLANA TAANSGISSG SQVKDAAYYE
sangc 340 AALESSDCDS QVGNFEGKSA TSSSSNLANA TAANSGISSG SQVKDAAYYE
ecegt 336 AAEESSDCDS QAGNFEGKSA TSSSSNLANA TAANAGISSG SQVKDAAYYE
KXENSRRANS SXSRSNRNNS SEARSARNNS SEARSANSNS SRSRSAREEN
nelgt 390 RRRENNAAAK KSRDRRRIKE DEIAIRAAYL ERQNIELLCO IDALKVOLAA
singt 384 RRRENNAAAK KSRDRRRIKE DEIAIRAAYL ERQNIELLCO IDALKAQLAA
secgc 3B7 RRRRKNNAAAK KSRDRRRIKE DETAIRAAYL ERQNIELLCQ IDALKAQLAA
yakgr 390 RRRENNAAAK KSRDRRRIKE DEIAIRAAYL ERQNIELLCO IDALKAQLAA
sangt 390 RRRRNNAAAK KSRDRRRIKE DEIAIRAAYL ERQNIELLCQ IDALKAQLAA
ecege 386 RRRRNNAAAK KSRDRRRIKE DETAIRAAYL ERQNIELLCQ IDALKAQLAA
FEEXERRENS SXSRSERENS SESRSARENS SXSRSARSLS SESRTIREES
nelgt 440 FTSARVTTA
singt 434 FTSARVTTA
secgt 437 FTSAKVTTA
vakgt 440 FTSAKVTTA
sangc 440 FTSARVTTA

ecege 436 FTSARVTTA
EEEERERNE



FIGURE S16. Maximum-likelihood ancestral sequence reconstruction of GT protein, excluding polyQ. All ancestral sites could
be reconstructed with high confidence (posterior probability > 0.98), except for polyQ tracks. Ancestral substitutions beyond D. ere

were not displayed. AA positions based on D. melanogaster GT protein.
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FIGURE S17. The polyglutamine repeats (polyQ) show differences among the melanogaster subspecies complex species.
Maximum-parsimony ancestral sequence reconstruction of 2 polyQ tracks of gt protein. The conserved H within polyQ tracks helps to
delineate both polyQ tracks to two parts. Due to the lack of proper substitution models, this maximum-parsimony based ancestral

reconstruction for polyQ tracks may subject to bias due to alignment error, arbitrary choice of polyQ unit etc.
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FIGURE S18. #l alleles from six different species in the melanogaster species complex. We found no major differences at the
coding portion of the gene between the melanogaster species supercomplex (D. melanogaster, D. simulans, and D. sechellia) and that
the D. santomea/D. yakuba species pair is the structure of poly-glutamine repeats. melgt: D. melanogaster, simgt: D. simulans, sechgt:
D. sechellia, sangt: D. santomea, eregt: D. erecta. Asterisks show residues that are conserved across the whole group.

