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Abstract

The detection of introgression from genomic data is transforming our view of species and the origins of adaptive
variation. Among the most widely used approaches to detect introgression is the so-called ABBA-BABA test or
D-statistic, which identifies excess allele sharing between nonsister taxa. Part of the appeal of D is its simplicity, but
this also limits its informativeness, particularly about the timing and direction of introgression. Here we present a simple
extension, D frequency spectrum or Dgs, in which D is partitioned according to the frequencies of derived alleles. We use
simulations over a large parameter space to show how D¢ carries information about various factors. In particular, recent
introgression reliably leads to a peak in Dgs among low-frequency derived alleles, whereas violation of model assumptions
can lead to a lack of signal at low frequencies. We also reanalyze published empirical data from six different animal and
plant taxa, and interpret the results in the light of our simulations, showing how D provides novel insights. We currently
see Dgs as a descriptive tool that will augment both simple and sophisticated tests for introgression, but in the future it

may be usefully incorporated into probabilistic inference frameworks.
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Introduction

Hybridization and introgression between related species oc-
cur throughout the tree of life (Mallet et al. 2016). The con-
tinued growth of genome-scale sequencing data now allows
not only the detection of introgression but also analysis of the
fate of introgressed alleles. Such analyses provide insights into
the timing of admixture events (Liu et al. 2014), the role of
adaptive introgression (Racimo et al. 2017; Marburger et al.
2019) and the nature of species boundaries (Aeschbacher
et al. 2017; Martin et al. 2019).

Among the most widely used methods to detect intro-
gression are the various variants of the “ABBA-BABA test” D-
statistic (Green et al. 2010; Durand et al. 2011; Patterson et al.
2012). Given three ingroup populations and an outgroup
with the relationship (((P1, P2),P3),0), D compares the num-
ber of derived alleles shared by P2 and P3 with that shared by
P1and P3. In the absence of introgression, such shared alleles
between nonsister taxon pairs can only emerge through in-
complete lineage sorting (ILS) or recurrent mutation, and
hence the two classes of sites are expected to be approxi-
mately equal in abundance (Green et al. 2010; Durand et al.
2011). An excess of one or the other is reflected in a nonzero
D and provides evidence for genetic exchange between P3
and either P1 or P2. The absolute value of D is determined by
the amount of introgression as well as the amount of

preexisting shared variation due to ILS, and is therefore de-
pendent on demography and population split times (Durand
et al. 2011; Martin et al. 2015).

Although originally formulated for single sequences, D is
equally applicable to samples of individuals by scaling accord-
ing to the frequencies of derived alleles in each population
(Durand et al. 2011). Even at sites where all populations are
polymorphic, allele frequencies carry information about intro-
gression, because shared ancestry causes frequencies to be
correlated between populations (Patterson et al. 2012). This
effect is also captured by the related f3 and f4 statistics
(Patterson et al. 2012; Reich et al. 2012), which differ from D
in that frequencies are not polarized by the use of an outgroup.

Although D provides a convenient measure of excess
shared variation consistent with introgression, being a single
number, it effectively averages over the entire allele frequency
spectrum. By so doing, potentially valuable information about
the history of the introgressed variants may be lost, including
information that could help to distinguish true introgression
from artifacts caused by violation of model assumptions.
Specifically, ancestral population structure can result in an
excess of shared ancestral polymorphisms between two non-
sister taxa in the absence of introgression (Eriksson and
Manica 2012). However, recent introgression and ancestral
structure can be distinguished by considering the frequency
distribution of shared derived alleles, as these should be more

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/

licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is

properly cited.

Open Access

716 Mol. Biol. Evol. 38(2):716-726  doi:10.1093/molbev/msaa239 Advance Access publication September 17, 2020


http://orcid.org/0000-0002-0747-7456

Signatures of Introgression across the Allele Frequency Spectrum - doi:10.1093/molbev/msaa239

MBE

strongly biased toward lower frequencies in the case of intro-
gression (Yang et al. 2012). Over time, anciently introgressed
alleles can drift to higher frequencies and eventually become
fixed, whereas others will be lost (Martin and Jiggins 2017). By
averaging over all allele frequencies, D ignores information
carried in the frequency distribution of introgressed alleles.

Here, we introduce a simple descriptive measure that
allows researchers to examine the nature of the signal under-
lying a nonzero D. The D frequency spectrum, D, reveals
how the signal of introgression is broken down across differ-
ent allele frequency classes (or bins). We use simulations to
show that D is not only strongly altered by different ages
and directions of introgression but can also be skewed by
demographic events, such as bottlenecks. In most cases, the
signal of excess shared alleles is biased toward certain fre-
quency bins and may be entirely absent or even reversed at
other frequencies. Even when there is no overall excess of
shared variation (i.e, D~0), this may not be true across all
frequency bins. We provide a tool that allows researchers to
explore simulated Dgs over a large range of parameters. We
then analyze published data from six plant and animal taxa
and interpret the results in the light of our simulations.
Overall, our findings show that Dgs provides additional infor-
mation about the history of introgressed variation.

New Approaches

Dgs is an extension to the ABBA-BABA test D-statistic (fig. 1).
Both approaches aim to detect an excess of shared derived
alleles between nonsister taxa, beyond those that are shared
due to ILS alone. Unlike D, which averages across all sites in
the genome, D5 partitions the signal according to the fre-
quency of the derived alleles in two focal populations, P1 and
P2. As shared derived alleles arising from both introgression
and ILS may not be evenly distributed across allele frequen-
cies, Dgs could, in principle, reveal how the signal of introgres-
sion (i.e, the excess in shared derived alleles) varies across
allele frequency bins.

