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"A contrary pancake surely, a fingerish atrocity 
but not without a queer charm all its own" 

 
(Flann O'Brien, The Third Policeman) 
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Abstract 
 
The population genetic study of diverging species or populations has seen many advances in recent years. 
Likelihood or Bayesian methods based on coalescent theory offer researchers the opportunity to estimate 
important parameters for the history of the species or populations under consideration. The divergence 
population genetics approach was utilized here at both the interspecific and intraspecific levels.  In this study, 
fourteen nuclear loci were sequenced in the species Capsella bursa-pastoris sampled in Europe and the Far 
East. Seven loci were sequenced in the species Capsella rubella found in southern Europe and Israel. 
Phylogenetic methods were utilized to identify haplotype sharing between these species and the causes of this 
haplotype sharing were investigated using and divergence population genetics methods. The fitting of the 
Isolation-with-Migration model to the data identified post divergent gene flow as the cause of haplotype 
sharing between these species. It was also found that the origin of the polyploid C. bursa-pastoris was an 
extreme bottleneck event.  At the intraspecific level of this study in C. bursa-pastoris, nucleotide diversity 
estimates for the Far Eastern populations were found to be lower than those in Europe. However, the Russian 
population appears to have diverged relatively recently from the European population of C. bursa-pastoris and 
there is no evidence of post divergence gene flow found between the Far Eastern Russian and Chinese 
populations in this study. These results indicate that polyploid speciation does not always result in 
reproductive isolation of the polyploid species from closely related species and that divergence population 
genetics methods can be utilized to better understand the history of a rapid colonizing plant like C. bursa-
pastoris. 
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Introduction 
 
The study of diverging populations is central to understanding the early stages of speciation and by extension 
the origins of biodiversity. Diverging populations, from a purely neutral viewpoint, are embroiled in a 
competition between the forces of drift and migration. Drift in each of the diverging population is the force for 
divergence, while migration in the form of gene flow is the great homogenizing force (Wright 1931). It is the 
realization of the potency of migration as an homogenizing force between populations that has been so 
important in the formulation of the allopatric model for species formation, which emphasizes the preeminence 
of geographical isolation in the speciation process (Mayr 1963). 
 In the allopatric model of speciation populations diverge geographically and accumulate a number of 
genetic differences to become reproductively isolated. Allopatric speciation has been considered, for a long 
time now, the most important model for speciation. This is due to the accumulation of many documented 
cases of allopatric divergence (Coyne and Orr 2004). An alternative to this model is the sympatric model of 
speciation which occurs when the species to be occupy the same geographical area (Coyne and Orr 2004). In 
this case, there can be migration between the species through introgressive hybridization. Indeed, there is now 
accumulating evidence for this divergence with gene flow speciation (Noor and Feder 2006).  

In recent years, a number of computational approaches based upon a coalescent framework have been 
developed to estimate parameters for models of speciation (Becquet and Przeworski 2007). A model where 
there is no role for gene flow between the diverging populations, allopatric speciation can be described by an 
isolation model (Wakeley and Hey 1997). This model has four parameters that can be estimated using 
mutilocus polymorphism data (Figure 1). These include the effective population sizes of the ancestral and two 
descendant populations/species, along with the estimation of the splitting time between populations. However, 
such models that ignore gene flow when it has occurred between the diverging populations can lead to 
overestimation of the ancestral effective population and underestimation of the divergence time (Wall 2003). 
More recently, an “Isolation-with-Migration” (IM) model has been developed that incorporate post divergent 
gene flow (Nielsen and Wakeley 2001, Hey and Nielsen 2004). This model has been implemented by a 
number of programs to estimate the parameters of speciation, or for estimation of parameters in the case of 
recently diverged populations. The details of this model are explained briefly later in this section (Hey and 
Nielsen 2004; Hey and Nielsen 2007; Becquet and Przeworski 2007). 

This study deals with both aspects of divergence discussed above, the divergence between species and 
the divergence between populations within a species. I shall study the case of introgression between two 
species of the genus Capsella and the divergent population genetics of three populations of C. bursa-pastoris. 
I shall make use of Bayesian inference using coalescent based model for diverging populations that can still 
exchange genes. A brief description of divergent population genetics and the inference of demographic history 
are given next, followed by the description of the model system for this study. 
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Inferring the demographic history of diverging populations 
 

"Oh, East is East, and West is West, and never the twain shall meet." 
(Rudyard Kipling) 

 
We are now at a time where we have experienced 150 years of “tree-thinking” in the field of evolutionary 
biology. It is now the norm for evolutionary biologists to visualize the relationship among species and 
populations as being a tree. This was after all the only figure to appear in Darwin‟s (1859) The Origin of 
Species. This “tree-thinking” has had a great influence over the fields of phylogenetics and phylogeography in 
particular. 
Once species are defined, evolutionary biologists wish to understand the evolutionary relationship between 
these species; they want to know the species tree. The field of study that seeks to infer this species tree is 
phylogenetics (Felsenstein 2003). Below the level of species we have the realm of the population geneticists, 
who spend their time trying to understand population structure and the evolutionary forces acting on 
populations (Gillespie 2004). Initially, it would seem that both fields do not overlap and have little need to 
communicate or to understand each other. However, this is not the case any longer. 
 The field of phylogeography deals with understanding the processes underlying the geographic 
distributions of genealogical lineages. Phylogeography has utilized for many years a phylogenetic approach to 
understand the spatial distribution of gene lineages (Avise 2000). Traditionally, phylogeographic studies made 
inferences based on the reconstruction of a genealogy (gene tree) for a single locus (e.g. mtDNA), neglecting 
the fact that this genealogy may not accurately reflect the history of a population (Knowles and Maddison 
2002; Hey and Machado 2003). Complications such as incomplete lineage sorting mean that the gene tree 
need not be the same as the species/population tree.  
Ancestral polymorphism can lead to the phenomenon of incomplete lineage sorting. This results in a pattern 
where the genealogical tree for a DNA sequence from individuals sampled from the descendant populations 
has a different branching order from the tree that relates the history of population splitting events (Avise 
2000). For instance, in a large survey, Paterson et al. (2006) showed that as much as 29% of the segregating 
sites show a discordant pattern for human, chimp and gorilla. This means that almost a third of the sites would 
have led us to infer the wrong species tree. Eventually, these shared polymorphisms are lost in the descendant 
populations by the action of drift and selection in both. However, this not only presents difficulty for resolving 
population history, but it can also present difficulty for resolving the relationship between two recently 
diverged species that may have shared ancestral polymorphisms (Pamilo and Nei 1988). Theory also tells us 
that the gene trees within a population are random (Nielsen & Beaumont 2009), and that we can never have 
much confidence in ever knowing the population tree for any single locus. However, phylogeography has 
been evolving, and has seen a greater use of mutilocus coalescent based approaches that take advantage of the 
stochastic variance associated with genealogies (Edwards and Beerli 2000; Nielsen and Beaumont 2009).  

This new field that takes a more rigorous statistical approach to phylogeographic inference can be 
referred to as Statistical Phylogeography (Knowles and Maddison 2002). With the incorporation of coalescent 
models, the field of statistical phylogeography is a fist attempt to bridge the divide between population genetic 
and phylogenetics (Nielsen and Beaumont 2009; Avise 2000). So then, what information can we obtain from 
the unobserved genealogical relationship that does exist, and what does it tell us about the past demographics 
of the sampled populations? To answer this question requires a combination of Coalescent theory (Box1), 
molecular data and complex computational approaches which are used in the field of divergent population 
genetics. The modern field of divergence population genetics is interested in estimating the parameters 
associated with diverging populations or recently diverged species (Hey 2005).  

A key parameter of interest is the divergence time. The divergence time of a population is the time that 
has elapsed since two populations have split (t in Fig 1). It is a parameter of key interest, as it allows for an 
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Box 1 Coalescent Theory: Brief history and explanation 
 
 

 
The Coalescent’s origin can be traced back itself to the 
1970’s and to a mathematical genetics literature composed 
of complex algebra (although the concept of Identity by 
descent can be traced back to the much earlier work of 
Malecot (1948) (Nagylaki 1989)). It wasn’t, however, until 
Kingman’s three papers in 1982 (Kingman 1982a ,1982b, 
1982c) and the work of Hudson (1983) and Tajima (1983), 
that the genealogical thinking that is commonplace in 
population genetics today emerged (Kingman 2000; 
Wakeley 2008). 
 
 
 

The figure above shows a gene genealogy for a population of size 10 (right), and a subgenealogy (left) for a sample of 
three gene copies from that population (modified from Rosenberg and Nordborg 2002). The first two gene copies on the 
left side of the subgenealogy merge first, and this is referred to as a coalescent event. Finally, the next coalescent event 
(backward in time) in the genealogy occurs at the most recent common ancestor (MRCA) of the sample. The interval T(3) 
and T(2) are the time intervals between coalescent events. 

Under the Wright- Fisher Model, the probability of coalescence of two lineages in a diploid population of size N is 
1/2N. The probability that they don’t coalesce is 1-1/2N. In other words, looking backwards in time the lineages pick their 
parents at random. The entire process produces a random genealogy. Kingman (1982 A, 1982 B) showed that the random 
joining of lineages into common ancestors is described by a stochastic mathematical process called the “n-coalescent”. 

For a sample size of n, Kingman showed that the time until the first coalescent is exponentially distributed with a rate   

, as N approaches infinity. From this result it was shown that the mean time to coalescence for n lineages is then       

4N(1-1/n). It can be seen that the most ancient coalescent time is expected to be the longest, with the average time for 
the two copies being 2N (Felsenstein 2004).  It is this very property of the exponential distribution of coalescent times 
that makes the coalescent so useful for simulations. The basic n- coalescent has also been extended to incorporate 
recombination (Hudson 1983), population size change (Slatkin and Hudson 1991) and natural selection (Neuhausser and 
Krone 1997). 
The coalescent can be used for hypothesis testing and for demographic inference. We cannot reconstruct the single true 
genealogy of a sample, but instead we can make inferences based on a distribution of simulated coalescent trees that are 
compatible with the data. This is the central idea behind the estimation of demographic parameters that is discussed in 
greater detail below. 
 
 
 

understanding of the history of species, and can be used to gain further understanding of the influence of past 
climates on populations and to date the origins of novel adaptations within populations (Rosenberg and 
Feldman 2002). However, to ignore the effect of migration between diverging populations is to distort the 
estimates of divergence time. The estimation of divergence time will be underestimated in a pure isolation 
model that does not account for gen flow (Wall 2003). It was with this consideration that models that 
incorporate post divergent gene flow have been developed (Nielsens and Wakeley 2001; Hey and Nielsen 
2004; Becquet and Pzreworski 2007) 
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Figure 1. The isolation model (Left) and the Isolation with Migration Model right, and all the 
parameters that are estimated for the model. These parameters are represented by Θ in equation 2. 

