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Abstract

The data that is known and sampled in any evolutionary study is always a small part of what

exists, known or not, or what has existed in the past and is extinct. Therefore it is likely that

all detected past horizontal gene fluxes, hybridization, introgressions, admixtures or transfers,

involve “ghosts”, that is, extinct or unsampled lineages. The presence of these ghosts is

acknowledged by all scientists, but almost all wish that and make as if their blurring influence

would be low, like a background noise that, with a reasonable approximation, can be ignored.

We assess this undervalued hypothesis by qualifying and quantifying the effect of ghost

lineages on introgression detection by the popular D-statistics method. We use a genomic

dataset of bears to illustrate and circumscribe the possibility of misinterpretation and show on

simulated data that under certain conditions, far from unrealistic, most results interpreted

from D-statistics, concerning the existence of introgression and the identity of donors and

recipients of horizontal gene flows, are erroneous. In particular, the use of a distant outgroup,

usually given as a solid ground for these tests, leads in fact to an increase in the error

probability, and to false interpretations in a vast majority of the cases. We argue for a switch

of the null hypothesis: the results of detection methods for gene fluxes should be interpreted

with the full and visible participation of the unknown ghosts.
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Introduction

Evolutionary studies are always restricted to a subset of species, populations or individuals.

By choice, because the question addressed is only relevant to a fraction of the data, and by

necessity, because methods have methodological and technical limits. Another reason is that

most lineages are simply unknown. More than 99.9% of all species that ever lived are now

extinct (Raup 1991), and out of those that are not, only a small fraction has been described.

The number of extant species still uncatalogued is almost an order of magnitude higher than

reported ones (around 1.3 Million in 2011, Mora et al. 2011), and many orders of magnitudes

higher if considering microbial species (Locey and Lennon 2016).

Accounting for these “ghost lineages” (extinct and unsampled) is particularly relevant when

studying horizontal fluxes of genetic material across taxa, because many inferred such events

are likely to involve these lineages. This was repeatedly acknowledged (Maddison 1997;

Galtier and Daubin 2008; Green et al. 2010; Deren A. R. Eaton and Ree 2013; Szöllősi et al.

2013; Szöllősi et al. 2015), especially in studies of introgression between populations, but

was considered in this context either a source of noise (Pease and Hahn 2015), or at best a

problem that could be worked out by sampling more or performing multiple tests (Eaton et al.

2015; Kumar et al. 2017; Barlow et al. 2018). Very recently Hibbins and Hahn (2021) advised

to “keep in mind” this possibility of misinterpretation but as far as we know, the real impact

of ghost lineages on the capacity of gene flow detection methods has not been properly

evaluated and quantified.

Introgression depicts the integration of genetic material from one lineage to another, through

hybridization and subsequent backcrosses. This gene flow across species boundaries appears

to be common in the Eukaryotic Tree of Life, and was proven to be sometimes adaptive (see

Hedrick 2013 for a review). Cases of introgression were reported in lineages as diverse as

humans (Green et al. 2010; Meyer et al. 2012), boars (Liu et al. 2019), butterflies (Martin et

al. 2013; Smith and Kronforst 2013; Massardo et al. 2020), fishes (Schumer et al. 2016;

Meier et al. 2017), plants (Deren A. R. Eaton and Ree 2013; Zhang et al. 2019) or fungi

(Zhang et al. 2018; Keuler et al. 2020), to only cite a few.
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In the last decade, the availability of an increasing number of sequenced genomes and the

development of dedicated methods have improved the detection of introgression. One of the

most widely used such methods is the D-statistics (or Patterson’s D), also known as the

ABBA-BABA test (Green et al. 2010; Durand et al. 2011). The reasons for its success are

manyfold. D-statistics is easy to understand, easy to implement, fast to compute and easy to

interpret, and has the advantage of being a phylogenetic-discordance-based method that can

distinguish between incongruence resulting from Incomplete Lineage Sorting (ILS) and

incongruence resulting from gene flow. The test considers four species, three species as

ingroup and one outgroup, with ladder-like phylogenetic relationships (fig. 1). It consists in

counting the number of sites that support a discordant topology. Two SNP patterns are

considered, ABBA and BABA, depending on which allele (A: ancestral and B: derived) is

found in each species. The null hypothesis of this test states that under a scenario with no

gene flow, both patterns can be attributed to ILS and should thus be observed in equal

numbers. Significant deviation from this expectation is usually interpreted as introgression

between two of the three lineages forming the ingroup (fig. 1, green arrows). The outgroup is

chosen distant enough from the ingroup for not being suspected to be involved in

introgressions with any of the ingroup lineages.

