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Abstract

Besides showing an extraordinary degree of phenotypic variability, 

 

Capsella bursa-pastoris

 

(Brassicaceae) is also one of the world’s most common plant species and a serious weed in
many countries. We have employed a coalescent-based Bayesian analysis of chloroplast
microsatellite data to infer demographic and evolutionary parameters of this species. Two
different demographic models applied to data from seven chloroplast microsatellite loci
among 59 accessions show that the effective population size of 

 

C

 

. 

 

bursa-pastoris

 

 is very
small indicating a rapid expansion of the species, a result that is in accordance with fossil
and historical data. Against this background, analysis of flowering time variation among
accessions suggests that ecotypic differentiation in flowering time has occurred recently in
the species’ history. Finally, our results also indicate that mononucleotide repeat loci in the
chloroplast genome can deteriorate in relatively short periods of evolutionary time.
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Introduction

 

The cosmopolitan weed 

 

Capsella bursa-pastoris

 

 (shepherd’s
purse) is one of the world’s most common plant species.
Found in all continents, it thrives in a wide variety of climates
except for the humid tropics (Coquillat 1951; Aksoy 

 

et al

 

.
1998). Within 

 

C

 

. 

 

bursa-pastoris

 

 there is a remarkable degree
of variation for several morphological and life history
traits (Neuffer & Hurka 1986a, b; Paoletti 

 

et al

 

. 1991). In
particular, there is a pronounced ecotypic differentiation in
flowering time, a trait of great importance when colonizing
new habitats (Neuffer & Hurka 1986a; Neuffer & Bartelheim
1989; Neuffer 1990). Due to its tremendous variability and
colonizing ability, there has been a long-standing interest
in 

 

C

 

. 

 

bursa-pastoris

 

 as a model for weed ecology and evolution

(Baskin & Baskin 1989; Hurka & Neuffer 1991; Neuffer &
Hurka 1999; Neuffer & Linde 1999; Hawes 

 

et al

 

. 2005).
It is generally believed that 

 

C

 

. 

 

bursa-pastoris

 

 originated in
the Middle East, including the eastern Mediterranean area
(Hurka & Neuffer 1997; Aksoy 

 

et al

 

. 1998). Fossil 

 

Capsella

 

seeds dated to 5850–5600 

 

bc

 

 have been found in Turkey,
while the earliest records from central Europe date from
3500 

 

bc

 

 (Willerding 1986). It is also known that 

 

C

 

. 

 

bursa-
pastoris

 

 colonized the Americas in post-Columbian times
and reached Australia with European settlers after 1770
(Neuffer & Linde 1999). While fossil and historical records
indicate that 

 

C

 

. 

 

bursa-pastoris

 

 gained its present-day world-
wide distribution rather recently, information from molec-
ular markers on evolutionary or demographic parameters
is lacking. Molecular markers have been used in previous
studies on 

 

C

 

. 

 

bursa-pastoris

 

 to describe possible routes of
colonization of North and South America and to identify
European source populations (Neuffer & Hurka 1999;
Neuffer 

 

et al

 

. 1999), but these studies have not attempted
to estimate, for example, the effective size of the 

 

C

 

. 

 

bursa-pastoris

 

population or the time when the species’ expansion began.
By providing a background against which the evolution of
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adaptations can be interpreted, such information is of
significant interest for understanding the evolution of
invasive species (Lee 2002).

Traditionally, parameter inference in population genetics
has relied on summary statistics as, for example, the use of
the sample heterozygosity, 

 

H

 

, to estimate the scaled muta-
tion rate 

 

θ

 

 = 4

 

N

 

µ

 

. However, summary statistics may ignore
important information contained in the ancestral relation-
ships in a sample (Felsenstein 1992). With the increasing
use of DNA sequences and microsatellite markers in popu-
lation genetics, likelihood methods based on coalescent
theory have been developed to exploit the full information
content of such data (Beaumont 1999; Stephens & Donnelly
2000). As a consequence, Bayesian inference, which is a
likelihood-based inferential method, is currently enjoying
a renaissance in several areas of genetics, including
population genetics and evolution (Shoemaker 

 

et al

 

. 1999;
Beaumont & Rannala 2004).