 
 

The Isolation-with- Migration Model 
 
Before considering the Isolation Migration model in its present day form, we must first take account of the 
theoretical developments that underlie its birth. As indicated above, the central importance of understanding 
the divergence time of population and migration between them has led to the development of a number of 
methods for estimating it using molecular data gathered form recently diverged populations. We can identify 
three main methods for the estimation of these population parameters. These are moment methods; likelihood 
based methods and Bayesian methods (Arbogast et al. 2002). Here we shall concentrate on the Bayesian 
approach, but this cannot be divorced completely from the consideration of likelihood approaches that have 
preceded the implementation of Bayesian approaches. The philosophical debates over the relevance and 
legitimacy Bayesian versus Frequentist approaches are of no concern here. 

The conceptual breakthrough in ancestral demographic inference in population genetics came courtesy 
of a paper by Joe Felsenstein in 1988. In a paper devoted to inference of phylogenies from molecular 
sequences, Felsenstein included an equation (1) (which now bears his name (Hey & Nielsen 2007)) near the 
end of the paper which encapsulated an approach of combining  computational methods, borrowed from 
phylogenetics, with coalescent population models.  

 
    (1) 

 
This equation shows that the likelihood of the parameters Θ which is proportional to the probability of the 
data given by X, the data, given the parameters. The fundamental idea of the equation is to treat the 
genealogies, given by G, of the gene copies as a nuisance variable, due to the uncertainty about what the tree 
actually is, and to integrate over them. All possible genealogies are considered in proportion to their 
probability (Felsenstein 1988; Hey & Nielsen 2007). The above equation is now represented as an integral, 
but one that cannot in general be solved analytically. 

One of the main methods for evaluating equation 1 has been through a Markov Chain Monte Carlo 
approach. This is utilized in the program IM within a Bayesian framework to fit the Isolation Migration (IM) 



8 
 

model (Fig 1) to the data. The IM model is used to estimate the divergence time for two recently diverged 
species or populations and to see whether there has been any post divergent gene flow between them.  The 
program utilizes the data (DNA sequences) obtained from population 1 and 2, and it can estimate m1 = m1/μ, 
m2 = m2/μ, t = tu, s, θ1 , θ2 and θA, where θ = 4Neμ.  The parameter θ is the population mutation parameter, 
and Ne is the effective population size and μ is the mutation rate. The migration parameters are expressed as 
the rate of migration for each gene copy, per mutation event. The parameter m1 refers to migration from 
population 2 to 1 forward in time and the m2 parameter refers migration from 1 to 2. The time parameter, t, is 
scaled by the mutation rate. 

They also can estimate the degree of Migration that has occurred since divergence, and the mean time 
of migration (Hey and Nielsen 2004). An extension of the IM program allows for the estimation of the 
proportion of the ancestral population that gave rise to the descendant populations, and as such is useful in 
identifying a bottleneck that may have occurred in the past (Hey 2005). The expression for the posterior 
distribution of model parameters is given:  
 
 

 

 
The set of parameters of the model is given by Θ (equation2) and the data by X. The   is the prior density 
function for the model parameters, and  is the prior distribution of the gene trees and this is evaluated 
using coalescent theory. The   is the posterior distribution of the parameters. The probability of the 
data given a genealogy and a set of parameter values  can be calculated using a given mutation 
model. The equation 2 above is for the single locus case, but the method was extended to be used for a multi 
locus dataset (Hey and Nielsen 2004).  

The program starts by simulating a genealogy for each locus in the data set and with a starting set of 
parameters. The state space contains all possible genealogies and the parameter values. The Markov chain is 
updated according to the Metropolis Hastings criterion. During the run a record is kept of how long the chain 
spends at each possible value for each parameter, and this acts as an approximation of the marginal posterior 
density of the parameter. The mode of the posterior distribution is taken as the parameter estimate (Hey and 
Nielsen 2004). This model was further expanded to incorporate an extra parameter called the splitting 
parameter, given by s in figure 1. This additional parameter allows for the expansion of a population after 
divergence (Hey 2005). The program IM is particularly useful at distinguishing between cases where shared 
polymorphism between species has been due to retention of ancestral polymorphism or migration between the 
populations post divergence (Kuhner 2009). 

Like all models, the IM model has a number of assumptions. The major assumption is that the history 
of the two populations under consideration is accurately described by the IM model. This means that the 
populations should not be more closely related to other populations than they are to each other. They should 
also not be exchanging genes with any unsampled populations. The model assumes selective neutrality for all 
loci. It also assumes that none of the populations are subdivided. It further assumes that there is free 
recombination between loci and no recombination within loci (Nielsen and Wakeley 2001; Hey and Nielsen 
2004). 
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The Capsella Genus 
 
The Capsella genus is a small genus composed of three species that is part of the family Brassicacae. The 
genus is composed of Capsella grandiflora, Capsella rubella and Capsella bursa-pastoris (Hurka and Neuffer 
1997). C. grandiflora is an outcrossing diploid (2n=16) with a sporophytic self incompatibility system, found 
in Greece and Albania and it appears to be the outcrossing progenitor of the selfer C. rubella. (Foxe et al. 
2009). C. rubella is a diploid selfer with a range that spans Western and Southern Europe, but it has also been 
spread by humans to the Americas and to Australia (Guo et al. 2009).  

Two recent studies using Coalescent based methods have estimated that C. rubella has originated very 
recently (25000- 50,000 years ago) and that it experienced an extreme bottle neck event followed by a rapid 
population expansion (Guo et al. 2009; Foxe et al. 2009). It has been reported that genes have introgressed 
into C. bursa-pastoris in the last 10,000 years; further supporting the notion that C. rubella is of recent origin 
(Slotte et al. 2008).  

The third member of the genus, C. bursa-pastoris has by far the largest range of all the Capsella 
species. It has a worldwide distribution and it can tolerate a wide variety of different environments found 
globally, with the exception of the humid tropical regions (Ceplitis et al. 2005). C. bursa-pastoris  is a selfing 
tetraploid (2n=4x=32) species that has probably been subject to a recent population expansion as indicated by 
the very small amount of chloroplast (cpDNA) variation observed in worldwide samples (Ceplitis et al. 2005). 

As a tetraploid species, C. bursa-pastoris may have arisen through autopolyploidy or allopolyploidy 
(Ramsey and Schemske 1998). However, the mode of polyploidy has not been resolved at this point in time. 
Two main hypotheses have been put forward. These include an allopolyploidy hypothesis which envisions C. 
bursa-pastoris as the hybrid offspring species of C. rubella and C. grandiflora (Hurka et al. 1989) and the 
hypothesis that C. bursa-pastoris is an ancient autopolyploid of C. grandiflora (Hurka and Neuffer 1997). An 
attempt to choose between either of these hypotheses was carried out using a phylogenetic study on cpDNA 
and a small number of nuclear markers, but this failed to distinguish between the two hypotheses (Slotte et al. 
2006). However, Slotte at al. (2006) did identify the sharing of alleles between C. rubella and C. bursa-
pastoris at a number of nuclear loci. The cause of this allele sharing between the two species was later 
investigated using an Isolation Migration Model (Hey and Nielsen 2004) approach to investigate whether the 
allele sharing was as a result of retention of ancestral polymorphism or from gene flow following divergence 
(Slotte et al. 2008). 

The Slotte et al. (2008) study identified introgression from C. rubella to European populations of C. 
bursa-pastoris as the cause for the pattern of allele sharing. This study also found that C. bursa-pastoris 
appears to have undergone a severe bottleneck at its origin and that this was followed by a period of large 
population expansion. While the origins of C. bursa-pastoris remain uncertain, Slotte et al. (2008) support the 
hypothesis that C. bursa-pastoris originated in the Middle East, as had been proposed earlier (Hurka and 
Neuffer 1997). It can be envisioned that C. bursa-pastoris spread Eastwards and Westward from its place of 
origin. The populations that spread westwards would then have encountered the recently arisen C. rubella 
species. At this meeting of the species introgression is hypothesized to have occurred from C. rubella to C. 
bursa-pastoris. 
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PHYB duplication in Chinese populations of C. bursa-pastoris 
 
A key addition to this study, along with the addition of more loci, is the addition of Far Eastern populations of 
C. bursa-pastoris from within the borders of modern day Russia (Fig 2B). In the analysis to follow, both the 
Chinese and Russian populations of C. bursa-pastoris are treated as separate populations. This treatment has 
been provoked by the observation of duplication in the Phytochrome B “B homoeolog” in C. bursa-pastoris 
Chinese and Taiwanese populations, that has not been, to date, observed in populations in Europe, the United 
States, Australia and Russia (Fig A1) (Peele (2008) unpublished data). 

On the back of this observation, it would be expected that the Russian and Chinese populations of C. 
bursa-pastoris have different population histories, and that they have only recently come into close proximity. 
To test this, a Bayesian Coalescent based approach to the estimation of the divergence times and migration is 
carried out. The expectation is that the Russian population will have diverged more recently from the 
European population than the time to divergence between the European and Chinese populations of C. bursa-
pastoris. It might also be observed that there is a history of less gene flow between populations that are 
relatively close together, should the Russian population be a recent arrival in the region. 

The Capsella genus stands out as a system suitable for studying many key aspects of plant evolution and 
evolutionary processes in general. The proximity of Capsella to Arabidopsis makes it a perfect candidate for 
comparative genomic studies (Wright et al. 2008). The sequencing of the C. rubella genome 
(http://www.jgi.doe.gov/sequencing/why/3066.html) means that the ability to accumulate large data set for 
studying genome evolution and population genetics is made more achievable. The population genetic study of 
the genus Capsella represents the attempts to tackle some of the fundamental questions concerning 
angiosperm evolutionary history: 
 

1. The role that reproductive isolation plays in the coexistence of closely related species in sympatry. 
2. The demographic history of rapidly evolving weeds. 
3. The evolution of Polyploidy and its consequences for adaptation. 
4. The evolution of differing mating systems in recently diverged populations and its impact on the 

efficacy of selection. 
5. The local adaptation of a geographically widespread species to differing environmental conditions 

encountered throughout its range. 
6. The remarkable phenotypic diversity observed in selfing plants with low genetic diversity 
7. The evolution of selfing and its effect on genome size. 

 
In particular, it is clear that the species Capsella bursa-pastoris is the member of the genus that can offer 
insights into all six questions and many others not listed above. This study has the aim of tackling the first two 
questions, but the findings may have consequences for our understanding and approaches to the other 
questions. The estimation of demographic parameters between C. bursa-pastoris and C. rubella can have 
much to say on the first two questions above.   While the evolution of the differing mating systems, the 
evolution of selfing in this case, is the not explicitly investigated here, a rough time frame for when this may 
have occurred in C. bursa pastoris may be obtained from the analysis carried out. 
 