3

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted March 30, 2021. ; https://doi.org/10.1101/2021.03.30.437672doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?TLQHGk
https://doi.org/10.1101/2021.03.30.437672
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Introgression events that can result in a detectable excess of ABBA or BABA patterns as

identified by the D-statistics test. The common interpretation of this excess is the hypothesis of an

“ingroup” introgression (green arrows). However “midgroup” introgressions (red arrows) from ghost

lineages can produce similar patterns.

Among several possible confounding effects of the D-statistics (Simon H. Martin et al. 2015;

Yichen Zheng and Janke 2018), the impact of ghost lineages on introgression detection was

foreseen. Working on a subset of the species logically leads to an underestimation of the true

frequency of introgression and thus an inflated role of ILS (Maddison and Knowles 2006). In

this line it was clearly stated that the donor genome could easily be misidentified because

introgression from its sister ghost lineage to the same recipient genome would produce the

same signal (Deren A. R. Eaton and Ree 2013; Eaton et al. 2015; Pease and Hahn 2015;

Yichen Zheng and Janke 2018). Another impact of those ghost lineages, however, was

anticipated early in the history of the test (in the article that formalizes it, Durand et al. 2011),

but was largely overlooked: the fact that some introgressions from ghost lineages branching

between the ingroup and the outgroup (the “midgroup”, see fig. 1) could lead to the wrong

identification of both the donor and the recipient genomes (fig. 1, red arrows). In other
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words, in this scenario, none of the species usually considered as taking part in the

introgression are correctly identified. The existence of this possible source of error in the

interpretation of the D-statistics was acknowledged by some scientists as a possible

confounding signal (Durand et al. 2011; Jente Ottenburghs et al. 2017; Yichen Zheng and

Janke 2018; Hibbins and Hahn 2021) but surprisingly its impact has never been quantified.

In this study, we first analyse a genomic dataset from a phylogenetic study of bears to show

how the interpretation of introgression tests can depend on the presence or absence of

relevant lineages in the sampled data. We then quantify the effect of ghost lineages on the

misidentification of donors and recipients lineages using simulations. In particular we explore

the effect of the choice of the outgroup, the size of the tree and the effect of preferential

transfers to closely related species on this misidentification.

We show that under the realistic assumption of many extinct or unknown lineages in the

vicinity of the lineages analyzed, and under a simple demographic history of the populations

considered, most significant D-statistics tests are attributable to ghost lineages. This leads to

the wrong identification of the lineages involved (donors and recipients) in the majority of the

cases, notably when the distance between the ingroup and the outgroup is big. This is

particularly problematic since the outgroup is usually chosen distant enough from the

ingroups to avoid the influence of introgression between the two. This hampers the

delimitation of a safe zone for the D-statistics.

These results call for a new way of interpreting D-statistics, and questions introgression

detection methods in general. Our results are illustrative of the recent statement by

Ottenburghs (2020) that “the presence of ghost introgression has important consequences for

the study of evolutionary processes”, and proposes a first quantification of this importance.

2. Results

2.1. The problem of interpreting significant D-statistics by introgression between

sampled lineages

D-statistics results, because they are computed on species present in the study, are usually

interpreted as introgression between those known lineages. We show here by reanalysing a

5

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted March 30, 2021. ; https://doi.org/10.1101/2021.03.30.437672doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?OKpe4r
https://www.zotero.org/google-docs/?OKpe4r
https://www.zotero.org/google-docs/?6waHQt
https://doi.org/10.1101/2021.03.30.437672
http://creativecommons.org/licenses/by-nc-nd/4.0/


genomic dataset that this interpretation highly depends on the taxonomic sampling and the

prior knowledge we have on related lineages.

