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ABSTRACT

Identifying loci associated with a phenotype is a critical step in many evolutionary
studies. Most methods require large sample sizes or breeding designs that can be prohibitively
difficult. Here we apply a rarely used approach to identify SNP loci associated with a complex
phenotype. We mate siblings from isofemale lines isolate genotypes from three wild
populations. After phenotyping we perform whole genome sequencing of isofemale lines from
the extremes of the phenotypic distribution of each population and identify SNPs that are
consistently fixed for alternative alleles across line pairs. The focal phenotype is female re-
mating rate in the fly Drosophila pseudoobscura, defined as the willingness of a female to
mate with a second male after her first mating. This is an integral part of mating system
evolution, sexual selection and sexual conflict, and is a quantitative polygenic trait.

About 200 SNPs are consistently fixed for alternate alleles in the three pairs of
1sofemale lines. We use different simulation approaches to explore how many SNPs would be
expected to be fixed. We find the surprising result that we uncover fewer observed fixed SNPs
than are expected by either simulation approach. We also complete functional analyses of
these SNPs. Many lie near genes or regulatory regions known to be involved in Drosophila
courtship and mating behaviours, and some have previously been associated with re-mating
rates in Genome-Wide Association Studies. Given the small sample size, these results should
be treated with caution. Nevertheless, this study suggests that even from a relatively small
number of isofemale lines established from wild populations, it is possible to identify
candidate loci potentially associated with a complex quantitative trait. However, further work

is required to understand modelling the expected distribution of differences.
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INTRODUCTION

Identifying the genetic basis of quantitative traits continues to be an important goal in
evolutionary biology, and multiple approaches are available (Boake et al., 2002; Stapley et al.,
2010; Hoban et al., 2016). Quantitative Trait Locus (QTL) mapping relies on associating
genomic markers with a trait and many studies have successfully identified QTL for traits
important in adaptation (e.g. Colosimo et al., 2004; Kronforst et al., 2006). However, such
studies are laborious, require inbred lines or extensive pedigrees, typically have low
resolution, and loci with small effects can be missed entirely (Rockman, 2011; Travisano &
Shaw, 2012). As genome-wide sequencing and genotyping at large numbers of loci has
become increasingly accessible, Genome-Wide Association Studies (GWAS) have become a
more popular approach (Stapley et al., 2010; Hoban et al., 2016) and may have a greater
genomic resolution because they typically involve many more markers, but consequently can
often require very large sample sizes at considerable expense.

Innovations for both model and non-model study systems have been accumulating
(Schldtterer et al., 2014; Schneeberger, 2014). For example, pooled-sequencing (pool-seq) can
identify accurate gene frequency data for large numbers of individuals for a fraction of the
price of multiple individual whole genome sequences (Schlotterer et al., 2014). While
haplotype information is lost, this approach has proven successful in detecting allele
frequency differences between natural populations (e.g. Lamichhaney et al., 2012; Bergland
et al., 2014; Bhattacharjee et al., 2016; Chen et al., 2016) and between treatment groups in
experimental evolution studies (e.g. Burke et al., 2010; Orozco-terWengel et al., 2012; Kofler
& Schlétterer, 2014; Schlotterer et al., 2015). Bulk segregant analysis (BSA) is an approach
which leverages the extremes of the distribution of a quantitative trait in order to identify loci
associated with this variation (Magwene et al., 2011). Individuals from the upper and lower
tails of the distribution are sequenced. Genomic regions which have no effect on the trait
should show random allele frequency differences between the two extremes. Meanwhile,
regions containing loci influencing the trait of interest should show more consistent
differences in allele frequencies (Magwene et al., 2011), and these should be more consistent
across multiple comparisons of extreme phenotype pools. Using extreme phenotypes has also
been extended to GWAS, Extreme-phenotype GWAS (XP-GWAS; Yang et al., 2015).
Causative alleles are likely to be enriched in pools of extreme phenotypes, and greater
resolution is achieved by using more markers (e.g. by using SNP-chips, or whole-genome

sequencing; Yang et al., 2015).
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78 However, identifying individuals with the genotypes for extreme phenotypes can be
difficult, as environmental effects and chance may also contribute to extremes. One solution is
to use inbred lines. In this technique a single female is collected in the wild, and her offspring

81 are inbred via sib-sib matings for several generations to produce inbred lines where all
individuals are almost genetically identical (David et al., 2005). Each inbred line effectively
captures a wild genotype, creating a suite of lines of genetically identical individuals in the