tll mel MRSSEGSPDMMDOKYNSVRLSPAASSRIL YHVPC KVCRD HSSGKHYGIYACDGCAGFFKRSD
tll_sim MOSSEGSPDMMDOKYNSVRLSPPASSRIL YHVPC KVCRD HSSGKHYGIYACDGCAGFFKR S0
tll mau MOSSEGSPDMMDOKYNSVRLSPPASSRIL YHVPC KVCRD HSSGKHYGIYACDGCAGFFKRGD
tLJ:ErE MOSSEGSPDMMDOKYNSVRLSPAASSRIL YHVPC KVCRD HSSGKHYGIYACDGCAGFFKRSD
tll_tei MOSSEGSPDMMDOK YNSVRLSPAASSRIL YHVPC KVCRD HSSGKHYGIYACDGCAGFFKRGD
tll san MOSSEGSPDMMDOKYNSVRLSPAASSRIL YHVPC KVCRD HSSGKHYGIYACDGCAGFFKRGD
tLl_yak M0SS EGSPDMMDOK YNSVRLSPARSSRIL YHVPC KVCRD HSSGKHYGIYACDGC AGFFKR 60
tll mel SIRRSROYVCKSOKOQGLCVVDKTHRNQURACRLRKCFEVGMNKD AVQHE RGPRNSTLRRH 120
tll_sim SIRRSROYVCKSOKOGLCVVDKTHRNQURACRLRKCFEVGMNKD AVOHE REPRNSTLRRH 120
tll_mau SIRRSROYVCKSOKOGLCVVDKTHRNQCRACRLRKCFEVGMNKD AVQHE RGPRNSTLRRH 120
tll _ere SIRRSROYVCKSOKOGLCVVDKTHRNQCRACRLRKCFEVGMNKD AVOHE RGPRNSTLRRH 120
tLl_tei SIRRSROYVCKSOKQGLCVVDKTHRNQCRACRLR KCFEV GMNKD AVOHE RGPRNSTLRRE 120
tll san SIRRSRQYVCKSQKOQGLCVVDKTHRNQURACRLRKCFEVGMNKD AVQHE RGPRNSTLRRH 120
tll_yak SIRRSRQYVCKSQKOQGLCVVDKTHRNQURACRLRKCFEVGMNKD AVQHE RGPRNSTLRRH 120
tll mel MAMY KDAMMGAGEMPQIPAE ILMN TAALTGF PGV PMPMP GLPORAGHHP AHMAAFQPPPS 18 0
tll sim MAMY KDAMMGAGEMPQIPAE ILMN TAALTGF PGV PMPMP GLPORAGHHP AHMAAFQPPPS 180
tL1_maun MAMY KDAMMGAGEMPOIPAE [LMN TAALTGF PGV PMPMP GLPORAGHHP AHMAATQPPPS 18D
tll ere MAMY KDAMMGAGEMPQIPAE ILMN TAALTGF PGV PMPMP GLPQRAGHHP GHMAGFQPPPS 180
tll tei MAMY KDAMMGAGEMPQIPAE ILMN TAALTGF PGV PMPMP GLPORAGHHP GHMAAFQPPPS 180
:LJ.:san MAMY KDAMMGAGEMPQIPAE ILMN TAALTGF PGV PMPMP GLPORAGHHP GHMAAFQPPPS 180
tll_yak MAMY KDAMMGAGEMPQIPAE ILMN TAALTGF PGV PMPMP GLPORAGHHP GHMAAFQPPPS 180

tll mel AAAVLDLSVPRVPHHPVHOGHHGF FSPTAAYMNALATRALPPTP PLMAAEHIKE TAAEHL 240
tLl:sun AAAVLDLSVPRVPHHPVHOGHHGF FSPTAAYMNALATRALPPTP PLMAAEHIKE TAAEHL 240
£L1_mau AAAVLDLSVPRVPHHPVHQGHHGE FSPTAATMNALATRALPPTP PLMALEHIKE TAREHL 24D
tll ere ALAVLDLSVPRVPHHPVHOGHHGF FSPTAAYMNALATRALPPTP PLMAAEHIKE TAAEHL 240
tll_tei AAAVLDLSVPRVPHHPVHOGHHGF FSPTAAYMNALATRALPPTP PLMAAEHIKE TAAEHL 240
tll_san AAAVLDLSVPRVPHHPVHOGHHGF FSPTAAYMNALATRALPPTP PLMAAEHIKE TAAEHL 240
tll_yak AAAVLDLSVPRVPHHPVHOGHHGF FSPTAAYMNALATRALPPTP PLMAAEHIKE TAAEHL 240
£LL mel FXNVNWIKSVRAPTELPMP DOLLLLEESWKEFF [ LAMAQYLMPMNFAQLLFVYE SENANR 300
tll sim FHNVNWIKSVRAFTELPMP DOLLLLEESWKEFF [LAMAQYLMPMNFAQLLFVYESENANR 30D
tll mau FKNVNWIKSVRAFTELPMP DOLLLLEESWKEFF ILAMAQYLMPMNFAQLLFVYESENANRIDD
tll _ere FKNVNWIKSVRAFTELPMP DOLLLLEESWKEFF ILAMAQYLMPMNFAQLLFVYESENANR 30D
tll_tei FENVNWIKSVRAFTELPMP DOLLLLEESWKEFF [LLAMAQ YLMPMNFAQLLFVYE SENANR 30D
tll san FKNVNWIKSVRAFTELPMP DOLLLLEESWKEFF [LAMAQ YLMPMNFAQLLFVYESENANR3DD
tLl:yak FKNVNWIKSVRAFTELPMP DOLLLLEESWKEFF [LAMAQ YLMPMNFAQLLFVYE SENANR DD
S S A A