We studied five species of bears with the known topology presented in figure 2A (data from

Barlow et al. 2018), from which we deliberately removed either the Swedish bears (fig 2B,

Sampling 1), not suspected to be involved in introgressions with other bear species, or the

polar bears (Sampling 2) that are suspected from previous studies to be involved in an

introgression with the bears from Alaska (Cahill et al. 2013; Liu et al. 2014; Lan et al. 2016;

Kumar et al. 2017). Using a multiple sequence alignment of the full genomes, we then

counted for each sampling the number of ABBA and BABA patterns and computed the

D-statistics. We then applied a weighted block jackknife and calculated a Z-score (distance to

standard deviation) to test for significance (see material and methods for more details on the

applied protocol). For the first sampling, we identified 175,413 ABBA patterns and 226,992

BABA patterns resulting in a significantly negative D-score (D=-0.128, Z=-21.4), whose

interpretation is in accordance with the introgression previously suspected (fig. 2). For the

second sampling, we identified 265,220 ABBA patterns and 215,443 BABA patterns

resulting in a significantly positive D-score (D = 0.104, Z-score = 20.3).

Fig. 2. Illustration of the effect of different samplings on the interpretation of the D-statistics using a

genomic dataset of bears. A. The five bear species used in this experiment and their phylogenetic

relationships. The grey arrow shows the introgression that was inferred from previous studies. B. Two

samplings realized prior to computing the D-statistics test on the 4 remaining species. The number of

ABBA and BABA patterns are displayed below the trees. In Sampling 1 a lineage that is not

suspected to be involved in an introgression is removed. In Sampling 2, the donor of the suspected

introgression is excluded. The introgressions inferred based on the usual way of interpreting the

D-stats (grey arrows), and their compatibility with the introgression described in other studies (green

tick and red cross) are indicated in the trees.
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If we were to interpret this second result as introgression between lineages present in the test

(Alaskan, Russian, Swedish and Black bears), we would conclude to an introgression

between bears from Sweden and Russia (fig. 2B), while this significant score can be

attributed to the introgression between Polar bears (absent from the sampling) and Alaskan

bears. This alternative hypothesis, however, relies on our knowledge of the existence of polar

bears. It could thus also be questioned if we knew the existence of another lineage, because

we can never consider that we know all lineages leading to extant or extinct species. As such,

any interpretation by known lineages, even with a good taxonomic sampling, has real chances

to infer an nonexistent introgression. It is unknown if there is a point to which such

interpretation is safe. In the sequel of this article we thus quantify this effect. We show that it

can be highly confusing, and argue for a way of interpreting the D-statistics including

unknown lineages.

2.2. Quantification of the interpretation problem by simulations

2.2.1 Significant D-statistics are often due to ghost lineages

To evaluate the impact that ghost lineages can have on the detection of introgressions with

the D-statistics, we performed various simulations following these steps: (i) Simulate a

species tree under a simple birth-death model, (ii) sample independent introgression events

occurring between contemporaneous lineages in the simulated species tree, (iii) for every

possible combination of 4 lineages (i.e. quartet) with the topology (((P1,P2),P3),O), count the

number of the sampled introgressions that would lead to a significant D-statistics test (see

Material and Methods for details).

Significant D-statistics were due either to ingroup introgressions (the classical interpretation),

or to midgroup introgressions (see fig. 1). The case of introgression from the outgroup or

from outside the quartet were discarded to conform to the standard situation of the use of

D-statistics. The mean proportion of midgroup introgressions over all significant D-statistics

(hereafter referred to as the proportion of erroneous interpretations) was recorded and its

value was evaluated for different values of the parameters tested. Overall, we observed

between 15% and 100% of erroneous interpretations (see the results hereafter) depending on

(i) the choice of the outgroup, (ii) the existence of ‘preferential’ introgressions between close
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relatives and (iii) the proportion of unsampled lineages considered (supplementary fig. S1).

These results are detailed in the following sections.

2.2.2. Distant outgroups lead to an increase in the erroneous interpretation of the test

In D-statistics tests, outgroups are usually chosen distant enough from the ingroup so that the

chance that they are involved in the detected introgression is minimized. Zheng and Janke

(2018) have stated that the distance between the outgroup and the ingroup had no to little

impact on the D-statistics power. However this study focused on the effect of saturation of

sequence substitutions in the outgroup and did not consider the possible role of extinct and

unsampled lineages. Here we investigate how choosing a distant outgroup increases the

chances for significant D-statistics to be due to midgroup introgressions.