84 laboratory. Isofemale lines can then be reliably phenotyped across many individuals and
extreme lines are candidates for genotyping. Hence isofemale or inbred lines are a staple of
research and collections of lines exist as a public resource for several species including

87  Arabidopsis thaliana (The 1001 Genomes Consortium 2016) and Drosophila melanogaster
(Mackay et al., 2012; Huang et al., 2014). GWAS or QTL studies can be carried out directly
on these inbred lines (e.g. Montgomery et al., 2014; Ivanov et al., 2015; Gaertner et al., 2015)

90 but again resolution can be severely limited by sample size.

Although costs of sequencing have fallen dramatically it can still be relatively high
for many researchers and the feasibility of a method often depends on the species. Methods

93 that can reliably identify associated loci while reducing the sample sizes and sequencing effort
are particularly useful for non-model systems. In this study we test a method of identifying
SNP markers with a complex polygenic behavioural trait in isofemale lines recently collected

96 from the wild. We use three pairs of lines from the extremes of the phenotypic distribution of
three different populations (figure 1). Pool-seq is used to identify fixed differences between
these three pairs of lines, which is analogous to three replicated bulk segregant analyses (or

99 XP-GWAS; see above) replicated across populations rather than within the extreme phenotype
pools. Any single pairwise comparison will produce fixed differences between lines, many of
which will be by chance. However, combining multiple pairwise comparisons from different

102  populations (with different demographic and evolutionary histories) to identify only sites with
consistently fixed differences should reduce spurious chance differences (figure 1). This
should be especially true for species with large natural effective population sizes and genomes

105 shaped by many rounds of recombination in the wild. The number of fixed differences
identified is compared to expectations from population genetic simulations. Finally, the
chromosomal positions of fixed differences and the linked genes or regulatory regions can

108 also be identified and any known association with the phenotype checked.

The trait we examine is female re-mating rate in D. pseudoobscura. Female mating

rate is an important component of sexual selection and conflict (Pizzari & Wedell, 2013;

4


https://doi.org/10.1101/2020.04.20.049940
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.20.049940; this version posted April 20, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

111

114

117

120

123

126

129

132

135

138

141

made available under aCC-BY-NC-ND 4.0 International license.

Snook 2014) and varies widely between species and natural populations in this species (Price
et al., 2014). This variation probably has a strong genetic component. Re-mating rates of wild
females, estimated from the number of sires represented among the offspring, are correlated
with the latency to re-mate among daughters in the laboratory (Price ef al., 2011). Grand-
daughters of females caught in populations where re-mating rates are high tend to have higher
re-mating rates, and shorter latencies to re-mate, than grand-daughters of females caught in
populations with low re-mating rates (Price ef al., 2014). In addition, the female re-mating
rate can evolve rapidly in experimental evolution studies (Price et al., 2008), and males have
little ability to suppress re-mating by females (Price et al 2010).

Understanding the causes and consequences of female re-mating rates in D.
pseudoobscura will require an improved picture of the genetic basis of the trait. Most work on
the genetics of female re-mating has previously been done with D. melanogaster (e.g.
McGraw et al., 2004, 2008; Swanson et al., 2004; Mackay et al., 2005; Giardina et al., 2011;
Giardina, 2015). These have generally been mutant screens or QTL studies and have
identified potential candidate genes for female re-mating rate. For example, olfactory receptor
genes and odorant binding proteins are known to be upregulated in females as a response to
mating (McGraw et al., 2004, 2008) and are associated with re-mating among female lines
that vary in re-mating rate (Giardina et al., 2011). Also implicated are many genes involved in
the seminal fluid cocktail passed by the males (Ram & Wolfner, 2007). Perhaps the most well
studied is “sex peptide,” a male accessory gland protein which interacts with female receptors
in the reproductive tract and induces a post-mating response in females of many Drosophila
species (Chapman et al., 2003; Yapici et al., 2008; Tsuda et al., 2015), part of which is a
reduced willingness to re-mate (Ram & Wolfner, 2007). Other accessory gland proteins may
also have similar functions and are therefore prime candidates for genes affecting female re-
mating rates. These genes are known to evolve rapidly in Drosophila (Haerty et al., 2007),
function differently in different lineages (Tsuda et al., 2015) and some have undergone
duplications or losses in different lineages (Tsuda & Aigaki, 2016).