 
 
 
 

http://www.jgi.doe.gov/sequencing/why/3066.html
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Materials and Methods 
 
Population Sampling 
 
Seeds were obtained for this study from 72 accessions of C. bursa-pastoris and 46 of C. rubella.  These 
accessions were located in Western Eurasia and Far East Asia. The Western Eurasian accessions were mixed 
populations of C. rubella and C. bursa-pastoris, with Italy composed of 39 individuals; France, 24; and Israel, 
19 (Fig 2A). The C. rubella plants sampled in Israel represent the most Easterly distribution of this species 
sampled to date, with confirmation of the species from ploidy level determination.  The accessions from Far 
East were composed of 30 accessions from Russia (not previously sampled) and 18 Chinese accessions of the 
42 that were used in the Slotte et al. (2008) (Fig 2B). All the samples from Russia and China were of the 
tetraploid C. bursa-pastoris. 

Seeds were placed in the dark on Petri dishes for four days, and were then transplanted to pots to be 
grown in a growth chamber under conditions of 16 hours photoperiod. Both C. bursa-pastoris and C. rubella 
are quite similar morphologically, and as such are difficult to distinguish from each other solely from 
examination of morphology. With this in mind, the establishment of the ploidy level, of the accessions grown, 
can be used to distinguish the tetraploids (C. bursa-pastoris) from the diploids (Capsella rubella) used in this 
study. In some cases the ploidy level of the samples was known from previous studies, but in other cases the 
ploidy level was determined by cell flow cytometry on fresh leaf tissue. Flow cytometry was carried out by 
Plant cytometry Services (Schijndel, the Netherlands). The extraction of DNA was carried out on frozen leaf 
samples from the plants grown in the growth chambers. The DNA was extracted using the Qiagen DNeasy 96 
Plant Kit (Qiagen GmbH, Hilden, Germany). 
 

 
 
 
 
 
 
 
               
 

 

 

 

 

 

 

 

Figure 2. Map of the location of Capsella rubella samples and European samples of Capsella bursa-pastoris (A). 
Geographical location of Russian and Chinese populations of Capsella bursa-pastoris (B). 
 
 
 
 
 

A B 
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PCR Amplification 
 
Seven nuclear loci, PHYB, DET1, CRY1, LD, FRI, FLC and Adh were amplified and sequenced in the 
accessions listed earlier. Homoeologous primers had previously been designed for the Adh and LD loci in 
Slotte et al. (2006). Primers were also designed to be homoeologous specific for the loci FLC, FRI and CRY1 
in Slotte et al. (2008). In this study, primers were designed to simultaneously amplify both homoeologs of the 
PHYB and DET1 genes in C. bursa-pastoris. The PCR products from four C. bursa-pastoris accessions were 
cloned into the pGEM-T Easy vector (Promega, Madison, USA). Homoeologous specific primers were 
designed based on the alignment of sequences of eight clones per sequence from the four accessions (Table 
A1). The specificity of the primers was established by testing them on the four accessions used in the design 
of the primers. The homoeologous specific primers were designed with the intent of amplifying and 
subsequently sequencing the „A‟ and „B‟ homoeologs in the tetraploid (4X) C. bursa-pastoris. The „A‟ and 
„B‟ naming of the homoeologs follows on from the naming used previously (Slotte et al. 2006). The A primer 
was also used to amplify the locus of interest in the diploid C. rubella. As such, one would expect the B 
primer to be unable to amplify a product from C. rubella genomic DNA, if it is specific for the duplicated 
locus (duplicated by polyploidy) which is not present in the diploid C. rubella. 

A region of exon one of the PHYB gene was amplified using the primer pair PHYB_LS_2_F_C and 
PHYB_LS_R in C. rubella. The A homoeolog was amplified using the homoeologous specific primer pair 
PHYB_LS_2_F_C and PHYB_LS_2_R for C. bursa-pastoris.   The primer pair PHYB_LS_2_F_T and 
PHYB_LS_2_R was used to amplify the B homoeolog. The PCR reaction contained 0.2mM MgCls, 1X 
Buffer Gold (Applied Biosystems, Foster City, California, USA), 0.2mM dNTPs, 0.3mM of primers and 
0.025 U/ul Taq Polymerase (Fermentas). The amplification protocol used had an initial denaturation at 94ºC 
for  2.5 minutes, followed by 30 cycles of 30 seconds denaturation at 94ºC, 30 seconds at an annealing 
temperature of 52ºC and an extension for 1 minute at 72ºC. This was followed by a final extension at 72ºC for 
7 minutes. 

An intron from the DET1 gene was amplified using the primer pairs DET1_2114_F_A and DET1_2436_R 
in C. rubella. In C. bursa-pastoris DET1_2114_F_A and DET1_2436_R, DET1_2114_F_B and 
DET1_2436_R were used for the amplification of both the A and B homoeologs respectively. The PCR 
reaction was the same as that for the PHYB gene. The protocol for the amplification was the same as the 
protocol for LD gene in Slotte et al. (2006). The PCR reactions for the loci CRY1, FLC, FRI, Adh and LD 
used the reaction concentrations and protocols described in the previous studies (Slotte et al. 2008) (Slotte et 
al. 2006). 
 
Sequencing 
 
The PCR amplified products for all seven loci were purified using Exosap-IT (GE Healthcare Bio-Sciences 
Corp., Pistcataway, New Jersey, USA). The purified PCR products for all loci were sent to Macrogen Inc. 
(South Korea) for sequencing. The primers used for sequencing in the case of PHYB and DET1, were the 
same as the amplification primers. The primers used for sequencing the other five loci were the same as those 
used previously (Slotte et al. 2008) (Slotte et al. 2006). The sequences for all the loci were assembled and 
edited using the program CodonCode Aligner (CodonCode Corporation, Dedham, Massachusetts, USA). The 
sequences for each locus were then aligned using the program MUSCLE (Edgar 2004) or Clustal W 
(Thompson et al. 1994). 
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Phylogenetic Tree Reconstruction and Haplotype networks 
 
In previous papers (Slotte et al. 2006; Slotte et al. 2008), it was observed that there was haplotype sharing 
between C. rubella and C. bursa-pastoris. This haplotype sharing can be visualised in a phylogenetic tree 
when there occurs a deviation from the expected relationship among the alleles form the species in the tree. 
One would expect that in a phylogenetic tree, with the two species and an outgroup, that the C. bursa-pastoris 
would form a monophyletic clade for the A loci and that C. rubella would also show this pattern. However, 
this pattern of reciprocal monophyly is not always observed and is not a consistent method for defining a 
species or delineating between them (Hudson & Coyne 2002). It has been argued that gene tree based 
approaches to studying introgressive hybridization lack statistical power to test between competing 
hypotheses, but that they can be used as a qualitative approach to identify loci where introgression between 
species may have occurred (Noor & Feder 2006). The latter qualitative approach is used here to identify 
candidates for introgressive hybridization.  

In this study, the reconstruction of the phylogenetic trees and haplotype networks serves two purposes, the 
first being to see if the A and B loci do form independent clades in the trees and to see whether or not they can 
be visualized as two distinct groups in the haplotype networks that do not show haplotype sharing. The second 
purpose is to identify any haplotype sharing that may occur between C. rubella and the C. bursa-pastoris 
populations at the loci designated as “A” in this study. 

To reconstruct phylogenetic trees, the Neighbor Joining method (Nei & Saitou 1987) was implemented in 
the program MEGA4.0 (Tamura et al. 2007). The choice of this method of reconstruction was made due to 
computational considerations, considering the large number of sequences that were in the alignments and the 
time needed for bootstrap replication, which would have taken an inordinate amount of time for both 
maximum likelihood and maximum parsimony optimality criteria (Nei & Kumar 2000). All positions 
containing gaps and missing data were eliminated from the dataset. Evolutionary distances were calculated 
using the Tamura-Nei method (Tamura & Nei 1993). One thousand bootstrap replicates were used to assess 
the confidence in the phylogenetic trees (Felsenstein 1985). Haplotype Networks representing unique DNA 
sequences separated by mutations were constructed for each locus using the program Network 4.510 
(www.fluxus-engineering.com). The data sets for the network construction were obtaining by pruning the 
sequences in each alignment so that all sequences for each alignment were the same length. The Networks 
were then reconstructed using the Median Joining algorithm (Bandelt et al. 1999). 
 
 
 
Analysis of Polymorphism and Tests of the Standard Neutral Model 
 
In Population genetics models, two fundamental parameters of interest are the mutation rate and the 
population size. These two parameters are combined in a population mutation parameter θ = 4Neμ, where Ne is 
the effective population size and μ is the mutation rate. There are two commonly used estimates of this 
parameter. The first is θW which is estimated from the number of segregating sites S in the data (Watterson 
1975). Watterson discovered, using diffusion theory (and this can also be neatly shown using coalescent 
theory), that θ could be estimated from the expected number of segregating sites (equation 3)  in a sample of 
sequences of size n under the assumptions of the infinite sites model (Kimura 1969) 
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Another estimator of θ is П, where П is the average number of pair wise differences between the sequences in 
a sample (Tajima 1989). These two estimates can be used to quantify the level of diversity in the populations 
being studied. Here, these estimates were obtained along with the haplotype diversity of the samples from 
each population to analyze the diversity in C. rubella, and the 3 C. bursa-pastoris populations at all 14 loci. 

The Standard Neutral Model (SNM) is a hypothetical random mating population of constant size, with all 
mutations being neutral (having no effect on fitness) and following the infinite sites model of mutation (Hartl 
and Clark 2007). We know that many populations will not fit the SNM (e.g. Humans), and that they may 
deviate from the model by either selection or past demographic processes acting on the population. There are 
many tests of the SNM. Here Tajima‟s D (Tajima 1989), Fu and Li‟s D*, Fu and Li‟s F* (Fu and Li 1993) and 
Fay and Wu‟s H (Fay and Wu 2000) tests were utilized to test for departures from the SNM. All four tests are 
classed as test statistics based upon the site frequency spectrum.  

Tajima‟s D test is a good example of how coalescent theory can be used in hypothesis tests, and it has been 
widely used since it was invented by Fumio Tajima in 1989. The test takes advantage of the fact that the two 
estimates of θ above should be about the same if the assumptions of the SNM hold for the population under 
consideration, and that any deviations in the past from the assumptions of the SNM will mean that these two 
estimates of θ will be different. Tajima‟s D statistic measures the difference between the two estimates of θ 
(equation 4) 

 

 

 
Fay and Wu‟s H test employs a newer estimate of θ called θH. This test subtracts θH from π and is more 
sensitive to deviations in the site frequency spectrum caused by high to intermediate frequency variants, 
whereas Tajima's is more sensitive to an excess of low frequency variants (Fay and Wu 2000). Both Tajima‟s 
test of the SNM and the estimates of haplotype diversity were calculated from the data using the program 
compute which is part of the libsequence C++ library for evolutionary genetic analysis (Thornton 2003). Fay 
and Wu‟s H statistic for each locus was calculated using the program DnaSp ver 4.50 (Rozas et al. 2003, 
Zeng, 2006). Outgroups for the determination of the derived alleles for each locus were downloaded from 
Genbank. The outgroups were A. lyrata (FLC, FRI, LD, PHYB), A. thaliana (Cry1, DET1) and Neslia 
paniculata (Adh). 
 