Using our simulations, we tested the effect of the distance to the outgroup on the proportion

of erroneous interpretations. As a measure of the distance to the outgroup we used the ratio

R=t1/t2 between the distance separating the most recent common ancestor of the three

ingroup taxa and the most recent common ancestor of all four taxa (t1 in fig. 3), and the total

height of the 4-taxa tree (t2 in fig. 3). We then computed the proportion of erroneous

interpretations for all quartets (R = 0) and for nine subsets of quartets with distances to the

outgroup (R) higher than x, x varying from 0 to 0.9 with a step of 0.1. We observe that the

proportion of midgroup introgressions increases with the distance to the outgroup, leading to

wrong identification of the donor and the recipient of the introgression. On average, when R

is over 0.3, more than 50% of the significant D-statistics are imputable to ghost introgressions

(fig. 3).

For comparison, among many other examples, in the first study that used the D-statistics

(Green et al. 2010), the ratio R was equal to 0.873 (825,000 years separate modern humans to

Neanderthal while 6.5 million years separate humans and chimps). For the bear example

mentioned in Section 2.1, articles that identified the introgression between polar and Alaskan

bears (Cahill et al. 2013; Liu et al. 2014; Lan et al. 2016; Kumar et al. 2017; Barlow et al.

2018) used two different outgroups, black bears and pandas, with R values of 0.4 and 0.9,

respectively. These values all fall into a range of high probability of erroneous interpretation

in our study.
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Fig. 3. Effect of the outgroup distance on the proportion of erroneous interpretation of the D-statistics.

Left: distances used to compute the relative distance of the outgroup (R). Right: proportion of

erroneous interpretations observed (y-axis), as a function of the threshold for R above which quartets

are considered (x-axis).

2.2.3. Preferential introgression can mitigate the impact of ghost introgression on the

amount of erroneous interpretation of the test

Introgression results from hybridization, whose increased probability when decreasing

genetic distance between species was repeatedly demonstrated (Edmands 2002; Chapman and

Burke 2007; Montanari et al. 2014). The rationale behind this is that more closely related

species are more genetically compatible and therefore produce more viable hybrids than more

distant (and thus genetically incompatible) ones (Mallet 2005).

To test the effect of these preferential introgressions on the proportion of erroneous

interpretation of the D-statistics, we incorporated in the simulations a probability of

introgression that was dependent on the phylogenetic distance between the species. The

strength of this “phylogenetic effect” was controlled by the parameter α of an exponential law

(see material and methods). The effect of α is illustrated in figure 4A. When α = 0,

introgressions occur at random between species; when α = 1000, introgressions occur almost

9

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted March 30, 2021. ; https://doi.org/10.1101/2021.03.30.437672doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?K4r8jk
https://www.zotero.org/google-docs/?K4r8jk
https://www.zotero.org/google-docs/?jLckSi
https://doi.org/10.1101/2021.03.30.437672
http://creativecommons.org/licenses/by-nc-nd/4.0/


exclusively between sister species. Intermediate values (α = 1, 10, 100) produce intermediate

patterns.

We observed that the impact of the outgroup distance on the proportion of erroneous

interpretation decreased with increasing values of α (fig. 4B). In simulations where alpha is

maximum (α = 1000), the proportion of significant D-statistics due to ghost introgression is

around 0.25%, regardless of the distance separating the ingroup from the outgroup. This can

be explained by the fact that most introgressions occur between lineages that are so close that

they are rarely outside the ingroup. Taken together, these findings demonstrate that when

preferential introgressions are common in a clade, the amount of ghost introgression is

decreased and so is the proportion of misinterpretation of the D-statistics. Still, we note that

even under conditions of highly preferential introgressions, the error remains quite high (it

does not decrease below 25% in our setting, on average).
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Fig. 4. Effect of preferential introgressions with closest relatives on the proportion of erroneous

interpretation of D-statistics. A. Illustration of the effect of the α parameter, controlling the

phylogenetic distance effect on introgressions. B. Relationship between the outgroup distance (x-axis)

and the proportion of erroneous interpretations (y-axis) for different strengths of the phylogenetic

distance effect as controlled by α (α = 0 -no effect-, 1, 10, 100 and 1000). For each parameter α, 100

