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Abstract

The importance of epistasis — non-additive interactions between alleles — in shaping population
fitness has long been a controversial topic, hampered in part by lack of empirical evidencel-2:34,
Traditionally, epistasis is inferred based on non-independence of genotypic values between loci for
a given trait. However epistasis for fitness should also have a genomic footprint>%:7. To capture
this signal, we have developed a simple approach that relies on detecting genotype ratio distortion
(GRD) as a signal for epistasis, and we confirm experimentally that instances of GRD represent
loci with epistatic fitness effects. In applying this method to a large panel of Drosophila
melanogaster recombinant inbred lines® 9, we conservatively estimate that any two haploid
genomes in this study are expected to harbor 1.15 pairs of incompatible alleles. This observation
has important implications for speciation genetics, as it indicates that the raw material to drive
reproductive isolation is segregating contemporaneously within species and does not necessarily
require, as proposed by the Dobzhansky—Muller model, the emergence of incompatible mutations
independently derived and fixed in allopatry. The relevance of our result extends beyond
speciation, as it demonstrates that epistasis is widespread but that it may often go undetected due
to lack of statistical power or lack of genome-wide scope of the experiments.

The role of epistasis in shaping genetic variation and contributing to observable differences
within and between populations has been the focus of much debatel2:3. In complex trait
genetics, the additive paradigm used in genome-wide association (GWA) studies!? has

recently been challenged by mounting evidence highlighting the importance of non-additive
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interactions between alleles*. While the debate has been centered on the relative contribution
of epistasis to the genetic variance, we still have a poor grasp of the extent to which epistatis
affects the mean genotypic values of traits, an important step towards understanding the
genetic basis of complex trait and the organization of molecular pathways®. Although
epistasis is widely accepted to underlie the genetic basis of speciation, many details of this
phenomenon remain poorly understood?:3, In particular, the evolutionary origins of the
alleles that cause reproductive isolation are largely unidentified. Therefore, the importance
of epistasis in shaping fitness within and between populations remains an important question
in evolutionary biology.

Our understanding of the contribution of epistasis and the molecular details underlying non-
additive genetic interactions is limited largely by the scarcity of available data. Although the
idea that populations may harbor alleles with epistatic fitness effects has existed in the
literature for some time, very few examples have been dissected at the genetic level (except
for individual cases®11). Furthermore, as yet, no systematic surveys have been conducted in
diploid out-crossing species that are sufficiently powered to detect small fitness effects or to
finely map interacting loci.

The traditional approach used to detect epistasis by statistical means relies on the
observation of non-additivity of genotypic values between loci for a given phenotype.
However, epistasis for fitness should have a genomic signature, regardless of our ability to
measure a given phenotype® 7. In particular, one expects that unfavorable allelic
combinations will be under-represented, and this should precipitate a deviation from
Mendelian proportions among unlinked incompatible alleles (detected by performing a
screen for statistical association between alleles at loci that are not physically linked,;
Supplemental Methods). Hereafter we refer to such deviations as Genotype-Ratio-Distortion
(GRD). In natural populations an exhaustive search for GRD is computationally intractable,
statistically underpowered, or both®. By contrast, model organisms allow us to create
experimental populations, in which the amount of genetic variation and recombination can
be controlled, thereby amplifying the signature of epistasis in a background of reduced
dimensionality.

Here we apply tests of epistasis to the Drosophila Synthetic Population Resource (DSPR)8: @
(Extended Data Figure 1). To create the DSPR, two sets of eight highly inbred strains of
diverse geographic origins were independently crossed in a round-robin design. Each set was
duplicated and maintained for 50 generations in large freely-mating population cages
(generating 4 panels A-1,2 and B-1,2). Subsequently, approximately 400 recombinant inbred
lines (RILs) in each of four independent panels were created through 20 generations of sib-
mating. After inbreeding, each RIL was genotyped at densely spaced markers, allowing a
description of each RIL’s genome as a genetic mosaic of the eight founding lines originally
crossed (Extended Data Figure 1). The 50 generations of recombination and the large
number of RILs within a panel provides replication over random allelic permutations. This
replication is essential to attain statistical power for the detection of small effect epistasis.

We first excluded the possibility that residual population structure within the DSPR created
association among alleles in the absence of epistasis by performing principle component
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analysis (Extended Data Figure 2, Supplemental Methods). Subsequently, we identified 22
pairs of epistatically interacting alleles in the DSPR (Figure 1, Extended Data Table 1,
Extended Data Figure 3). Importantly, of the 44 incompatible alleles, 27 appear to be shared
between two or more strains (Extended Data Table 1). This indicates that incompatible
alleles are segregating at polymorphic frequencies in natural populations, and are not a result
of inbreeding or long-term maintenance at small population size. Based on the frequencies
in the founder strains, we estimate that any pairwise combination of founders has, on
average, 1.15 pairs of epistatically interacting alleles. This is probably an underestimate,
both because our statistical approach is conservative and because selectively disfavored
allelic combinations may be purged by selection during the free-recombination phase of the
DSPR.