 
Recombination detection and Population Structure 
 
One of the assumptions of the IM model is that there is no recombination within loci. To test for violations of 
this assumption, the minimum number of recombination events (Rmin) was estimated based on the four 
gametes test as implemented DNAsp (Hudson and Kaplan 1985). Recombination was also tested for using the 
LD versus distance method (LDr2) as implemented in the RecombiTEST package (Piganeau et al. 2004). This 
method looks at the correlation between the measure of Linkage disequilibrium, r2 (Hill and Robertson 1966), 
and the distance between sites. 
 Significance for this detection method is assessed by a Mantel test as described in Piganeau and Eyre-Walker 
(2004b). Any locus at which recombination was detected were filtered using the IMgc program (Woerner et 
al. 2007). This program extracts the largest non recombining block from the data by a method of information 
maximization. This method has been used in other studies to deal with a recombination violation in the data 
when the intention is to use the Isolation-with- Migration model (Cox et al. 2008; Nadachowska & Babik 
2009). 
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Another possible violation of the recombination assumption is the occurrence of gene conversion, which is 
the non reciprocal exchange of chromosome segments onto another (Morrell et al. 2006). Here, to test for 
gene conversion between the Homoelogs, the program GENECONV V 1.81 was used (Sawyer 1989). 
 To assess population structure, the Fst fixation index was used (Wright 1951). Fst is a measure of the 
reduction in heterozygozity due to population subdivision. In other words, it is a measure of how inbred two 
genes picked from the same population are relative to two genes pick from different populations. It can 
therefore be used as a measure of differentiation between populations. Estimates for Fst between populations 
of C. bursa-pastoris were carried out using DNAsp V4.5. 
 
 
Parameter Estimation under Isolation-Migration Model 
 
With the recognition that shared polymorphisms can be the result of two different processes, and with the 
intention of resolving the divergence times of the three different populations of C. bursa-pastoris the Isolation 
Migration model (Nielsen and Wakeley 2001) was implemented with the program IM (Hey and Nielsen 2004) 
to identify if migration was the cause of the observed shared polymorphism and to estimate the other 5 
parameters that form part of the model (ie N1, N2, NA, t, and s). The parameter s is the splitting parameter. The 
splitting parameter allows for the estimation of the proportion of the ancestral population that gave rise to the 
present day population/species. A very small s for a population indicates that this population/species 
underwent a severe bottle neck at the time point when the two present day populations split. Consequently, 
this also allows for the estimation of the proportion that gave rise to the second population, given by 1-s. The 
inclusion of the s parameter means that the IM model is extended to being a model allowing for population 
expansion. 

The IM analysis carried out here can be divided into the IM analysis to investigate introgression between 
C. bursa-pastoris and C. rubella in which the “A” loci were used, and the investigation into the demographics 
histories of the three C. bursa-pastoris “populations” (European, Chinese, and Russian) in which the B loci 
were used. All analyses utilized seven loci, except for analysis involving the Chinese population of C. bursa-
pastoris, in which 6 loci were used due to the lack of PHYB sequence data for this population. 

The IM program proceeds by implementing a Markov Chain Monte Carlo method to estimate the 
parameters of the model. In this analysis, all seven parameters of the IM model were estimated in the 
interspecies analysis using the A loci. In the intraspecific analyses, a six parameter model was used, with the 
exclusion of the s parameter. The upper bound of the s parameter was set to 0.5 as in Slotte et al. 2008, which 
allows for the likely bottleneck origin of the tetraploid C. bursa-pastoris. The intraspecific analysis of C. 
bursa-pastoris utilized the seven “B” loci. Upper bound values were set for the uniform priors used by the IM 
program after a number of preliminary runs were carried out on the data. Once the appropriate priors were 
found, the program was run with 30 Metropolis Coupled Markov chains and a geometric heating scheme. All 
analyses were run with a burnin of 1 million steps and were run until all ESS (Effective Sample Size) values 
were greater than 500. The parameter trend plots were followed over the course of each run to ensure good 
mixing, along with the monitoring of autocorrelation of parameter values by monitoring the ESS values. Three 
independent runs for each pair of populations with different random number seeds and otherwise identical 
settings were run. Convergence was assumed to have been reached when the independent runs all returned 
similar parameter estimates. The marginal posterior densities for each parameter were recorded as 1000 
equally sized bins, with the parameter estimate taken from the peaks of each distribution. Also recorded were 
the number of migration events for each locus and the time of introgression between diverging populations. 
For a credibility interval we obtained the 90% highest posterior density (HPD) interval for each parameter 
estimate. 
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The parameters estimates of the effective population sizes and divergence time can be in number of 
individuals and years respectively, if mutation rates for the nuclear genes are provided. Here, as before (Slotte 
et al. 2008), I assume a substitution rate of 6.5 x 10-9(Wolfe et al. 1987; Wright et al. 2003) as a lower 
boundary for the mutation rate, and upper boundary of 1.5 x 10-8 (Koch et al. 2000) per site per generation. 
The mean of these two rates was then multiplied by the length of each sequence to obtain the per locus 
mutation rate per generation, which is equal to the per locus mutation rate per year for C. bursa-pastoris and 
C. rubella since both are annual species (Slotte et al. 2008). 
 To investigate migration between species/populations and its timing, the distribution of migration 
events and the distribution of the average time of migration were measured for each locus (Won and Hey 
2005). These give somewhat coarse measures of the times of introgression, but may be useful nonetheless.  
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Results 
 
Altogether, there were 7 loci sequenced in C. rubella and there were 14 loci (7 pairs of duplicated loci) 
sequenced in C. bursa-pastoris populations from Europe, Russia and China. 
 
Phylogenetic Analysis and Haplotype networks 
None of the 7 gene trees reconstructed here showed reciprocal monophyly for C. rubella or C. bursa-pastoris 
(Fig B1) at the A homoeologs. In all gene trees the B homoeologs formed a clade of their own without the 
presence of any A homoeologs or C. rubella alleles. This pattern is also seen in the haplotype networks where 
the B homoeologs form their own separate haplotype group and they share no haplotypes with C. rubella or 
with the C. bursa-pastoris A homoeologs at any of the genes in this study (Fig 3). 
 The situation for the A homoeologs is different to that observed at the B homoeologs. In all seven gene 
trees it can be observed that the clades that contain a majority of C. rubella alleles also have C. bursa-pastoris 
present. These C. bursa-pastoris alleles belong to different C. bursa-pastoris populations. For example, the 
Adh gene tree (Fig B1) shows both C. bursa-pastoris Russian (red) and European (blue) grouping in with the 
C. rubella clade in the tree. Also, some C. rubella alleles are contained in the C. bursa-pastoris clade in the 
FRI gene trees (Fig B1). 

This pattern of haplotype sharing can also be readily observed in the haplotype networks for each gene 
in this study. It can clearly be observed that there is haplotype sharing between all three populations of C. 
bursa-pastoris, but it can also be observed that C. rubella has haplotypes shared with C. bursa-pastoris 
populations from China, Russia and Europe. The exceptions to this pattern is at Adh A, LD A and DET1 A 
where there is no haplotype sharing observed between the Chinese population of C. bursa-pastoris and C. 
rubella (Fig 3). The PHYB gene was not sequenced in the Chinese populations of C. bursa-pastoris, but 
haplotype sharing was observed between C. rubella and the other two populations of C. bursa-pastoris at the 
PHYB A homoeolog.  
 
 
 
Nucleotide diversity and tests of the standard neutral model 
Initially, analysis of nucleotide diversity was divided for comparison between the A homoeologs (Fig 4A and 
B) and the B homoeologs (Fig 4 C and D). Furthermore, all three populations of C. bursa-pastoris were 
analysed separately (Fig 4) (Table B1).The number of segregating sites at each or the loci at all populations 
was low (< 8) with the notable exception of a few loci sampled in different populations. The DET 1 locus in 
the European population of C. bursa-pastoris had 14 segregating sites at the A homoeolog; DET1 in C. 
rubella had 13; FRI in European population of C. bursa-pastoris had 17 at the A homoeolog and 18 in C. 
rubella. This elevated number of segregating sites was also observed at the FLC B locus from the European 
population of C. bursa-pastoris. 
 Nucleotide diversity, as measured by π, was highest in the European population of C. bursa-pastoris 
(Fig 4 A). The Russian and Chinese populations of C. bursa-pastoris showed much lower nucleotide that and  
also showed negative values of Tajima‟s D, which was the same pattern observed in C. rubella. The European 
population of C. bursa-pastoris showed a positive Tajima‟s D, although none of the Tajima‟s D significantly 
departed from neutral expectations (Table B1) at both the A and B homoeologs in any of the C. bursa-pastoris 
populations or in C. rubella.  
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At the B homoeologs nucleotide diversity within all three populations of C. bursa-pastoris was low, with the 
European population having a higher mean nucleotide diversity (Europe v Russia: 0.0021 v 0.001) than the 
other two, but not as large a difference as observed at the A homoeologs (Europe v Russia: 0.0084 v 0.007) 
(Fig 4 A and C). At the B homoeologs, the median Tajima‟s D was around minus one in the Chinese and 
Russian populations of C. bursa-pastoris and just below zero in the European populations.  
 
 
 

 
 
 
Fig 4.  Patterns of polymorphism in C. rubella (Cr) and C. bursa-pastoris (Cbp) populations of Europe (Eu), Russia (Rus), 
China (Ch). Bars represent the median,  boxes  the interquartile range, and the whiskers extend out to 1.5 times the 
interquartile range. (A) Nucleotide diversity π , the average number of pairwise differences  at the A loci in each population. 
(B) Tajimas D  at A loci in each population. (C) π for the B loci in the three C. bursa-pastoris populations. (D) Tajima’s D for 
the B loci in the three C. bursa-pastoris populations. Data for Chinese population taken from Slotte et. al (2008) 
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 Table 1.  Mean Nucleotide diversity and Tests of the standard Neutral Model by population 

 
 
 
 
 
 
 
 
 

Before estimating parameters from the IM model, the model assumptions must be tested. These 
assumptions include an absence of intra locus recombination and the assumption that loci being used have 
been evolving neutrally. Two site frequency based tests were employed here to test for the neutrality violation 
in the data. The Tajima‟s D values showed no significant deviations from neutrality at any of the loci (Table 
B1). The Fay and Wu‟s H test was used as it is more sensitive to high frequency derived variants and can be 
used to test for the presence of a selective sweep at a locus. The Fay and Wu‟s H was significant at a number 
of loci in the dataset used here. The significant Fay and Wu‟s values ranged from -10.85 to -1.42 (Table B1). 