In the Bayesian framework, both the parameters of interest,
such as the effective population size or the mutation rate,
and the data are treated as random variables. Inferences
are then made by conditioning parameter probability
distributions on the data, i.e. observations of genetic poly-
morphisms (e.g. Stephens 2001). Bayesian analytical
methods have been particularly popular in studies of recent
human history using mitochondrial or Y-chromosome
data (reviewed in Beaumont 2004), but have also been used
in studies of (other) animal species (Estoup 

 

et al

 

. 2001; Storz
& Beaumont 2002; Estoup & Clegg 2003). By contrast,
Bayesian inference of demographic history has very rarely
been carried out in plants; indeed, we are aware of only
three such studies, all on tree species from the Pinaceae
family (Marshall 

 

et al

 

. 2002; Semerikov & Lascoux 2003;
Robledo-Arnuncio 

 

et al

 

. 2005).
In this study, we use coalescent-based Bayesian analysis of

chloroplast microsatellite data obtained from 

 

C

 

. 

 

bursa-pastoris

 

accessions sampled mainly from the European-Mediterranean
region to estimate the effective population size, mutation
rates, and the time to the most recent common ancestor.
We also investigate the spatial distribution of cytoplasmic
variation. The results are discussed in relation to the recent
evolution of 

 

C

 

. 

 

bursa-pastoris

 

 with particular reference to
ecotypic variation in flowering time. In addition, some
general insights are also gained into the evolution of
chloroplast microsatellites.

 

Materials and methods

 

Study species

 

The study species, 

 

Capsella bursa-pastoris

 

 (L.) Medik.
(Brassicaceae), is an annual plant species that prefers to
grow on open and disturbed ground (Aksoy 

 

et al

 

. 1998). In
many areas of the world, 

 

C

 

. 

 

bursa-pastoris

 

 is a common and

serious weed (Defelice 2001). The species is predominantly
selfing with an estimated outcrossing rate of 1–2% under
field conditions (Shull 1929) and 2–10% in a more benign
greenhouse environment (Hurka 

 

et al

 

. 1989). The genus

 

Capsella

 

 is closely related to 

 

Arabidopsis

 

 (Koch 

 

et al

 

.
2000; O’Kane & al-Shehbaz 2003), but the taxonomy of
the genus itself has been the subject of some dispute.
The current view is that 

 

Capsella

 

 comprises three species
(Hurka & Neuffer 1997): the two diploids 

 

Capsella rubella

 

and 

 

Capsella grandiflora

 

 (2

 

n

 

 = 16) and the tetraploid 

 

C

 

.

 

bursa-pastoris

 

 (4

 

x

 

 = 2

 

n

 

 = 32). Occasionally, diploid forms of

 

C

 

. 

 

bursa-pastoris

 

 have been described (e.g. Svensson 1983),
but these are presently treated as 

 

C

 

. 

 

rubella

 

 (Neuffer &
Eschner 1995).

 

Plant material

 

Seeds were collected from 74 naturally occurring 

 

Capsella

 

plants. Since it is often difficult to distinguish between the
tetraploid 

 

C

 

. 

 

bursa-pastoris

 

 and the diploid 

 

C. rubella

 

 solely
on the basis of morphological criteria, the ploidy level of
each accession was determined by flow cytometry analysis
carried out by Plant Cytometry Services (Schijndel, the
Netherlands). Out of the initial sample, 59 accessions
were identified as 

 

C

 

. 

 

bursa-pastoris

 

 and thus included in
this study. Roughly half of the 

 

C

 

. 

 

bursa-pastoris

 

 accessions
(33) originated from the European-Mediterranean region,
while three originated from East Asia, one from sub-Saharan
Africa, two from North America, and one from Australia
(Table 1, Fig. 1). No attempt was made to hierarchically
sample accessions (i.e. to subdivide the total sample into
‘populations’), but at some localities sampling was more
intense in order to study genetic variation at a finer scale.
Seeds were germinated in Petri dishes and seedlings were
transferred to individual pots and grown in the greenhouse
as a fully randomized block with a 16-h photoperiod. From
each accession, a single seed-derived offspring was chosen
for microsatellite analysis. Total DNA was extracted from
a small piece of fresh leaf using the DNeasy Plant DNA Kit
(QIAGEN). DNA quality and concentration was checked
on agarose gels.