Results

Simulation Results
We used simulations of the site frequency spectrum (SFS)
over a broad range of parameters to explore how signatures
of introgression in different allele frequency bins are affected
by the timing, direction and rate of introgression, as well as by
population sizes and split times. We provide an online tool
where users can explore simulations covering over 68,000
parameter combinations:  https://shmartin.shinyapps.io/
shiny_plot_dfs_moments/ (last acessed September 24,
2020). We also distribute code that can be used for exhaustive
parameter exploration at https://github.com/simonhmartin/
dfs (last accessed September 14, 2020). In the following results
sections, we use representative simulations to demonstrate
key features of Drs under different evolutionary scenarios.
We express times in coalescent units of 2N generations,
where N is the diploid effective population size. This is because
Dgs is dependent only on the distribution of allele frequencies at
variant sites, but not their total number, making it independent

of the absolute population size, generation time, and mutation
rate (provided a sufficient number of variant sites is available for
reliable analysis). Most simulations assume unlinked sites for
efficiency. However, coalescent simulations of linked sites in
realistic chromosomes (supplementary fig. S1, Supplementary
Material online) demonstrate that genomic data sets on the
scale of tens of megabases or larger should provide sufficient
information for reliable Drs computation.

Recent Gene Flow Is Most Evident among Low-
Frequency Derived Alleles

As expected, in simulations without gene flow, D¢ remains
zero across all frequencies of the derived allele, provided
population sizes remain constant. Simulating recent gene
flow from P3 into P2 results in positive Dgs among bins
representing low-frequency derived alleles (fig. 2A). When
gene flow occurs further back in time, the signal of intro-
gression tends to be more dispersed (fig. 2B), indicating
that some introgressed alleles have drifted to higher fre-
quencies. In the extreme case of very ancient gene flow, the
signal becomes mainly restricted to the highest frequency
bin (i.e, fixed derived alleles) (fig. 2C), indicating that all
introgressed variation will eventually either go to fixation or
be lost.

Unexpectedly, in simulations with recent gene flow from
P3 into P2, the highest frequency bin often shows a negative
D signal, reflecting an excess of derived alleles that are fixed in
P1 and shared with P3, despite an overall positive D (fig. 2A).
This counterintuitive signal can be understood by recalling
that, when population split times are relatively short, large
numbers of shared derived alleles (“ABBAs” and “BABAs”) are
generated by ILS of polymorphisms in the ancestral popula-
tion. Many of these will have had enough time to drift to
fixation in P1 and P2, but might still be segregating in P3. At
such sites, introgression from P3 to P2 will act to reduce the
number of derived alleles that are fixed in P2 and shared with
P3. P1 is unaffected by introgression and therefore retains its
fixed derived alleles, creating the imbalance in the highest-
frequency bin. To test this logic, we decreased the effective
population size of the donor population P3 to reduce segre-
gating derived alleles due to ILS. As expected, this reduces and
eventually abolishes the inverted signal (supplementary fig.
S2, Supplementary Material online). The increased number of
fixed alleles in the donor population produces two additional
effects. First, it increases the overall D value, due an increased
signal-to-noise ratio. Second, it can cause a rounding in the
shape of D¢, with a dip toward the lowest frequency bins
(supplementary fig. S2C, Supplementary Material online), as
introgressing alleles that are already fixed in the donor pop-
ulation will tend to occur at intermediate frequencies in the
recipient population immediately after introgressing

Both Ancient and Recent Mutations Contribute to the
Low-Frequency Dgs Peak

As described above, there are two classes of mutations that
contribute to Dgs: ancient mutations that arose before the
three populations diverged, and recent mutations that are
specific to the donor population, P3. Ancient mutations can
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Fic. 1. Conceptual representation of the D frequency spectrum. (A) The approach makes use of three focal populations (P1, P2, and P3), in which
gene flow is thought to have occurred between P3 and P2. The red shading represents the fact that some derived alleles will have become common
within P3 and will be rare or absent in P1 and P2. When these introgress into P2, they will initially occur at low frequency. Through drift, some will
increase in frequency over time and others will be lost, creating a distribution of frequencies of introgressed alleles. (B) Three example genealogies
that are all discordant with the population branching tree. The first two result from ILS. Mutations on such genealogies can lead to “BABA” and
“ABBA” patterns in the sequence data, in which derived alleles (shown in colour) are shared between nonsister taxa. Because ILS involves deep
coalescence, these shared derived alleles have time to drift, and can occur at any frequency in populations P1 and P2. The third genealogy
represents introgression from P3 into P2. Because there is limited time for drift to occur, shared derived alleles resulting from recent introgression
will tend to occur at lower frequency in the recipient population (P2). (C) D is the difference in the observed number of ABBA and BABA patternsin
the genome, normalized by their sum. D > 0 indicates an excess of ABBA due to introgression. Dgs is computed by partitioning ABBA and BABA
counts according to the frequencies of derived alleles in both P1 and P2 (see Materials and Methods for details). With recent introgression, we
expect Dgs to peak at low frequencies, because this is where ABBA patterns resulting from introgression will be most abundant relative to both the
ABBA and BABA patterns resulting from ILS. The total number of sites contributing to each partition or “bin” will differ, and each will contribute
differently to the overall D. To show this, each bin is assigned a weighting, illustrated by the width of the vertical bars.

produce both ABBA and BABA patterns through ILS, whereas dramatically (supplementary fig. S3, Supplementary Material

recent P3-specific mutations should only produce ABBA pat- online). Recent mutations are thus not especially important
terns through gene flow into P2 (fig. 1B), assuming no recur- for the general shape of Dgs.

rent mutation. Given that ancient mutations will have had

more time to drift to high frequency, we hypothesized that Demographic Changes Shift the Frequencies of Shared
the two classes would contribute differently to the D signal. Derived Alleles

