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Abstract

Intragenomic conflict has the potential to cause widespread changes in patterns of

genetic diversity and genome evolution. In this study, we investigate the consequences

of sex-ratio (SR) drive on the population genetic patterns of the X-chromosome in

Drosophila neotestacea. An SR X-chromosome prevents the maturation of Y-bearing

sperm during male spermatogenesis and thus is transmitted to ~100% of the offspring,

nearly all of which are daughters. Selection on the rest of the genome to suppress SR

can be strong, and the resulting conflict over the offspring sex ratio can result in the

accumulation of multiple loci on the X-chromosome that are necessary for the expres-

sion of drive. We surveyed variation at 12 random X-linked microsatellites across 16

populations of D. neotestacea that range in SR frequency from 0% to 30%. First, every

locus was differentiated between SR and wild-type chromosomes, and this drives

genetic structure at the X-chromosome. Once the association with SR is accounted for,

the patterns of differentiation among populations are similar to the autosomes. Second,

within wild-type chromosomes, the relative heterozygosity is reduced in populations

with an increased prevalence of drive, and the heterozygosity of SR chromosomes is

higher than expected based on its prevalence. The combination of the relatively high

prevalence of SR drive and the structuring of polymorphism between the SR and

wild-type chromosomes suggests that genetic conflict because of SR drive has had

significant consequences on the patterns of X-linked polymorphism and thus also

probably affects the tempo of X-chromosome evolution in D. neotestacea.
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Introduction

Genetic conflict occurs when one part of the genome

interferes with the transmission of another part of the

genome (Werren et al. 1988; Burt & Trivers 2006). One

form of genetic conflict, meiotic drive, can occur any-

where in the genome but seems to be especially com-

mon on the sex chromosomes (reviewed in Jaenike

2001). When a meiotic drive factor is located on the

X-chromosome, this driving X-chromosome prevents

the maturation of the Y-chromosome carrying spermat-

ids during male spermatogenesis (reviewed in Jaenike

2001). Thus, a male carrying a driving X-chromosome

transfers mostly X-bearing sperm to the female and

sires mostly daughters. X-chromosome drive may more

easily evolve than autosomal drive because of the wide-

scale genetic differences and lack of recombination

between the X- and Y-chromosomes (Jaenike 2001).

However, because this ‘sex-ratio’ (SR) drive results in a

female-biased offspring sex ratio, it may only appear to

be more common because it is easier to detect.

Altering the offspring sex ratio can result in strong

selection that favours the spread of autosomal and

Y-linked suppressors that restore the production of sons

(Hamilton 1967). In turn, the driving chromosome may

evolve modifiers that restore drive. If this ‘arms race’

within the genome proceeds such that multiple X-linked

factors become necessary for the expression of drive,

inversions or other mechanisms that suppress local

recombination may be favoured to maintain linkage

disequilibrium (LD) among the genes necessary for
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drive (reviewed in Jaenike 2001). This reduced recombi-

nation between SR and wild-type chromosomes can cre-

ate two independent subpopulations of X-chromosomes.

Thus, the genetic conflict that arises from meiotic drive

has the potential to shape the amount and structure of

population genetic diversity as well as the rate of molec-

ular evolution and efficacy of selection on the

X-chromosome. Over the long term, the evolutionary

consequences of the genetic conflict arising from

X-chromosome drive may be significant and include

changes in the genomic distribution of genes expressed

in the germline, changes in sex determination, the evolu-

tion of hybrid sterility and the epigenetic regulation of

sex chromosomes during meiosis (reviewed in

Meiklejohn & Tao 2010; Presgraves 2010; Kaiser &

Bachtrog 2010).

In the short term, the molecular evolutionary conse-

quence of drive can vary depending on the evolutionary

age of the drive system and the extent to which inver-

sions have accumulated. At one extreme is the very

young Paris SR drive system in Drosophila simulans,

where the driving factor is contained within a ~40-kb
segmental duplication that is not associated with an

inversion, and the genomic region also exhibits the

signatures of a recent selective sweep (Derome et al.

2004; Montchamp-Moreau et al. 2006; Bastide et al. 2011;

Fouvry et al. 2011). At the other extreme is the much

older SR chromosome in D. recens, which has accumu-

lated multiple inversions and is in LD with a recessive

female sterile mutation. Linkage disequilibrium between

the SR and the wild-type Standard (ST) chromosome

extends for over 100 cM and is because of the associa-

tion of driving loci and modifiers that are tied up in

inversions (Dyer et al. 2007). In other characterized drive

systems, including the autosomal Segregation Distorter

(SD) chromosome in D. melanogaster, SR in the stalk-

eyed fly Teleopsis dalmanni and SR in D. pseudoobscura,

the driving chromosome is associated with one or more

inversions, and there is genetic differentiation between

the driving and ST chromosomes, but it does not extend

across the entire chromosome as in D. recens (Kovacevic

& Schaeffer 2000; Presgraves et al. 2009; Christianson

et al. 2011). From both comparative studies as well as

careful dissection of individual drive systems, it is

becoming clear that the evolutionary dynamics of this

type of genetic conflict can occur rapidly and even on

an ecological timescale (e.g. Presgraves et al. 2009;

Bastide et al. 2011).

The consequences of SR drive for overall patterns of

population genetic variation of the X-chromosome will

depend not only on the age of the drive system and

extent to which the SR and ST chromosomes are differ-

entiated genetically, but also on the prevalence of SR in

the population and/or species. In general, the genetic

region associated with drive often has reduced poly-

morphism on the driving chromosome relative to non-

driving chromosomes, which can often be attributed to

a recent selective sweep on the drive chromosome (e.g.