The fact that these significant values were observed across a number of different loci in the genome 
suggests that the deviation from neutral expectations can be put down to some past demographic events that 
have left a similar signature across all these loci. Both the A and B homoeologs were combined to calculate 
the mean value of nucleotide diversity, Tajima‟s D and Fay and Wu‟s H in each population. Analysis of both 
“neutrality test” across all populations result in the mean Tajima‟s D being positive in the European 
population of C. bursa-pastoris, and negative for Fay and Wu‟s H (Fig 4 and Table 1). In the Russian 
population of C. bursa-pastoris both the mean Tajima‟s D and the Fay and Wu Wu‟s H statistics were 
negative. This pattern of a mean negative value at both of these “neutrality tests” was observed in C. rubella 
and the Chinese population of the Chinese population. 
 
Recombination and Population Structure 
 
Three loci in the data set showed evidence for intralocus recombination. Recombination was detected at the 
FLC B locus in the European population of C. bursa-pastoris. Recombination was also detected at the PHYB 
A and B locus in C. bursa-pastoris in Europe. Gene conversion between homoeologs was also tested for at all 
loci in each population, but no evidence for gene conversion was found. In order to prevent a violation of the 
intra locus recombination assumption, the largest non-recombining block was extracted from the data set at 
loci where recombination was detected, as has been done on previous implementations of the IM analysis 
(Hey and Nielsen 2004). 
 The level of population differentiation was measured by Fst and the level of average values of Fst 
across all loci between populations are shown in Table B10. The greatest level of differentiation observed is 
observed between the European and Chinese population (Fst = 0.3975). The lowest level of differentiation is 
observed between the European and Russian population (Fst = 0.2131). The level of differentiation between 
the relatively geographically close populations of Russia and China is greater (Fst = 0.33732) than that 
between European and Russian population. 

 
 
 
 
 
 

Population Mean Pi Mean 
Tajima’s D 

Mean Fay  
and Wu's H 

Cbp Eu  0.0052 0.9199 -0.847 
Cbp Ru 0.0004 -0.870 -1.566 
Cbp Ch 0.00022 -1.2596 -0.1166 
Cr 0.0025 -0.838 -3.228 
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Isolation Migration Analysis 
 
The Isolation migration model analysis as implemented in the program IM was carried out at two levels in this 
study. The first IM analysis was carried out on the interspecies level, between C. rubella and three populations 
of C. bursa-pastoris. The second level of this study was at the intraspecies level between three populations of 
C. bursa-pastoris (Europe, China and Russia). The results for the interspecies analysis are presented first 
(Table 2). 
 
C. rubella and C. bursa-pastoris. 
 
The aim of the interspecies level study was to test between the alternative cause of haplotype sharing between 
C. rubella and C. bursa-pastoris. An estimate of no introgression between all three populations of C. bursa-
pastoris and C. rubella would be indicative of the retention of ancestral polymorphism as the primary cause. 
In this study it was found that were was non-zero gene flow between all three species of C. bursa-pastoris and 
C. rubella (Table 2). This is consistent with the previous result of non-zero gene flow between these species 
sampled in Europe (Slotte et al. 2008). However, the results for the direction and extent of gene flow differ 
between this study and those of Slotte et al. 2008. Here, introgression in both directions between Capsella 
bursa-pastoris (Europe) and C. rubella was found (Table2 and Fig B2). Introgression was also found between 
the Russian populations of C. bursa-pastoris and C. rubella in both directions (Fig B3). Somewhat 
unexpectedly, introgression was observed from the Chinese population of Capsella bursa-pastoris and C. 
rubella. This last result, between C. bursa-pastoris China and C. rubella, is in contrast to the result previously 
showing zero gene flow between the Chinese C. bursa-pastoris and C. rubella (Slotte et al. 2008). 
 

 

 

Table2.  Isolation migration Model parameter estimates for the analysis of C. bursa-pastoris populations and C. rubella, 
with the 90% HPD intervals in parenthesis below parameter estimates.  The parameter estimates of gene flow from 
population 2 to population 1 (m1) and population 1 to population 2 (m2) scaled by the geometric mean of the mutation rate 
for all loci. The divergence time t is scaled by mutation rate and each theta (Θ1, Θ2, ΘA) is equal to 4Neμ, where Ne is the 
effective population size and μ is the mutation rate. The splitting parameter is given by s. 

 
  
 
 
 
 

Population 
 1 

Population  
2 Θ1 Θ2 ΘA t    s m1   m2   

Cbp(Eu) Cr 0.1548 0.0795 5.748 0.7425 0.3265 4.3375 8.1375 

  
(0.0644-
0.3332) 

(0.0256-
0.2271) 

(2.4600-
7.9960) 

(0.1675-
1.7575) 

(0.0005-  
0.4985) 

(1.4875- 
16.9375) 

(2.0875-
24.9625) 

Cbp(Ch) Cr 0.2054 0.2845 0.005 2.475 0.0005 0.001 0.561 

  
(0.0882-
0.3528) 

(0.1487-
0.6399) 

(0.015-
9.6487) 

(0.783-
5.865) 

(0.0015-
0.4795) 

(0.0005-
0.723) 

(0.245- 
1.699) 

Cbp(Rus) Cr 0.0308 0.1131 0.004 0.486 0.0005 2.005 1.2915 

    
(0.0118-
0.1313) 

(0.0483-
0.3051) 

(0.0040-
7.9960) 

(0.146-
1.662) 

(0.0005-
0.4795) 

(0.3750-
7.665) 

(0.3745-
4.8615) 
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To ascertain whether or not the origin of C. bursa-pastoris constituted a bottleneck event, the “s” parameter 
was estimated in all three IM interspecies analyses. There is support for an extreme bottleneck event at the 
origin of C. bursa-pastoris found in two of the analyses (Fig B3 and Fig B4). However, the estimate for s in 
the C. bursa-pastoris Europe and C. rubella pair was poor due to a flat uninformative curve for this analysis 
(Fig B2). 
 
The extreme bottleneck origin of C. bursa-pastoris found here is supported by the results of previous analysis 
(Slotte et al. 2008). The finding here indicate that an extreme bottleneck occurred as a result of the polyploid 
speciation event, that resulted in C. bursa-pastoris. This was followed by strong population growth in C. 
bursa-pastoris which has resulted in a present day effective population size of ~ 7000-10000 individuals 
(Table B2). The other estimates of effective population size for C. rubella indicate a lower effective 
population size than C. bursa-pastoris in Europe, but a higher effective population size than both the Chinese 
and Russian populations of C. bursa-pastoris.  
  The divergence time between species is often a parameter that presents some difficulty in the IM 
analysis, with the posterior density curves often showing a long non-zero tail to the right with multiple peaks 
(Nielsen and Wakeley 2001). This problem was encountered in previous attempts to estimate the divergence 
time between C. bursa-pastoris and C. rubella (Slotte et al. 2008). This study did not present these problems 
for two out of the three interspecies IM analyses carried out (FigB2 and Fig B3). Instead, divergence time 
estimate of ~90000 years were found for the pair with C. bursa-pastoris Russia population, and 138,000 years 
for the analyses with C. bursa-pastoris European population (Table B2). However, while different, the 
divergence times posterior distributions had very much overlapping 90% HPD interval (Table 2 and Table 
B2). The estimate for the analysis with the C. bursa-pastoris Chinese populations was uninformative due to 
the flat curve produced. 
 To further investigate the introgression between these two species, the mean time of migration was 
estimated in the IM program. For the C. bursa-pastoris Europe and C. rubella, which showed bidirectional 
gene flow, the mean time of introgression across all loci was 0.2096 and 0.2061 for M1 and M2 respectively 
(Table B4) . These values correspond to 38900 years for M1 and 38300 years for M2. The mean time of 
introgression for the analyses with the Russian population was 0.05 for M1 and 0.01 for M2 (Table B5). 
Again, these are equivalent to 42000 years for M1 and 25500 years for M2. The estimate for the time of 
unidirectional introgression from C. bursa-pastoris China to C. rubella (Table B6) corresponds a more ancient 
time of ~64000 years. However, it must be pointed out that the distributions for these mean times of 
introgression are quite wide. 
 

 

C. bursa-pastoris Europe, China and Russia 
 
To study the expansion of the species C. bursa-pastoris and the migration between populations between 
populations found worldwide, the IM model was fitted to a mutilocus dataset composed of the B homoeologs 
for the genes used in the interspecies level study. The rationale for this choice of data is that the B loci 
represent a data set that has shown no signs of haplotype sharing with C. rubella (Fig 3), and as such 
represents an independent dataset for the study of the demographic history of C. bursa-pastoris. The IM 
analysis was carried out on with three populations of C. bursa-pastoris from Russia, China and Europe (Fig 
2). Six parameters (m1, m2, t, N1, N2 and NA) of the IM model were estimated in this within species analysis. 
The estimates for all 6 parameters are shown in Table 3.  
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Table3.  Isolation migration Model parameter estimates for the analysis of C. bursa-pastoris populations, with the 90% HPD 
intervals in parenthesis below parameter estimates.  The parameter estimates of gene flow from population 2 to population 1 
(m1) and population 1 to population 2 (m2) scaled by the geometric mean of the per locus mutation rate for all loci. The 
divergence time t is scaled by mutation rate and each theta (Θ1, Θ2, ΘA) is equal to 4Neμ, where Ne is the effective population 
size and μ is the mutation rate. 

 

One of the parameters of primary interest in investigating the demographic history of C. bursa-pastoris is the 
time of divergence between the populations represented in this study. Previous attempts at resolving an 
estimate for the divergence time between the European and Chinese populations of C. bursa-pastoris proved 
unsuccessful (Slotte et al. 2008). The hope for this study was that an increase in the number of loci would help 
get better resolution on this parameter. However, the IM analysis also resulted in uninformative estimates of 
the divergence time for two (China and Russia; Europe and China) out of the three pair wise population 
comparisons (Fig B6 and Fig B7). The analysis of the European and Russian populations of C. bursa-pastoris 
produced a better posterior distribution for the divergence time parameter, with a well defined peak that had a 
higher probability than the tail of the distribution (Fig B5). This distribution gives a modal point estimate of 
29477 years (Table B3). The estimates from the other pairs of populations were much higher, but not 
comparable due to their uninformative posterior distributions. 
 The effective population size estimates for the three populations show the Russian population to have 
the smallest Ne of 373-592 (Table B3). The European population of C. bursa-pastoris has the largest Ne of 
4027 in the comparison with the Chinese population and 14039 with the Russian population (Table B3). The 
estimates of effective population size for the European population and the Chinese population appear elevated 
in each IM analyses where each are paired with the Russian population that has the lowest effective 
population size. Two of the three estimates for ancestral effective population size (Fig B6 and Fig B7) indicate 
a small ancestral population size, while the NA for the European and Chinese population pair gives a large 
estimate (116402) based on an incomplete rising posterior distribution. 
 The migration rate distributions indicate migration between all populations of C. bursa-pastoris in this 
study, except between the Chinese and Russian populations. The migration parameter estimates between 
Russian and European populations showed bidirectional gene flow, with a greater level of gene flow from 
Europe to Russia (Fig B5 and Table 3). The gene flow between the European and the Chinese populations was 
unidirectional from the Chinese to European populations. This result is inconsistent with previous results for 
migration between the European population and the Chinese population which has been previously shown as 
being unidirectional from Europe to China. 
 The mean time of migration for the European and Russian populations was 0.0292 (Russia to Europe) 
and 0.0319 (Europe to Russia). This corresponds to 5497 years and 6066 years respectively. The timing of the 
unidirectional migration from the Chinese to European populations has a mean introgression time estimate of 
0.05. This is equivalent to 8462 years. These estimates for the mean times of gene flow between the C. bursa-
pastoris populations are much more recent than the estimates that have been made previously (Slotte et al. 
2008). The estimates in Slotte et al. (2008) study ranged from 21000 to 64000 years between the Chinese and 
European populations. 
 

