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Abstract

The sex-ratio X-chromosome (SR) is a selfish chromosome that promotes its own transmission to 

the next generation by destroying Y-bearing sperm in the testes of carrier males. In some natural 

populations of the fly Drosophila neotestacea, up to 30% of the X-chromosomes are SR 

chromosomes. To investigate the molecular evolutionary history and consequences of SR, we 

sequenced SR and standard (ST) males at 11 X-linked loci that span the ST X-chromosome and at 

seven arbitrarily chosen autosomal loci from a sample of D. neotestacea males from throughout 

the species range. We found that the evolutionary relationship between ST and SR varies among 

individual markers, but genetic differentiation between SR and ST is chromosome-wide and likely 

due to large chromosomal inversions that suppress recombination. However, SR does not consist 

of a single multi-locus haplotype: we find evidence for gene flow between ST and SR at every 

locus assayed. Furthermore, we do not find long-distance linkage disequilibrium within SR 

chromosomes, suggesting that recombination occurs in females homozygous for SR. Finally, 

polymorphism on SR is reduced compared to ST, and loci displaying signatures of selection on ST 

do not show similar patterns on SR. Thus, even if selection is less effective on SR, our results 

suggest that gene flow with ST and recombination between SR chromosomes may prevent the 

accumulation of deleterious mutations and allow its long-term persistence at relatively high 

frequencies.
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Introduction

Genetic conflict occurs when one part of the genome promotes its own transmission to the 

detriment of the rest of the genome. Conflict is ubiquitous across the tree of life, and selfish 

genetic elements can range in size from gene-sized transposable elements to entire 

chromosomes (Burt & Trivers, 2006; Rice, 2013). Selection against selfish activity is 

hypothesized to have contributed to the evolution of fundamental processes and structures 

such as meiotic recombination and centromeres (Werren, 2011; Rice, 2013). Meiotic drivers 
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are selfish elements that cause genetic conflict by manipulating gametogenesis to favor their 

own transmission to the next generation (Lindholm et al., 2016). One example is sex-ratio 
(SR) drive, which occurs when an X-chromosome kills Y-bearing sperm in carrier males, 

causing them to sire only daughters that also carry SR (Jaenike, 2001). X-chromosomes may 

be predisposed to evolve selfish behavior because of the inherent conflict among the 

autosomes, X-chromosome, and Y-chromosome over the optimal proportion of male and 

female offspring (Hurst & Pomiankowski, 1991; Jaenike, 2001; Meiklejohn & Tao, 2010). 

The resulting bias in the offspring sex ratio may also alter the population-level sex ratio, 

which can favor the evolution of suppressors of drive located in other parts of the genome 

(Hamilton, 1967; Hall, 2004; Meiklejohn & Tao, 2010).

If the selfish genetic system escapes suppression and restores drive, but now requires two or 

more components on the driving chromosome to act, selection for genetic linkage may favor 

suppressed recombination between them (Prout et al., 1973; Charlesworth & Hartl, 1978). 

Empirically, most drive systems are found in heterochromatic regions or are located within 

chromosomal inversions, and thus experience reduced recombination between the driving 

and wild-type, or Standard (ST), arrangements (Jaenike, 2001; Lindholm et al., 2016). This 

suppressed recombination can have important consequences for patterns of molecular 

evolution (Navarro & Barton, 2003; Hoffmann & Rieseberg, 2008). For instance, in addition 

to high divergence between inverted and noninverted arrangements, selection on variants 

within an inversion can lead to low polymorphism due to Hill-Robertson effects (e.g. 

Andolfatto et al., 2001; Cheng et al., 2012; Fabian et al., 2012). The increase in frequency of 

the driving haplotype due to the selfish behavior of the driving loci can also leave a signature 

similar to that caused by an increase in frequency due to positive natural selection. For 

example, on the X-chromosome in Drosophila mauritiana, striking polymorphism patterns 

congruent with strong selective sweeps were detected around loci involved in SR drive in the 

closely related species D. simulans (Nolte et al., 2013).

SR chromosomes are common in Diptera and have evolved independently many times 

(Jaenike, 2001). Neither of the two well-studied SR systems in D. simulans is associated 

with inversions, but both show evidence of selective-sweep like patterns of low 

polymorphism at the causal driving loci and at very closely linked loci (Derome et al., 2008; 

Kingan et al., 2010; Helleu et al., 2016). The SR chromosome in D. pseudoobscura is 

associated with several inversions, but in a study of five X-linked loci, a reduction in 

polymorphism on SR was only observed at one locus (Babcock & Anderson, 1996; 

Kovacevic & Schaeffer, 2000). This could be due to the small size of the inversion, the 

location of this locus near the breakpoint of an inversion, or proximity to a causal driving 

locus (Kovacevic & Schaeffer, 2000). At the other extreme, the SR chromosome of D. recens 
is completely bound in overlapping inversions and shows extremely high interlocus linkage 

disequilibrium (LD) and a dramatic reduction in polymorphism at all sampled loci compared 

to the standard X-chromosome (Dyer et al., 2007). Similar patterns are observed in the SR 

chromosome of the stalk-eyed fly, Teleopsis dalmanni (Christianson et al., 2011). In both of 

these cases, the SR inversions carry pleiotropic deleterious alleles; they cause female 

sterility when homozygous in D. recens and decreased eyestalk size in T. dalmanni (Dyer et 
al., 2007; Cotton et al., 2014). Overall, it appears that the rapid increase in frequency of the 

SR chromosome and restricted recombination with ST tend to result in decreased 
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polymorphism on SR chromosomes. Because SR systems have arisen many times and thus 

have different evolutionary histories and characteristics, we can compare them to understand 

how a SR system’s age, chromosomal inversions, and pleiotropic effects alter the molecular 

evolutionary consequences it has for the X-chromosome.