Derome et al. 2004; Presgraves et al. 2009). In addition,

if SR is at low frequency and/or restricted to a small

part of the species’ range, the low effective population

size can also restrict polymorphism on the SR chromo-

some (e.g. Dyer et al. 2007). However, while SR can

have significant consequences on variation within this

subset of chromosomes, its effect on overall patterns of

genetic variation may be minimal. For example, in

D. recens, SR is only found in about ~2% of males, so

even though the SR chromosome contains very low

polymorphism relative to the wild-type chromosome,

because it is rare the X-chromosome still harbours an

overall very high level of genetic polymorphism

because the wild-type chromosome harbours a substan-

tial amount of diversity (Dyer et al. 2007). One could

imagine that the long-term consequences of harbouring

drive for patterns of polymorphism and divergence

could become significant if the driving chromosome

rises to appreciable frequency but still harbours lower

than expected variation, or if there is enough genetic

exchange between the driving and nondriving chromo-

somes such that the level of variation in the wild-type

chromosomes is decreased.

Here, we study the population genetic consequences

of SR drive in the fly Drosophila neotestacea. Drosophila

neotestacea is a mushroom-feeding fly that is common in

the temperate and boreal forests of North America; it is

found in western North America from Oregon north to

Alaska and occurs across the continent to the east,

extending south along the Appalachian Mountains to

the Smokies. Populations of D. neotestacea vary in the

prevalence of SR drive, ranging from 0% to 30% of

males, with a species-wide estimate of about 15.5%

(Dyer 2012). Variation in SR frequency is probably due

to local selection among populations, as the frequency

of SR drive is not because of the localized presence of

dominant autosomal or Y-linked suppressors of drive

or to generally restricted gene flow. Instead, it is corre-

lated with local climate, with warmer locations harbour-

ing a higher prevalence of SR drive than cooler

locations. The underlying cause of this spatial variation

is unknown (Dyer 2012).

To investigate the effect of SR for the evolution of the

X-chromosome in D. neotestacea, we first ask whether

loci on the X-chromosome of D. neotestacea show an

association with SR drive. We survey patterns of diver-

sity at 12 random X-linked microsatellite loci and find

large-scale genetic differentiation between SR and

Standard (ST or wild type) chromosomes. We then

investigate how SR has affected patterns of X-linked
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population differentiation in D. neotestacea, and

disentangle the effects of SR from neutral demographical

processes that may affect each subpopulation of X-chro-

mosomes independently. Finally, because SR is at rela-

tively high prevalence in many populations, we ask

whether SR affects general patterns of polymorphism on

the X-chromosome. In sum, our results suggest that the

X-chromosome in D. neotestacea has been shaped to a

large extent by the genetic conflict because of SR drive,

with potential consequences for the efficacy of selection

and the rate of evolution of the X-chromosome.

Materials and methods

Drosophila samples and microsatellite genotyping

We used wild-caught Drosophila neotestacea from 16 pop-

ulations that span most of the geographical range of

this species. These populations are described in Table 1

and are the same locations used in Dyer (2012). Flies

were collected by sweep-netting over baits of store-

bought mushrooms or naturally occurring mushrooms.

A total of 485 wild-caught flies were used in this study,

which included 16–44 flies per population (Table 1).

The 12 X-linked loci used in this study are listed in

Table 2. Eleven of the loci were initially described in

Dyer (2007) and were isolated from D. neotestacea. The

twelfth locus, tra84, was isolated from D. transversa

(Räisänen et al. 2009), and our preliminary studies

revealed that it was also X-linked and polymorphic in

D. neotestacea. Of these 12 loci, four are trinucleotide

repeats and eight are dinucleotide repeats (Table 2).

X-linkage was inferred because males only ever had

one allele, whereas females usually had two alleles.

These loci are random with respect to physical location

on the X-chromosome and have not been mapped.

Based on sequencing of protein-coding loci, the X-chro-

mosome in D. neotestacea is the same Muller’s Element

as the X-chromosome in D. melanogaster and most other

Drosophila species (Patterson & Stone 1952; Dyer et al.

2011; K. Dyer, unpublished data).

Methods for microsatellite genotyping and fragment

analysis are as described previously (Dyer 2007, 2012),

and the data set has been deposited in Dryad (doi:10.

5061/dryad.2d315). A subset of the genotyped males

were among those assayed for offspring sex ratio in

Dyer (2012) and were categorized as SR if they pro-

duced at least 20 offspring, of which at least 90% were

female. Males were categorized as wild type (Standard

or ST), if they sired <90% female offspring, as long as

they sired at least 20 offspring. Across the 216 males

characterized as SR in Dyer (2012), the average off-

spring sex ratio was 99.3 ± 0.001% daughters, and the

distribution of offspring sex ratios of all wild-caught

males was highly bimodal. The rare males sired by SR

males are always sterile and thus assumed to be XO

Table 1 Populations of Drosophila neotestacea used in this study, including the frequency of sex-ratio as well as sample sizes for micro-

satellite genotyping. Populations are listed by latitude from north to south

Abr. Site Date Latitude Longitude

Sex-ratio

frequency*

(±95% CI)