Population 1 Population 2 Θ1 Θ2 ΘA t m1 m2 

Cbp(Eu) Cbp(Ch) 0.0952 0.0371 0.1138 1.651 4.5075 0.01 

  
(0.0362-0.6963) (0.0156-0.2473) (0.0881-4.1771) (0.163-1.955) (0.4875-14.4075) (0.07-16.81) 

Cbp(Eu) Cbp(Ru) 0.2963 0.0125 2.4562 0.1555 21.975 11.675 

  
(0.0587-1.5288) (0.0013-0.0571) (0.2412-2.4987) (0.0725-0.9965) (11.425-47.825) (1.275-44.9750) 

Cbp(Ch) Cbp(Ru) 0.126 0.0104 0.014 0.9185 0.015 0.035 

  
(0.0284-0.4268) (0.0002-0.0631) (0.0020-3.9860) (0.0235-0.9995) (0.0050-8.6950) (0.0050-9.0150) 
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Discussion 
 
Interspecies study 
The application of the Isolation-Migration model to the study of recently diverged species or populations has 
become a popular method for understanding the process of speciation and for the understanding the 
demographic history of recently diverged populations (Hey 2006; Becquet and Przeworski 2007). It‟s a model 
that is in particular useful for understanding the processes that result in the pattern of haplotype sharing 
between recently diverged species (Kuhner 2009; Slotte et al. 2008). This pattern of haplotype sharing can be 
attributed to the retention of ancestral polymorphism or to introgression between the diverging populations. In 
this study, a divergent population genetic approach was utilized to distinguish between the two competing 
explanations of haplotype sharing between recently diverged species. From this approach it is further possible 
to identify whether polyploid speciation precludes the polyploid from exchanging genes with other species 
and as such presents itself as an instant and permanent form of reproductive isolation. This study also utilizes 
the divergent population genetic approach to investigate the demographic history of the polyploid selfer C. 
bursa-pastoris, which has at present a worldwide distribution (Ceplitis et al. 2005; Hurka and Neuffer 1997). I 
shall first discuss the finding for the interspecies divergence study, and then move on to discuss the within 
species study of C. bursa-pastoris. 

This is not the first study to investigate the pattern of haplotype sharing that exists between C. bursa-
pastoris and C. rubella. Indeed, this is, to the best of my knowledge, the second such study that has dealt with 
this issue. Previously, haplotype sharing was observed between Western Eurasian (European) accessions of C. 
bursa-pastoris and C. rubella at 4 nuclear loci (Adh A, CRY1 A, LD A and PI A) (Slotte et al. 2008). Slotte et 
al. 2008 also observed no haplotype sharing between Eastern Eurasian (Chinese) C. bursa-pastoris accessions 
and C. rubella. They further suggested that this pattern of haplotype sharing in sympatry, but not in allopatry, 
is considered a hallmark of introgression. They then went onto to fit the IM model to test whether 
introgression could explain the haplotype sharing in sympatry. Here, the identification of haplotype sharing 
between C. rubella and C. bursa-pastoris does not have the same pattern. In this study, haplotype sharing is 
observed between the European population of C. bursa-pastoris and C. rubella, and also it is also observed 
between the Eastern Eurasian populations of C. bursa-pastoris and C. rubella. 
 The Eastern Eurasian populations of C. bursa-pastoris are treated as separate populations in this study. 
The Eastern Eurasian populations are composed of a Chinese population and a Russian population. Haplotype 
sharing was observed between the both populations and C. rubella. The differences between this observation 
and the observation of haplotype sharing made by Slotte et al. (2008) are not easily explained, but both studies 
are different in terms of the number of Capsella sample locations, the number of individuals sampled per 
location and the number of loci in the dataset. This study examines a larger multi-locus dataset, with 14 loci 
(seven duplicated loci) versus the 10 loci utilized by Slotte et al. (2008). However, this study utilizes all 10 
loci used in the Slotte et al. (2008) study and it identifies haplotype sharing in allopatry with the Chinese C. 
bursa-pastoris at three of the loci (FLC A, FRI A, Cry1 A) from the Slotte et al. (2008) dataset, and thus the 
addition of extra nuclear loci has not been the cause of the new observation. This study also includes the 
additional C. rubella from Israel and the accessions of C. bursa-pastoris. These differences by themselves do 
not explain the different results as the haplotype sharing between the Chinese C. bursa-pastoris and C. rubella 
is not restricted to the C. rubella sampled from Israel. This indicates that the addition of the more Easterly 
samples of C. rubella cannot be the explanation for the observed haplotype sharing between Chinese C. 
bursa-pastoris and C. rubella found in this study. However, there are possible sources for the different 
observations regarding haplotype sharing between this study and the Slotte et al. (2008). These include the 
sampling of more mixed populations (of C. rubella and C. bursa-pastoris) and the more extensive sampling 
within populations in this study. Regardless of the differences between the respective patterns of haplotype 
sharing in each study, the pattern of haplotype sharing between these two species required explanation. In an 
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attempt to explain the pattern of haplotype sharing observed, I proceeded to fit the IM model to the data from 
both species. 
 Consistent with the patterns of haplotype sharing, introgression was detected between C. bursa-
pastoris and C. rubella in all three pairing of the three populations of C. bursa-pastoris and C. rubella. The 
evidence for introgression between two selfing plants across ploidy level may appear unlikely, but arguments 
previously put forward by Slotte et al. (2008) support the possibility of such an occurrence. These arguments 
include the fact that neither species are strict selfers (Hurka and Neuffer 1997). Indeed, hybridization between 
C. rubella and C. bursa-pastoris has been observed when the both are found together in mixed populations 
(Schull 1929). 

Once more, a difference in the IM results between this study and Slotte et al. (2008) appears to mirror 
the differences observed in haplotype sharing between these species. In this study unidirectional introgression 
in observed from the Chinese population of C. bursa-pastoris and C. rubella, while in the Slotte et al. (2008) 
study no introgression was observed between this population and C. rubella. This observation along with the 
lack of shared haplotypes led Slotte et al. (2008) to suggest that C. bursa-pastoris originated in the Middle 
East and then spread eastwards to Asia and westwards to Europe. In Europe, introgressive hybridization took 
place from C. rubella to C. bursa-pastoris. It is somewhat more difficult to reconcile the results found here 
with such a scenario. A point that must be made is that it is difficult to rule out migration when it is 
infrequent, and in such cases a large amount of data is needed to rule out isolation without gene flow 
(Arbogast et al. 2002). The small data set of Slotte et al. (2008) ruled out introgression between the Eastern C. 
bursa-pastoris and C. rubella, whereas the slightly larger dataset of this study found evidence for 
introgression between these populations. 

The result for divergence time between these species, and results from other analysis including C. 
grandiflora (Foxe et al. 2009) indicates that C. bursa-pastoris originated prior to C. rubella at about 90,000-
140,000 years ago. This interval of dates for the origin of C. bursa-pastoris compares quite well to the dates 
of a number of fossil seeds identified as C. bursa-pastoris. These fossil seeds from England were obtained 
from the middle Weichselian and the late Wolstonian (40,000-100,000 years ago) (Coope et al. 1961; West et 
al. 1964). The mean times of introgression between C. bursa-pastoris and C. rubella do not help clarify the 
situation much. The estimated time for introgression is in most cases 38000 years and greater. The time of 
introgression between C. rubella and Chinese C. bursa-pastoris is more ancient than the estimated time of 
origin for C. rubella. However, these time estimates are coarse estimates, with wide distributions which can 
be caused by a lack of information in the data, or if migration actually occurred over a wide range of times. 
The evidence from a much larger dataset, which indicated a recent origin of C. rubella (Foxe et al. 2009) may 
indicate the former argument to be the stronger argument for the wide distributions for the mean introgression 
time found here. The results for the within species study here could also be somewhat misleading given recent 
evidence that C. rubella originated very recently and shares a more recent common ancestry with C. 
grandiflora, than it does with C. bursa-pastoris. This argues that the two species divergence with gene flow 
model fitted to the data here is inappropriate for this pair of species. Further evidence of introgression between 
C. grandiflora and C. rubella is a further violation of the assumption of the two species IM model (Foxe et al. 
2009; Hey and Nielsen 2004). 
 Another difference between this study and the study of Slotte et al. (2008) can be seen in the estimates 
of effective population sizes in terms of the number of individuals and divergence time in years. The estimates 
for these parameters in this study are smaller than those found in the previous study. This may be explained in 
part by the differences in parameter scale conversion employed in both studies. In this study the per locus 
mutation rate was utilized for the parameter conversion as required (Hey and Nielsen 2004). In the Slotte et al. 
(2008) study, per locus mutation rates were obtained by multiplying the per site mutation rate by the number 
of silent sites and not the total number of sites. This can explain why some estimates obtain by dividing by 
this smaller number will produce larger estimate for effective population size and the divergence time. 
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Demographic History of Capsella bursa-pastoris 
 