We next sought to confirm the predicted effect on reproductive fitness and to identify the
underlying phenotype of two pairs of incompatible haplotypes (Figure 2-a,c). Using the
original founder strains that contributed the putatively interacting alleles, we performed
experimental crosses, and in both cases, we discovered that the negative interaction is caused
by the minor alleles at each locus (Figure 2b,d; Extended Data Figure 1). Specifically, in the
case of one incompatibility between chromosomes 2 and 3, males that are homozygous for
both incompatible alleles produce on average 74% fewer offspring compared to all other
allelic combinations (P=5.51121E-09 LRT, Figure 2b, Extended Data Figure 4). No
significant effect was detected in females for any combination of genotypes. Using the same
approach we validated a second instance of GRD, selected in the low range of effect size,
between a haplotype on chromosome X and 3 (Extended Data Figure 5). We again observe a
significant decrease (22%) in F, male fertility (P = 8.25e-5 LRT, Figure 2b, Extended Data
Figure 4), suggesting that GRD is a reliable signature of epistasis. The ‘faster-males’

theory 212 and subsequent experimental confirmations [reviewed in 13] predicts that male
infertility will evolve more rapidly than other forms of post-zygotic reproductive isolation.
Although we only have phenotypic data for our confirmed examples, the fact that both
implicate male fertility as the underlying phenotype suggests that this effect may extend to
within-species fitness epistasis.

The DSPR was intercrossed for sufficiently many generations (50+) that little linkage
disequilibrium remains; hence this approach allows us to narrow down likely candidate
genes associated with epistatic interaction for male fecundity. In total, there are three genes
within the haplotype on chromosome arm 2R (~40 kb). notopleural (np) is at the peak of this
region, a gene expressed in mature sperm with alleles that are known to affect viability and
sterility 1. Notably, the human orthologue of 7p is associated with sperm-dysfunction in
humans!8. The interacting haplotype on chromosome arm 3R contains only two genes. In
the center of this region is Cyp12el, a P450-cytochrome associated with electron transport
in the mitochondrial’. Interestingly, Cyp12e1 harbors a non-synonymous mutation in a
highly conserved protein domain. Mitochondrial dysfunction is commonly associated with
male sterility in humans, plants, and D. melanogaster:8, and therefore seems a plausible
candidate phenotype.

To confirm that these observations were not specific to the Drosophila DSPR, we used the
same method to screen for GRD in two additional RIL panels: The MAGIC panel in
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Arabidopsis!® and the NAM panel in maize?0. We found 7 instances of GRDs in
Arabidopsis and 5 in maize (Table S2). Although we have not validated these results, they
suggest that GRD is present in other species as well.

Although the contribution of epistasis to variation in fitness is controversial in some fields?Z,
the Dobzhansky-Muller incompatibility (DMI) model?? 2 is a widely accepted guiding
principle for biologists studying of the genetic basis of intrinsic, postzygotic reproductive
isolation. Largely motivated by this model, which predicts that alleles causing hybrid
incompatibility are derived and fixed after population divergence, much empirical work in
speciation genetics has been dedicated to mapping DMIs between species that diverged
relatively long ago on an evolutionarily time scale? 1 (Extended Data Figure 5). However, it
is unclear if these known examples of so-called “speciation genes’: 2 23 are an accurate
representation of the earliest events in speciation, which have the greatest biological
significance?. Even species that have diverged for only ~250,000 years have evolved
complete male sterility an estimated 15 times over?4. A reasonable interpretation of this
evidence may concede that known ‘speciation genes’ are unlikely to be the same as those
that initially contributed to reproductive isolation, but that these examples are instructive as
to the properties of those genes? —logic that closely mirrors our own.

Our central finding, that fitness epistasis is widespread within natural populations indicates
that the raw material to drive reproductive isolation is segregating contemporaneous within
species and does not necessarily require, as proposed by the DMI model?2, the emergence of
genetically incompatible mutations independently derived and fixed in allopatric lineages23.
We therefore need to explore the possibility that reproductive isolation could be achieved
through divergence in frequencies of numerous preexisting, polymorphic, small-effect
incompatibilities?®: 27. 28 The implications of these results go beyond understanding the role
of intra-specific incompatibility in the context of speciation. Our work shows that epistasis
for fitness related traits has a detectable genomic footprint and supports the idea that latent
incompatibilities often exists between segregating variation within populations, only to be
released when divergent lineages hybridize. This discovery highlights the importance of
understanding the contribution of epistasis to observable phenotypic differences within and
between populations.