Number assayed at microsatellites

Total

Random

sample

Sex-ratio

males

Standard

males

AB1 Winston Churchill, AB 2002 54.82 �111.98 0.01 (0, 0.05) 30 26 1 16

MB The Pas, MB 2002 53.96 �101.10 0 (0, 0.06) 30 26 0 17

AB2 Edmonton, AB 2002 53.51 �113.54 0 (0, 0.13) 30 26 0 17

AB3 Jasper, AB 2002 52.84 �118.07 0.05 (0.01, 0.13) 31 26 4 13

BC Vancouver, BC 2001 49.33 �122.97 0.19 (0.13, 0.27) 34 26 9 10

ON Dogfly Lake, ON 2001 49.10 �93.12 Not surveyed 32 32 0 0

MT1 Columbia Falls, MT 2002 48.46 �113.98 0.19 (0.09, 0.33) 30 26 5 12

ND Minot, ND 2002 48.24 �101.36 0.07 (0.01, 0.23) 30 26 2 11

ID Coeur d’Alene ID 2001 47.61 �116.67 0.12 (0.07, 0.18) 36 26 11 12

MN Bemidji, MN 2002 47.42 �94.70 0.25 (0.14, 0.39) 30 26 6 11

MT2 St. Regis, MT 2001 47.30 �115.10 0.18 (0.13, 0.24) 44 25 20 11

PEI Charlottetown, PEI 2002 46.25 �63.17 0 (0, 0.37) 23 23 0 5

OR MacKenzie Bridge, OR 2001 44.18 �122.16 0.26 (0.20, 0.33) 43 26 20 10

NY Rochester, NY 2001 43.10 �77.65 0.23 (0.16, 0.31) 30 26 6 11

TN1 Gatlinburg, TN 2001 35.68 �83.50 0.25 (0.15, 0.37) 16 13 6 3

TN2 Clingmans Dome, TN 2001 35.60 �83.44 0.12 (0.06, 0.20) 16 14 3 7

MEAN All populations 0.12 (0.07, 0.17) 30.3 24.6 5.8 10.4

SUM All populations 0.16 (0.14, 0.18) 485 393 93 166

*Sex-ratio frequency data from Dyer (2012).
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and the product of nondisjunction (James & Jaenike

1990; Dyer 2012). The population-level frequency of SR

drive inferred previously from each of these popula-

tions is also shown in Table 1 (data from Dyer 2012).

We note that the cytological phenotype of SR is similar

to other species Drosophila with drive, in that in SR

males, about half of developing sperm decay during

spermatogenesis (K. Dyer, unpublished data).

We used several different subsets of data in the anal-

yses that are described below. First, because the data

set described above is enriched for males known to be

SR, while females are sampled randomly, we also sam-

pled both males and females randomly with respect to

SR status (mean = 25 flies/population); we refer to this

subset as the ‘Random’ data set (N = 393). In this way,

sampling randomly without respect to SR will not bias

results because certain genotypes are over-represented.

Second, as the results will show, we find a strong

genetic association with SR, and to separate the effects

of SR from other processes, we used subsets of the data

that consisted only of individuals known or inferred

with high confidence to be SR or ST; we refer to these

as the SR and ST data sets. These data sets thus repre-

sent the SR and ST subpopulations of X-chromosomes.

Patterns of diversity and differentiation

We tested for the presence of null alleles as imple-

mented in GENEPOP v.4.1.3 (Raymond & Rousset 1995;

Rousset 2008). We tested for LD between pairs of loci,

departures from Hardy–Weinberg equilibrium (HWE),

and calculated allele richness, observed and expected

heterozygosity, and measures of global and pairwise

population differentiation (FST and RST) for individual

loci and across all loci using ARLEQUIN v.3.5.1.2 (Excoffier

& Lischer 2010). Significance of FST and RST was

determined with 1000 permutations.

To infer the number of genetic clusters (K) in the data,

we used the program STRUCTURE v.2.3 (Pritchard et al.

2000). For all STRUCTURE analyses, we ran the program

five times at each value of K (from one to 16), with a

burn-in of 150 000 steps and a run length of 200 000

steps. We determined the most likely value of K using

the highest log-likelihood of the posterior probability of

the data [Pr(X|K)] across values of K (Pritchard et al.

2000) and also via DK, which analyses the second-order

rate of change in ln[Pr(X|K)] with respect to K (Evanno

et al. 2005). All models allowed for admixture and cor-

related allele frequencies, and we used the sampling

location as a prior when analysing the Random, ST and

SR data sets to detect subtle population structure.

To investigate the relationship between geographical

distance and population differentiation, we used Mantel

tests (Mantel 1967). The geographical distance between

pairs of populations was determined using the lati-

tude/longitude population coordinates, and FST was

adjusted to Slatkin’s linearization of FST/(1�FST) (Slat-

kin 1995). We also used Mantel tests to compare genetic

differentiation to the difference in population struc-

ture based on SR frequency, where SR frequency was

treated as a single locus, and estimates of pairwise FST
between populations were obtained using the observed

Table 2 Estimates of polymorphism and differentiation

Locus bp

Random ST males SR males ST vs. SR

N A HO HE N A HE N A HE FST RST

5260 3 543 5 0.500 0.547 147 5 0.580 83 3 0.094 0.336 0.004

5261 2 567 12 0.360 0.392 166 8 0.193 86 5 0.393 0.689 0.218

6002 2 532 23 0.676 0.926 150 21 0.929 84 12 0.830 0.032 0.101

7002 2 573 18 0.739 0.780 158 13 0.747 92 8 0.787 0.082 0.055

7027 3 561 8 0.646 0.662 164 6 0.603 86 3 0.474 0.419 0.290

7029 2 575 19 0.817 0.899 159 14 0.904 90 12 0.845 0.034 �0.007

7040 2 563 19 0.779 0.860 164 16 0.878 87 4 0.333 0.298 �0.009

7041 2 545 26 0.865 0.885 154 22 0.870 89 17 0.882 0.082 0.340

8349 2 559 11 0.602 0.676 159 8 0.644 87 4 0.153 0.532 0.831

8377 3 568 7 0.382 0.379 165 5 0.225 87 3 0.230 0.756 0.774

8385 3 545 18 0.812 0.886 154 16 0.882 88 7 0.558 0.486 0.744

tra84 2 535 32 0.857 0.942 149 25 0.937 83 3 0.094 0.198 0.230

Mean na 556 16.5 0.670 0.736 157 13 0.699 87 7 0.507 0.332 0.367

Polymorphism is shown for the Random data set, Standard (ST) males and sex-ratio (SR) males, using only males with a known

phenotype based on offspring sex ratio. Shown are the number of base pairs in the microsatellite repeat motif (bp), the number of

sampled alleles (N), different alleles (A), the observed (HO) and expected (HE) heterozygosities within each data set, and FST and RST

between SR and ST males. HO values in bold indicate a deficiency of observed heterozygosity at P < 0.01. FST and RST values in bold

are significant at P < 0.0001, based on 1000 permutations.
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proportions weighted by sample size, as described in

Dyer (2012). Mantel tests were calculated as imple-

mented in ARLEQUIN v3.5.1.2, with significance calcu-

lated using 10 000 matrix randomizations (Excoffier &

Lischer 2010).