 

Microsatellite analysis

 

A total of eight chloroplast microsatellite loci were screened
in the entire material. Primer sequences for seven of
the microsatellite loci (ATCP112, ATCP7905, ATCP28673,
ATCP30287, ATCP46615, ATCP66701, and ATCP70189)
are given by Provan (2000). An additional microsatellite
locus (here denoted ATCP31017) was amplified using the
forward primer 5

 

′

 

-GCCTACCGCATCGAAATAGA-3

 

′

 

 and
the reverse primer 5

 

′

 

-CAAGAAAGTCGGCCAGAATC-3

 

′

 

.
Amplification was performed in a 10-

 

µ

 

L reaction volume
containing 1

 

×

 

 polymerase chain reaction (PCR) buffer
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Table 1

 

Sampling locations of 

 

Capsella bursa-pastoris

 

 accessions. Negative latitudes and longitudes refer to locations south of the equator
and west of the Greenwich meridian, respectively. See Materials and methods for measurement of flowering time and Table 3 for
explanation of haplotype designations; n.a., measurement not available

 

 

 

Code Location Country Latitude Longitude Flowering time Haplotype

SE12 Härnösand* Sweden 62.64 17.94 36.0 B
SE17 Härnösand* Sweden 62.64 17.94 119.0 B
SE38 Uppsala Sweden 59.87 17.63 87.0 B
SE39 Uppsala Sweden 59.87 17.63 200 C
SE40 Uppsala Sweden 59.87 17.63 200 C
SE41 Uppsala Sweden 59.87 17.63 200 C
SE42 Uppsala Sweden 59.87 17.63 81.0 A
SE43 Uppsala Sweden 59.87 17.63 200 B
SE44 Uppsala Sweden 59.87 17.63 94.5 A
SE45 Uppsala Sweden 59.87 17.63 90.5 B
SE46 Uppsala Sweden 59.87 17.63 200 C
SE47 Uppsala Sweden 59.87 17.63 88.5 A
SE48 Uppsala Sweden 59.87 17.63 77.0 B
SE37 Västervik Sweden 57.75 16.63 80.8 B
SE35 Växjö Sweden 56.88 14.82 78.8 C
SE33 Hässleholm Sweden 56.15 13.77 78.3 C
SE30 Lund Sweden 56.67 13.22 97.0 C
SE32 Hjärup Sweden 55.67 13.12 92.7 C
SE31 Torup Sweden 55.58 13.20 100.5 B
GB93 Durham† Great Britain 54.77

 

−

 

1.57 36.8 G
NL55 Meppen the Netherlands 52.78 6.70 50.7 A
NL54 Amsterdam the Netherlands 52.35 4.92 113.2 A
DE97 Osnabrück Germany 52.27 8.05 90.9 A
DE05 Jena‡ Germany 50.93 11.58 40.9 B
CZ96 Brno§ Czech Republic 49.20 16.63 94.7 A
FR49 Colmar France 48.08 7.37 119.0 A
FR50 Colmar France 48.08 7.37 56.6 A
FR51 Ronchamp France 47.70 6.65 86.3 A
AT101 Trins¶ Austria 47.08 11.42 n.a. A
GR90 Rhodes** Greece 36.17 28.00 52.6 H
TR71 Istanbul Turkey 41.02 28.97 45.5 F
TR73 Istanbul Turkey 41.02 28.97 44.5 A
TR75 Istanbul Turkey 41.02 28.97 45.0 B
TR79 Istanbul Turkey 41.02 28.97 44.0 A
TR83 Istanbul Turkey 41.02 28.97 43.0 G
TR91 Izmir** Turkey 38.30 21.32 46.0 D
SY68 Aleppo Syria 36.20 37.17 42.1 D
SY69 Aleppo Syria 36.20 37.17 46.3 A
SY70 Aleppo Syria 36.20 37.17 38.4 G
SY67 Deir-es-Zur Syria 35.33 40.15 36.2 G
SY66 Palmyra Syria 34.55 38.38 41.8 G
SY61 Damascus Syria 33.50 36.30 60.0 A
SY62 Damascus Syria 33.50 36.30 67.0 G
SY63 Damascus Syria 33.50 36.30 53.3 G
SY64 Damascus Syria 33.50 36.30 40.3 G
SY65 Damascus Syria 33.50 36.30 69.3 G
JO60 Jerash Jordan 32.28 35.89 48.4 G
JO56 Amman Jordan 31.97 35.98 36.4 G
JO58 Amman Jordan 31.97 35.98 47.0 G
JO59 Amman Jordan 31.97 35.98 37.4 G
AL88 Issoumar†† Algeria 36.77 5.08 42.6 G
AL87 Bainem†† Algeria 35.45 7.96 37.8 E
ET08 Addis Abeba‡‡ Ethiopia 9.03 38.70 43.5 A
US740 Reno§§ USA (California) 39.50