We identify SNPs that are fixed between the extreme lines and use a variety of
different parameterisations of population genomic simulations to assess the number expected.
Surprisingly, we find that we identify fewer observed fixed SNPs than are expected by our
simulation approaches. Some of these are associated with genes known to be involved in
Drosophila courtship and mating behaviours and have previously been associated with female

re-mating rate. We suggest that even from a relatively small number of isofemale lines it is
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possible to identify candidate loci associated with a complex quantitative trait, but identifying

the numbers expected is complex.

METHODS
Sample Collection

Samples were collected from three populations; Show Low, Arizona (34° 07' 3"N,
110°07' 37"W); Lewistown, Montana (47° 04' 47"N, 109° 16' 53"W); and Shaver Lake,
California (37° 8' 50.64" N, 119° 18' 6.336" W) (Price et al., 2014). Isofemale lines were set
up from each population. Briefly, offspring from each wild caught female were inbred single
sib-sib paired matings for 8 generations. Flies were then maintained in family groups for ~40
further generations in the lab. Female re-mating rate was determined in 2013, and
subsequently reconfirmed in 2017. Re-mating rates were quantified as follows; Virgin females
were collected and stored in single sex groups of 10 individuals. At three days old, females
were moved to individual vials and at 4 days old, each was presented with a four-day old
stock male and mated. Four days later at 8 days old each female was presented with a second
four-day old stock male, and observed for two hours. The re-mating rate was estimated as the
proportion of females re-mating in this trial. For the current study, 6 isofemale lines, two per
population, were chosen from the extremes of the distribution of female re-mating rates.
Summary statistics for the populations and isofemale lines are shown in table S1. Isofemale
lines are not perfect matches in the rates of female re-mating (table S1, figure 1) due to some
lines being unavailable by the time of sequencing; rather, they were the most extreme

available.

Sequencing and Mapping

Sequencing was carried out at the NBAF sequencing facility at the Center for
Genomic Research (CGR) at the University of Liverpool. Samples were sequenced using a
“pool-seq” approach (Schlotterer et al., 2014). For each isoline, 40 females were pooled and
DNA extracted using a standard phenol-chloroform extraction protocol. Four libraries were
run on a single [llumina HiSeq lane and sequenced to ~40x coverage. Empirical coverage
statistics and the number of reads generated as well as quality metrics are shown in table S2.

Further quality control by trimming and filtering low quality reads was performed
using Trimmomatic v. 0.32 (Bolger et al., 2014). Reads were clipped if the base quality fell
below Q = 20 and reads shorter than 20 bp were discarded. BWA mem (Li et al., 2009; Li,
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2013) was used to map reads to the D. pseudoobscura reference genome (release 3.1,
February 2013) obtained from FlyBase (dos Santos et al., 2014). Duplicate reads were
removed using samtools v. 1.2 (Li et al., 2009) and re-alignment around indels was carried out
with Picard (v. 2.14.1; Broad Institute) GATK v. 3.3 (McKenna et al., 2010; DePristo et al.,
2011). Bedtools v. 2.22.1 (Quinlan & Hall, 2010) was used to calculate various genome-wide
statistics (e.g. coverage) throughout the genome. Summary statistics of the mapping step are
shown in table 1. SNPs and allele frequencies were called with samtools v. 1.2 (Li et al.,
2009) and PoPoolation2 (v. 1.201; Kofler et al., 2011). See the supplementary materials for a
full pipeline of trimming, mapping and SNP calling steps along with the command line
parameters used.

Due to the incompleteness of the D. pseudoobscura genome assembly, chromosome 4
and the X chromosome arms are split into 4 and 8 groups respectively. Also, several
unmapped and fragmented scaffolds are present in the genome (~17% of the genome). Unless
otherwise stated, the subsequent analyses are performed on the chromosomal groups and the
unknown or unplaced scaffolds ignored. Coverage across samples is fairly consistent (figure
S1 and table S1), SLOB7, SHAA10 and SHAC1 samples have higher average coverage. To
avoid any confounding effects of large differences in coverage the .bam files for SLOB7,
SHAA10 and SHACIT are sub-sampled to contain 47 million alignments, corresponding to the
mean across all other samples. Only biallelic SNPs with a coverage greater than 17 and lower
than 59 (corresponding to the 10™ and 90™ percentiles of the aggregate coverage distribution
respectively; figure S1) are considered for further analysis in order to avoid spurious SNPs
from high coverage (duplicated/repetitive regions) and low coverage (poorly sequenced)
genomic regions. If any sample did not meet these requirements the SNP is excluded. This left

3,709,701 SNPs for further analysis.