To compare the patterns of genetic diversity and dif-

ferentiation at the X-chromosome vs. the autosomes, we

used data from 468 of these same 485 individuals at five

autosomal microsatellite loci that were previously

shown to be in HWE and in linkage equilibrium with

each other (Dyer 2012). We used Mantel tests as

described above and compared the Random, ST and SR

data sets to the autosomes. We adjusted FST to Slatkin’s

linearization of FST/(1�FST) and calculated significance

using 10 000 matrix randomizations (Slatkin 1995;

Excoffier & Lischer 2010).

To investigate an effect of SR on the overall level of

genetic diversity, we asked whether the prevalence of

SR is correlated with the level of X-linked genetic diver-

sity. We also compared the X-chromosome to autosome

(X/A) ratio of genetic diversity across populations;

under neutral equilibrium conditions and an equal

population sex ratio, the expected X/A ratio is 0.75

(reviewed in Vicoso & Charlesworth 2006). For both of

these analyses, we used the expected heterozygosity

averaged across loci and compared the Random, ST

and SR data sets. Correlations with the population-level

prevalence of SR were weighted by the number of

X-chromosomes surveyed to determine the prevalence

in each population (Table 1). Statistics were completed

using JMP version 9.0.2 (SAS Institute, Cary, NC, USA).

Finally, we investigated the demographical patterns

of the X-chromosome, asking whether there is a signa-

ture of a population expansion or contraction specific to

the SR chromosome. An observation of an excess of het-

erozygosity relative to that expected based on the allele

number may indicate a recent population bottleneck,

and a deficiency of heterozygosity may indicate a grow-

ing population (Nei et al. 1975). We tested for a depar-

ture from mutation–drift equilibrium using the program

BOTTLENECK (Cornuet & Luikart 1996; Piry et al. 1999),

implementing an infinite alleles model, a pure stepwise

mutation model (SMM) and a two-phase model (TPM),

allowing for 5%, 10% and 20% multistep changes. The

TPM model is most realistic for the mutational process

of microsatellites (Di Rienzo et al. 1994; Estoup et al.

2002). We analysed the autosomes, Random, ST, and SR

data sets separately and tested for significance using a

two-tailed Wilcoxon signed rank test with 1000 coales-

cent simulations for each model. Because this test is

sensitive to population size, for the ST data set, we bin-

ned TN1 and TN2 together for a total of 15 populations;

for the SR data set, the OR, BC and MT2 were each

treated separately, but we binned the MT1 and ID, TN1

and TN2, AB1, AB3, and ND, and MN, NY, and ON

populations for a total of seven populations. Popula-

tions were binned together based on geographical prox-

imity and genetic similarity.

Results

Association of X-linked markers with sex-ratio

We first asked whether there was an association of loci

on the X-chromosome with sex-ratio. Combining indi-

viduals across populations and only using males with a

known SR phenotype (SR or ST) based on offspring sex

ratio, we find that at every locus there is a highly signif-

icant FST between ST and SR males (P < 0.0001), and

this difference is also found at all but three loci at RST

(Table 2). The global FST between SR and ST males is

0.332 (P < 0.0001) and RST = 0.368 (P < 0.0001). No

locus is monomorphic within SR, only in a few

instances is an allele found exclusively in SR, and these

are always at low frequency (Table 2; Fig. S1, Support-

ing information). The results of the clustering analysis

in the STRUCTURE analysis on the entire data set

(N = 485), but which is enriched for SR males, indicate

that the most likely number of clusters is two, with no

clear geographical pattern of population composition

within these clusters (Tables S1 and S2, Fig. S2a, Sup-

porting information). Combining across populations, we

asked whether there was an association of SR pheno-

type and genetic cluster. As can be seen in Fig. 1a,

every ST male has a proportion of ancestry in Cluster

1 >0.6, with all but three >0.8 (N = 166; mean =
0.967 ± 0.004). Likewise, there is an equally strong asso-

ciation of the SR males belonging to the second cluster

(Cluster 2; N = 93; mean = 0.967 ± 0.005). Using a logis-

tic regression, the association of SR phenotype and

membership in Cluster 1 is highly significant (r2 = 0.99;

F1,257 = 22,312; P < 0.0001). These results together sug-

gest that there is widespread restriction of gene flow

between the SR and ST chromosomal types.

Using the genetic association identified in males, we

can also infer the SR genotypes of the females. In con-

trast to the bimodal distribution seen in the males, the

females show a distinctly trimodal distribution of the

genetic identity in Cluster 1, suggestive of the three dif-

ferent SR carrier statuses that can be found in females

(Fig. 1b). While <1% of males have a probability of

ancestry in Cluster 1 between 0.25 and 0.75, 20.2%

females have a probability between 0.25 and 0.75 of

ancestry in Cluster 1; most of these females are

presumably heterozygous for sex-ratio (SR/ST). Like-

wise, the females with a probability of <0.25 in Cluster

1 are probably SR/SR, and those with >0.75 probability

of ancestry in Cluster 1 are probably ST/ST. The
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population-averaged expectation under HWE is to find

SR/ST females at an overall frequency of 20.4% (=2�p�q)
and SR/SR at a frequency of 2.6% (=�q2). We observe

SR/ST females at a frequency of 20.2% and SR/SR

females at a frequency of 2.5%, almost exactly the

expected values (v2 = 0.011, P = 0.92).

Patterns of X-linked population diversity and
differentiation

We investigated the patterns of X-linked diversity and

population differentiation and attempted to disentangle

the effects of an association with sex-ratio from those of

neutral population demographical processes that may

affect each subpopulation of X-chromosomes indepen-

dently. First, to capture a random sample of genetic

diversity, we analysed the Random data set (N = 393

across 16 populations), which as described earlier is not

sampled with respect to male SR status. Second, we

analysed data sets that consisted only of ST (N = 345

across 16 populations) and SR (N = 100 across 13 popu-

lations) individuals. To construct these data sets, the

males with unknown SR status as well as all of the

females were assigned an SR carrier status based on

their membership in Cluster 1 of the complete data set.