tll mel EIMGMVTREVHAFQEVLNQLCHLN IDSTE YECLRAISLF RKSPPSASSTEDLANSSILTG 360
tll_sim EIMGMVTREVHAFQEVLNOLCHLN IDSTE YECLRAISLF RKSPPSASSTEDLANSSILTG 360
tll mau EIMGMVTREVHAFQEVLNOLCHLN IDSTE YECLRAISLF RKSPPSASSTEDLANSSILTG 360
tLJ.:ere EIMGMVTREVHAFQEVLNOLCHLN IDSTE YECLRAISLF RKSPPSASSTEDLANSSILTG 360
tll_tei EIMGMVTREVHAFQEVLNOLCHLN IDSTE YECLRAISLF RKSPPSASSTEDLANSSILTG 360
tll san EIMGMVTREVHAFQEVLNOLCHLN IDSTE YECLRAISLF RKSPPSASSTEDLANSSILTG 360
tL1_yak EIMGMVTREVHAFQEVLNQLCHLN [DSTE YECLRALSLE RKSPP SASSTEDLANSSILTG 36D
tll mel SGSPNSSASA AMHNDARSALHNY LI QTLLGVVQLMHKV 420
tll_sim SGSPNSSASAESRGLLESGKVAAMHNDARSALHN ¥ IQRTHPSQPMRFQTLLGVV QLMHKV 420
tll_mau SGSPNSSASAESRGLLESGKVAAMHNDARSALHN ¥ IORTHPSQPMRFQTLLGVV QLMHKV 420
tll _ere SGSPNSSASAESKGLLESGKVAAMHNDARSALHN ¥ [QRTHPAQP MRFQTLLGVV QMMHKV 420
tLl tei SGSPNSSASAESKGLLESGKVAAMHNDARSALHN ¥ [QRTHPTQP MRFQTLLGVY QMMHKY 420
tll san SGSPHSSASAESKGLLESG KVAAMHNDARSALHN ¥ IORT HPTQP MRFQTLLGVV QMMHKY 42D
tll yak SGSPNSSASAESKGLLESGKVAAMHNDAR SALHN Y [QRTHP TQPMRFQTLLGVV OMMHKY 420
tll mel SSFTIEELFFRKTIGDITIVRLISDMYSORKI 452

tll sim SSFTIEELFFRKTIGDITIVRLISDMYSORKI 452

tLl:msu SSFTIEELFFRKTIGDITIVRLISDMYSORKI 452

tll ere SSPTIEELFFRKTIGDITIVRLISDMYSQRKI 452

tLl tei SSPTIEELFPRKTIGDITIVRLISDMYSQRKI 452

tll san SSFTIEELFFRKTIGDITIVRLISDMYSQRKI 452

tLL_yak SSFTIEELFFRKTIGDITIVRLISDMYSQRKL 452



FIGURE S19. Embryonic hybrid inviability does not occur in mel/tei hybrids. No line of D. teissieri showed either embryonic
inviability or abdominal ablations when crossed with D. melanogaster, D. simulans, or D. mauritiana females. The vast majority of
assays revealed no dead embryos. A. mel/tei male hybrids. B. sim/tei male hybrids. C. mau/tei male hybrids. D. mel/tei female
hybrids. E. sim/tei female hybrids. F. mau/tei female hybrids. teil: Balancha 1; tei2: Balancha 2, tei3: Balancha 3, tei4:

House Bioko 0, tei5: House Bioko 1, tei6: House Bioko 2, tei7: La Lope Gabon, tei8: Selinda, tei9: Zimbabwe, teil0:
cascade 2 1, teill: cascade 2 2;teil2: cascade 2 4, teil3: cascade 4 1, teil4: cascade 4 2, teil5: cascade 4 3, teil6:

cascade 4 4, teil7: cascade 4 5, teil8: cascade 4 6, teil9: Bata 2, tei20: Bata_8.

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\



FIGURE S20. Divergence in giant in the melanogaster species subgroup. A. The evolutionary timing of g and its interactor
leading to HI. The gt allele responsible for HI in hybrids with D. santomea evolved before mel, sim, and mau had a common ancestor
(Blue branch). At least one of the interactors of g¢™ is not shared with D. teissieri which indicates that such element must have

evolved after the last common ancestor of D. santomea and D. teissieri speciated (Red branch).
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FIGURE S21. Experimental design to generated a GFP-mediated disruption of #//,u.1.
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