In this study we investigate SR drive in Drosophila neotestacea, which is a North American 

boreal and temperate forest mushroom-feeding fruit fly that harbors an SR chromosome 

(James & Jaenike, 1990). In some populations of D. neotestacea, SR is found at frequencies 

as high as 30%, which appear to be stable on the order of decades (James & Jaenike, 1990; 

Dyer, 2012; Pinzone & Dyer, 2013). In D. neotestacea, there is also no evidence of active SR 

suppressors, and SR homozygote females are fully fertile (Dyer, 2012). Previous genetic 

work is limited to microsatellite repeat markers, which showed strong genetic differentiation 

between SR and ST suggesting the presence of one or more inversions on SR (Dyer, 2012; 

Dyer et al., 2013). This work also identified an excess of microsatellite polymorphism on SR 

that could be due to occasional recombination or gene conversion between SR and ST in 

heterozygote females (Dyer, 2012; Dyer et al., 2013). High, stable frequencies of SR in 

some populations, a lack of phenotypic suppressors, and highly differentiated inverted 

regions potentially protected from mutation accumulation by occasional recombination 

suggest that SR may have had a large effect on X-chromosome evolution in this species.

We examine the molecular evolutionary consequences of SR and determine the evolutionary 

relationship between ST and SR. Using a sample of D. neotestacea males from throughout 

the species range, we sequenced SR and ST males at 11 randomly chosen X-linked loci that 

span the ST X-chromosome. For comparison we also sequenced a subset of these individuals 

at seven randomly chosen autosomal loci. We analyzed patterns of genetic differentiation 

between the ST and SR chromosomes, performed a phylogenetic analysis to infer the 

evolutionary history of SR, and compared levels of recombination, linkage disequilibrium, 

and nucleotide polymorphism between ST and SR. We confirmed the presence of inversions 

and decreased recombination between ST and SR. Our results indicate that while SR and ST 

are strongly differentiated and selection may be acting differently on SR, SR is not 

segregating as a single extended haplotype. We suggest that SR may be able to persist long-

term at relatively high frequencies due to occasional gene flow with ST and among SR 

chromosomes, which prevents SR from degrading via mutation accumulation.

Methods

Sampling and DNA sequencing

X-chromosomes were sampled from 14 geographic populations that span the D. neotestacea 
species range (Table S1, See Table 1 of Dyer, 2012). These males are the same as used in 

Dyer (2012), in which wild-caught males were identified as carrying ST or SR X-

chromosomes by the proportion of female offspring they produced. From each population 

where SR is present, at least three ST and three SR males were sequenced at each of 11 

randomly chosen X-linked loci, which included six protein-coding genes (marf, mof, pgd, 
rpl, spk, and sxl), and the flanking regions of six microsatellite loci (neo5261, neo6002, 

neo7029, neo7040, neo8377, and neo8385)(Table S2)(Dyer, 2007). In total, each male was 

sequenced at 4,510 base pairs on the X-chromosome. In populations without SR present, 
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only ST males were sampled. At least 53 ST and 41 SR males were included for every 

marker, though the total sample number is variable for each individual locus. From each 

population, at least three males were chosen randomly with respect to their X-chromosome 

type using a random number generator (random.org). These males were sequenced at seven 

arbitrary autosomal protein coding loci located on all of the other Muller elements except F, 

which included esc, gl, mago, ntid, sia, tpi, and wee for a total of 2,657 bp per individual 

(Table S2). All these loci were also sequenced in one or two individuals of D. orientacea and 

D. putrida, which are two of the other members of the testacea species group. From the final 

member of the testacea species group, D. testacea, one female from each of 24 isofemale 

lines collected in Munich, Germany were chosen for sequencing.

DNA extractions were performed with Qiagen Puregene Core Kit A. Fragments were 

amplified using standard PCR protocols (Table S3) and sequenced on an Applied 

Biosystems 3730xl DNA Analyzer at the Georgia Genomics Facility. Base calls were 

confirmed using Geneious (Kearse et al., 2012), and heterozygous SNPs in diploid loci were 

phased using PHASE (Scheet & Stephens, 2006). Sequences were aligned by hand in 

Geneious, and microsatellite repeats were removed manually, leaving only the flanking 

regions for use in analyses (Kearse et al., 2012). Open reading frames were assigned using 

annotated D. melanogaster orthologs as a guide (flybase.org).

Recombination mapping

We used recombination mapping to determine the order of the loci on the ST chromosome. 

We performed single pair crosses with flies from isofemale lines originally collected in 

Seattle, WA (Sea) and Coeur d’Alene, ID (ID-1). Sea females were crossed to ID-1 males, 

and the F1 females collected and crossed to males from an inbred lab stock. The F2 males 

(carrying a maternally-derived X-chromosome) were collected and frozen for genotyping. 

All flies were reared on Instant Drosophila Medium (Carolina Biological Supply, 

Burlington, NC) supplemented with commercial mushroom (Agaricus bisporus) at 20°C 

with 60% relative humidity on a 12-hour light/dark cycle. DNA from the parents and 92 F2 

males was extracted as described above. Parents were genotyped using repeat number at X-

linked microsatellite markers (as described in Pinzone & Dyer, 2013), and sequenced at X-

linked protein coding loci to identify SNPs at restriction enzyme cut sites. BsaWI (New 

England Biolabs, Ipswich, MA) was used for restriction fragment analysis of spk. F2 males 

were genotyped at the microsatellite loci and spk, and were sequenced at marf and pgd to 

identify which parental allele they carried. The remaining two loci (rpl and mof) contained 

no polymorphisms in the parental cross and were thus unable to be mapped. The most likely 

map order and distances were calculated using the Kosambi mapping function in MapDisto 

with 1000 bootstrap replicates (Kosambi, 1943; Lorieux, 2012).