 

−

 

119.78 91.0 A
US721 Shafter§§ USA (California) 35.42

 

−

 

119.05 45.0 D
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CHCD Chengdu¶¶ China (Sichuan) 30.67 104.07 62.7 A
TWTY Taoyuan¶¶ Taiwan 24.27 121.25 34.2 A
TWPL Puli¶¶ Taiwan 23.97 120.95 33.3 A
AU100 Morven*** Australia (Queensland)

 

−

 

26.42 147.12 48.0 G

Accessions were collected by the authors, except for the following, which were supplied by: *S. Holm, Mid Sweden University College, 
Sweden; †C. Anderung, Uppsala University, Sweden; ‡Jena Botanical Garden, Germany; §M. Jaarola, Lund University, Sweden; 
¶L. Ghatnekar, Lund University, Sweden; **Tohokou University, Japan; ††A. Harfouche, Arboretum Bainem, Algeria; ‡‡T. Säll, Lund 
University, Sweden; §§H. Hurka & B. Neuffer, Osnabrück University, Germany; ¶¶Y.-W. Yang, Academia Sinica, Taiwan; ***A.-S. Albrekt, 
Lund University, Sweden.

Code Location Country Latitude Longitude Flowering time Haplotype

 

Table 1

 

Continued

 

(MBI Fermentas), 1.5 m

 

m

 

 MgCl

 

2

 

, 0.2 m

 

m

 

 dNTP, 0.3 U 

 

Taq

 

DNA polymerase (MBI Fermentas), 10 pmol of each primer,
and 20 ng genomic DNA. All loci were amplified using the
following PCR programme: 3 min at 94 

 

°

 

C, 30 cycles of 30 s
at 94 

 

°

 

C, 30 s at 55 

 

°

 

C, and 30 s at 72 

 

°

 

C, with a final
elongation step of 5 min at 72 

 

°

 

C. Amplification products
were resolved on 6% denaturing polyacrylamide gels and
visualized by silver staining. Allele sizes were scored by
eye and categorized into size classes. Amplification and
scoring of microsatellite loci was repeated until all loci had
been reliably scored in all accessions. For each locus
and allele, two accessions were chosen for sequencing
in order to determine the number of mononucleotide
repeats. Two replicate samples of each accession were
sequenced in opposing directions using the amplification
primers as sequencing primers. Sequence reactions were
analysed on an ABI 3100 sequencing machine (Applied
Biosystems) at the BM unit at Lund University, Sweden.
Sequences were edited in the 

 

sequencher

 

 software package
(Gene Codes Corp.). Sequences have been deposited in
GenBank under accession nos DQ144475–DQ144500. The
level of variation at each microsatellite locus was quantified by
the number of alleles observed and the gene diversity (ex-
pected heterozygosity), 

 

H

 

, calculated as 

 

H

 

 = 

 

n

 

(1 – )/
(

 

n

 

 – 1), where 

 

n

 

 is the sample size and 

 

p

 

i

 

 is the relative
frequency of allele 

 

i

 

 (Nei 1978). Each accession was assigned
a chloroplast haplotype based on the combined allelic
information from the microsatellite loci.