Previous studies of the demographic history of C. bursa-pastoris using chloroplast DNA (Ceplitis et al. 2005) 
and a multi-locus nuclear dataset (Slotte et al. 2008) indicate that C. bursa-pastoris has undergone a rapid 
population expansion and that it has a small effective population size relative to its census size. Here I have 
utilized a combination of standard test of the standard neutral model and divergent population genetic analysis 
of samples of C. bursa-pastoris from both Western and Eastern Eurasia to further investigate the demographic 
history of C. bursa-pastoris. 
 The observation of a negative Tajima‟s D value across all loci sampled within a population is often 
taken as an indication that this population has undergone an expansion in the past. This is because a 
population expansion results in an excess of low frequency polymorphisms, which produces negative values 
for Tajima‟s D (Wakeley 2008). This observation has been made previously for C. bursa-pastoris and has 
been taken to indicate a population expansion in Eastern Eurasian samples of C. bursa-pastoris. Here, I 
employed another test of the SNM that is sensitive to an excess of high frequency derived variants. The Fay 
and Wu H statistic is expected to be positively skewed under a population expansion. To observe how both 
statistics behave within the same population can be informative on the past demographic events that may have 
taken place in these populations (Haddrill et al. 2005). In Table 1 the mean values for the respective 
populations can be observed. The positive Tajima‟s D value and the negative Fay and Wu‟s H which is the 
result of an excess of high frequency derived polymorphisms (Fay and Wu 2000). This pattern is consistent 
with a recent bottle neck in this population of C. bursa-pastoris. However, the nucleotide diversity of the 
European population is higher than that of the Russian and Chinese populations, and this observation would 
be unexpected if the European population had undergone a population decline. Therefore, another explanation 
of population subdivision may be more appropriate as population subdivision can result in a positive Tajima‟s 
D. While there was little population structure detected in previous samples of European C. bursa-pastoris 
(Slotte et al. 2008); this may be different in this study due to the more extensive sampling done within the 
European populations. Another contribution to population differentiation may also be as a result of 
introgression of C. rubella genes within the mixed populations sampled in Europe. 
 The Chinese populations of C. bursa-pastoris show a negative value for both the mean Tajima‟s D and 
Fay and Wu‟s H. However, most loci show a positive Fay and Wu‟s H and as such this may indicate 
population growth in the Chinese populations of C. bursa-pastoris. For the Russian population of C. bursa-
pastoris the values for both Tajima‟s D and Fay and Wu‟s H are negative. Evidence from coalescent 
simulations in another study to investigate the behavior of these statistics rejects a growth model, as this 
would result in a positive Fay and Wu‟s H. Instead, this pattern of negative values at both statistics can be 
explained best by a bottleneck of intermediate age (Haddrill et al. 2005). The extremely low values for 
nucleotide diversity in the Russian population of C. bursa-pastoris argue in favour of a bottleneck event 
having taken place. The observation of the same pattern seen in C. rubella and the support for a bottleneck in 
that case (Foxe et al. 2009), and the observation that nucleotide diversity is even lower in the Russian 
population of C. bursa-pastoris further supports the bottleneck scenario for this population.  

To obtain a better understanding of the relationship of the three C. bursa-pastoris in this study, I fitted 
the data for seven B homoeologs to the IM model and estimated the parameters for the model. The IM 
analysis failed to produce decent estimates for the divergence time for all the pairs of populations except in 
the case of the European and Russian population. For this pair the divergence time was smallest. This is in 
agreement with the prior expectation that the Russian population, which lacks the PHYB duplication of the 
Chinese population, has diverged relatively recently from the European population of C. bursa-pastoris. The 
estimate for the divergence time may seem a little large (~30,000 years). A possible reason why this value 
may be an overestimate is due to the presence of structure in the ancestral population. In such a scenario, the 
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IM analysis estimates the time to the origin of the population structure and not the divergence time between 
populations (Jody Hey, IM discussion group). Indeed, evidence for population structure has been found in the 
European population of C. bursa-pastoris (Slotte et al. 2009, in press) which may be the ancestral population 
for the Russian population. Further support for the recent foundation of the Russian population comes from 
the observation of no evidence of past migration between the Russian and Chinese populations of C. bursa-
pastoris. This result is somewhat surprising given the close proximity of these populations, and given the 
evidence observed for gene flow between C. rubella and the Chinese population of C. bursa-pastoris. It could 
also be the case that recent migration events are not detectable from such a small and limited dataset utilized 
here. 
 The estimates for effective population sizes in the three populations are much smaller than the census 
population size, as might be expected given bottlenecks followed by population expansion and selfing mating 
system of this plant (Nordborg and Innan 2002; Ceplitis et al. 2005). The estimates from two IM analyses 
indicate a very small effective population size for the Ancestral species, indicating that the present day 
effective population sizes have come about as the result of a population expansion in the European population 
and the Chinese population. This may be in keeping with the view of the species originating in the Middle 
East and spreading westwards to Europe and eastwards to China. 
 
Violation of IM model and Future Directions 
With any method of demographic inference it is essential to be aware of their limitations and underlying 
assumptions that may be easily violated. As outlined earlier, the IM model has a number of assumptions, 
which when violated may result in incorrect parameter estimates. The IM model assumes that there is free 
recombination between loci. As the species in this study are selfers, this result could be violated as the lack of 
effective recombination can result in elevated levels of linkage disequilibrium (Nordborg 2000). However, 
previous analysis of linkage disequilibrium in both species indicates that the loci in this study can be 
considered independent (Slotte et al. 2008). One of the primary assumptions of the IM model for two 
populations is that an unsampled population is not exchanging genes with the two populations being analysed. 
It is now known in the genus Capsella that the species C. grandiflora may have been exchanging genes with 
C. rubella (Foxe et al. 2009). A violation of this assumption can lead to an upward bias in the estimates of 
ancestral population size, but has less of an effect on migration rate estimates (Beerli 2004). An even greater 
violation may be the fact that C. rubella shares a more recent common ancestry with C. grandiflora and not C. 
bursa-pastoris. This means that the IM model is being fitted to species that do not fit this model. This 
violation may calls for a more cautious interpretation of the IM parameter estimate C. bursa-pastoris and C. 
rubella, if they did not share a common ancestral population. A resolution to both these problems is the recent 
development of a multi population/species IM model (Hey 2009). However, this method requires that the 
phylogeny of the species/populations is known, and this is not a trivial matter when it comes to the Capsella 
genus (Slotte et al. 2006). 
 While the addition of gene flow to a model of isolation is an important advance in modeling speciation 
or divergence, it represents a double edged sword. The data from the diverging populations with gene flow is 
expected to lead to flatter posterior density estimates for all parameters, than a history without gene flow. This 
is what Hey (2009) refers to as the conundrum of gene flow. In fact, when gene flow is occurring between 
diverging populations, the time of divergence between them becomes blurred. Should divergence time be 
defined as the time when the species began to diverge, or should it represent the time at which they have 
become isolated and no longer exchange genes (Arbogast et al. 2002)? Some of these points above are 
relevant to this study. The gene flow that has occurred between the species here does not help in trying to 
resolve the divergence time.  

Not knowing the circumstances of the origin of C. bursa-pastoris presents a problem when trying to 
estimate the divergence time and other parameters of the IM model for the genus Capsella. An autopolyploid 
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origin of C. bursa-pastoris from C. grandiflora simplifies the situation, as this allows the use of the multi 
species IM model, using the following phylogenetic tree (Cbp, (Cr,Cg)). However, the allopolyploid origin of 
C. bursa-pastoris, with C. grandiflora as one of the parent species, would complicate an interpretation of the 
analysis. A possible method of resolving the origin of C. bursa-pastoris would be to utilize the A and B 
homoeologs separately to estimate the divergence time for each against C. grandiflora. If the divergence time 
of the C. bursa-pastoris A homoeologs from C. grandiflora (τA) is less than the divergence time of the B 
homoeologs from C. grandiflora (τB), then this would infer that the origin constituted an allopolyploid event. 
Should τA ≈ τB this would indicate an autopolyploid event. Although this may not be as straight forward a 
problem to approach, with the correct grouping of the A and B homoeologs vital for a meaningful analysis. 
 The development of a multi-species IM model is not the magic bullet for the estimation of 
demographic parameters for multiple populations. It is the case that this multi population IM model becomes 
excessively parameter rich with the addition of extra populations. This presents the problem of the need for a 
large dataset and a lot of computational time needed optimization of the MCMC analysis (Hey 2009). 
Alternatively, there may be an argument put forward that supports the use of Approximate Bayesian 
Computational (ABC) methods for demographic inference in the genus Capsella (Majoram and Tavaré 2006). 
These methods allow for the summary of large data sets and do not require the same amount of time required 
for MCMC methods. These ABC methods have seen recent applications in the demographic inference of 
Drosophila melanogaster and Arabidopsis thaliana (Thornton and Andolfatto 2006; Francois et al. 2008). 
However, these methods are approximate methods that involve the summarizing of the data. This 
summarizing of the data may result in the lost of valuable information for the estimation in parameter rich 
models.  
 
 
 
Conclusion 
 
In conclusion, this study identified post divergent gene flow as a contributory cause to the haplotype sharing 
between C. bursa-pastoris and C. rubella. This supports the previous finding that polyploidy speciation did 
not result in instant reproductive isolation for C. bursa-pastoris. However, this study shows that the results 
from divergent population genetics of the same species with slightly different datasets can produce different 
results from those found previously. This study also utilized a divergent population genetic approach to study 
the demographic history of Capsella bursa-pastoris and has revealed that the current geographic proximity of 
populations to each other is not a good indicator of how closely related the populations maybe. It is also 
pleasing to see that these results match up well with other independent lines of evidence. The population 
genetics study of a rapidly evolving weed like C. bursa-pastoris is a challenging but worthwhile pursuit. The 
application of larger datasets and more realistic models in the future will no doubt help resolve outstanding 
uncertainties surrounding the history of this colonizing plant. 
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Appendix A 
 

Table A2: Homoeologous specific primer names and sequences designed in this study. 
Name Sequence 
PHYB_LS_2_F_C GGTTATGATCGTGTTATGGTC 
PHYB_LS_2_F_T GGCTATGATCGTGTGATGGTT 
PHYB_ls_R GTAAACCGAAAGCCTGCATC 
DET1_2114_F_A TCAGGTTAGTGCACCTTTCG 
DET1_2114_F_B TCAGGTTTAGCCCATCTTCC 
DET1_2436_R TTGATTGGGTTGTCTGAGGA 

 
 
 

 
Figure A1. Distribution of C. bursa-pastoris samples that have been tested for the PHYB duplication. 
The Blue dots represent samples where the duplication has been observed and red dots where the 
duplication was not found. 
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Table B1. Measurement of polymorphism and tests of the standard Neutral Model for C. bursa-pastoris (Cbp) A and B 
Homoeologs in Europe (Eu), Russia (Ru), China (Ch) and for  C. rubella. L refers to the length of the sequences in bases, n 
refers to the number of samples, S to the number of segregating sites, H to the number of haplotypes. Hd to Haplotype 
diversity, Theta W is the Watterson’s estimated of the population mutation parameter, Theta Pi is the estimate of theta based 
upon the nucleotide diversity, Theta H is another estimate of theta utilized in the Fay and Wu H statistic. Significance of 
Neutrality tests employed is indicated by the asterisks beside the value for the statistics (* P <0.05, **P <0.01) 

 
 

 
Locus 

 
Species 

 
Homoeologs 

 
L 

 
Region 

 
n 

 
S 

 
H 

 
Hd 

 
Theta W 

 
Theta Pi 

 
Theta H 

 
Tajima’s   D 

 
Fay & Wu's 
H 

DET1 Cbp A 259 Ch 16 1 2 0.125 0.001492 0.000619 4.13E-05 -1.16221 0.11667 
 Cbp B 263 Ch 14 0 1 0 0 0 0 - - 
 Cbp A 259 Eu 20 14 3 0.563 0.019633 0.034119 0.03237 2.70106 -0.16842 
 Cbp B 263 Eu 23 2 2 0.443 0.002709 0.004427 0.00097 1.41416 -0.16842 
 Cbp A 259 Ru 29 0 1 0 0 0 0 - - 
 Cbp B 263 Ru 23 0 1 0 0 0 0 - - 
 Cr - 260   - 39 13 3 0.148 0.015222 0.008912 0.060856 -1.29942 -10.6383** 
              