As SR/SR females are fertile we attempted to use two independently collected and 

maintained SR lines for recombination mapping of the SR chromosome. These lines were 

collected in Eugene, OR in 2001 (SR-Par) and in Rochester New York in 1990 (SR-Lab). 

However, based on sequencing each locus from each line there was not enough variation 

between them to determine anything except that neo6002 and neo7029 are at least 50 cM 

apart on SR, the same as on ST.
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The ST lab stock was also originally collected in New York in 1990, and the SR-Lab stock is 

maintained in the same genetic background. Every generation, ST/Y males are crossed to 

SR/SR females to generate SR/Y males, and SR/Y males are also crossed to SR/SR females 

to produce more SR/SR females. We tested for recombination between ST and SR by 

crossing ST/SR heterozygous females with ST/Y males, and then genotyping 95 male 

offspring at the six X-linked microsatellites described above. Parental ST and SR genotypes 

were identified using four SR/SR females and two ST/Y males from these highly inbred SR 

and ST stocks.

Phylogenetic analysis

Multi-locus phylogenetic species trees were constructed using *BEAST with the HKY 

nucleotide substitution model and a chain length of 100 million, with 20% burn-in removed 

(Heled & Drummond, 2010; Bouckaert et al., 2014). Orthologs from D. testacea, D. 
orientacea, and D. putrida were included in the analysis, and based on previous phylogenetic 

work D. putrida was used as an outgroup to root the trees (Perlman & Jaenike, 2003; Dyer et 
al., 2011). Trees for X-chromosome and autosomal loci were constructed separately. For the 

X-linked species tree, D. neotestacea samples were divided into ST and SR. The X-linked 

tree also included the marker sxl, which was dropped from further analyses due to extremely 

low polymorphism. The autosomal tree used all seven autosomal markers. The individual 

gene trees generated as a part of these *BEAST analyses were used to infer the relationship 

between D. neotestacea ST and SR and D. testacea at the individual locus level.

Relationships between individual samples were inferred using a multi-locus phylogenetic 

tree constructed with all the X-linked makers except neo5261, which lacked a sequence from 

D. putrida used to root the tree. This tree was also built in *BEAST using the HKY 

substitution model and a chain length of 2 billion with 20% burn-in removed.

Patterns of genetic differentiation and recombination

To estimate patterns of genetic differentiation we calculated KST and Snn (Hudson et al., 
1992; Hudson, 2000) in DnaSP (Librado & Rozas, 2009) using both geographic sampling 

location and ST and SR as groupings (Librado & Rozas, 2009). Significance of individual 

KST and Snn values was determined using 1,000 random permutations according to the 

method of (Hudson et al., 1992; Librado & Rozas, 2009). Statistical analyses were carried 

out in RStudio (2014).

To estimate patterns of linkage disequilibrium (LD) within and across loci, all X-linked 

markers were concatenated in the order of the ST genetic map and the pairwise correlation 

coefficient (R2) between each pair of parsimony informative sites was calculated according 

to the method of Hill & Robertson (1968). Significance of each association was calculated in 

DnaSP using a Fisher’s Exact Test with a Bonferroni correction for multiple testing using α 
= 0.05 (Librado & Rozas, 2009). LD was inferred using all samples (SR and ST) and 

separately for SR and ST chromosomes. ZnS for each locus was calculated according to the 

method of Kelly (1997). The population recombination rate (ρ) was estimated for each locus 

using the composite-likelihood method of Hudson (2001) in the program LDHat (McVean et 
al., 2004). For the autosomes, ρ = (1/2)*4Ner = 2Ner (as males do not recombine in D. 
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neotesteacea), where Ne is the effective population size and r is the per-generation 

recombination rate. For the X-chromosome, ρ = (2/3)*3Ner = 2Ner. ρ was calculated for ST 

and SR separately for each marker, and then scaled by the number of sites. Genetic exchange 

between SR and ST was detected in the concatenated alignment of all X-linked markers 

using the method of Betran et al. (1997) as implemented in DnaSP (Librado & Rozas, 2009).

Patterns of nucleotide polymorphism

For each marker, nucleotide polymorphism was analyzed separately for ST and SR sample 

groups. In markers that contained open reading frames, segregating sites were split into 

silent site polymorphisms (synonymous changes and changes outside the open reading 

frame) and nonsynonymous polymorphisms. Microsatellite flanking regions were assumed 

to be silent sites. To evaluate patterns of nucleotide polymorphism, average pairwise 

nucleotide differences (π) (Nei, 1987), Watterson’s θ (Watterson, 1975), and Tajima’s D 

(Tajima, 1989) were calculated in DnaSP using only silent sites (Librado & Rozas, 2009). π 
was also calculated using only nonsynonymous variation for the protein coding genes. Net 

nucleotide substitutions per site (Da) between ST and SR was calculated for a combined set 

of all X-linked markers (Nei, 1987; Librado & Rozas, 2009). Parsimony informative sites 

were identified for ST and SR individually in DnaSP and used to identify private alleles. 

Expected Tajima’s D values were generated using 10,000 coalescent simulations in the 

program HKA (https://bio.cst.temple.edu/~hey/software/software.htm#HKA). Ka/Ks and 

πa/πs were calculated for all protein coding loci in DnaSP (Librado & Rozas, 2009), with 

orthologs from D. putrida used to identify substitutions.

Polytene chromosome squashes

Inversions on SR were confirmed using squashes of polytene chromosomes from the 

salivary glands of D. neotestacea third instar larvae. Salivary glands were dissected out in 

phosphate-buffered saline, fixed in 45% acetic acid, stained with orcein, and then physically 

squashed on a microscope slide to separate the chromosomes (Sullivan et al., 2000). 

Chromosomes spreads were examined under 400X magnification using phase contrast. The 

X-chromosome was identified in ST males from the inbred lab stock because it showed no 

synapses or chromosomal inversions, and then ST/SR heterozygote females were generated 

and used to identify inversions between ST and SR.