species trees with 20 extant species were simulated and 100 introgressions were sampled.
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2.2.4. The error probability increases with the number of unsampled taxa but not with

the number of extinct ones

The proportion of erroneous interpretations of the D-statistics, computed in previous sections,

can be seen as a probability, for a given quartet, to display a significant D-statistics not

because of ingroup introgressions but because of ghost introgression. This probability is thus

affected by the proportion of the extant species that are considered in the analysis. Until now,

we have been conservative by simulating species trees with 20 extant species and considering

all of them for building the quartets and computing the proportion of erroneous

interpretations of the D-statistics. But what if these 20 tips represent only a fraction of the

species that are really extant? Answering this question allows mimicking the actual

knowledge that we have on the species we study, with many (or most) of them being still

undescribed (Chapman et al. 2009).

We simulated species trees with N = 20, 40, 60, 80 and 100 species in total, and randomly

sampled 20 species each time. This allowed simulating sampling efforts between 100% (20

species out of 20) and 20% (20 species out of 100). We observe that low sampling contributes

to an increase in the amount of misinterpreted D-statistics due to ghost introgression (fig. 5).

While the mean proportion of erroneous interpretation is around 25% when 100% of extant

lineages are sampled, this error is close to 60% when only 20% of the lineages are known.

The effect of an increase of the proportion of erroneous interpretation when decreasing the

fraction of extant species sampled is observed whatever the value of α (the phylogenetic

distance effect) and whatever the distance to the outgroup considered (supplementary fig.

S1).
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Fig. 5. Effect of taxonomic sampling on the proportion of erroneous interpretation of D-statistics.

Mean proportion of erroneous interpretations observed (y-axis) as a function of the taxonomic

sampling effort (x-axis). For this simulation, the phylogenetic distance effect (α) was null and no filter

was applied on the outgroup distance.

When looking at the relationship between the number of extinct lineages in the tree and the

proportion of erroneous interpretation of the D-statistics (supplementary fig. S2), we found

no correlation, unlike initially expected. An intuitive explanation can be proposed. By

definition, under a simple birth-death model, an extinct lineage branching in the midgroup

(and thus being potentially responsible for a midgroup introgression) originates earlier in the

tree than an extinct lineage branching in the ingroup (and thus being potentially responsible

for an ingroup introgression), and it also gets extinct earlier. Consequently, increasing the

number of extinct lineages in the tree (by increasing the probability of extinction in the

birth-death process) increases the number of possible extinct ingroup donors more rapidly

than the number of possible midgroup donors. This may lead to the absence of a detectable

signal. Further investigations are needed to better characterize this effect in the future.
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3. Discussion

Previous studies have explored different parameters affecting the robustness or sensitivity of

the D-statistics. Demographic aspects, such as population size and variation thereof (Eriksson

and Manica 2012; Simon H. Martin et al. 2015; Yichen Zheng and Janke 2018), or ancestral

population structure (Durand et al. 2011; Lohse and Frantz 2014; Simon H. Martin et al.

2015) were shown to decrease its sensitivity. Authors also noticed that the use of the

D-statistics to locate introgressed loci by applying it to small windows across the genome

could give stochastic estimates of D (Simon H. Martin et al. 2015), and that complex

introgression scenarios, with more than one introgression recipient in the quartet, was a

source of error of the D-statistics (the test being designed to identify a unique introgression

event, Leo Elworth et al. 2018).

Our findings strongly suggest that, in addition to the effects listed above, D-statistics can be

strongly impacted by ghost lineages, which changes the way the test should be used and

interpreted by default.

Recently, Hibbins and Hahn (2021) used simulations to illustrate how robust different

methods are to different introgression scenarios. As initially proposed by Durand et al (2011),

and confirmed here, they showed that a ghost introgression from a midgroup lineage

(scenario called “Outgroup ghost to P1” in their article) could result in a significant

D-statistics, in which case both donor and recipient lineages could be misidentified if the

statistics was interpreted by introgression between known lineages. The authors observed

comparable results with the D3 method (Hahn and Hibbins 2019), a D-statistics-like method

that uses only three lineages and tree branch lengths instead of SNP pattern to detect

introgression. While this study confirms that ghost introgressions are a source of possible

erroneous interpretation, it does not quantify the extent to which this error impacts the

interpretation of the D-statistics.

