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que, Université Paul Sabatier, 118 Route de Narbonne, Bât. 4R3 b2, 31062 Toulouse cédex 09, France

Abstract

Several approaches have been developed to calculate the relative contributions of parental

populations in single admixture event scenarios, including Bayesian methods. In many

breeds and populations, it may be more realistic to consider multiple admixture events.

However, no approach has been developed to date to estimate admixture in such cases. This

report describes a program application, 2BAD (for 2-event Bayesian Admixture), which

allows the consideration of up to two independent admixture events involving two or three

parental populations and a single admixed population, depending on the number of popula-

tions sampled. For each of these models, it is possible to estimate several parameters (admix-

ture, effective sizes, etc.) using an approximate Bayesian computation approach. In addition,

the program allows comparing pairs of admixture models, determining which is the most

likely given data. The application was tested through simulations and was found to provide

good estimates for the contribution of the populations at the two admixture events. We were

also able to determinewhether an admixturemodelwasmore likely than a simple splitmodel.
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Genetic data from present-day populations are increas-

ingly being used to reconstruct the demographic history

of populations. This history can be complex, involving

population expansions, bottlenecks and admixture

events. Genetic data have proven useful to infer parame-

ters values for simple (Beaumont et al. 2002)1 or more

complex (Fagundes et al. 2007) demographic models,

including admixture models (Chikhi et al. 2001; Choisy

et al. 2004; Excoffier et al. 2005; Sousa et al. 2009). Admix-

ture occurs when two or more differentiated populations

are brought into contact for a brief episode creating

hybrid or admixed populations. For instance, admixture

events occurred during the colonization of already occu-

pied areas and during and after the domestication of ani-

mals and plants (e.g. the formation of new breeds

through crossing; Blott et al. 1998). Several methods have

been proposed to estimate admixture proportions based

on genetic data, but only some of them try to explicitly

model the demographic history of the populations sam-

pled (e.g. Chikhi et al. 2001; Wang 2003). In general, these

models assume that admixture took place during one

unique event and that gene flow was negligible after that

event: an assumption, which is particularly unrealistic

for breed dynamics in some domestic species.

Here, we analyse several models, in which up to two

independent admixture events may take place at differ-

ent times, and we develop a method that estimates demo-

graphic parameters (the time since the admixture event,

the relative contributions of the parental populations,

etc.) taking into account the sampling procedure, genetic

drift and mutations for microsatellite loci data. Fig. 1

shows the demographic models considered. It is assumed

that an ancestral population of size NA splits tsplit genera-

tions ago into two or three parental populations (P1, P2,

P3), with effective sizes N1, N2, N3. The first admixture

event occurred tadm1 generations ago and the second

admixture event occurred tadm2 generations ago. In the

first model (Fig. 1A), admixture first occurs between P1

and P2 giving rise to the hybrid population (H), with
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effective size NH. Then the second admixture event takes

place, involving only P2. In the second model (Fig. 1b),

the only difference is that the second admixture event

involves a third population, P3. The last two models

(Fig. 1c and d) assume a single admixture event. They

can thus be seen as special cases of the previous models

by fixing tadm1 = tadm2. The model assumes that all loci

have the same mutation rate and that the markers evolve

according to the stepwise-mutation model (SMM).

The flexibility of the 2BAD program should allow its

application for many biological situations, where two or

three populations are thought to have potentially contrib-

uted to the genetic pool of potential admixed popula-

tions, and where the dating of these events is not clearly

identified. Admixture events involving more than two

parental populations are common in humans (e.g. Latin

American Mestizos, Wang et al. 2008) and breeds (Bray

et al. 2009). They are less documented in natural popula-

tions, but the situation could be common in freshwater

fish species, when restocking is carried out from more

than one source population (Kelly et al. 2006), and in

plants that were put into contact from more than two

refugia. Also, the fact that 2BAD allows testing alterna-

tive models should prove important to identify such

cases where there is uncertainty on the number of admix-

ture events and on their timing.

Recently, approximate Bayesian computation (ABC)

methods (Beaumont et al. 2002) have become popular as

an alternative to full-likelihood methods because of their

flexibility and ability to be applied to complex demo-

graphic models at a relative low computational cost (e.g.

Excoffier et al. 2005; Fagundes et al. 2007). ABC

algorithms are based on a rejection scheme to obtain an

approximate sample from the joint posterior distribution.

Briefly, this involves five steps: (i) definition of a demo-

graphic model, including the prior distributions of the

parameters of the model; (ii) simulation of datasets with

different parameter values drawn from the prior distribu-

tions; (iii) computation of a set of summary statistics (e.g.

number of alleles, expected heterozygosity, etc.) for each

dataset; (iv) comparison of the observed and simulated

summary statistics using a distance metric (e.g. Euclidean

distance, but see Sousa et al. 2009 for the use of different

distances); and (v) rejection of the parameters that gener-

ate datasets that are distant from the observed data.