Identifying Candidate SNPs

To identify SNP variants associated with female re-mating rate we first identified all
SNPs that were consistently fixed for the same alternative alleles in high and low re-mating
rate lines (hereafter “fixed SNPs”). Pairwise comparisons were performed between lines that
come from the same population, thus there were three pairwise comparisons. Because the
isofemale lines are inbred and the sample size was relatively small (three high and three low
re-mating rate lines), it is possible that many of these fixed differences might be due to

chance. Two different simulations were run to obtain an empirical null distribution of the
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210 number of consistently fixed differences expected by chance.
The first simulation approach considers an ancestral population at mutation-drift
equilibrium in which the distribution of allele frequencies is described by a beta-binomial
213  distribution B(a, B) (Charlesworth & Charlesworth, 2008), where the o and 3 shape

parameters which describe the distribution are given by:

216 o =4N.u;
and,
p =4N.v
219

where N, is the effective population size and « and v are the mutation and back-mutation rates
respectively (Charlesworth & Charlesworth, 2008).
222 Isofemale lines can be simulated from this ancestral population by drawing allele

frequencies from this distribution and assuming that these are at Hardy-Weinberg equilibrium;

225 p+2pgt+q =1

Isofemale lines are then taken to have an allele frequency of 1, 0, or 0.5 for the two

228 homozygous genotypes and the heterozygous genotypes respectively. The inbreeding design
described above (8 generations of full-sib inbreeding followed by 40 generations of
maintenance in the lab) was then simulated by 8 rounds of binomial sampling and a following

231 40 rounds of binomial sampling with sample sizes of 4 and 80 respectively (this assumes an
N, of 40 for isofemale lines throughout the 40 generations of lab maintenance). Finally, the
proportion of times the allele frequency difference between pairs of isofemale lines is 1 across

234  all n pairs of isofemale lines can be computed to derive a theoretical neutral distribution of
such fixations.

To fully parameterise this simulation, values of N, and u were obtained from the

237 literature. Several estimates of N, for D. pseudoobscura have been reported. Noor et al,,
(2000) estimate between 141,000 and 512,000 from microsatellite data while Jensen &
Bachtrog (2011) give an estimate of 4.5x10° from genome-wide SNP data. Meanwhile,

240  estimates for species with similar distributions range from 2x10° (Heliconius melpomene;
Keightley et al., 2015) to 1.4x10°(D. melanogaster; Keightley et al., 2014). The simulations

were thus run over the range of N, from 1x10° to 4x10°. Estimates of mutation rates also vary.

8
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For species similar to D. pseudoobscura the mutation rate is in the range 1x10” to 8.4x10”in
D. melanogaster (Haag-Liautard et al., 2007; Keightley et al., 2014) and 2.9x10” in H.
melpomene (Keightley et al., 2015). Because only the compound value 4N.u is relevant to
these simulations we used the possible values of 4N.u from all combinations of the values
from the literature above.

A second approach to assessing the expected number of consistently fixed differences
is similar to a bootstrapping approach. Instead of a hypothetical ancestral allele frequency
distribution this uses the empirical distribution of allele frequencies in the pool-seq data from
each isofemale line. Because the distributions were very similar across all samples (figure
S2), the aggregate distribution (summing counts in each frequency bin across isofemale line
samples) was used (figure S2). Allele frequencies (p) were drawn from this empirical
distribution. In this case genotypes were not assumed to be at HWE and were instead made by
simply drawing two alleles at random from a binomial distribution where the probabilities
were given by p. Thus, genotypes are either 1/1, 0/0 or 1/0 for each isofemale line with the
probability of drawing a “1” being set by p. Isofemale lines are then given allele frequencies
of 1, 0, or 0.5. Finally, the proportion of times consistent differences of 1 (i.e. fixed
differences) across all pairs of isofemale lines are seen is computed. The proportion of
consistent fixations was calculated from 1,000, 10,000, 100,000, and 1,000,000 SNPs drawn
from the empirical distribution across n = 3 pairs of isofemale lines. A distribution of the
proportion of consistent fixations was simulated from 100 runs for each number of SNPs. This
bootstrapping approach should be conservative because there is very little variation in allele
frequencies in the empirical distribution with most sites being fixed for either allele (figure
S2), thus there is a high probability of individuals being homozygotes but a good chance of

being homozygous for the minor allele as well as the major allele (figure S2).