Several methods have been developed to alleviate some of the limitations of the D-statistics,

but their robustness to ghost lineages has not been explored. Soraggi et al. (2018) proposed

an extension of the D-statistics (Dext) to study introgression events among non-African

populations while using Africans as the outgroup. This test anticipates (and deals with) the
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expected signal in the D-statistics due to the known introgression from Neanderthal to

European populations. The use of this “extinct-aware” version of D-statistics is however

restricted to documented extinct clades for which introgression events with extant species

have been not only identified but also quantified. This precludes its use in cases when there is

no a priori on the existence of ghost lineages.

Other extensions of the D-statistics, namely the partitioned-D (Deren A. R. Eaton and Ree

2013) and the DFOIL (Pease and Hahn 2015), were proposed to detect introgression on 5-taxon

phylogenies (instead of 4) and to be able to polarize (in some cases) the introgressions. Ghost

introgression was mentioned to be a possible source of noise in DFOIL (Pease and Hahn 2015),

but just as for the D-statistics the amount of errors due to this alternative scenario had not

been quantified. We tested the DFOIL approach on our simulations (supplementary material)

and observed that it was not affected by ghost introgressions in the case where the test was

revealing a polarized introgression, but that the proportion of such cases decreased drastically

when increasing the number of ghost lineages (supplementary fig. S3). So the use of such

method does not seem to alleviate the ghost lineage issue that we brought out in this study.

Another approach for dealing with more than 4 or 5 taxa with the D-statistics consists in

performing multiple D-statistics on a single dataset, changing each time some of the ingroup

lineages that form the quartet. Joint analyses of all the D-statistics are done afterwards, using

the interpretation of each individual test as a constraint for the interpretation of the others.

These constraints permit a finer detection of introgression, by allowing to polarize the events

and to assign introgressions to groups of taxa instead of single taxa (Pease et al. 2016; Rouard

et al. 2018; Suvorov et al. 2020). Unfortunately, the interpretation of each individual test is

usually performed without the possibility of ghost introgression in mind. The joint

interpretation of the multiple tests is done intuitively without a formal method, and only a

discretionary fraction of all possible combinations of 4-taxa is considered. Altogether, it

makes it hard to anticipate the effect of ghost lineages with these multiple tests.

We think that there is room for approaches combining the results of all possible D-statistics

for a dataset, recognizing that there are elements that can influence the interpretation but that

we cannot know a priori and considering ghost introgression as the default hypothesis. This

approach could eventually yield automatic methods to predict, without other knowledge than
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introgressed genes, the existence of archaic species, as it was for example achieved with

ad-hoc methods in particular lineages of human (Prüfer et al. 2014; Dannemann and Racimo

2018) and whales (Foote et al. 2019). This is a promising route for future work.

A last solution to limit the effect of ghost lineages on the interpretation of the D-statistics is

to improve the species sampling. Indeed, we show in our results that the proportion of

erroneous interpretation decreases when increasing the sampling effort. But although some

families are believed to be extensively described (Chapman et al. 2009), it is not reasonable

to assume that the whole extinct and extant diversity is known. Reaching exhaustivity of past

and present biodiversity cannot be the way to cope with biases introduced by the unknown.

Beyond D-statistics, more global methods are designed to detect introgression with a

complete set of species such as STRUCTURE/ADMIXTURE (Pritchard et al. 2000; Tang et

al. 2005), Treemix (Pickrell and Pritchard 2012) or Phylonet (Than et al. 2008; Wen et al.

2018). These tools do not consider or mention ghost lineages either and their potential

blurring effect on the signal detected. Thereby introgressions events are only inferred

between known lineages and branches in a species tree. It is interesting to note that two of

these methods, STRUCTURE and ADMIXTURE, that are popular choices for reconstructing

genetic history and testing for admixture scenarios, were shown recently to be subject to

misinterpretation because of ghost introgression as well (Lawson et al. 2018). The impact of

ghost lineages on the detection of introgression thus goes much beyond the simple question

of the tool used. It is a problem that we, as a community, are only starting to recognize.