We tested this idea using coalescent simulations in which In the above scenarios, the sizes of the focal populations have
mutations were either allowed throughout the genealogy or been held constant. However, population bottlenecks impact
restricted to the ancient period before the three populations allele frequency spectra (Watterson 1984), so likely also im-
split. This reveals that the low-frequency Dgs peak is present pact Dgs, regardless of whether there has been interbreeding.
(albeit to a lesser extent) even in the absence of recent muta- In a scenario with no gene flow and a bottleneck in P2, D
tions (supplementary fig. S3, Supplementary Material online). becomes negative in bins representing low- and intermediate-
In other words, there is a strong excess of sites at which an frequency derived alleles, gradually increasing and becoming
ancient derived allele is present in P3 and occurs at low fre- strongly positive in the highest-frequency bin (fig. 3A). This
quency in P2, and is absent (or at even lower frequency) in P1. reflects the way a bottleneck increases drift, thereby reducing
Interestingly, this pattern holds regardless of whether the split the relative number of segregating derived alleles at low to
time of P3 is deep or recent (i.e, regardless of whether there intermediate frequencies in P2 and increasing the number of
has been time for lineage sorting and loss of the derived allele fixed or high-frequency derived alleles, as well as those that
in the ancestor of P1 and P2). Evidently, there will always be have been lost. Derived alleles segregating in P1 remain un-
some sites at which ancient derived alleles are present in P3 affected by the bottleneck. The negative D values at low and
and rare or absent in P1 and P2, and under recent introgres- intermediate frequencies reflect those remaining segregating
sion such sites will always produce a low-frequency D peak. derived alleles in P1 that are shared with P3 due to ILS.
Unsurprisingly, when recent mutations are allowed in the Conversely, the positive D at high frequencies reflects the
simulations, the low-frequency peak is enhanced, but not large number of derived alleles in P2 that are now fixed or
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Fic. 2. Effect of the timing of gene flow. Diagrams on the left show the simulated models of recent gene flow (A), older gene flow (B), and ancient
gene flow (C). In each case, an ancestral population (top) splits into two daughter populations. One of these splits again to produce P1and P2, and
the remaining population becomes P3. The plot is divided into periods, shaded from light for the most ancient to dark for the most recent. Note the
different scales of the y-axis. An arrow indicates a period in which gene flow occurs, and the direction of gene flow. Migration rate (2Nm) was set to
2 for recent gene flow (A) and 3 for both old (B) and very ancient (C) gene flow to produce a comparable overall D value. Plots on the right show Dgs.
Each vertical line indicates the stratified D value for each derived allele frequency bin (D, see Materials and Methods for details). Widths of vertical
lines are drawn in proportion to their weighting. Horizontal dashed lines indicate the overall D value.

nearly fixed, and shared with P3 due to ILS. Importantly, over-
all D remains zero despite the dramatic shifts in allele fre-
quencies following demographic changes, as this does not
change the sum total of derived alleles in P1 or P2 that are
shared with P3 (Durand et al. 2011).

Introducing gene flow after the bottleneck shows that these
two processes affect Dgs more or less additively (fig. 3B). There is
a restoration of positive D values at low frequency due to in-
trogression, whereas D values remain negative at intermediate
frequencies, and positive at high frequencies due to the effects of
drift described above. The overall D value becomes positive,
confirming that D is able to capture the signal of introgression
regardless of population size change (Durand et al. 2011). If gene
flow occurs before the bottleneck, the positive Dgs at low fre-
quencies is eliminated (fig. 3C). This is because introgressed
alleles will tend either to be lost or to become fixed during
the bottleneck, leaving few at low frequency.

Behavior under More Complex Scenarios

Above, we have considered the idealized case where there
is unidirectional introgression from P3 into P2 and com-
plete isolation of P1. We now examine the effect of

relaxing these assumptions. Although D was first pro-
posed under the assumption of introgression occurring
“inward” from P3 to P2, it is also able to detect introgres-
sion “outward” from P2 to P3 (or from P1 to P3), albeit
with reduced sensitivity (Martin et al. 2015). Our simula-
tions show that gene flow outward from P2 to P3 gener-
ates a distinct Dgs signal that is approximately evenly
dispersed across allele frequency bins (fig. 4A). This is
unsurprising, because Dgs is stratified by derived allele
frequencies in P1 and P2, but not P3. Any increase in
shared derived alleles due to introgression from P2 into
P3 should affect all allele frequency classes of the donor
population (P2) approximately equally, regardless of the
frequency distribution of introgressed alleles in the recip-
ient population (P3). However, there is still variation in
the weights of the different site classes, because those
with lower frequencies of derived alleles contribute less
to the overall D value. Adding bidirectional gene flow has
an additive effect and therefore restores the peak among
low-frequency bins described above (fig. 4B). Importantly,
bidirectional gene flow is detectable even if inward gene
flow occurs at a much lower rate (e.g,, 10-fold lower) than
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Fic. 3. Effect of bottlenecks. Diagrams on the left show the simulated models of a bottleneck without gene flow (A), a bottleneck followed by gene
flow (B) and a bottleneck after gene flow (C). Plots on the right show D¢ (see fig. 2 for details). Migration rate (2Nm) was set to 2 for recent gene
flow (B) and 3 for older gene flow (C) to produce a comparable overall D value.

outward gene flow (supplementary fig. S4, Supplementary
Material online).

Another scenario that is common in the real world is
where populations P1 and P2 are not entirely isolated from
one another or from P3. Our simulations show that, provided
introgression from P3 occurred recently, bidirectional gene
flow between P1 and P2 has little impact on the shape of
Dgs, even if it occurs at a higher rate (supplementary fig. S5,
Supplementary Material online). However, unsurprisingly, if
gene flow from P3 occurred deeper in the past, and bidirec-
tional gene flow between P1 and P2 continued thereafter, it
will eventually erode the signal of introgression (supplemen-
tary fig. S5, Supplementary Material online).