 

Genetic data analysis

 

To visualize the phylogenetic relationship among chloroplast
haplotypes, a median-joining network (Bandelt 

 

et al

 

. 1999)
was constructed using the 

 

network

 

 computer program
www.fluxus-engineering.com). In a network of this kind,
the number of connections between haplotypes, i.e. the
degree of homoplasy in the data set, is influenced by
adjusting the value of the parameter 

 

ε

 

 (Bandelt 

 

et al

 

. 1999).
In the present case, 

 

ε

 

 was set to zero so that the branches
connecting the different haplotypes correspond to the

minimum number of mutational differences between
haplotypes.

Isolation by distance among the accessions was investi-
gated using Pearson’s coefficient of correlation (e.g. Sokal
& Rohlf 1995) between the genetic and geographic distance
matrices. Genetic distances between accessions were
estimated by Goldstein’s 

 

δµ

 

2

 

 (Goldstein 

 

et al

 

. 1995).
Geographic distances were computed as 

 

D

 

i

 

,

 

j

 

 = 

 

r

 

[cos(lat

 

i) ·
cos(loni) · cos(latj ) · cos(lonj) + cos(lati) · sin(loni) · cos(latj)
· sin(lonj) + sin(lati) · sin(latj)], where Di,j is the geographic
distance between accessions i and j, r is the approximate
radius of Earth (here 6377 km), and latk and lonk are the
latitude and longitude, respectively, of accession k expressed
as radians. Distances between accessions with identical
coordinates were either measured in situ or estimated from
maps. The correlation was statistically evaluated by means
of a Mantel test (Sokal & Rohlf 1995) using 1000 random
permutations.

Inferences on population and mutation parameters were
carried out with the batwing computer program (Wilson
et al. 2003). This program implements a Markov chain
Monte Carlo (MCMC) algorithm to generate approximate
random samples from posterior distributions for para-
meters of interest given the data and some specified prior
probability distribution for the relevant parameters, i.e. the
effective population size, the mutation rate(s), and the
genealogy of the sample. We adopted two different demo-
graphic models: one assuming a constant population size
and a second assuming a history of population growth;
these models are henceforth referred to as the constant size
model and the exponential growth model, respectively.
The prior distribution for the genealogy is, in the former
case, the standard coalescent (e.g. Nordborg 2001) and, in
the latter case, the coalescent with exponential population
growth at rate α each generation with growth starting at a
time Tg prior to the present (Marjoram & Donnelly 1994;
Wilson et al. 2003).

Under the coalescent, information about N and µ is
available only through the product θ ∝ Nµ, but if some
prior information about N and µ is provided, inference can

Σi ip2
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be made about N and µ separately (Wilson & Balding 1998).
Since we have little prior information about N and µ in the
present case, we used diffuse priors (Shoemaker et al. 1999)
covering most of the plausible values for N and µ. Thus, for
the population size (i.e. the effective number of chloroplast
genomes) we used an N ∈ Uniform[103,106] distribution.
For the mutation rate, we specified two groups of micro-
satellite loci having independent, but identically distributed
µ ∈ Uniform[0,0.01] mutation rates. The motivation for the
separation of loci into two groups with respect to mutation

rate is given below. The same set of priors was used for
both demographic models; however, it should be noted
that under the exponential growth model, N is the ancestral
population size (i.e. the size prior to the start of the growth
phase). In addition, for the exponential growth model we
used an α ∈ Uniform[0,5] prior for the per-generation
growth rate and a Tg ∈ Uniform[0,40] for the scaled time
since population growth began. Finally, we assumed a
stepwise-mutation model for the microsatellite loci. Pos-
terior distributions were generated for θ = 2Nµ, N, µ, and

Fig. 1 Geographic distribution of chloroplast haplotypes identified by microsatellite markers among 59 accessions of Capsella bursa-pastoris.
The insert shows the haplotype network with branch lengths proportional to the number of mutational steps between haplotypes.
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TMRCA (the time in years to the most recent common ances-
tor of the haplotypes in the sample) for both models as well
as for α and Tg (in years) for the exponential growth model.
Since both TMRCA and Tg are scaled in units of N, we mul-
tiplied the product of the posterior values of each parameter
and N by the generation time to obtain values for TMRCA
and Tg in years (Wilson & Balding 1998; Wilson et al. 2003).
We have assumed one generation per year for C. bursa-pastoris.
For each model two independent runs of the chain were
initiated with different starting conditions. Fifty thousand
(50 000) parameter output values were sampled from
each chain. Between successive samples there were 100
attempts to update the model parameters and between
every such attempt there were 50 attempts to update the
genealogy. After discarding the first 5000 values from each
run as burn-in, the last 25 000 samples from the two chains
were combined to give a total of 50 000 samples for each of
the two demographic models (corresponding to 2.5 × 108