Methods Summary

We genotyped the RILs of the DSPR by requiring that each putative variant be supported by
a minimum of five reads. All sites wherein two or more alleles are supported by five reads
were discarded. We confirmed that the RIL panels were free of cryptic population structure
by performing principal component analysis (Extended Data Figure 2). We next excluded
sites wherein fewer than 150 individuals have a supported genotype, where the minor allele
was present in fewer than 10 individuals, or where more than 15% percent of individuals
with data had heterozygous genotypes. Following this, we assessed statistical significance
for non-independence between pairwise combinations of alleles using a 2 test, and applied a
5% false discovery rate to correct for multiple testing. To reduce type 1 error, we restricted
our search to inter-chromosomal comparisons and required that each putative instance of
GRD be consistent with signal from adjacent variants (see Supplemental Methods).
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To confirm the predictions of the GRD scan, we first crossed the two DSPR founder strains
that contributed the predicted interacting alleles. We then intercrossed the F1 progeny to
produce F, offspring. Virgin F, females were then individually and randomly mated to a
single F, male. After mating for 4 days, the F; pairs were individually genotyped at known
variable sites near the interacting alleles. We recorded the number of progeny of each pair to
assay productivity. We used TagMan kits to perform qPCR on the F, parents, and performed
numerous statistical analyses®2° to quantify epistatic effects as a product of genotypes at the
two sites (see Supplemental Methods).
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Extended data Figure 1. Description of the DSPR and validation scheme
a. Geographic distribution of the DSPR founding strains (in orange panel A and in red panel

B). b. Construction of the recombinant inbred lines. For each panel each founder strains
were crossed in a round-robin design (Line 1 @ x Line 2 &, Line2 Q x Line 3d,..., Line 8
@ x Line 1 &) to produce Fys, the F; were then allowed to mate free to produce an F,
population. In each panel A and B, these F, population were split into two independent

Nature. Author manuscript; available in PMC 2016 April 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Corbett-Detig et al.

Principal Component 2
-0.10 -0.05 0.00 0.05 0.10 0.15

-0.15

Page 6

population to create panels Al, A2 and B1, B2. Each was allowed to recombine freely for 50
generations, in very large population. After 50 generation, for each replicate panel, about
400 isofemale lines were inbred for 25 generations to create the 4 panels of RIL used in this
study. c. Crossing scheme used to validate epistatic effects. A pair of founder segregating
incompatible allele was selected and crossed to produce F1‘s, we then intercrossed the F1
progeny to produce a large F2 population, segregating all possible allelic combinations
between alleles at loci 1 and 2. We then counted the progeny each pair produced by
intercrossing a large number of F,’s which were later genotyped at sites near to the predicted
interacting loci.
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Extended data Figure 2. Principal component analysis of each three DSPR RIL s panel
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Extended data Figure 3. D’ distribution for significant GRD
(plotted across DSPR panels).
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Extended data Figure 4. Epistasis plot for each validated instance of GRD
a. GRD between chromosomes 2R and 3R (tagged by SNPs 2R:4806926, on the X axis and

3R:5870973, colored lines) shows strong negative epistasis due to the low fitness of the
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aa;bb genotype. The additive-by-additive genetic effect is equal to —13.75 (sensu Phillips et

al® and Cheverud??). b. GRD between chromosomes 3L and X (tagged by SNPs 3L:
11510853, on the X axis and X: 16483812, colored lines) also shows negative epistasis.

Here the additive-by-additive genetic effect equals —5.94.
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Extended data Figure 5. The accumulation of post-zygotic reproductive isolation through time
(log-scaled X-axis)
Approximate divergence times of commonly studied Drosgphila species are indicated by
blue stars, and the red star indicates a reasonable expectation for divergence times of stocks
used to found the DSPR (~10,000 years). The red-line indicates a very approximate
“speciation threshold”, and indicates that many species pairs that are commonly studied

exceed this threshold significantly.

Extended data Table 1

List of all significant inter-chromosomal GRD identified in the DSPR

Nature. Author manuscript; available in PMC 2016 April 25.