Results

Genetic map

Recombination mapping of the ST X-chromosome revealed that the nine X-linked loci span 

a genetic distance of 113 cM (Figure 1). This distance likely encompasses the majority of 

the X-chromosome given the typical size of Muller element A of other species in the 

subgenus Drosophila (e.g. Gubenko & Evgenev, 1984; Schafer et al., 1993; Staten et al., 
2004; Dyer et al., 2007). However, it is probable that the map order of the markers is 

rearranged on SR relative to ST. Not a single recombination event was detected between SR 

and ST chromosomes in the lab crosses; all 95 genotyped sons of ST/SR females inherited 

either the SR or ST haplotype at all six microsatellite loci.
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Differentiation among populations and between sex-ratio carrier status

We find little geographic differentiation among populations, similar to previous studies of D. 
neotestacea (Dyer, 2012; Dyer et al., 2013). KST and Snn based on geographic origin shows 

that average differentiation between geographic populations is low for both the autosomal 

markers (KST = 0.030, sd = 0.323) and the X-linked markers (0.020, sd = 0.037)(Figure 2a, 

Table S4). There is no significant difference in geographic-based population differentiation 

between the autosomes and the X-chromosome (t14 = 0.617, p = 0.547, two-tailed t-test). 

Therefore, for the remainder of the analyses we pool geographic samples together and focus 

on comparisons between SR and ST chromosomes.

There is substantial genetic differentiation between the SR and ST X-chromosomes at every 

locus we surveyed (Table S4), indicating reduced gene flow between SR and ST on a 

chromosome-wide scale. The average KST between ST and SR for the protein coding genes 

was 0.1044 (sd = 0.1027) and for the microsatellite flanking regions was 0.3314 (sd = 

0.1047; Figure 2b). In contrast, the average KST of autosomal markers between ST and SR 

males is extremely low (mean = 0.0005, sd = 0.0034; Figure 2b, Table S4), as expected 

given independent assortment of the autosomes and X-chromosome. Hudson’s Snn supports 

the results of the KST analysis (Table S4). An analysis of variance (ANOVA) comparing KST 

of the autosomal loci and the X-linked loci with locus type (microsatellite flanking region or 

protein coding gene) nested within X-chromosome (ST or SR) showed a significant effect of 

both chromosome and locus type, with the X-chromosome having significantly higher KST 

than the autosomes (F1,15 = 34.3, p < 0.0001) and microsatellite flanking regions on the X-

chromosome having significantly higher KST than the protein coding genes (F1,15 = 21.72, p 

< 0.0001) (Figure 2b).

The differentiation between ST and SR can be seen in Figure 3, which depicts the X-linked 

haplotype of every individual sample at all parsimony informative segregating sites. With the 

exception of one locus (neo8385), all of the X-linked loci have segregating polymorphisms 

that are unique to ST or SR (Table S4). At eight of the eleven markers there are shared 

polymorphisms, and there are no fixed differences between ST and SR in any of the markers 

sampled (Table S4).

Phylogenetic analysis

The genetic differentiation between ST and SR is also apparent in the multi-locus phylogeny 

of individual samples (Figure 4), where the only clade with any substantial support is the 

one containing all of the SR samples. It is likely that the very low branch support in the rest 

of the tree is due to the high amount of free recombination among ST chromosomes. 

Consistent with this, the species tree made from the X-linked markers suggests the origin of 

SR occurred after the split with D. testacea (Figure S1).

The individual gene trees of the X-linked loci show such a much more variable relationship 

between ST and SR (Figure S2). Many markers include large polytomies that involve both 

ST and SR samples, and many which samples cluster with ST or SR varies from locus to 

locus (Figure S2). For no single marker is the association between SR status and the SR 

clade perfect; there are always SR individuals that cluster with ST, or vice versa. At a few 
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markers, including marf and neo8377, SR is basal to ST (Figure S2). Consistent with the 

KST analyses, in the individual gene trees there is no phylogenetic sorting of ST and SR 

sequences at autosomal loci and no evidence of geographic clustering of samples at any 

locus (Figure S2).

At a broader taxonomic level, the individual gene trees also show that the relationships 

among D. testacea, D. orientacea, and D. neotestacea are variable across markers. This is 

likely due to incomplete lineage sorting and/or hybridization among the testacea group 

species. We also note that while the species tree made from the X-linked markers places D. 
testacea sister to D. neotestacea, the species tree made from the autosomal markers places D. 
orientacea as most closely related to D. neotestacea (Figure S1).

Recombination and linkage disequilibrium

Compared to ST, the population recombination rate (ρ) for each marker on SR is reduced by 

a degree proportional to its average population frequency. A two-way ANOVA was used to 

test for significant differences on the X-chromosome, with locus type (silent sites in protein 

coding genes and microsatellite flanking regions) nested within X-chromosome type (ST or 

SR). ρ is significantly lower on SR (mean = 0.01, sd = 0.02) than on ST (mean = 0.17, sd = 

0.14) (F1,16 = 11.703, p < 0.004), with no effect of marker type (F2,16 = 0.883, p = 0.43). 

Figure 5 depicts the ratio of ρ/(number of sites) between the X-chromosome and the 

autosomes; assuming an equal population sex ratio, the expectation for this ratio is 1. We 

scale this by the average frequency of ST and SR across all populations (0.85 and 0.15, 

respectively (Dyer, 2012)) to obtain an expectation for the estimate of ρ at each marker on 

ST and SR. On ST, there was no significant difference from the expectation for either the 

microsatellite flanking regions (mean = 1.28, sd = 0.97, t5 = 1.095, p = 0.32, two-tailed t-

test) or the protein coding genes (mean = 0.77, sd = 0.67, t4 = −0.276, p = 0.80, two-tailed t-

test). There was also no significant difference from the expectation on SR for either the 

microsatellites (mean = 0.07, sd = 0.13, t4 = −1.328, p = 0.25, two-tailed t-test) or the 

protein-coding genes (mean = 0.05, sd = 0.07, t3 = −3.00, p = 0.06, two-tailed t-test).