Simultaneous gene flow from P3 into both P1 and P2 can
have a distinctive impact on the shape of Dgs. If it occurs at
the same rate into both P1 and P2, Dgs will of course become
zero at all frequency classes, as there will be no excess of
shared derived alleles. However, if gene flow from P3 to P1
occurs at a lower rate than from P3 to P2, this can produce a
“rounding” of the distribution, in which the signal is reduced
in the lowest frequency bins, and peaks at a more interme-
diate frequency (fig. 4C). This again reflects the additive effect
of gene flow on Dgs. The low rate of gene flow from P3 to P1
causes these populations to share low-frequency derived

720

alleles, thus offsetting the peak of low-frequency derived
alleles shared between P2 and P3.

Ancestral Population Structure

Finally, we consider the case of ancestral population structure
introduced by Eriksson and Manica (2012) and Yang et al.
(2012). We use a model similar to that of Yang et al., in which
the ancestral population is structured into two subpopula-
tions from before the divergence of P3, and this structure
persists until the divergence of P1 and P2 (supplementary
fig. S6, Supplementary Material online). Thus, P2 and P3 will
share an excess of ancestral variation as a result of the per-
sistent population structure, despite the absence of recent
gene flow. Our simulations show that this scenario leads to an
unusual shape in D, in which the signal of excess sharing is
restricted to intermediate- and high-frequency derived alleles,
and tends toward zero in the low-frequency bins (supplemen-
tary fig. S6, Supplementary Material online). This finding is
similar to that described by Yang et al, who used a related
summary statistic (see Discussion).

Empirical Results
We applied Dgs to six published whole-genome data sets from
Heliconius  butterflies, tetraploid Arabidopsis, Ninespine
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Fic. 4. Behavior under more complex scenarios. Diagrams on the left show the simulated models of “outward” gene flow from P2 to P3 (A) (2Nm =
2), bidirectional gene flow (B) (2Nm = 2 and 1, respectively) and gene flow from P3 into both P2 and P1 (C) (2Nm = 3 and 0.5, respectively). Plots on

the right show Dgs (see fig. 2 for details).

sticklebacks (Pungitius), American sparrows (Ammospiza),
North African date palms (Phoenix), and hominids. Based
on previous work, we expected some of these taxa to show
signatures of recent introgression, whereas others were
expected to show signatures of longer term or more ancient
introgression. In the case of humans, we expected the signal
to also reflect the out-of-Africa bottleneck.

The North American Saltmarsh sparrow Ammospiza cau-
dacuta and Nelson’s sparrow A. nelsoni are thought to have
come into contact and begun hybridizing only recently, after
the last glacial retreat (Greenlaw 1993; Walsh et al. 2018). As
expected, Dgs is skewed toward the lowest frequency variants
and absolute values are low, consistent with a recent onset of
interbreeding (fig. 5A).

Tetraploid populations of Arabidopsis lyrata and
Ar. arenosa are thought to have begun to hybridize exten-
sively only after the emergence of tetraploid Ar. lyrata, around
80,000 generations ago (Marburger et al. 2019). D is again
skewed toward low frequencies but shows a much stronger
signal than in the sparrows (fig. 5B), consistent with a higher
rate of recent gene flow.

Date palm Phoenix dactylifera is thought to have experi-
enced introgression from their wild Mediterranean relative
P. theophrasti only after cultivation in North Africa (Flowers
et al. 2019). Dgs indicates extensive gene flow and has a

rounded distribution that peaks at intermediate frequencies
but declines toward low frequency bins (fig. 5C). This rounded
distribution might reflect the small population size of the
donor, P. theophrasti from Crete, which would cause more
introgressed alleles to occur at intermediate frequency (e.g,
supplementary fig. S2C, Supplementary Material online).
Alternatively, a similar pattern could emerge if additional
but less extensive gene flow has occurred from
P. theophrasti into middle-eastern date palm (e.g, fig. 4C).
The butterflies Heliconius timareta and H. melpomene am-
aryllis are thought to have experienced long-term gene flow
over millions of generations (Martin et al. 2013). Dgg has not
only a bias toward low frequencies but also a broad tail in the
higher frequencies (fig. 5D), consistent with longer-term and/
or bidirectional gene flow. In another pair, H. cydno and H.
melpomene rosina, the Dgs signal lacks the low-frequency
peak (supplementary fig. S7B, Supplementary Material on-
line), suggesting that gene flow may be constrained to further
in the past. This might reflect an increasing strength in the
reproductive barrier due to processes such as reinforcement,
for which there is experimental evidence in this pair
(Kronforst et al. 2007). Although several other combinations
of populations could be analyzed in this Heliconius data set,
few include a P1 population that is allopatric from P3 or a
related species (Martin et al. 2019). Using P1 populations that
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Fic. 5. Analysis of six published data sets. Dgs for gene flow between sparrows Ammospiza caudacuta and A. nelsoni (A), tetraploid Arabidopsis
lyrata and Ar. arenosa (B), Date palm Phoenix dactylifera and P. theophrasti (C), butterflies Heliconius timareta and H. melpomene amaryllis (D),
sticklebacks Pungitius pungitius and P. sinensis (E), and Neanderthals and humans (F). Each vertical line indicates the stratified D value for each
derived allele frequency bin (D,, see Materials and Methods for details). Widths of vertical lines are drawn in proportion to their weighting.
Horizontal dashed lines indicate the genome-wide D value. Differences in the number of bars among plots reflect the different sample sizes

available for each system. Note that y-axis scales vary.

are themselves partly admixed with P3 leads to more rounded
peaks (supplementary fig. S7C and D, Supplementary Material
online) as expected based on our simulations above (fig. 4C).