In this study, we show that it is possible to apply an

ABC approach to the admixture models described above

and estimate the different parameters using reasonably

large microsatellite data sets, similar to those commonly

used for livestock breeds and increasingly available in

endangered species. The method was implemented in a

user-friendly program named 2BAD. The user provides

an input file with the allele frequencies for each locus for

one admixed and two or three parental populations. The

user can then either estimate the parameters within one of

the appropriate models, or compare two demographic

models (e.g. one admixture vs. a split model, or one

admixture event vs. two admixture models) using Beau-

mont (2008) approach. In both cases, the user selects and

defines the prior distribution for each parameter (muta-

tion rate, effective sizes, time of admixture and contribu-

tion of parental populations). Depending on the

parameter, the user can select uniform, gamma, lognor-

mal or beta prior distributions. For each parameter set,

(a) (b)

(c) (d)

Fig. 1 The four admixture models con-

sidered.

� 2009 Blackwell Publishing Ltd
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genetic data are simulated using the coalescent with the

ms program of Hudson (2002). In practice, the program

uses MATLAB and C code to build the interface, run ms

and perform the ABC inference step. For each locus, a set

of predefined summary statistics are computed, namely:

(i) expected heterozygosity for each population and over

all populations; (ii) number of alleles in each population

and overall populations: (iii) number of private alleles in

each population; (iv) number of gaps in the allelic distri-

bution in each population; (v) pairwise FST and overall

FST. For each of these statistics, we considered the mean

across loci and standardized them according to the mean

and standard deviation computed using a set of 10 000

simulations. The distance between the standardized sum-

mary statistics for the simulated data and the observed

data is computed with a Euclidean distance. The parame-

ter sets that generated the simulated data with the small-

est distances are then accepted. The user specifies the

tolerance level defined as the proportion of simulations to

be kept. The program outputs the point estimates of the

different parameters and a histogram to represent the

posterior distribution. Several text files are produced sav-

ing the point estimates and 95% credible intervals for each

parameter, the accepted parameter values, the accepted

summary statistics and the corresponding distances.

The performance of the ABC methodology was

assessed using a simulation study. Datasets simulated

with known parameter values were analysed as pseudo-

observed datasets, and the estimates obtained using

2BAD were then compared with the known parameter

values. We simulated data under an admixture model

with three parental populations and two admixture

events (Fig. 1B). To assess the effect of genetic drift on the

quality of the estimates, we simulated data assuming a

scenario with limited drift and another one with strong

drift. The low and strong drift scenarios correspond to

effective sizes sampled from U[1000, 15000] and U[100,

1000] respectively and to tsplit values sampled from

U[1000, 15000] and U[100, 1000] respectively. For the

other parameters, we used the same priors: tadm1 and

tadm2 were sampled from U[0, 100] in generations, the

mutation rates (per locus per generation) from U[10)5,

10)3] and p1 and p3 from U[0,1]. For each of these two sce-

narios, five hundred independent datasets of twenty

independent microsatellite loci each were simulated and

analysed with 2BAD. The tolerance value was set as 1%

(1000 accepted simulations out of 106). The effect of the

number of simulations was assessed by repeating the

analysis with 106 and 107 simulations.

The results show that 2BAD returned point estimates

close to the true parameter values for all parameters

(Fig. 2). As expected, the estimates obtained under the

strong drift have higher error (seen in Fig. 2). It is note-

worthy that the method was able to accurately estimate

p1 and p3, showing, for the first time that ABC methods

are able to quantify the contribution of parental popula-
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Fig. 2 True vs. point estimates of the admixture parameters. In this figure, the x axis represents the true value for p1 and p3, whereas the

y axis represents the corresponding point estimates obtained using 2BAD. The different panels represent different amounts of drift and

different numbers of simulations. The Root Mean Square Error is shown in each panel as a measure of precision.
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tions under two admixture events. No major differences

were found between the estimates obtained with 106

and 107 simulations, suggesting that one million simula-

tions should be sufficient to obtain good estimates.

While this is in agreement with our results on a simpler

admixture model (Sousa et al. 2009), larger simulations

may provide better estimates. Overall, our results show

that good estimates are obtained. We also found that the

method is robust to some extent to bottlenecks taking

place after the admixture event, as may have been the

case in some rare breeds (e.g. Bray et al. 2009,2 Sousa

et al., in preparation).

To conclude, we have developed an easy-to-use pro-

gram, which implements a method allowing population

genetics inference for an admixture model involving up

to two independent admixture events and an easy-to-

use procedure for model choice. It is important to add

as a final note that the models implemented in 2BAD

do not take into account events such as bottlenecks,

expansions and migration, which might all affect esti-

mates provided by 2BAD. Testing the robustness of

2BAD to all these factors would be beyond the scope of

this study. However, we are currently performing a

simulation study to assess the effect of bottlenecks and

the performance of the model choice procedure (Sousa

et al., in prep). Our preliminary results suggest that

recent bottlenecks do not lead to biased estimates. They

also show that it is possible to separate a pure popula-

tion split model from an admixture model. Finally, we

found that it is also possible to determine whether a

single admixture event is more likely than a model

with two admixture events.
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