Long range LD across the entire X-chromosome is observed between loci when considering 

SR and ST chromosomes together (Figure 1). An R2 analysis identified 471 statistically 

significant SNP associations across all X-linked markers from a total of 14,535 comparisons 

between 171 parsimony informative sites. Associations within a locus were significantly 

overrepresented when considering their frequency (202 significant associations; 3,710 non-

significant) compared to associations between SNPs in different loci (269 significant 

associations; 10,354 non-significant) (χ2 = 62.30, p < 0.0001) (Figure 1). While most of the 

LD is within loci, we do identify substantial long-range LD, even between sites that are over 

100 cM apart on the ST chromosome.

In contrast, within each type of chromosome (SR or ST) nearly all of the significant pairs of 

associations are within rather than between loci, indicating the presence of recombination 

within each type (Figure S3). When considering only ST samples, 11,781 comparisons were 

made between 154 polymorphism informative sites, and 28 significant associations were 

identified, all of which were between SNPs located in the same marker. Despite the smaller 

number of sites considered for only the SR samples (2,080 comparisons between 65 
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parsimony informative sites), there were more significant SNP associations than on ST 

(186), and only three of these associations occurred between sites in different markers.

Evidence of gene flow between chromosome types is the detection of gene conversion tracts 

between ST and SR in both directions and in multiple individuals (Table S5, Figure 3). 

Tracts that begin and end in the same marker likely represent true instances of gene 

conversion, which typically only involve short stretches of nucleotides. However, many other 

algorithmically detected tracts crossed multiple markers in the concatenated alignment of all 

X-linked markers, with the longest tract covering 3,296 of the 4,510 bases in the alignment 

of concatenated X-linked markers. This tract had an ST donor and an SR recipient, and 

covered a total of eight markers, or roughly 100cM based on the ST map. Rather than a true 

gene conversion event, this very large tract and others like it represent ST-typical sequences 

found in a SR phenotype individual, at least at the endpoints of the identified tract (Figure 

3). These are likely the result of gene flow between ST and SR due to other mechanisms 

such as double crossovers. Very long tracts may also represent two separate gene flow events 

that have been linked together due to a lack of informative sites between them. Out of the 33 

total gene conversion events detected, 15 were from ST to SR, and 18 were from SR to ST 

(Fisher’s exact test, p = 0.8). However, the ST to SR conversion events are much larger 

generally, having an average tract length of 1571.4 bp (sd = 1096.07), significantly more 

than the average tract length of SR to ST conversion events (mean = 183.17, sd = 255.11) 

(t15 = 4.473, p < 0.001, two-tailed t-test). Of course, these lengths are only within the 

alignment of the sequence data used in this study, and the actual physical distance between 

the start and the end of the tract may be much larger. The gene order on SR is also likely 

highly rearranged relative to ST, so it is possible that loci that are very far apart on ST are 

actually much closer on SR.

Nucleotide polymorphism

At the autosomal markers, there is no significant difference between silent nucleotide 

diversity (πs) in flies that carried an ST (mean = 0.0245, sd = 0.0167) or SR chromosome 

(mean = 0.0222, sd = 0.0132; t6 = 0.744, p = 0.485, paired two-tailed t-test). This is 

expected given independent assortment of the autosomes and the X-chromosome during 

meiosis. Therefore all autosomal samples were grouped together and used as a single 

comparison for the X-linked markers. A set of general summary statistics for each locus can 

be found in Table S2.

Silent-site polymorphism on SR is less than half of what is found on ST X-chromosomes: on 

SR, the mean πs was 0.005 (sd = 0.003), and on ST it was 0.013 (sd = 0.012) (Figure S4). A 

two-way ANOVA with marker type (silent sites in protein coding genes and flanking regions 

of microsatellites) nested within X-chromosome type (ST or SR) was used to compare πs for 

the X-linked markers. There was a main effect of X-chromosome type, with SR having a 

significantly lower πs than the ST (F1,18 = 5.973, p = 0.025). There was also an effect of 

locus type, with the microsatellite markers having a significantly lower π than the silent sites 

of protein coding regions (F2,18 = 4.000, p = 0.037).

Nonsynonymous polymorphism (πa) was very low for every marker (Table S2), and a one-

way ANOVA found no significant difference in πa between ST (mean = 0.001, sd = 0.002), 
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SR (mean = 0.0005, sd = 0.0006), and the autosomes (mean = 0.001, sd = 0.001) (F2,14 = 

0.67, p = 0.528). There was no significant difference between πa/πs values on ST (mean = 

0.062, sd = 0.079) and SR (mean = 0.141, sd = 0.246) (t4 = −1.049, p = 0.35, two-tailed t-

test), or between the X-chromosome (mean = 0.102, sd = 0.178) and the autosomes (mean = 

0.057, sd = 0.050) (t10 = −0.753, p = 0.47, two-tailed t-test) (Table S2). There was also no 

significant different between Ka/Ks values on ST (mean = 0.116, sd = 0.175) and SR (mean 

= 0.087, sd = 0.113) (t4 = 1.009, p = 0.37, two-tailed t-test), or between the X-chromosome 

(mean = 0.102, sd = 0.139) and the autosomes (mean = 0.108, sd = 0.178) (t10 = 0.084, p = 

0.93, two-tailed t-test) (Table S2a).