Males and homozygous SR/SR and ST/ST females

were combined with the SR and ST males, respectively,

to create the SR and ST data sets.

Within each of these three data sets, we did not iden-

tify any consistent evidence of null alleles at any locus,

when all individuals were considered either together or

separated by population. Patterns of genetic diversity

by data set are summarized by locus in Table 2, and

patterns of diversity for each locus and population are

in Table S3 (Supporting information). Across the data

sets, there is no consistent signature of a departure

from HWE for any locus (Table 2, Table S3, Supporting

information). In the Random data set, four pairs of loci

are in LD within four or more populations at the

P < 0.01 level (7040 and 7029, 5261 and 8377, 7029 and

8377, 7029 and 8385). However, within the ST or SR

data sets, there is no LD between any pair of loci that

is significant at the P < 0.01 level within more than two

populations. This suggests that gene flow is reduced

between but not within chromosomal types and that

the loci we sampled are probably not physically

clustered.

For the Random data set, which is sampled without

respect to SR, using STRUCTURE yielded essentially the

same results as we found for the complete data set that

was enriched for SR males. The most likely number of

clusters is K = 2 based on DK and K = 3 based on high-

est averaged lnL (Table S1, Supporting information).

For the K = 2 results, because every population is most

likely to be mostly in Cluster 1 (Fig. 2a, Table S2, Sup-

porting information), we asked whether there was an

association between SR genotype and cluster, as we

found for the complete data set. Indeed, we find a

strong association between male SR phenotype based

on offspring sex ratio and proportion of ancestry in

Cluster 1 (r2 = 0.94; F1,169 = 2922; P < 0.0001), and we

also find a strong association between the inferred

genotype of females and membership in Cluster 1

(r2 = 0.95; F2,194 = 1836; P < 0.0001), with the putative

SR/ST individuals having a roughly equal ancestry in

each cluster (mean Cluster 1 = 0.55 ± 0.016). Further-

more, we find a significant positive correlation between
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Fig. 1 The proportion of ancestry of each individual in genetic

Cluster 1 from the STRUCTURE analysis. Individuals are separated

into (a) males and (b) females. Males are distinguished by sex-

ratio (SR) phenotype, based on their offspring sex ratio, with

standard (ST) in black, SR in grey and males with an unknown

SR phenotype in white. Among the males, there is a highly sig-

nificant association of SR phenotype and percentage of ances-

try in Cluster 1 (r2 = 0.99; F1,257 = 22 312; P < 0.0001). This

association suggests that the trimodal distribution of the

females is reflective of the three possible carrier types (SR/SR,

SR/ST and ST/ST).
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the mean ancestry in Cluster 2 (the SR cluster) across

individuals and the local prevalence of SR (r2 = 0.50;

F1,13 = 13.3; P = 0.003; Fig. 3). This means that the effect

of SR on population structure is so strong that the local

prevalence of SR can be estimated using genetic meth-

ods, even when phenotypic estimates using offspring

sex ratios are not available. The difference between the

K = 2 and K = 3 STRUCTURE results is that in K = 3, the

ID, MT1 and MT2 populations form a separate though

weakly supported cluster (Fig. S2b, Supporting informa-

tion). Thus, from these analyses, we can conclude that

the signal on patterns of polymorphism because of an

association with SR is stronger than a neutral genetic

signal because of limited gene flow among populations.

Using the Random data set with standard indices of

population differentiation, pairwise values of FST and

RST that show the most differentiation are between the

western and southern populations (OR, BC, MT, TN)

and the main part of the range (Table S4, Supporting

information). Using a Mantel test, we find a significant

association between geographical and genetic distance

(r = 0.34, P = 0.021) but not between SR frequency and

genetic distance (r = �0.15, P = 0.16).

We next investigated the patterns of geographical

differentiation within the ST and SR data sets, asking
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with proportional ancestry of each indi-

vidual from each cluster shown in

white, grey or dark grey. Populations

are sorted by genetic cluster composi-

tion, using the abbreviations in Table 1.

Shown here are the results for (A) the

random data set that is sampled with-

out respect to sex-ratio (SR), with K = 2,

(B) ST individuals only, with K = 3, and

(C) SR individuals only, with K = 2.

There is no geographical pattern found

using the random data set; instead,

clustering is by SR status. In con-

trast, within each chromosome type, the

geographical structure is on an east–
west gradient across the species range.

See text for details.
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whether patterns of geographical differentiation emerge

once we remove the effect of SR. For the ST data set,

the STRUCTURE analysis resulted in a most likely value of

K = 3 (Tables S1 and S2, Supporting information,

Fig. 2b). Overall, the western part of the range shows

more differentiation than the eastern part of the range:

one cluster formed the main part of the species range in

eastern and central North America, a second cluster

encompasses Idaho and Montana (MT1, ID, and MT2),

and a third cluster contains the west coast (OR and

BC). Patterns of pairwise population differentiation

using FST and RST are similar (Table S5, Supporting

information). Using a Mantel test, we found a signifi-

cant association between geographical and genetic

distance (r = 0.31, P = 0.026) but not between SR fre-

quency and genetic distance (r = �0.09, P = 0.98). For

the SR data set, the most likely number of genetic clus-

ters was two (Table S1, Supporting information), where

the two clusters separate the west coast populations

(OR and BC) from the rest of the geographical range

(Fig. 2c). Pairwise estimates of population differentia-

tion using FST and RST are highest between OR, BC and

the rest of the range, similar to the pattern from the

STRUCTURE analysis (Table S6, Supporting information).

Using a Mantel test, we do not find a significant associ-

ation between geographical and genetic distance

(r = 0.14, P = 0.17) or between the SR frequency and

genetic distance (r = �0.34, P = 0.98).