Functional Analysis

Gene Ontology and Phenotype Enrichment:

For the identified SNPs a functional analysis was carried out by Gene Ontology (GO)
term and phenotypic class enrichment analysis. These analyses rely on GO term and
phenotypic associations with annotated genes in D. melanogaster. Thus, D. melanogaster GO
terms were downloaded via FuncAssociate (v2.0; Berriz et al., 2009). The D. pseudoobscura
annotated genes were converted to D. melanogaster orthologs, where duplicates were found

they were re-labelled in the annotation and the duplicate ID was added to the GO term dataset.

9
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GO term enrichment analysis was performed for each SNP in GOwinda (v1.12; Kofler &
Schlotterer, 2012). The SNP was considered “genic” if it occurred within 1Mb up- or down-
stream of an annotated gene. GOwinda was run with default parameters and the empirical null
distribution of gene abundance distribution obtained by 10,000 simulations.

ModPhEA (Weng & Liao, 2017) was used to carry out phenotype enrichment
analysis. First SNPs were associated with a gene by identifying the closest gene within 1Mb
to each fixed SNP. The set of all unique genes was submitted to modPhEA to test for an
association with any phenotypic classes from the Drosophila melanogaster phenotypic terms.
Phenotypic classes from levels 2 through 7 of the hierarchy were used to strike a balance
between phenotypic detail and statistical power. A distance of up to 1Mb in GO term and
phenotype enrichment analysis is justified on the basis that regulatory regions are frequently
mapped to distances of ~5kb (Werner et al., 2010), ~20kb (Chan et al., 2010), and up to 1 Mb
up- or downstream from a target gene (e.g. Maston et al., 2006; Pennacchio et al., 2013).

TF Motifs:

Finally, a transcription factor (TF) motif enrichment analysis was performed with the
AME routine (McLeay & Bailey 2010) from the MEME package (v. 4.10.2; Bailey et al,,
2009). This tool takes a set of short DNA sequences and compares them to a database of
known TF binding motifs (Fly Factor Survey; http://mccb.umassmed.edu/ffs/) to determine if
any are overrepresented among the sequences. The sequence extending 30bp up- and down-
stream of each fixed SNP was extracted from the genome. This region is large enough to
accommodate even the larger TF binding motifs but small enough that the focal SNP could
conceivably be within the active region of the motif. The sequences around all SNPs were
used as a control set in the AME analysis. The motif database consisted of 656 TF motifs. See

the supplementary materials for a description of the pipeline.

RESULTS
Identifying Candidate SNPs

Mapping results are given in table S1 and figure S1. Sub-sampling of the SLOB7,
SHACI1 and SHAA10 samples was carried out to equalise the coverage across samples. The
majority of reads were mapped unambiguously and paired with forward and reverse reads
mapping to the same scaffold (table S1). In total, 2,872,064 SNPs passed quality control. Out
of these, 193 SNPs (0.007%) were consistently fixed for the same alleles in the high re-mating

lines compared to the low re-mating rate lines across all pairwise comparisons (hereafter

10
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“fixed SNPs”).

Simulations of a population at mutation-drift equilibrium suggest that 193 SNPs
(0.007%) is many fewer than would be expected by chance (~1% for n = 3 isofemale line
pairs; figure 2 A and B). The proportion of consistently fixed SNPs increases with N, and
decreases with increasing numbers of sampled isofemale lines (figure 2 A and B). Differences
in 4N.u do not seem to have much of an effect on the number of fixed SNPs expected except
at low n. For n = 3, the 95" percentile of the distribution of expected proportions of fixed
differences is 1.02% (figure 2 A and B), suggesting that 0.007% is a much lower proportion of
fixed differences than expected by chance. Similarly, bootstrap sampling of SNPs and allele
frequencies from the empirical distribution suggests that the proportion of consistently fixed
differences expected by chance is considerably higher, around 0.4%, regardless of the number
of SNPs sampled (1,000, 10,000, 100,000, or 1,000,000; figure 2C). The range of the 95"
percentile of the distribution of expected fixed differences is between 0.9 and 0.41% (data not
shown).