The ratio of the effective population size (Ne) of X-chromosomes to autosomes in a 

population with an even sex ratio is expected to be 0.75, and thus the ratio of neutral 

polymorphism on the X-chromosome and the autosomes should also be 0.75. However, 

since a substantial proportion of X-chromosomes in this species are SR (15% species wide 

(Dyer, 2012)), the expected X/A polymorphism ratio for ST is (0.75*0.85) = 0.64, assuming 

SR frequency is at a long-term equilibrium. Silent polymorphism in protein-coding genes on 

ST trends higher than this expectation, but does not differ significantly (mean X/A ratio = 

0.878, sd =0.641, t4 = 0.837, p = 0.45 two-tailed t-test) (Figure 6). Interestingly, the flanking 

regions of microsatellites on the ST X-chromosome have a significantly lower average level 

of polymorphism than expected (mean X/A ratio = 0.309, sd = 0.171, t5 = −4.696, p = 0.005, 

two tailed t-test) (Figure 6). The expected amount of polymorphism on SR compared to the 

autosomes relative to its frequency is (0.15*0.75) = 0.1125, again assuming that SR 

frequency is at a long-term equilibrium. In contrast to ST, the observed amount of silent 

polymorphism at both protein-coding genes and microsatellite loci on SR is higher than this 

expected value but not significantly different from it (mean X/A ratio: protein coding mean 

= 0.246, sd = 0.191, t4 = 1.564, p = 0.19, two tailed t-test; microsatellite flanking mean = 

0.199, sd = 0.106, t5 = 1.991, p = 0.103 two tailed t-test) (Figure 6).

Silent sites at autosomal loci have a generally negative Tajima’s D (mean = −1.74, sd = 

0.407; Figure S4c and Table S2), with the observed D significantly lower than the neutral 

expectation for six of the seven autosomal loci (p < 0.05 for each). This suggests that this 

skew in the frequency spectrum is a demographic effect and these values can be taken as the 

genomic background. The average D is not significantly different between the autosomes 

and all sequences on the X-chromosome (mean = −1.617, sd = 0.597, t15 = −0.614, p = 0.55, 

two-tailed t-test) (Figure 7). On the X-chromosome, a two-way ANOVA with locus type 

(silent sites in protein coding genes and microsatellite flanking regions) nested within X-

chromosome type (ST and SR) was used to determine significant differences between 

Tajima’s D values. There was there was no effect of maker type (F2,18 = 1.079, p = 0.36), 

but there was a significant effect of X-chromosome type, with markers on ST having a lower 

D than on SR (F1,18 = 5.99, p < 0.03) (Figure 7). However, this effect appears to be driven 

primarily by the microsatellite flanking regions, which have a very low D on ST (mean = 

−2.106, sd = 0.26) compared to SR (mean = −1.37, sd = 0.69). This trend can be observed 

when comparing D on an individual locus basis (Figure S4c, Table S2a).

The X-chromosome in the sister species D. testacea harbors a similar level of polymorphism 

as the ST X-chromosome in D. neotestacea (mean π = 0.008, sd = 0.005, t13 −1.238, p = 
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0.238, two-tailed t-test)(Table S2b). However, polymorphism in D. testacea at the X-linked 

microsatellites is significantly higher than the expected value of 0.75 of the diversity on the 

autosomes (mean π = 0.011, sd = 0.005, t5 = 2.667, p = 0.045, two-tailed t-test), but matches 

that expectation at the X-linked protein coding loci (mean = 0.005, sd = 0.002, t5 = 0.128, p 

= 0.903, two-tailed t-test)(Table S2b). Overall, Tajima’s D values on the X-chromosome and 

autosomes in D. testacea are much closer to zero than in D. neotestacea, with only one locus 

being significantly different from the simulated expectation (Table S2b), and with no 

significant differences between the average D values of the X-linked microsatellites (mean = 

−1.282, sd = 0.631), the X-linked protein coding genes (mean = 1.501, sd = 0.278), and the 

autosomal loci (mean = −1.260, sd = 0.555)(F2,15 = 0.349, p = 0.711, three-way ANOVA)

(Table S2b).

Confirmation of SR inversions

We confirmed chromosomal inversions between ST and SR by examining polytene 

chromosome squashes from ST/SR larvae (Figure 8). D. neotestacea has five visible 

chromosomes: the X-chromosome, one double-length telocentric autosome, two other 

autosomes, and the dot chromosome (Patterson & Stone, 1952). The X-chromosome was 

identified in ST males by its lack of inversions compared to the two similarly sized 

autosomes. Based on banding patterns, we believe that the X-chromosome described in 

James & Jaenike (1990) is actually one of these other autosomes. We then identified the X-

chromosome in ST/SR females using shape and banding pattern. Several large inversions are 

clearly visible (Figure 8). Despite the use of an inbred lab stock for this analysis, 

chromosomal inversions occurred on every chromosome except the dot.

Discussion

The effects of genetic conflict encompass the entire SR chromosome of D. neotestacea and 

affect all aspects of its evolution. Our findings of low genetic differentiation among 

geographic populations and high differentiation between ST and SR are consistent with 

previous work in this system that analyzed the repeat motifs of microsatellites (Figure 2) 

(Dyer, 2012; Dyer et al., 2013). We also used laboratory crosses and patterns of linkage 

disequilibrium to show that recombination is restricted between ST and SR along the entire 

length of the > 110 cM X-chromosome. These results suggest that most or all of SR is tied 

up in inversions, and we visually confirmed the presence of multiple, large rearrangements 

on SR. However, the amount of divergence between SR and ST varies from locus to locus, 

with no individual locus showing a perfect association with SR and no fixed differences 

between the two types of chromosomes (Figure S2, Table S4). ST individuals with SR 

haplotypes and vice versa can be seen within individual loci (Figure 3). This suggests 

ongoing gene flow in the form of gene conversion events or double crossovers, as well as 

incomplete lineage sorting of variation between ST and SR.