and 5 × 106 attempted updates of the genealogical tree and
the model parameters, respectively). The median of the
posterior distribution was used as a point estimate of the
parameter of interest and the 95% highest probability den-
sity (HPD) interval — i.e. the shortest interval that contains
a specified proportion of the posterior distribution — was
computed. The behaviour of the MCMC algorithm was
monitored by analysing sample autocorrelations to ensure
proper mixing of the chains and by using the Gelman–Rubin
statistic (Gelman & Rubin 1992) to check that the output of
the chains converged to the desired posterior probability
distributions. Density estimation and output diagnostics
were performed in the boa package (Smith 2005) imple-
mented in r (www.r-project.org).

Flowering time determination and analysis

Flowering time, measured as the time from sowing to the
appearance of the first flower, was determined on 5 to 10
offspring from each accession. Since C. bursa-pastoris is a

facultative long-day species (i.e. flowering is inhibited
during periods with short daylengths, Hurka et al. 1976)
we used a 16-h photoperiod to promote flowering. The
experiment was terminated after 200 days; plants that did
not flower within this time limit were given a flowering
time of 200 days. The flowering time of each accession was
defined as the average flowering time over all offspring.
Flowering time differences between chloroplast haplotypes
were analysed by a one-way anova of accession averages.
To fulfil the normality requirement, values were arctangent
transformed prior to analysis.

Results

Microsatellite polymorphism and haplotype structure

Among the 59 Capsella bursa-pastoris accessions included
in the study, we found three polymorphic chloroplast
microsatellite loci (ATCP66701, ATCP70189, and
ATCP31017). Four of the loci (ATCP7905, ATCP28673,
ATCP30287, and ATCP46615) were monomorphic, while
one locus (ATCP112) failed to amplify altogether and is
excluded from further consideration. Sequencing of micro-
satellite alleles revealed that at three of the monomorphic
loci (ATCP7905, ATCP28673, and ATCP30287) the mono-
nucleotide repeat array was interrupted by one or more
nucleotide substitutions, as inferred from comparisons
with the Arabidopsis thaliana plastid reference sequence
(Table 2). For the polymorphic loci, we detected three
alleles each at locus ATCP66701 and ATCP70189, and
five alleles at locus ATCP31017 (Table 2). Gene diversity,
H, at these loci was 0.067, 0.576, and 0.673, respectively
(Table 2), while average H over all loci was 0.188. Together,
data from the individual loci combined into eight different
haplotypes (Table 3).

The haplotype network showed that haplotypes could
be roughly categorized into two groups with haplotypes
A–F falling into one group and haplotypes G and H in a

Table 2 Repeat motifs at seven chloroplast microsatellite loci in Arabidopsis thaliana and at the corresponding loci in Capsella bursa-pastoris
 

Locus

Repeat motif

Arabidopsis thaliana Capsella bursa-pastoris No. of alleles Gene diversity

ATCP7905 (A)13 (A)3C(A)8 1 0
ATCP28673 (T)13 (T)4G(T)5CA(T)2 1 0
ATCP30287 (A)13 (A)4C(A)5 1 0
ATCP31017 (T)13 (T)10(T)11 (T)12 & (T)17 4 0.673
ATCP46615 (A)14 (A)8 1 0
ATCP66701 (T)16 (T)11 (T)12 & (T)14 3 0.067
ATCP70189 (A)13 (A)13 (A)16 & (A)17 3 0.576