Empirical Results

Although there is no association between chromosome length and the number of fixed
SNPs (Spearman rank correlation: rho = 0.42, S = 126.6, p = 0.19) there is a strong correlation
with the number of SNPs overall (tho =0.74, S = 145.5 , p=0.0016). The genomic locations
of the fixed SNPs are given in figure 3. The largest concentrations of fixed SNPs is on the 4™
chromosome (40% of all fixed SNPs), followed by both arms of the X chromosome (XR =
27%; XL = 10%). If the proportions of all SNPs on each chromosome is taken as the expected
proportion of SNPs in a chi-squared test then there is a significant deviation from the expected
distribution of top SNPs across chromosomes (Chi-squared = 145.76, d.f. = 14, p < 0.001) due
to an excess on the 4™ and the X chromosomes.

Gene Ontology, Phenotype Enrichment, and TF Motif Enrichment: GO term

enrichment analysis finds no enrichment of GO terms for genes within 1Mb of all fixed SNPs
(all p > 0.05 after correction for multiple testing; table S3). In total 8,481 GO terms were
tested for enrichment (table S3). The 193 fixed SNPs lie within 1Mb of 157 unique genes
(table S4). In a phenotype enrichment analysis through modPhEA (Weng & Liao, 2017) genes
within 1Mb of a fixed SNP are significantly enriched for various phenotypic classes (table
S5). In total, 1,098 classes are tested and 65 pass a Benjamini-Hochberg correction for
multiple testing (table S5). These include “behaviour defective” (FDR adjusted p-value =

0.008), and “female reproductive system” (p = 0.04). Of particular note are the genes within
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the “behaviour defective” class (table S6). One of these genes, spineless (ss), has mutant
phenotypes which cause defective mating or courtship behaviours in D. melanogaster. No TF
binding site motifs are enriched around fixed SNPs. A total of 656 motifs were tested and 178
motifs were significantly enriched (Fisher’s exact test, p < 0.05). However, none of these
passed a correction for multiple testing (table S7). Nevertheless, motifs for /ola are enriched

(8 motifs with p-values < 0.05).

DISCUSSION

Here we have used a method akin to replicated bulk segregant analysis to ask if we
can find SNPs associated with a complex polygenic trait, female re-mating rate, from
isofemale lines collected from the field. Although we only use three pairs of lines from three
populations, and the lines were not necessarily the most extreme from the phenotypic
distributions measured, we identify about 200 SNPs.

An important question is whether the ~200 SNPs identified differ from expectations
given random sampling. We use both simulations and bootstrapping approaches to obtain
estimates of the number of consistently fixed differences that are expected under a neutral
model, with surprising results. We found many fewer fixed differences than population
genetic simulations suggest, given an explicit model of the breeding history of the lines. Is
there a reason the models should poorly predict the expected number of fixed differences?
Females sampled from a population will have mated with at least one male whose genotype
will also be represented among the offspring (David et al., 2005; Price et al., 2011). This
should increase the genetic diversity within the isofemale line and reduce the probability of
finding a fixed difference with another isofemale line by chance alone. If a female has mated
with more than one male the genetic diversity among her offspring will be higher still and,
consequently, the probability of finding a fixed difference with another isofemale line by
chance is further reduced. On the other hand, inbreeding during laboratory maintenance will
reduce diversity within the lines. Additionally, homozygous lethal alleles will never be fixed
in isofemale lines thus some residual heterozygosity is always expected.

In the bootstrapping approach the distribution of allele frequencies from which
bootstrap samples are drawn is a reflection of the variation among the isofemale lines in this
study. Because these lines reflect only a subset of the variation found in wild populations the
possible diversity is greatly reduced and our expected proportion of fixed differences is

considerably less, though still substantially greater than the number actually observed.
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375 . A potential problem with both of the above approaches is that they do not account for
linkage between SNPs. Closely linked SNPs will be in linkage disequilibrium (LD) and their
allele frequencies highly correlated. Since many of the fixed SNPs in this study seem to occur

378 in clusters (figure 3) this would inflate the number of fixed SNPs above the expected number
from simulations, the opposite result from what we see. However, the fact that pairs of lines
are from source populations all more than 500km apart should ensure that the different

381 recombination histories has broken down LD, even between physically very close SNPs.