Such gene flow results in an imperfect association with SR over long genetic distances, so 

markers that are tightly linked to the driving locus can be expected to show the strongest 

differentiation between SR and ST. For instance, in the Winters and Paris SR systems of D. 
simulans only loci near the driver show clear evidence of selective sweeps (Derome et al., 
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2008; Kingan et al., 2010; Helleu et al., 2016). Likewise, decreased polymorphism is only 

found within inversions on the SR chromosome of D. pseudoobscura (Kovacevic & 

Schaeffer, 2000). The location of the driving loci is unknown in D. neotestacea, but previous 

work found microsatellite repeat genotypes at neo8385 and neo8377 that predict the SR 

phenotype at 94% accuracy (Dyer et al., 2013; Pinzone & Dyer, 2013). In our study these 

loci also have the highest values of KST between ST and SR (Table S4), and their gene trees 

show well-supported SR clades (Figure S2). As these markers are physically located only 

3.5 cM from each other on the ST chromosome (Figure 1), of the loci we surveyed they may 

be physically closest to the driver(s). So while the presence of inversions precludes mapping 

of the SR gene(s), a history of occasional gene flow between SR and ST suggests that other 

approaches such as association mapping may identify loci or regions involved in the drive 

mechanism, because an SR causal locus would be perfectly associated with SR expression.

The lack of a single SR-associated haplotype in D. neotestacea is in contrast to the SR 

systems in D. recens and T. dalmanni (Dyer et al., 2007; Christianson et al., 2011), as well as 

the multiple segregating versions of the selfish autosomes SD in D. melanogaster and t-

haplotype in mice (Lyon, 2003; Presgraves et al., 2009; Brand et al., 2015). In these systems, 

however, homozygous carriers of the driving chromosome usually have severe fitness costs, 

which have not been found in D. neotestacea. We suggest that SR has the capacity to purge 

deleterious mutations through occasional gene flow with ST as well as other SR 

chromosomes. While ST chromosomes appear to be highly recombining based on overall 

low levels of LD (Figures 5, S3), as a group SR chromosomes have substantial LD within 

loci but little LD between loci (Figure S3). This suggests that over longer distances 

recombination does still occur between SR chromosomes to break up genetic associations, 

despite reduced intra-locus population recombination rates on SR relative to ST (Figure 5). 

In D. neotestacea, females homozygous for SR are fully fertile and comprise about 2-3% of 

females in the wild (Dyer, 2012; Dyer et al., 2013). Even though these homozygous females 

are at a low prevalence, D. neotestacea is a common species with an overall large Ne, and 

thus there is likely substantial potential for recombination to occur between different SR 

chromosomes.

Nevertheless, SR’s lower frequency and restricted recombination could lead to a history of 

reduced Ne compared to ST, and consequently less effective selection. Ka/Ks and πa/πs 

values, which are often used as an estimate of selection in protein coding regions, show no 

difference between ST and SR. However, other data suggest selection may be acting 

differently on SR. Specifically, we found that the flanking regions of the microsatellites on 

ST had both reduced segregating polymorphism and a reduced Tajima's D compared to the 

expectation based on the autosomes (Figures 6, 7). This may indicate especially strong 

purifying selection at these loci. Some of the microsatellite markers may experience reduced 

recombination due to their location near the end of the ST X-chromosome (Figure 1)

(Patterson & Stone, 1952), but the pattern remains even when the most distal locus with the 

lowest polymorphism on ST (neo5261) is dropped from the analysis (p = 0.001, two-tailed t-

test).

The potential for selection in noncoding regions of the genome is well established (e.g., 

Andolfatto, 2005), though to our knowledge the flanking regions of microsatellites have 
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never been shown to be the target of selection. Alternatively, the microsatellites themselves 

may be under selection for a particular repeat length (Haasl & Payseur, 2013). However, 

previous work using these same loci found repeat heterozygosity on ST is consistent with 

the expectation based on the autosomes (Dyer et al., 2013). Regardless of the cause of this 

putative selection on ST, our data indicate that it is not acting on equivalent loci on SR, as 

the pattern of lower than expected polymorphism and Tajima's D at these loci is not 

recovered on SR. This suggests that the selfish activity of SR may reduce the efficacy of 

selection and thus affect the evolution of linked sequences that are otherwise independent of 

the driving mechanism. More information is required to fully investigate this possibility.

Our species phylogeny combines the coalescent history of all X-linked loci to indicate that 

ST and SR diverged after the split with sister species D. testacea (Figure S2). We obtain a 

rough age estimate for SR of 330,000 years by using the net genetic divergence between ST 

and SR at all X-linked markers (Da = 0.568%) and a nucleotide substitution rate of 1.7% per 

million years (Table S2a)(Caccone et al., 1988). D. testacea is found Europe and Asia 

(Grimaldi et al., 1992), D. orientacea is found in Asia, and the range of D. neotestacea is 

thought to extend into Alaska (Patterson & Stone, 1952); it is possible that the last point of 

contact between D. neotestacea with the other species was across the Bering Land Bridge 

between 35,000 – 14,000 years ago (Meiri et al., 2014). However, the individual gene trees 

show that the relationship of SR and ST is variable across markers, and neo8377 shows a 

particularly interesting pattern where SR is basal to ST and D. testacea (Figure S2). As 

neo8377 is one of the markers most differentiated on SR and most closely associated with 

the selfish phenotype, it is possible that the relationship between SR, ST, and D. testacea at 

this locus represents the true evolutionary history of the driving loci, and at other sites on the 

X-chromosome recombination between ST and SR has reduced their genetic divergence 

since the split with D. testacea. Indeed, the age of SR is estimated to be much older when 

using only divergence between SR and ST at neo8377 (Da = 0.993%), roughly 580,000 

years (Table S2a).