4. Conclusion

The D-statistics is a key tool for studying introgression as it grants, in specific cases, a robust

test for gene flow. However our results show that one important caveat of the test is the lack

of consideration of ghost lineages, which can represent a major flaw when it comes to

interpreting a significant result. Therefore the real message given by a single significant

D-statistics is that, among the quartet of lineages, one lineage is the recipient of an

introgression. But determining the actual pair of donor and recipient is not possible with a

single test as both ingroup introgression and ghost introgression are valid hypothesis, the

latter being possibly predominant as shown here.
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As such we advocate a change of the null hypothesis for the D-statistics to integrate ghost

introgression as full-fledge alternative hypothesis. It results that the common interpretation of

an ingroup introgression for a significant D-statistics becomes the exception rather than the

rule, particularly when the outgroup is selected distant from the ingroup, which is common

practice.

4. Material and methods

4.1. Brown bear introgression

We used publicly available data from Barlow et al. (2018, 2019) to compute D-statistics. We

did the test on two different quartets of species that differed by only one species (see trees in

fig. 2B). The first one (Sampling 1) was composed of two brown bears, one from Alaska

(also named ABC; with the identification Adm1 in Barlow et al. 2019) and one from Russia

(id: 235 in Barlow et al. 2019), one Polar bear from Canada (id: NB in Barlow et al. 2019),

and one American black bear (id: Uamericanus in Barlow et al. 2019) used as outgroup,

following (Barlow et al. 2018). For the second sample (Sampling 2), the polar bear was

replaced by a Swedish bear (id: Swe in Barlow et al. 2019) while the other species remained

unchanged. In both cases we used the genomes of individuals mapped on the Giant Panda

(Barlow et al. 2019) to generate multiple sequence alignments for the two quartets of species.

D-statistics tests were then performed after counting the biallelic SNP patterns (ABBA and

BABA) in those two alignments and applying the classical formula from Durand et al.

(2011):

𝐷 =  Σ𝐴𝐵𝐵𝐴 − Σ𝐵𝐴𝐵𝐴
Σ𝐴𝐵𝐵𝐴 + Σ𝐵𝐴𝐵𝐴

(1)

Using a custom R script, we computed the D-statistics for the pectinate trees presented in

figure 2B: (((Alaska,Russia)Sweden)Black) and (((Alaska,Russia)Polar)Black). To test for

significance, we applied the weighted block jackknife as proposed in (Green et al. 2010),

using 1 Mb non-overlapping blocks. We considered the result significant if it was more than

three standard errors from zero (Z >  3 or Z < 3), following (Green et al. 2010).

4.2. Simulations

4.2.1. Simulating species trees and introgressions
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To test the effect of ghost lineages on the proportion of erroneous interpretation of the

D-statistics, we chose the following approach, summarized in figure 6.

We simulated species trees with N extant taxa (N = 20, 40, 60, 80 and 100), using a simple

birth-death process as implemented in the rphylo function of the ape package in R (Paradis

and Schliep 2019) and keeping track of all the extinct taxa. The speciation rate was fixed to 1

and extinction rates ( ) varied between 0 and 0.8, with steps of 0.2. Out of the N extant𝑝
𝑒𝑥

taxa, 20 were sampled at the end, thus simulating a “sampling effect”. This led to a

proportion of known extant taxa between 0.2 (20 out of 100) and 1.0 (20 out of 20).

Fig. 6. Illustration of the data simulated for testing the impact of ghost lineages on the detection of

introgression with the D-statistics. A species tree is simulated with a birth-death process (black and

grey lines), an introgression is sampled (red dashed arrow), and for each possible quartet of species

with topology (((P1,P2),P3),O) (blue lines and labels) the D-statistics is either computed (after

simulation of loci, Approach 1), or inferred (Approach 2). If the D-statistics is not null, the type of

introgression involved is characterized, either as ingroup if the introgression involves P1, P2, P3 or

their close relatives as donor and receiver, or as midgroup if the introgression involves lineages
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branching outside the ingroup as in this example. Introgression involving the outgroup and its close

relatives and the lineages branching outside the 4-taxa subtree are simply discarded (see text).