Adh Cbp A 499 Eu 17 5 3 0.662 0.003167 0.005196 0.0037 2.06717 0.16912 
 Cbp B 495 Eu 16 1 2 0.125 0.000638 0.000265 1.77E-05 -1.16221 0.11667 
 Cbp A 498 Ru 13 4 2 0.154 0.00276 0.001318 0.007934 -1.77497 -3.24359 * 
 Cbp B 495 Ru 13 0 1 0 0 0 0 - - 
 Cr - 490   - 30 0 1 0 0 0 0 - - 
              
LD Cbp A 622 Eu 30 7 3 0.669 0.003089 0.005976 0.005237 2.7615 0.42299 
 Cbp B 561 Eu 12 1 2 0.303 0.00079 0.000723 0.000145 -0.19492 0.24242 
 Cbp A 635 Ru 28 0 1 0 0 0 0 - - 
 Cbp B 599 Ru 19 1 2 0.105 0.000595 0.000219 0.003939 -1.1648 -1.78947 ** 
 Cr - 637   - 43 0 1 0 0 0 0 - - 
              
FRI Cbp A 874 Eu 17 17 4 0.618 0.006472 0.006738 0.012066 0.160389 -5.37500* 
 Cbp B 873 Eu 15 0 1 0 0 0 0 - - 
 Cbp A 873 Ru 10 0 1 0 0 0 0 - - 
 Cbp B 873 Ru 14 1 2 0.143 0.000406 0.000185 1.42E-05 -1.15524 0.13187 
 Cr - 874   - 26 18 6 0.412 0.006453 0.006272 0.007972 -0.09954 -2.53538 
              
FLC Cbp A 534 Eu 25 0 1 0 0 0 0 - - 
 Cbp B 535 Eu 22 11 11 0.905 0.006781 0.008172 0.018367 0.709627 - 
 Cbp A 534 Ru 7 0 1 0 0 0 0 - - 
 Cbp B 531 Ru 20 0 1 0 0 0 0 - - 
 Cr - 637   - 22 3 3 0.177 0.002189 0.000725 3.45E-05 -1.72938 0.25974 
              
              
PHYB Cbp A 454 Eu 26 3 5 0.498 0.001732 0.001972 0.007015 0.340894 -2.28923* 
 Cbp B 454 Eu 13 2 3 0.5 0.001423 0.001189 0.00433 -0.46216 -1.42308 ** 
 Cbp A 454 Ru 29 3 3 0.135 0.001683 0.000456 0.004264 -1.73263 -1.72906 * 
 Cbp B 454 Ru 24 1 2 0.083 0.00059 0.000184 7.98E-06 -1.15933 -1.15942 
 Cr - 454   - 38 2 4 0.246 0.001048 0.000755 0.003888 -0.53568 -1.64438 * 

              
CRY1 Cbp A 502 Eu 21 3 2 0.466 0.00269 0.004516 0.004516 1.78348 0 
 Cbp B 502 Eu 15 0 1 0 0 0 0 - - 
 Cbp A 502 Ru 28 3 2 0.349 0.00235 0.003194 0.008098 0.861584 -1.60847* 
 Cbp B 502 Ru 25 0 1 0 0 0 0 - - 
 Cr - 502   - 37 1 2 0.153 0.000838 0.000536 0.006069 -0.52673 -1.58258* 
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FigureB2 The marginal posterior probabilities distributions for the model parameters (scaled by the per locus mutation rate). Curves 
shown are for the analysis of C. bursa-pastoris (Europe) and C. rubella. 
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 Figure B3 The marginal posterior probabilities distributions for the model parameters (scaled by the per locus mutation rate). 
Curves shown are for the analysis of C. bursa-pastoris (Russia) and C. rubella. 
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Figure B4 The marginal posterior probabilities distributions for the model parameters (scaled by the per locus mutation rate). 
Curves shown are for the analysis of C. bursa-pastoris (China) and C. rubella. 
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Figure B5 The marginal posterior probabilities distributions for the model parameters (scaled by the per locus mutation rate). 
Curves shown are for the analysis of C. bursa-pastoris (Europe) and C. bursa-pastoris (Russia). 
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Figure B6 The marginal posterior probabilities distributions for the model parameters (scaled by the per locus mutation rate). 
Curves shown are for the analysis of C. bursa-pastoris (Europe) and C. bursa-pastoris (China). 
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Figure B7 The marginal posterior probabilities distributions for the model parameters (scaled by the per locus mutation rate). 
Curves shown are for the analysis of C. bursa-pastoris (China) and C. bursa-pastoris (Russia). 
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Figure B8 Time of introgression in years for each of the loci for C. bursa-pastoris (Europe) and C. rubella.  
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Figure B9 Time of introgression in years for each of the loci for C. bursa-pastoris (Russia) and C. rubella.  
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Figure B10 Time of introgression in years for each of the loci for C. bursa-pastoris (China) and C. rubella.  
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Figure B11 Time of migration in years for each of the loci for C. bursa-pastoris (Europe) and C. bursa-pastoris 
(Russia) analysis. 
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Figure B12 Time of migration in years for each of the loci for C. bursa-pastoris (Europe) and C. bursa-pastoris (China) 
analysis. 
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Table B2 Isolation migration model parameter estimates for the analysis of C. bursa-pastoris populations and C. rubella given in 
demographic units, with the 90% HPD intervals in parenthesis below parameter estimates. The divergence time t is given in years 
and effective population size (N1, N2, NA) is given in number of individuals.  

 
 
 
 
 
 
 
 
 
 
Table B3 Isolation migration model parameter estimates for the analysis of C. bursa-pastoris populations given in demographic 
units, with the 90% HPD intervals in parenthesis below parameter estimates. The divergence time t is given in years and effective 
population size (N1, N2, NA) is given in number of individuals.  
 

Population 1 Population 2 N1   N2   NA   t  (years)  
Cbp(Eu) Cbp(Ch) 4027 1567 4815 279385 

  
(797-19931) (360-7117) (91-180710) (54320-338274) 

Cbp(Eu) Cbp(Ru) 14039 592 116402 29477 

  
(2784-72447) (62-2706) (11433-118415) (13743-188897) 

Cbp(Ch) Cbp(Ru) 4506 373 501 131397 
    (1016-15264) (8-2256) (72-142555) (3362-142983) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Population 1 Population 2 N1 N2 NA t   (years) 
Cbp(Eu) Cr 7183 3687 266712 137810 

  
(2988-15461) (1186-10540) (114146-371021) (31089-326197) 

Cbp(Ch) Cr 9659 13381 234 465617 

  
(4722-15898) (6714-24931) (235-469292) (217288-1128204) 

Cbp(Rus) Cr 1430 5260 186 90417 
    (547-6105) (2246-14190) (186-371902) (27162-309205) 
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Table B4. The mean time of introgression events from C. bursa-pastoris Europe to C. rubella. The time is scaled by the neutral 
mutation rate 

 
 
 
 
Table B5. The mean time of introgression events from C. bursa-pastoris Russia to C. rubella. The time is scaled by the neutral 
mutation rate 

Locus Mean time of introgression (m1) Mean time of introgression (m2) 
Adh A 0.338 0.346 
Cry1 A 0.19 0.222 
DET1 A 0.358 0.33 
FLC A 0.062 0.054 
FRI A 0.378 0.002 
LD A 0.254 0.002 
PHYB A 0.002 0.002 
All loci 0.226 0.137 
 
 
 
 
 
Table B6. The mean time of introgression events from C. bursa-pastoris China to C. rubella. The time is scaled by the neutral 
mutation rate. C. bursa-pastoris China to C. rubella (m2) and C. rubella (m1) 

Locus Mean time of introgression (m1) Mean time of introgression (m2) 
Adh A 0.897 1.275 
Cry1 A 0.891 0.009 
DET1 A 1.275 0.039 
FLC A 0.549 0.639 
FRI A 0.003 0.069 
LD A 0.459 0.003 
All loci 0.679 0.339 
 
 

Locus Mean time of introgression (m1) Mean time of introgression (m2) 
Adh A 0.2125 0.2375 
Cry1 A 0.1875 0.2075 
DET1 A 0.5025 0.5225 
FLC A 0.0575 0.0475 
FRI A 0.3575 0.3025 
LD A 0.0825 0.0675 
PHYB A 0.0675 0.0575 
All loci* 0.2096 0.2061 
*The mean of the times for all loci. 
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Table B7. The mean time of migration events from C. bursa-pastoris Europe to C. bursa-pastoris Russia. The time is scaled by the 
neutral mutation rate. C. bursa-pastoris Europe to C. bursa-pastoris China (m2) and C. bursa-pastoris China to C. bursa-pastoris 
Europe (m1). 

Locus Mean time of migration (m1) Mean time of migration (m2) 

Adh B 0.037 0.001 

Cry1 B 0.047 0.001 

DET1 B 0.055 0.001 

FLC B 0.029 0.001 

FRI B 0.053 0.001 

LD B 0.079 0.057 

All loci 0.05 0.010 

 
 
Table B8. The mean time of migration events from C. bursa-pastoris Europe to C. bursa-pastoris Russia. The time is scaled by the 
neutral mutation rate. C. bursa-pastoris China to C. bursa-pastoris Russia(m2) and C. bursa-pastoris Russia to C. bursa-pastoris 
China (m1). 

Locus Mean time of migration(m1) Mean time of migration (m2) 

Adh B 0.0005 0.0005 

Cry1 B 0.0435 0.0005 

DET1 B 0.0005 0.0005 

FLC B 0.0005 0.0005 

FRI B 0.0085 0.0375 

LD B 0.0645 0.0705 

All loci 0.0197 0.0183 

 
 
Table B9. The mean time of migtration events from C. bursa-pastoris China to C. bursa-pastoris Russia. The time is scaled by the 
neutral mutation rate. C. bursa-pastoris Europe to C. bursa-pastoris Russia (m2) and C. bursa-pastoris Russia to C. bursa-pastoris 
Europe (m1). 

Locus Mean time of migration (m1) Mean time of migration (m2) 

Adh B 0.0275 0.0335 

Cry1 B 0.0285 0.0305 

DET1 B 0.0345 0.0585 

FLC B 0.0285 0.0385 

FRI B 0.0265 0.0275 

LD B 0.0305 0.0345 

PHYB B 0.0285 0.0005 

All loci 0.0292 0.0319 
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Table B10. Average Fst values between the 
three populations of C. bursa-pastoris 

 

 
Europe China 

Europe - - 
China 0.3975 - 
Russia 0.2131 0.33732 

 