Repeat numbers for A. thaliana refer to the Columbia ecotype (GenBank Accession no. NC_000932). Repeat numbers for C. bursa-pastoris, 
together with the number of alleles and gene diversity, refer to observations from 59 C. bursa-pastoris accessions.
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second group (Fig. 1). Scandinavian and continental Euro-
pean accessions usually had the closely related A, B, or C
haplotypes (Fig. 1), whereas haplotype G was most preva-
lent among the Middle Eastern accessions (Fig. 1). Never-
theless, very different haplotypes could be found within
the same geographic area, e.g. haplotypes A and G occurred
together in Istanbul (Turkey), Aleppo (Syria), and Damas-
cus (Syria). At the same time, some haplotypes (notably
haplotypes A, B, D, and G) were found at localities sepa-
rated by large distances. Haplotype A was particularly
widespread, occurring on four continents. No unique hap-
lotypes were found outside the European-Mediterranean
area. No isolation-by-distance effect was detected among
the complete set of 59 accessions. The correlation between
genetic and geographic distance was positive, but weak
and nonsignificant (r = 0.106, Z = 49 020 748, P = 0.085).
The correlation was, however, much stronger and highly
significant among the subset of 52 accessions from the
European-Mediterranean region (r = 0.494, Z = 24 546 906,
P < 0.001).

Inference on population genetic parameters

From the finding of interrupted repeats at three chloroplast
microsatellite loci in C. bursa-pastoris (Table 2) we decided
to allow for mutation rate differences among microsatellite
loci when setting mutation rate priors. In a study of variability
at 164 chloroplast mononucleotide microsatellite loci
among 15 A. thaliana accessions, M. Jakobsson et al.
(unpublished) found that the most important factor in
determining the level of polymorphism was the number of
uninterrupted repeats, and that loci with less than seven
continuous repeats were invariably monomorphic. Thus,
in the present study, we defined two categories of loci:
those having less than seven uninterrupted repeat units
(loci ATCP28673 and ATCP30287) and those having seven
or more uninterrupted repeat units (the remaining loci;
see Table 2). Consequently, since only loci in the second
category were polymorphic (Table 2), posterior probability
distributions of θ = 2Nµ and µ were clearly different for the
two categories of loci (Table 4, see also Fig. 2a, b) despite
identical priors. Point estimates of θ and µ were an order of
magnitude smaller for loci ATCP28673 and ATCP30287
compared to the remaining loci under both demographic
models (Table 4). Also, under both models, the lower
boundary of the 95% HPD interval for µ was nearly three
orders of magnitude smaller for loci in the first category,
whereas the upper limit of the interval was in the order of
10−4 for both categories of loci (Table 4). The exponential
growth model gave lower values for θ and µ than the
constant size model, particularly for loci with more than
seven uninterrupted repeats (θ2 and µ2) which were more
variable (Table 4).

Under both demographic models, the posterior distribu-
tions for both N and TMRCA were strongly shifted towards
smaller values compared with the flat priors (Fig. 2c, d).
There were, however, only slight differences in posterior
parameter distributions between the two models. For N,
the effective population size, our data gave a point esti-
mate of only 1900 under the constant size model and 1700

Table 3 Chloroplast haplotypes observed among 59 Capsella bursa-
pastoris accessions and repeat lengths at the three constituent
polymorphic microsatellite loci
 

Locus

Haplotype ATCP66701 ATCP70189 ATCP31017 n FT

A (T)11 (A)17 (T)11 20 70.3
B (T)11 (A)17 (T)10 10 87.7
C (T)11 (A)16 (T)11 8 143.4
D (T)11 (A)17 (T)12 3 44.4
E (T)11 (A)13 (T)10 1 37.8
F (T)12 (A)17 (T)12 1 45.5
G (T)11 (A)13 (T)17 15 45.9
H (T)14 (A)13 (T)17 1 52.6

n and FT are the frequency and mean flowering time of each 
haplotype, respectively.

Table 4 Median and 95% interval boundaries (within parentheses) of the posterior distribution of θ = 2Nµ, µ (mutation rate), N (population
size), TMRCA (time in years since most recent common ancestor), Tg (time in years since population growth), and α (the population growth
rate per generation), respectively, for the two demographic models
 

Model

Parameter 

θ1 × 102 θ2 × 102 µ1 × 106 µ2 × 106 N · 10−3 TMRCA · 10−3 Tg · 10−3 α

Constant size  6.3 120 13 290  1.9  7.0 — —
(0.004, 31) (54, 200) (0.007, 92) (6.2, 700) (1.0, 13) (1.2, 48) — —

Exponential growth  0.7 9.5 1.7 25  1.7 17  3.2  2.5
(0.003, 4) (0.003, 4) (0.01, 12) (3.7, 88) (1.0, 6.2) (3.9, 60) (0.71, 11) (0.01, 4.7)

Parameters θ1 and µ1 refer to microsatellite loci ATCP28673 and ATCP30287, while parameters θ2 and µ2 refer to the remaining five loci; 
Tg and α apply only to the exponential growth model. See Materials and methods for a description of the demographic models.