In Pungitius sticklebacks, previous work has shown that an
entire chromosome introgressed from Pungitius sinensis into
the ninespine stickleback P. pungitius to form a neo-sex chro-
mosome, but that genome-wide introgression between the
species has also occurred on autosomes (Dixon et al. 2019).
D¢ for introgressed alleles in P. sinensis (excluding the neo-sex
chromosome) shows a dramatic skew, with almost all shared
derived alleles being fixed in the recipient population (fig. 5E).
This is consistent with a deep age of introgression relative to
the effective population size, such that most introgressed
alleles have since drifted to fixation.

In humans, we expected the frequency of derived alleles
shared between Europeans and Neanderthals to be shaped by
both the out-of-Africa bottleneck and by recent introgression.
Dgs is largely consistent with these expectations, with negative
values at intermediate frequencies, reflecting the loss of seg-
regating ancestral variants through drift during the bottle-
neck (see above). Dgs becomes positive at low frequencies,
consistent with retention of some introgressed variation at
low frequency. The large sample size enables us to detect a
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weak decrease in the lowest frequency bin. Although our
simulations suggest that this could be explained by limited
introgression of Neanderthal alleles into African populations
(also see Chen et al. 2020), we suggest that future studies
interrogate this signal further.

Discussion

The detection of introgression using genomic data is trans-
forming our understanding of species and the origins of adap-
tive variation. Various methods exist to make inferences
about demographic history and introgression using rich sum-
maries of genomic data such as the SFS (Gutenkunst et al.
2009; Excoffier et al. 2013), patterns of linkage disequilibrium
(Machado et al. 2002; Sankararaman et al. 2012), admixture
tract lengths (Harris and Nielsen 2013) or combined signals
(Lohse et al. 2016; Roux et al. 2016). Nevertheless, the ABBA—
BABA test retains widespread popular appeal due to its rel-
ative simplicity: It captures, in a single value, the key informa-
tion relevant to the question of whether introgression has
occurred. However, in doing so, D and its derivatives fail to
capture information that could help better to interpret the
signal. Allele frequencies carry additional information about
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how introgressed alleles are distributed in the recipient pop-
ulation, which reflects both the timing and quantity of intro-
gression, along with other processes.

Dgs is an intuitive extension of D that greatly enhances its
information content with minimal extra computation. Most
importantly, the extent to which D is biased toward low
frequencies is a good indicator of the recency of introgression.
Indeed, our simulations demonstrate that the low-frequency
bins are the most sensitive for detection of recent introgres-
sion. The reason for this is 2-fold. Firstly, under low to mod-
erate rates of gene flow, introgressed alleles will tend to occur
at low frequency in the recipient population as they have not
had time to drift to higher frequency. An exception may be
strongly positively selected introgressed alleles, but these will
typically represent a small proportion of the genome.
Secondly, D captures the difference in numbers of sites car-
rying shared derived alleles (i.e, ABBAs and BABAs) normal-
ized by the total number of ABBAs and BABAs. Because the
majority of these will typically have arisen through ILS, they
will tend to involve derived alleles spread more or less uni-
formly across the entire frequency spectrum, and after suffi-
cient time for genetic drift, all will involve only fixed derived
alleles. Consequently, ABBAs and BABAs generated by ILS
tend to be rare in the lowest frequency bins, making these
the most sensitive bins for detecting introgression.

A lack of signal of introgression among low-frequency de-
rived alleles only emerges if introgression is very ancient or if
the underlying scenario is more complicated, such as includ-
ing additional introgression into the “control” population
(P1), or even no introgression at all but rather ancestral pop-
ulation structure. Unlike gene flow, the latter scenario results
in excess sharing of high-frequency alleles that existed as
polymorphisms in the ancestral population. Therefore, detec-
tion of low-frequency shared derived alleles serves as a useful
rule-of-thumb indicator when assessing the validity of claims
of recent introgression. This signature was previously demon-
strated by Yang et al. (2012) using a related summary called
the “doubly conditioned frequency spectrum” (dcfs). The dcfs
also examines the frequency distribution of shared derived
alleles, but unlike D it does not explicitly test for an excess of
shared derived alleles, and therefore cannot as easily distin-
guish between introgression and other signatures that could
also skew allele frequencies.

Most of our analyses of empirical data show patterns con-
sistent with recent introgression. The most extreme skew
towards an excess of low-frequency shared derived alleles is
seen in the saltmarsh and Nelson’s sparrows, which are
thought to have come into contact only since the last glacial
retreat (Greenlaw 1993; Walsh et al. 2018). At the opposite
end of the spectrum are the Amur and ninespine sticklebacks,
in which shared derived alleles are almost entirely fixed in the
Amur stickleback, implying that introgression was ancient
relative to its effective population size. At present, although
we have been able to identify a number of features of D¢ that
can be linked to particular scenarios, the overall interpreta-
tion remains qualitative. However, we envisage that Drs could
in the future facilitate quantitative inferences of the extent
and timing of gene flow by, for example, incorporation into

inferential frameworks such as approximate Bayesian compu-
tation (Roux et al. 2016). Unlike full joint site frequency spec-
tra, which can have vast numbers of entries with large sample
sizes, Dgs retains relatively low dimensionality while also
retaining high information content.

We have not considered the genomic distribution of Dgg
signals. In addition to allele frequency, the size of introgressed
tracts also carries information about the history of introgres-
sion, as large shared haplotypes are broken down by recom-
bination over time (Harris and Nielsen 2013). Future work
should consider how the joint distribution of shared haplo-
type length and frequency could be used for more powerful
inference of population history.