An old origin for parts of SR and variable evolutionary relationships across the X-

chromosome could suggest a history of sex chromosome cycling in this species due to 

conflict, where genetic suppression of drive allowed inactivated SR chromosomes to remain 

in a population as ST chromosomes (Hall, 2004). A history of coevolution with suppressors 

would explain the barrier to recombination across the majority of the SR chromosome in D. 
neotestacea. No segregating suppressors have been identified on either the Y-chromosome or 

the autosomes in D. neotestacea (Dyer, 2012); the most recently evolved driving locus on SR 

may instead be held in check by population dynamic forces (Pinzone & Dyer, 2013). While 

no SR drive has been identified in North American populations of D. putrida or European 

populations of D. testacea, SR drive and suppressors of drive have been found segregating in 

populations of D. orientacea from Japan (K. Dyer, unpublished data). Given this and the 

estimated age of SR in D. neotestacea, it is plausible that the SR drive chromosomes in D. 
neotestacea and D. orientacea may share the same origin.

We suggest that even with a potential decrease in the efficacy of selection on SR, the 

maintenance of variation through recombination with ST and other SR chromosomes has 

allowed the persistence of SR at high frequencies in natural populations. However, this may 
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not be without negative effects for the ST chromosome, including a reduction in Ne if SR is 

at high prevalence and the acquisition of deleterious SR-linked alleles through 

recombination. The genetic conflict caused by SR drive may therefore affect the evolution of 

the X-chromosome regardless of SR carrier status. It is possible that this has already been 

the case. Ultimately, a whole-genome approach will indicate the extent to which 

recombination is suppressed across the entire SR chromosome, and the resulting 

consequences for genetic variation and the strength of selection for both types of 

chromosomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Linkage disequilibrium between SR and ST chromosomes. Recombination mapping was 

performed to determine location of the markers across the standard X-chromosome (ST) in 

centimorgans (cM). The matrix shows sites with significant R2 values between pairs of SNPs 

within and between each marker calculated using only parsimony informative sites. Only 

sites with significant associations are pictured, with the total numbers of sites considered for 

each marker noted in parentheses. All ST and SR samples were included in the analysis. 

Significance was determined using a Fisher’s Exact Test with a Bonferroni correction for 

multiple testing. Light grey squares indicate nonsignificant associations (p > 0.05) and blue 

squares indicate associations significant after correcting for multiple testing. mof and rpl 
were unable to be mapped but had no significant associations. See Figure S3 for R2 values 

when ST and SR are considered separately.
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Figure 2. 
Pairwise KST per marker (a) between geographic populations and (b) between ST and SR 

males. White boxes are X-linked markers, and grey boxes are autosomal markers. The edges 

of the boxes are the first and third quartiles, and the dark grey line is the median. The 

whiskers extend to the last data point before 1.5x the interquartile range.
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Figure 3. 
X-chromosome haplotype structure of individual samples. Each row is an individual, with 

ST phenotype males above the dashed black line and SR phenotype males below. Each 

column is a single parsimony informative site in the concatenated alignment of all the X-

linked markers in the order found on the ST map. The boundaries of the markers are noted 

on the x-axis. Dark grey represents the individual carries the major allele, and light grey is 

the minor allele. Some sites have a third segregating allele, which is represented by white. 

Gene conversion tracts that fall within a single marker are outlined in blue. Sites that mark 

the beginning and end of algorithmically detected gene conversion tracts that span two or 

more markers are highlighted in red, as are any sites within those tracts that appear 

characteristic of the opposite chromosome (e.g. SR-common alleles on ST).
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Figure 4. 
Multi-locus phylogeny of individual samples, using only X-linked markers. The tree is 

rooted with D. putrida and includes the sister species D. testacea. Branches with a posterior 

probability support higher than 0.5 are indicated. Branch tips are marked with population of 

origin as indicated with the state or province abbreviation and X-chromosome type. Blue 

text denotes outgroups, red is SR, and black is ST.
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Figure 5. 
Ratio of the population recombination rate scaled by number of sites (ρ/sites) on the X-

chromosome to the average ρ/site on the autosomes for ST (grey boxes) and SR (white 

boxes). Total segregating sites were used to calculate ρ for each marker. The horizontal 

dashed lines represent the expected X/A ratio of 0.85 for ST and 0.15 for SR. The edges of 

the boxes are the first and third quartiles, and the dark grey line is the median. The whiskers 

extend to the last data point before 1.5x the interquartile range.
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Figure 6. 
Ratio of average π (pairwise nucleotide differences) on the X-chromosome to average π on 

the autosomes for both ST (grey boxes) and SR (white boxes). Only silent sites were used 

for the protein coding genes. The horizontal dashed lines represent the expected X/A ratio of 

(0.75 * 0.85 = 0.64) for ST and (0.75 * 0.15 = 0.11) for SR. The edges of the boxes are the 

first and third quartiles, and the dark grey line is the median. The whiskers extend to the last 

data point before 1.5x the interquartile range.
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Figure 7. 
Tajima’s D values for microsatellite flanking regions on ST and SR and silent sites in protein 

coding genes on ST (light grey), SR (white), and the autosomes (A, in dark grey). The edges 

of the boxes are the first and third quartiles, and the dark grey line is the median. The 

whiskers extend to the last data point before 1.5x the interquartile range.
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Figure 8. 
Polytene X-chromosomes of an ST/SR female. The black arrow marks the tip of the 

chromosome, and the white arrows mark inversions or more complex rearrangements.

Pieper and Dyer Page 25

J Evol Biol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Methods
	Sampling and DNA sequencing
	Recombination mapping
	Phylogenetic analysis
	Patterns of genetic differentiation and recombination
	Patterns of nucleotide polymorphism
	Polytene chromosome squashes

	Results
	Genetic map
	Differentiation among populations and between sex-ratio carrier status
	Phylogenetic analysis
	Recombination and linkage disequilibrium
	Nucleotide polymorphism
	Confirmation of SR inversions

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