Contrasting patterns of X-linked and autosomal
population differentiation

We asked whether patterns of geographical differentia-

tion at the X-chromosome are similar to those of the

autosomes. Previous research using five autosomal loci

found generally little genetic differentiation among pop-

ulations of D. neotestacea (Dyer 2012); of the clustering

that was identified using STRUCTURE, the MT1, MT2 and

ID populations formed one group, OR and PEI formed

a second, and the rest of the range formed the main

group. A pattern of more structure in the west is gener-

ally the pattern we see at the X-chromosome, especially

once the effect of linkage with SR is removed; thus, we

formally tested whether this pattern of differentiation is

concordant with that of the autosomes using Mantel

tests. We found that both the Random and ST data sets

show a strong association between pairwise FST at the

X-linked loci and the autosomes (Random: r = 0.45,

P = 0.009; ST: r = 0.43, P = 0.009). In contrast, consider-

ing only populations that harbour SR, patterns of

pairwise differentiation between the SR data set vs.

the autosomes are not concordant (r = 0.06, P = 0.38),

whereas the ST and SR data sets are (r = 0.36,

P = 0.043). On balance, across the autosomes as well as

the ST and SR X-chromosomes, there is much more

genetic differentiation in the western part of the range

of D. neotestacea than in the east, with less population

differentiation among SR chromosomes. In general,

however, similar to the autosomes, the population

structure is weak; for example, no geographical cluster-

ing is found using STRUCTURE unless the sampling loca-

tion is used as a prior, which was similar to the

analyses of the autosomes (data not shown; Dyer 2012).

Effect of sex-ratio on X-linked diversity

The relatively high frequency of SR as well as the

widespread structuring of variation between the ST and

SR chromosomes suggests that SR may affect the gen-

eral patterns of X-linked diversity in D. neotestacea. At

the species-wide level, we found that the amount of

genetic diversity in the ST data set was very similar to

the Random sample (mean He-Random = 0.736 [95% CI

0.61–0.87], mean He-ST = 0.702 [95% CI 0.54–0.86]). In

contrast, there was much lower diversity among the SR

data set (mean He-SR = 0.473 [95% CI 0.28–0.66]), with

SR individuals exhibiting a ~35% decrease in diversity

relative to the Random data set. However, this is sub-

stantially more polymorphism than we would expect to

see whether SR was at a long-term frequency equilib-

rium and the SR X-chromosome was genetically

isolated from ST X-chromosomes, in which case we

would expect the amount of relative heterozygosity of

SR to be approximately equal to its frequency (i.e. 15%).

To investigate whether populations with a higher

prevalence of SR may differ in the level of X-linked

polymorphism compared with populations without SR,

we asked whether the level of genetic diversity is corre-

lated with the population prevalence of SR. We did not

find a significant correlation between expected hetero-

zygosity and local SR frequency for any data set

(Fig. 4a; Autosomes: r2 = 0.26; F1,13 = 4.6; P = 0.05; Ran-

dom: r2 = 0.24; F1,13 = 4.1; P = 0.06; ST: r2 = 0.2; F1,13 =
3.2; P = 0.10; SR: r2 = 0.2; F1,9 = 2.6; P = 0.28). We note

that the diversity of Random data set is slightly higher

than ST diversity in populations where SR is more com-

mon, with a slight but nonsignificant increase in diver-

sity. This may be due to the combination of SR and ST

diversity, as would be found with a Wahlund effect of

genetically structured subpopulations (Wahlund 1928).

Under neutral equilibrium conditions and an

equal population sex ratio, the X-chromosome is

expected to harbour 75% of the polymorphism of

the autosomes. When we compare the average het-

erozygosity of the X-chromosome to the autosomes

at the species-wide level, the X/A ratio of the

Random sample of X-chromosomes is 0.889 (95%

CI 0.70–1.11), and the X/A ratio for the ST data
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set is slightly less at 0.847 (95% CI 0.63–1.10).

Both of these X/A ratios are higher than 0.75,

though not significantly. Consistent with the over-

all patterns of diversity, the SR data set shows a

lower X/A ratio of 0.571 (95% CI 0.33–0.83).

However, because the species-wide prevalence of

SR in D. neotestacea is only ~15%, this is nearly five

times the ratio of 0.12 expected under neutrality

(0.155*0.75).
Next, we asked whether the local prevalence of SR

affects the local diversity of the X-chromosome relative

to the autosomes. For each data set, we tested for an

association between the local SR prevalence and the X/

A ratio of expected heterozygosity. As seen in Fig. 4b,

the X/A ratio of the ST data set decreased as the SR

prevalence increased (r2 = 0.34; F1,13 = 6.8; P = 0.02),

but no effect was seen for the Random or SR data set

(Random: r2 < 0.01; F1,13 = 0.01; P = 0.92; SR: r2 < 0.01;

F1,9 = 0.002; P = 0.96). The decrease in ST diversity may

result from its lower effective population size in popu-

lations where SR is more common. As with the total

diversity, the combined diversity of the SR and ST

X-chromosomes probably explains why there is no

change in total population diversity (i.e. in the Random

data set) as SR increases in prevalence.

The SR X-chromosome harbours more diversity than

expected based on its prevalence; thus, we investigated

whether it shows a signature of a different demographi-

cal history than the rest of the genome. We compared

the observed heterozygosity with the heterozygosity

expected based on the number of alleles under five dif-

ferent mutational models, and tested for an excess or

deficiency of heterozygotes using two-tailed Wilcoxon

sign rank tests (Table S7, Supporting information; Corn-

uet & Luikart 1996). For the autosomes, we did not find

any deviation from mutation–drift equilibrium for any

population, under any model. For the Random and ST

X-chromosome data sets, the only evidence for popula-

tion expansion was under the most conservative strict

SMM model, except for in the ST data set where south-

ernmost populations (NY and TN) both showed evi-

dence of expansion (i.e. deficiency of heterozygosity)

under all of the TPM and SMM models. In contrast, in

the SR data set, every population showed a significant

deficiency of heterozygosity relative to that expected by

the number of observed alleles in the SMM and TPM

model with 5% multistep changes, and four of the

seven were significant with 20% multistep changes

(Table S7, Supporting information). These results sug-

gest that the demographical history of the SR chromo-

some is different from the ST and the autosomes, with

a clear pattern of a recent population expansion.