Demographic change is an important complicating factor
for interpreting Dgs. We explored this in the context of a
severe bottleneck in one of the two focal populations. In
the absence of gene flow, strong drift in the bottlenecked
population leads to a distinctive pattern in which there is
an excess of high-frequency or fixed derived alleles shared
between the bottlenecked population and P3, and an oppo-
site excess of derived alleles at low and intermediate frequen-
cies shared between the nonbottlenecked population and P3.
Gene flow after the bottleneck tends to have an additive
effect on Dgs, so in many cases it should still be possible to
infer the presence of recent introgression in a bottlenecked
population from an excess signal at low frequencies. On the
other hand, if detection of bottlenecks is of interest, our
findings reveal that considering the joint frequencies in mul-
tiple populations provides a sensitive indicator of population
size change. It seems likely that analysis of joint frequency
spectra could provide additional power to infer population
size change over and above classical single-population meth-
ods (Liu and Fu 2015). Nonetheless, it is important to remem-
ber that because both D and Dgs depend on ratios between
populations, their values are dependent on the assumption of
constant mutation rate which may, in some cases, be incor-
rect (Amos 2013; Mallick et al. 2016; Xie et al. 2016).

In conclusion, we recommend that researchers making use
of both simple (e.g, the ABBA—BABA test) and inference-
based (e.g, maximum likelihood or approximate Bayesian
computation inference) approaches to investigate introgres-
sion also include analysis of Dgs as part of their workflow. We
do not propose Dgs as a replacement for inference methods
but more as an addition that allows further exploration of the
genetic information space. This may be particularly valuable
for exploratory studies in which little is known about direc-
tion and timing of introgression. Regardless of which methods
of inference are used, it is important to understand the nature
of the signal that leads to a particular inference. Dgs provides
an intuitive descriptor that falls between the simple and so-
phisticated approaches, but retains advantages of both.

Materials and Methods

The D Frequency Spectrum

We first define the D frequency spectrum (Dgs) by relating it
to the conventional D-statistic. Given a sequence alignment
of I sites, including sequences from three populations and an
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outgroup with the relationship (((P1, P2), P3), O), and assum-
ing for now that we have just a single haploid sequence
representing each taxon,

X Caggali] — X' Caagali]

D - R B
2! Cappali] + X' Coapali]

M

where Caggpali] and Cgagali] are either 1 or 0 depending on
whether the alignment at site i matches the “ABBA” or
“BABA” pattern, respectively, with “A” indicating the pre-
sumed ancestral state (i.e, that seen in the outgroup) and
“B” indicating the derived state.

If there are multiple sequences representing each popula-
tion, the value for each site can be a proportion, computed
from the frequencies of the derived allele in each population:

Casali] = (1 — pin) X pia X pis, ()

Caseali] = pin X (1 — pi) X pis, (3)

where pj is the frequency of the derived allele at site i in
population j. This assumes that the outgroup is fixed for
the ancestral state, which is reasonable provided it is suffi-
ciently anciently diverged that few segregating polymor-
phisms in the ingroups date to before their divergence
from the outgroup. Violation of this assumption will result
in statistical noise, but as long as the number of sites affected
is small, the impact on D will tend to be modest.

Given equal sample sizes of n haploid genotypes per pop-
ulation for both P1 and P2, Dgs represents the set of parti-
tioned D values {Ds, Ds,. . ., Dy,. .., D,,}, in which each value
represents a D-statistic computed using a subset of sites.
Specifically, Dy is computed using only “ABBA” sites at which
the derived allele occurs k times in P2, and “BABA” sites at
which the derived allele occurs k times in P1. Thus

_ 2! Cagsali] — Z' Consalj]
3! Capsali] + 2! Coapalf]

Dy |I9i2 =PpPpn = k/”h (4)
where pj, is the derived allele frequency in P2 at site i, and pj;
is the derived allele frequency in P1 at site j.

Finally, as different numbers of sites will contribute to each
entry, and each site contributes differently to overall D depending
on the allele frequencies in each population, each of the parti-
tioned D values making up Dx is assigned a weighting, 0 < w; <
1, representing its proportional contribution to overall D:

_ 2 Cuomali] + X! Conaaljllp = pj = k/n
>/ Cappali] + Z' Capalj]

Wi (5)
D¢ can be computed from a joint SFS. This can be a polarized
(unfolded) 3D SFS (i.e, giving the frequency of the derived allele
for three populations), or an unpolarized 4D SFS, in which the
outgroup can be used for polarization. We provide code for
computation of Dgs from an input SFS at https://github.com/
simonhmartin/dfs (last accessed September 14, 2020).

Simulations
In order to explore the behavior of Dgs over a wide range of
parameters, we performed simulations of the 3D SFS using
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moments (Jouganous et al. 2017), which is based on a mo-
ment representation of the diffusion equation. For simula-
tions requiring explicit mutations, we used the coalescent
simulator msprime (Kelleher et al. 2016). Because the simu-
lated SFS is polarized, we did not simulate an outgroup pop-
ulation. This emulates empirical studies in which a suitable
outgroup is available for identification of the ancestral allele
(as described below). Custom scripts for running single or
batch simulations are provided at https://github.com/
simonhmartin/dfs (last accessed September 14, 2020).

Analysis of Empirical Data

We analyzed six previously published whole-genome data
sets from plants and animals. Due to the different qualities
and sequencing depths of each data set, different filtering
criteria were used, but otherwise the analysis pipeline was
consistent.

Heliconius butterfly genotype data (Martin et al. 2019)
were accessed from https://doi.org/10.5061/dryad.sk2pd88
(last accessed 29 July 2020). Several combinations of popula-
tions allow for tests for introgression between H. melpomene
and either H. timareta or H. cydno. Frequencies were polarized
using the outgroup H. numata.

Arabidopsis genotype data (Marburger et al. 2019) were
obtained from the authors. Only genotypes supported by an
individual read depth >5 were considered, and sites geno-
typed in fewer than 80% of individuals were excluded. We
tested for introgression from tetraploid Ar. arenosa (popula-
tions BGS, BRD, GUL, SEN, TRE) into tetraploid Ar. lyrata
(populations KAG, LIC, MAU, MOD, SCB, SWA). For P1
(the putative nonadmixed population), we used diploid
Ar. lyrata (populations PEQ, PER, VLH). See Marburger et al.
(2019) for population information. Frequencies were polar-
ized using the outgroup H. halleri.