Panel Chromosomel Positionl Chromosome2 Position 2 %;nglbLe; 1st Major Allele  1st Minor Allele  2dn Major Allele 2
counted
B-2 2L 2767815 3R 4492436 391 C A A
B-2 2L 8027605 X 13053319 418 C T C
B-2 2L 10869984 3R 10633352 177 C G T
B-2 2L 21657908 3R 5870973 444 A C G
B-2 2R 4806926 3R 5870973 443 G A G
B-2 2R 8464341 X 5753834 457 A G T
B-2 2R 20512785 X 19647595 436 T G A
B-2 3L 9627942 X 13622563 263 G T A
B-2 3R 20437352 X 19127400 385 C T A
B-1 2L 66907 3L 11787066 256 A G C
B-1 2L 22131178 3R 5598460 375 A G A
B-1 2L 2896002 X 11823233 274 A G T
B-1 2L 10065007 3R 11588046 283 C A T
B-1 2L 4140219 X 11514794 361 G A T
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Panel Chromosomel Positionl Chromosome2 Position 2 %;nglbLe; 1st Major Allele  1st Minor Allele  2dn Major Allele 2
counted
B-1 2R 3232234 3R 5598051 356 G A G
B-1 2R 14543771 3R 22691609 355 A G T
B-1 3R 13807981 X 8763898 151 T C C
B-1 3R 18284739 X 14686047 378 G T G
A-2 2L 19531958 X 12584624 326 G T C
A-2 3L 11510853 X 16483812 354 A T G
A-2 3R 23793328 X 14472525 64 A T Cc
A-2 2L 16549805 3L 10566820 236 C T A
HN
Number
Panel Chromosomel Positionl Chromosome2 Position2 of RILs 1st Major Allele 1st Minor Allele  2dn Major Allele 2
counted
B-2 2L 2767815 3R 4492436 391 C A A
B-2 2L 8027605 X 13053319 418 C T C
B-2 2L 10869984 3R 10633352 177 C G T
B-2 2L 21657908 3R 5870973 444 A C G
B-2 2R 4806926 3R 5870973 443 G A G
B-2 2R 8464341 X 5753834 457 A G T
B-2 2R 20512785 X 19647595 436 T G A
B-2 3L 9627942 X 13622563 263 G T A
B-2 3R 20437352 X 19127400 385 C T A
B-1 2L 66907 3L 11787066 256 A G C
B-1 2L 22131178 3R 5598460 375 A G A
B-1 2L 2896002 X 11823233 274 A G T
B-1 2L 10065007 3R 11588046 283 C A T
B-1 2L 4140219 X 11514794 361 G A T
B-1 2R 3232234 3R 5598051 356 G A G
B-1 2R 14543771 3R 22691609 355 A G T
B-1 3R 13807981 X 8763898 151 T C C
B-1 3R 18284739 X 14686047 378 G T G
A-2 2L 19531958 X 12584624 326 G T C
A-2 3L 11510853 X 16483812 354 A T G
A-2 3R 23793328 X 14472525 64 A T Cc
A-2 2L 16549805 3L 10566820 236 C T A
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DMI

Dobzhansky-Muller incompatibility

DSPR Drosophila synthetic population resource

GRD Genotype-Ratio-Distortion

RAD
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Figure 1. Locus pair s showing significant Genotype Ratio Distortion across the DSPR lines of
Drosophila

The outer circle represent each chromosome arm. Each link represents a locus pair showing
significant two-locus GRD. Yellow, blue and red links correspond respectively to RIL panel
A-2, B-1 and B-2 (5% FDR corrected £< 0.05).
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Figure 2. From missing genotypesto epistasis
a. GRD signature between all genotyped loci on chromosomes 2R and 3R in RIL panel B-2.

b. Average productivity of each genotypic class recovered from 318 F, single-pair mating
(progeny counts are F3). As predicted from the GRD signal (in a.), haplotypes tagged by
SNPs 2R:4806926 and 3R:5870973 show strong negative epistasis for the aa,bb genotypes,
P=5.51121E-09 LRT (indicated by the red bar) c. GRD between loci on chromosomes 3L
and X in RIL panel A-2. d. Average productivity of each genotypic class recovered from 401
F» single pair mating. Haplotypes tagged by SNPs 3L: 11510853 and X: 16483812 show
strong negative epistasis for the minor alleles on each haplotype aabb, P=8.25e-5 LRT
(indicated by the red bar).
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Figure 3. Model for unlinked loci with segregating pairs of incompatible alleles
The dendrograms on the left and the right represent the genealogies of two haplotypes

segregating within a species. The blue dot and the red rectangle indicate the origins of
incompatible mutations on each respective genealogy. On the left, derived blue alleles are
incompatible with derived red alleles on the right. These genealogies yield the individuals
shown in the center; wherein each line segment corresponds to a chromosome and each
colored square indicates the derived incompatible allele. Importantly, these incompatible
allele pairs are polymorphic in this sample of individuals, thus individuals who inherit both
incompatible alleles have lower fitness than those with either none or only a single
incompatibility.
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