Discussion

In this study, we investigate how intragenomic conflict

over the offspring sex ratio affects the population

genetic patterns of the X-chromosome in the fly D.

neotestacea. Populations of D. neotestacea vary in the

prevalence of SR drive, from 0 to 30% of males. The

cline in SR frequency is associated with local tempera-

ture and appears to be relatively stable, at least over the

short term (James & Jaenike 1990; Dyer 2012). Across 12

randomly chosen X-linked loci, we find strong but

imperfect LD between the SR and ST chromosomes.

This association, in combination with the relatively

high frequency of SR in some populations, drives

the contemporary patterns of population structure of

the X-chromosome. In addition, we find a reduction

in diversity within ST chromosomes relative to the

autosomes where SR is common, and we find that

(a)

(b)

Fig. 4 The correlation of genetic diversity with the frequency

of sex-ratio (SR). Shown here are (a) the total diversity for each

X-chromosome data set and the autosomes and (b) the diver-

sity of the X-chromosome relative to the autosomes. Only the

P-value of each association is indicated here, see text for

statistical details.
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SR genetic diversity is reduced compared with ST

diversity, but is higher than expected based on its prev-

alence. The overall amount of genetic diversity remains

constant throughout the geographical range and is not

dependent on SR frequency, probably because both ST

and SR contribute to overall diversity in populations

where SR is common.

The genetic differentiation between the SR and ST

chromosomes is probably due to chromosomal inver-

sions that suppress crossing over in heterozygous SR/

ST females. Inversions are a common feature of drive

systems, and reduced gene flow is found in many other

inversion systems, not just those that contain meiotic

drive factors (reviewed in Andolfatto et al. 2001; Kirkpa-

trick & Barton 2006; Hoffmann & Rieseberg 2008). The

population genetic patterns we find here are in line with

that expected in inversion systems where selection is

strong (Guerrero et al. 2012). The LD in D. neotestacea

appears to be more extensive than nearly all other

characterized meiotic drive systems; however, genetic

mapping and cytological data are necessary to indicate

the exact map distance of the loci we surveyed and the

extent to which the SR chromosome in D. neotestacea is

tied up in chromosomal inversions. That we find no LD

among loci within either the SR or ST chromosomes

suggests the loci we surveyed may be spread out over

the X-chromosome and are probably not physically

clustered.

The SR and ST chromosomes do not appear to be

completely isolated from each other, and our data sug-

gest that there is occasional gene flow between the two

chromosome types, for example via gene conversion or

double crossovers within inversions. First, while the

level of polymorphism at SR chromosomes is reduced

relative to ST chromosomes, it is higher than we would

expect based simply on its prevalence. Specifically, we

see only a ~35% reduction in polymorphism compared

with ST, whereas if there was no gene flow between SR

and ST and if SR was at equilibrium, we would expect

SR to have much less polymorphism—around 80–90%

reduced based on its current species-wide frequency.

This excess of polymorphism in SR is probably not due

to SR occurring at a higher frequency in the past; if this

was the case, we would expect to find lower diversity

in the ST chromosomes, especially compared with the

autosomes, and possibly the signature of a bottleneck in

the ST. Assuming that there was one origin of SR in

D. neotestacea, this excess of diversity in SR also sug-

gests that there probably has not been a very recent

sweep of a single SR haplotype, as has been found in

other systems (e.g. Derome et al. 2004; Presgraves et al.

2009). In support of this, the SR chromosome shows a

signature of a recent population expansion (i.e. a defi-

ciency of heterozygosity relative to the observed num-

ber of alleles), whereas the autosomes and ST data sets

do not. One potential scenario to account for these

patterns is that the SR chromosome has experienced a

population expansion after a sweep to the current SR

chromosome, perhaps due to the incorporation of a

new X-linked inversion into the system. A signature of

an expansion can also be caused by an influx of rare

alleles from genetically distinct immigrants (i.e. a Wahl-

und effect); in the case of SR, this signature may be due

in part to strong differentiation from but occasional

gene exchange with the ST chromosome. In other

words, alleles from ST may become associated with SR

and remain as rare alleles that elevate SR allele number

to a much greater extent than heterozygosity; though,

heterozygosity is still elevated relative to the neutral

expectation. In support of this, at several loci, the rare

SR alleles are common alleles in ST (Fig. S1, Supporting

information). Because microsatellite genotypes are allele

size classes, DNA sequence data will be necessary to

infer genealogical relationships among haplotypes and

thus to distinguish between novel but homoplasic

mutations on the SR and recombination events with ST.

Even though there is extensive LD between the SR and

ST chromosomes in D. neotestacea, the SR system is not

akin to ‘degenerating’ drive systems with extensive inver-

sions, such as the SR system in D. recens (Dyer et al. 2007).

In D. neotestacea, females homozygous for SR are fully fer-

tile and are found in the wild, and the lack of LD within

SR suggests that the SR chromosome recombines with

itself in SR/SR females (this study; James & Jaenike 1990;

James 1992; Dyer 2012). In addition, as described above,

there is probably also occasional gene flow between the

SR and ST chromosome in SR/ST females. Together, this

means that evolutionarily the SR chromosome in D. neo-

testacea has the potential to purge deleterious mutations

and also to accumulate novel beneficial mutations, both

through novel mutations on the SR chromosome and

mutations obtained from the ST chromosome.

Owing to its inheritance pattern, the X-chromosome

may differ from the autosomes in many aspects of its

molecular evolution, including the mutation rate,

recombination rate, migration rate, and the strength

and efficacy of selection (reviewed in Schaffner 2004).