Phoenix date palm genotype data (Flowers et al. 2019)
were retrieved from https://doi.org/10.5061/dryad.tm40gd8
(last accessed July 3, 2019). Only genotypes supported by
an individual read depth >8 were considered. Following
the original study, we tested for introgression from the wild
P. theophrasti into cultivated North African P. dactylifera (rep-
resented by samples from Morocco), using middle-eastern
P. dactylifera (represented by samples from Iraq) as P1.
Putative admixed individuals of the donor P. theophrasti
were excluded. Frequencies were polarized using the out-
group P. canariensis.

American sparrow genotype data (Walsh et al. 2018) were
retrieved from https://doi.org/10.5061/dryad.gt12rm3 (last
accessed November 16, 2019). Only genotypes supported
by an individual read depth >4 were considered. We tested
for introgression between sympatric populations of Saltmarsh
sparrow A. caudacuta and the recent colonist Nelson'’s spar-
row A. nelsoni. Allopatric A. nelsoni was used as P1.
Frequencies were polarized using the outgroup seaside spar-
row A. maritima.

Stickleback genotype data (Dixon et al. 2019) were
obtained from the authors. Only genotypes supported by
an individual read depth >5 were considered. We tested
for introgression between the ninespine stickleback
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P. pungitius and the Amur stickleback P. sinensis. As no allo-
patric population of P. sinensis was available, we used the
closely related Sakhalin stickleback P. tymensis as P1.
Chromosome 12 was excluded due to its history of sup-
pressed recombination in P. pungitius. Frequencies were po-
larized using the outgroup threespine stickleback
Gasterostreus aculeatus.

A hominid genotype data set was generated by combining
human data (1000 Genomes Project Consortium 2015)
(phase 3 data set retrieved from ftp.1000genomes.ebi.ac.uk/
vol1/ftp/release/20130502/, last accessed July 30, 2019) with
that for an Altai Neanderthal (Priifer et al. 2014) retrieved
from http://cdna.evampgde/neandertal/altai/
AltaiNeandertal/ (last accessed July 30, 2019). The latter was
filtered to remove single nucleotide polymorphisms at CpG
sites (as annotated by the authors), with a genotype quality
<30, and with a read depth <10 or >150. As an outgroup to
polarize frequencies, we added the chimpanzee allele based
on an alignment of syntenic regions retrieved from http://
hgdownload.cse.ucscedu/goldenpath/hg19/vsPanTro6/ (last
accessed July 26, 2019). Only chromosome 1 was considered
for the hominid analysis to reduce processing time.

In all cases, allele frequencies and polarized SFSs were com-
puted using the scripts freq.py and sfs.py, available at https://
github.com/simonhmartin/genomics_general (version 4 re-
lease, last accessed July 9, 2020).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.

Acknowledgments

We thank Steven Van Belleghem, Konrad Lohse, Alex
Twyford, and two anonymous reviewers for helpful com-
ments on the manuscript. This work was supported by the
Royal Society (Grant No. URF\R1\180682 to S.H.M.).

Data Availability

All empirical data analyzed were based on previously pub-
lished data sets. Processed genotype files, as well as plotted
values underlying all figures are available from the Zenodo
digital repository (DOI: 10.5281/zenod0.4026968).

References

1000 Genomes Project Consortium. 2015. A global reference for human
genetic variation. Nature 526:68-74.

Aeschbacher S, Selby JP, Willis JH, Coop G. 2017. Population-genomic
inference of the strength and timing of selection against gene flow.
Proc Natl Acad Sci U S A. 114(27):7061-7066.

Amos W. 2013. Variation in heterozygosity predicts variation in human
substitution rates between populations, individuals and genomic
regions. PLoS One 8(4):€63048.

Chen L, Wolf AB, Fu W, Li L, Akey JM. 2020. Identifying and interpreting
apparent Neanderthal ancestry in African individuals. Cell
180(4):677-687.16.

Dixon G, Kitano J, Kirkpatrick M. 2019. The origin of a new sex chro-
mosome by introgression between two stickleback fishes. Mol Biol
Evol. 36(1):28-38.

Durand EY, Patterson N, Reich D, Slatkin M. 2011. Testing for ancient
admixture between closely related populations. Mol Biol Evol.
28(8):2239-2252.

Eriksson A, Manica A. 2012. Effect of ancient population structure on the
degree of polymorphism shared between modern human popula-
tions and ancient hominins. Proc Natl Acad Sci U S A.
109(35):13956—13960.

Excoffier L, Dupanloup |, Huerta-Sanchez E, Sousa VC, Foll M. 2013.
Robust demographic inference from genomic and SNP data. PLoS
Genet. 9(10):e1003905.

Flowers JM, Hazzouri KM, Gros-Balthazard M, Mo Z, Koutroumpa K,
Perrakis A, Ferrand S, Khierallah HSM, Fuller DQ, Aberlenc F, et al.
2019. Cross-species hybridization and the origin of North African
date palms. Proc Natl Acad Sci U S A. 116(5):1651-1658.

Green RE, Krause J, Briggs AW, Maricic T, Stenzel U, Kircher M, Patterson
N, Li H, Zhai W, Fritz MH-Y, et al. 2010. A draft sequence of the
Neandertal genome. Science 328(5979):710-722.

Greenlaw ). 1993. Behavioral and morphological diversification in sharp-
tailed sparrows (Ammodramus caudacutus) of the Atlantic coast.
Auk. 110:286-293.

Gutenkunst RN, Hernandez RD, Williamson SH, Bustamante CD.
2009. Inferring the joint demographic history of multiple pop-
ulations from multidimensional SNP frequency data. PLoS
Genet. 5(10):e1000695.