The poor performance of our simulations is unexpected. These are based on
established population genetic equations describing the behaviour of alleles expected under

384 neutral drift and mutation. In addition we parameterised these simulations with a range of
mutation rates and effective population sizes that reflect the best estimates from natural
populations of species similar to D. pseudoobscura. Variation in these parameters does not

387 change the conclusions of this study. Therefore, we cannot conclude that we have identified
more fixed SNPs than are expected by chance alone. Our population genetic simulations
suggest that we would need at least 5 independent pairs of isofemale lines from different

390 populations in order for the observed number of fixations (193) to be considered
“significantly” more than expected if the models are accurate. Alternatively, biases in the
bioinformatic pipeline could be to blame if decisions taken greatly increase the number of

393 spurious SNPs called. We have attempted to follow best-practice guidelines (e.g. Schldtterer
et al., 2014) but perhaps these guidelines need revisiting. Finally, if genetic diversity in these
isofemale lines is much higher than expected from the inbreeding and lab maintenance design,

396 this could explain the results.

Genes and Regulatory Motifs Near Fixed SNPs

399 Another approach to asking if the study is successfully identifying candidate genes is
to complete functional analyses of those found — do they implicate appropriate genes? The
SNPs are spread throughout the chromosomes (figure 3) but are disproportionately found on

402 chromosomes 4 & X. There is little evidence that they lie near or within genes previously
implicated in mating behaviour phenotypes. The genes pumilio (pum) and spineless (ss) have
previously been associated with variation in mating or courtship behaviour (Mackay et al.,

405 2005). However, some other phenotypic terms are enriched among the top genes including
“female reproductive system” and “behaviour defective” (table S5).

We also examined transcription factor (TF) binding site motifs and found that, after

13
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correcting for multiple testing, no TF motifs are enriched in regions around the fixed SNPs.
However, several transcription factor motifs achieve marginal significance (p-values < 0.05
prior to correction for multiple testing. In particular, /ola motifs are overrepresented among
the transcription factor binding motifs. /o/a has been shown to change expression patterns in
selection lines for slow and fast mating latency (Mackay et al., 2005).

Given the small number of lines involved, and the results of the simulation studies
these results need to be treated with caution. Additional pairs of isofemale lines from different
populations would be greatly beneficial. Additionally, female re-mating rate in D.
pseudoobscura varies clinally (Price et al., 2014), and it would be very interesting to know if
the SNPs identified here also show clinal variation. Clearly more lines, and pairwise
comparisons, will further reduce the likelihood of false positives.

In conclusion, this study explores a method to identify SNPs associated with a
complex quantitative trait, female re-mating rate. [sofemale lines from different populations,
which differ in their re-mating rates, were pool- sequenced to identify markers consistently
fixed for alternative alleles across the high and low re-mating lines. Population genetic
simulations suggest that the number of fixed differences observed is consistently fewer than
expected by chance. Further work is needed to demonstrate the feasibility of this relatively
simple experimental breeding and selective sequencing approach to uncover loci associated
with quantitative traits and to understand the poor fit of simulated data to the observed allele

frequency differences.
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627 Figure 1. Cartoon representation of the method. Isofemale lines from different populations
show variation in female re-mating rates. Histograms show the variation in re-mating rate
among lines from Lewston, Shaver Lake, and Show Low (see also table S1). Lines from the

630 tails of these distributions represent “High” and “Low” re-mating rates (vertical blue and red
dashed lines). Pool-seq data allows the identification of SNPs that show fixed differences

(grey arrows) between High and Low lines across all pairwise comparisons.
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Figure 2. The proportion of all SNPs that are consistently fixed between » pairs of isofemale
636 lines. Data are from population genetic simulations with different parameter combinations. A
Results without simulating the inbreeding and lab maintenance design, B Results when this
experimental design is taken into account. The x-axes in A and B show different numbers of
639 isofemale lines pairs (7). Simulations were run for a range of values of 4N.u. C The expected
proportion of all SNPs which are consistently fixed differences between n = 3 pairs of
isofemale lines. The proportions are based on samples of 1,000, 10,000, 100,000, or
642 1,000,000 SNPs, variation in the estimates comes from 100 bootstraps. In all plots the

horizontal dashed line gives the results seen in the pool-seq data (193 SNPs, 0.007%).
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Figure 3. Chromosomal locations of 193 SNPs with consistently fixed differences between
645 isofemale lines. Panel titles give the chromosome names. For chromosome 4 and the X

chromosome arms the chromosomes are split into groups (see Methods).
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