In particular, deviations from the expected X/A ratio of

polymorphism can indicate differences among popula-

tions in selection, demography or mating system

(reviewed in Vicoso & Charlesworth 2006). In D. neo-

testacea, while we find reduced polymorphism on the

X-chromosome relative to the autosomes, the X/A ratio

is generally higher than expected under neutrality. This

result has been found in many organisms (reviewed in

Mank et al. 2009; Frankham 2011), including ancestral

African populations of Drosophila melanogaster, where it

has been investigated in depth (e.g. Andolfatto 2001;
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Hutter et al. 2007; Singh et al. 2007). Potential explana-

tions for a higher than expected X/A ratio include a

population expansion (e.g. Hutter et al. 2007; Pool &

Nielsen 2007), an excess of females in the population or

high reproductive variance in male mating success (e.g.

Caballero 1995; Charlesworth 2001), or differences in

selection or recombination between the X-chromosome

and autosomes (e.g. Betancourt et al. 2004; Vicoso &

Charlesworth 2009; Charlesworth 2012). Interestingly,

we find that the XST/A ratio is highest where SR is

absent and decreases as SR becomes more common

(Fig. 4b). One factor that may account for this pattern is

a reduction in the effective population size of ST as SR

increases in prevalence. It is also possible that other

factors may contribute to this pattern; for example,

there may be reduced variance in male reproductive

rate among ST males where SR is at higher frequency,

perhaps through decreased sperm competition because

males are rarer. Further investigation with additional

loci is necessary to investigate the underlying causes

of both the general excess of polymorphism on the

X-chromosome and also what factors may lower the

XST/A ratio in populations where SR is at higher

prevalence.

Based on differences in the strength and direction of

selection, genetic drift and sex-based migration, the

pattern of geographical differentiation can also differ

among parts of the genome (reviewed in Holsinger &

Weir 2009). This study highlights the consequences of

genetic conflict for patterns of population genetic varia-

tion and differentiation in the nuclear genome. To date,

perhaps the best-studied source of genetic conflict for

population genetic structure has been that of selfish

endosymbionts such as Wolbachia on the host mtDNA,

which results because both the mtDNA and the endo-

symbiont are maternally inherited and thus genetically

linked (reviewed in Ballard & Whitlock 2004; Galtier

et al. 2009). In many arthropods, including D. neotestacea

(Jaenike et al. 2010), the amount of genetic variation and

the pattern of population structure at the mtDNA are

dependent on how long ago the population was

infected with the selfish endosymbiont and the particu-

lar phenotype it exerts on the host. This study high-

lights the effect genetic conflict can have on the nuclear

genome, and like for endosymbionts, this is only uncov-

ered when the presence and phenotype of the selfish

element is known a priori. Without accounting for the

genetic association with SR, the pattern of population

differentiation at the X-chromosomes would be quite

discordant with the autosomes, with the potential to

outweigh any signature from the autosomes. Perhaps

not surprisingly, in a STRUCTURE analysis that included

both X-linked and autosomal loci, the signal of the SR

association obscures any geographical signal, even

when an equal number of X and autosomal loci were

included (results not shown).

Our results support previous work in this system that

suggested variation in SR prevalence across populations

is due to local selection and not to geographical struc-

ture or to segregating suppressors of drive (Dyer 2012).

First, similar to the autosomes, at the X-chromosome, we

find substantial gene flow across populations that differ

in frequency of SR. Second, previous work searched for

autosomal dominant and Y-linked suppressors of drive

in a few populations (Dyer 2012), and the results here

extend this to the entire species range and also suggest

that there are no recessive autosomal suppressors of

drive segregating. If there were suppressors segregating,

we would expect to see ST males with an SR haplotype,

but we do not (Fig. 1a). This does not mean that there

are not fixed suppressors or modifiers of drive; in fact,

we would expect these to be present given the extensive

LD between the SR and ST chromosome, as this suggests

that the SR system in D. neotestacea is not as evolution-

ary recent as originally thought (James & Jaenike 1990).

Finally, across populations, the frequency of SR is corre-

lated with the local temperature, with warmer popula-

tions harbouring a higher prevalence of drive (Dyer

2012). Our current results indicate that most of the seg-

regating X-chromosome polymorphism, not just a small

region around SR, is structured on a temperature gradi-

ent. This raises the possibility that variation in SR preva-

lence may be due to local selection on the SR system or

to a different trait(s) where alleles with different ecologi-

cal tolerances are also differentiated between the two

types of chromosomes. Based on empirical work in

other systems, the potential for selection to act on inver-

sions that do not contain meiotic drive factors can also

be very strong (Huey et al. 2000; Balanyà et al. 2006).

However, we suggest that the transmission advantage of

SR is so strong that selection is probably acting on SR to

result in local differences in SR frequency, rather than

on another trait, but this has yet to be investigated

empirically.

In summary, our results suggest that genetic conflict has

played a significant role in shaping the evolution of the X-

chromosome of D. neotestacea. The extensive genetic asso-

ciation with SR appears to extend over a large genetic dis-

tance and is probably due to the gradual accumulation of

X-linked modifiers that must be in linkage to result in the

full expression of drive. Further work is necessary to

obtain a more complete understanding of the evolutionary

history of the SR chromosome and its molecular evolution-

ary consequences in D. neotestacea. First, genetic mapping

and cytological data will indicate the extent to which the

X-chromosome is tied up in chromosomal inversions.

Second, an increased number of both X-linked and autoso-

mal loci will indicate whether the patterns we observe
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here hold true at the broader genomic scale. In addition,

DNA sequence data will allow us to more accurately infer

the age of the SR system, including distinguishing which

mutations are unique to the SR chromosome or are a result

of gene exchange between the SR and ST chromosomes.

Finally, it will be interesting to investigate patterns of

molecular evolution to ask whether SR has affected the

rate of protein evolution and the efficacy of selection, as

might be expected because of the reduced effective popu-

lation sizes of the SR and ST chromosomes.
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