Harris K, Nielsen R. 2013. Inferring demographic history from a spectrum
of shared haplotype lengths. PLoS Genet. 9(6):€1003521.

Jouganous J, Long W, Ragsdale AP, Gravel S. 2017. Inferring the joint
demographic history of multiple populations: beyond the diffusion
approximation. Genetics 206(3):1549-1567.

Kelleher J, Etheridge AM, McVean G. 2016. Efficient coalescent simula-
tion and genealogical analysis for large sample sizes. PLoS Comput
Biol. 12(5):e1004842.

Kronforst MR, Young LG, Gilbert LE. 2007. Reinforcement of mate prefer-
ence among hybridizing Heliconius butterflies. | Evol Biol. 20(1):278-285.

Liu S, Lorenzen ED, Fumagalli M, Li B, Harris K, Xiong Z, Zhou L,
Korneliussen TS, Somel M, Babbitt C, et al. 2014. Population geno-
mics reveal recent speciation and rapid evolutionary adaptation in
polar bears. Cell 157(4):785-794.

Liu X, Fu YX. 2015. Exploring population size changes using SNP fre-
quency spectra. Nat Genet. 47(5):555-559.

Lohse K, Chmelik M, Martin SH, Barton NH. 2016. Efficient strategies for
calculating blockwise likelihoods under the coalescent. Genetics
202(2):775-786.

Machado CA, Kliman RM, Markert JA, Hey J. 2002. Inferring the history of
speciation from multilocus DNA sequence data: the case of Drosophila
pseudoobscura and close relatives. Mol Biol Evol. 19(4):472-488.

Mallet ), Besansky N, Hahn MW. 2016. How reticulated are species?
BioEssays 38(2):140—149.

Mallick S, Li H, Lipson M, Mathieson |, Gymrek M, Racimo F, Zhao M,
Chennagiri N, Nordenfelt S, Tandon A, et al. 2016. The Simons
Genome Diversity Project: 300 genomes from 142 diverse popula-
tions. Nature 538(7624):201-206.

Marburger S, Monnahan P, Seear PJ, Martin SH, Koch J, Paajanen P,
Bohutinska M, Higgins JD, Schmickl R, Yant L. 2019. Interspecific
introgression mediates adaptation to whole genome duplication.
Nat Commun. 10(1):5218.

Martin SH, Dasmahapatra KK, Nadeau N, Salazar C, Walters JR, Simpson
F, Blaxter M, Manica A, Mallet J, Jiggins CD. 2013. Genome-wide
evidence for speciation with gene flow in Heliconius butterflies.
Genome Res. 23(11):1817-1828.

Martin SH, Davey JW, Jiggins CD. 2015. Evaluating the use of ABBA-
BABA statistics to locate introgressed loci. Mol Biol Evol.
32(1):244-257.

Martin SH, Davey )W, Salazar C, Jiggins CD. 2019. Recombination rate
variation shapes barriers to introgression across butterfly genomes.
PLoS Biol. 17(2):€2006288.

Martin SH, Jiggins CD. 2017. Interpreting the genomic landscape of in-
trogression. Curr Opin Genet Dev. 47:69-74.

725


http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/
http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/
http://cdna.eva.mpg.de/neandertal/altai/AltaiNeandertal/
http://cdna.eva.mpg.de/neandertal/altai/AltaiNeandertal/
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/vsPanTro6/
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/vsPanTro6/
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/vsPanTro6/
https://github.com/simonhmartin/genomics_general
https://github.com/simonhmartin/genomics_general
https://github.com/simonhmartin/genomics_general

Martin and Amos - doi:10.1093/molbev/msaa239

MBE

Patterson N, Moorjani P, Luo Y, Mallick S, Rohland N, Zhan Y,
Genschoreck T, Webster T, Reich D. 2012. Ancient admixture in
human history. Genetics 192(3):1065-1093.

Priifer K, Racimo F, Patterson N, Jay F, Sankararaman S, Sawyer S, Heinze
A, Renaud G, Sudmant PH, de Filippo C, et al. 2014. The complete
genome sequence of a Neanderthal from the Altai Mountains.
Nature 505(7481):43-49.

Racimo F, Marnetto D, Huerta-Sanchez E. 2017. Signatures of archaic
adaptive introgression in present-day human populations. Mol Biol
Evol. 34(2):296-317.

Reich D, Patterson N, Campbell D, Tandon A, Mazieres S, Ray N, Parra
MV, Rojas W, Duque C, Mesa N, et al. 2012. Reconstructing Native
American population history. Nature 488(7411):370-374.

Roux C, Fraisse C, Romiguier J, Anciaux Y, Galtier N, Bierne N. 2016.
Shedding light on the grey zone of speciation along a continuum of
genomic divergence. PLoS Biol. 14(12):¢2000234.

726

Sankararaman S, Patterson N, Li H, Padbo S, Reich D. 2012. The date of
interbreeding between Neandertals and modern humans. PLoS
Genet. 8(10):e1002947.

Walsh J, Kovach Al, Olsen B), Shriver WG, Lovette I). 2018. Bidirectional
adaptive introgression between two ecologically divergent sparrow
species. Evolution 72(10):2076—2089.

Watterson GA. 1984. Allele frequencies after a bottleneck. Theor Popul
Biol. 26(3):387-407.

Xie Z, Wang L, Wang L, Wang Z, Lu Z, Tian D, Yang S, Hurst LD. 2016.
Mutation rate analysis via parent—progeny sequencing of the peren-
nial peach. I. A low rate in woody perennials and a higher mutage-
nicity in hybrids. Proc Biol Sci. 283(1841):20161016.

Yang MA, Malaspinas A-S, Durand EY;, Slatkin M. 2012. Ancient structure
in Africa unlikely to explain Neanderthal and non-African genetic
similarity. Mol Biol Evol. 29(10):2987-2995.