For each set of parameters 100 species trees were simulated. Then for each complete species

tree (containing all taxa, extinct and extant), 100 introgression events were simulated. The

timing and the identity of the donor branch was sampled with a probability proportional to

the number of branches available at each time, and the recipient of the transfer was

subsequently sampled from all other branches available at the same time with probability

𝑝
𝑖

= 𝑒
−α𝐷

𝑖 (2)

where is the distance to the i-th recipient, normalized by the distances to all the possible𝐷
𝑖

recipients. When α = 0, there is no effect of the phylogenetic distance on the choice of the

recipient of the introgression. When α increases, introgressions are more likely to occur to

closely related taxa, thus simulating a “preferential transfer effect”. Values of α tested were 0,

1, 10, 100 and 1000. For each value of N, α and , 100 repetitions were performed.𝑝
𝑒𝑥

4.2.2. Computing or inferring the D-statistics

Using the species trees and the introgressions simulated in the previous step (fig. 6), we

devised two different strategies for evaluating the impact of ghost introgressions on the

estimation of D-statistics. The first one is more accurate, as it simulates loci evolving in

populations along the branches of the species tree but is very time and resource consuming.

The second one is more lightweight as it relies solely on the topology and the branch lengths

of the locus trees induced by the introgressions, and allows thus exploring a wider range of

parameters.

Approach 1: We simulated species trees with a birth-death model using Zombi (Davín et al.

2020), with a custom python script, we converted species tree branch lengths in units of

generation and fixed the age of the root of the trees to 106 generations. For each species tree

and each of the 100 introgressions sampled (see previous step), we used ms (Hudson 2002) to

simulate 106 independent loci, with a single mutation, evolving in populations of fixed size
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(Ne) of 100,000 individuals. To simulate the introgression, a single event of migration was

imposed over 1 generation for a fraction f = 50% of the donor population to invade the

recipient population. The R package Coala (Staab and Metzler 2016) was used to execute ms

and to analyse the resulting data.

For each quartet with topology (((P1,P2),P3),O) in the species tree and for each introgression

simulated, we counted the number of loci with ABBA and BABA patterns. We then

computed the D-statistics following equation (1) above and we performed a binomial test to

evaluate whether the difference in the number of ABBA and BABA patterns was significant.

Approach 2: For each quartet with topology (((P1,P2),P3),O) in the species tree, we

estimated whether its topology resulting from the simulated introgression would lead to a

D-statistics significantly different from 0. These topologies are (((P3,P1),P2),O) and

(((P3,P2),P1),O). Doing this we consider that every introgression that could theoretically be

detected with the D-statistics is indeed detected.

For one set of parameters (N=40, α = 0, ), the same species tree and the same 500𝑝𝑒𝑥 = 0. 5

introgression events were used to compare the estimations of the proportion of erroneous

interpretations for each quartet with the two approaches detailed above. These proportions

were highly correlated (fig. 7), with a slight overestimation of the proportion of erroneous

interpretations with Approach 1. We thus decided to use the more conservative Approach 2

for all the subsequent analyses, which was also much less time and resource consuming.
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Fig. 7. Comparison of two possible approaches for estimating the proportion of erroneous

interpretation of the D-statistics in this study : computation of the D-statistics based on simulated

SNPs (Approach 1, x-axis) or simple inference based on the topology of the trees after introgression

(approach 2, y-axis). The proportion of erroneous interpretation over 500 introgressions for a unique

species tree (N=40, α=0, pex=0.5) was computed for each quartet (black dots). The dashed line

represents the first diagonal.

4.2.3. Evaluating the proportion of “ingroup” vs “midgroup” introgressions and

estimating the proportion of erroneous interpretation

For both approaches, we stored the quartets that were significantly different from 0 (or

considered as such) and we looked in each case whether the introgression associated to this

result was involving a lineage branching in the midgroup (referred to as a ghost introgression

from now on) or a lineage within the ingroup. For those quartet we compute the distance to

the outgroup using the ratio R=t1/t2 (see fig. 3).

Quartets for which the outgroup was involved in the introgression event were discarded on

the basis that the outgroup is usually selected distant enough so as to not be involved in gene

flows with the ingroup. For the same reason we discarded quartets for which the donor was
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outside the four selected taxon. Note that such introgressions can lead to significant

D-statistics that would also be erroneously interpreted (supplementary fig. S4). Ignoring them

is thus conservative. For each simulation we computed the proportion of erroneous

interpretations, i.e. the number of significant D-statistics as result of ghost introgressions over

the sum of significant D-statistics (considering only ingroup and ghost introgressions).
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