4228 A .  C E P L I T I S ,  Y .  S U  and M .  L A S C O U X

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 4221–4233

under the exponential growth model (Table 4). Under both
models, the posterior distribution for N had a rather
narrow 95% HPD interval, supporting values roughly
between 103 and 104 (Table 4). The point estimate of TMRCA,
the time to the most recent common ancestor of the sample,
was 7000 years under the constant size model and 17 000
years under the exponential growth model. Compared to
the posterior distributions for N the 95% HPD interval for
TMRCA was somewhat wider under both models, giving
some support to values up to about 6 × 104 years (Table 4).
The exponential growth model gave an estimate of Tg, the
time since population growth, of 3200 years with support
for values up to 11 000 years (Table 4; Fig. 2d). In contrast
to Tg, the posterior distribution for α, the population
growth parameter, was flat and thus not obviously
different from the prior (Table 4, diagram not shown).
Thus, whereas the median point estimate of α was 2.5
(Table 4), no particular value obtained more support than
any other.

Examination of the output indicated satisfactory
behaviour of the MCMC algorithm. For all parameters,
autocorrelation declined to negligible levels at a lag
approximately equal to the square root of the sample size.
Values of the Gelman–Rubin statistic were ≤ 1.05 for all
model parameters indicating proper convergence of the
chains (values up to 1.1 are considered acceptable, Gelman
et al. 1995).

Flowering time variation

The 59 accessions included in this study displayed a wide
range of flowering times, with accession averages between
33.3 days for the Taiwanese accession TWTY to over
200 days for some of the accessions from northern Sweden
(Table 1). There was a significant difference in flowering
time among chloroplast haplotypes (F = 5.72, d.f. = 7, 50,
P < 0.001), with most of the late-flowering accessions
belonging to haplotype C and to some extent to haplotypes
A and B (Table 3).

Discussion

Levels of polymorphism in the chloroplast genome

Besides being an extremely common and widespread species,
Capsella bursa-pastoris also displays striking phenoptyic
variability. Indeed, so variable is the species that in an early
series of studies, Almquist (1907, 1929) identified nearly
200 distinct subtaxa of C. bursa-pastoris on the basis of leaf
and fruit characters. Later investigations have shown that
there is a significant genetic component of variation for
many morphological, developmental, and life history
traits in C. bursa-pastoris (Neuffer & Hurka 1986a, b; Linde
et al. 2001). Thus, it might be expected that the level of
molecular genetic diversity in C. bursa-pastoris should be

Fig. 2 Posterior distributions for (a) µ1, the
mutation rate for loci ATCP28673 and
ATCP30287, (b) µ2, the mutation rate for the
remaining five loci, (c) N, the effective
population size, and (d) TMRCA, the time in
years since the most recent common
ancestor, together with Tg, the time since
the start of population growth (for the
exponential growth model). Filled and
dashed lines refer to the constant size
model and the exponential growth model,
respectively. The dotted line in (d) refers to
the exponential growth model. Note the
different scales on the x-axes in (a) and (b).
Prior distributions are flat for all para-
meters and are not shown. See Materials
and methods for further details on models
and priors. Medians and 95% HPD intervals
of the posterior distributions are given in
Table 4.
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equally high. However, as shown in the present study,
molecular diversity in this species is rather limited, at
least in the chloroplast genome. Using seven chloroplast
microsatellite loci, we found from one to four alleles per
locus and only eight haplotypes in a sample of 59 C. bursa-
pastoris accessions from five continents (Tables 2 and 3).
In comparison, Provan & Campanella (2003), using eight
chloroplast microsatellite loci, found between two and
seven alleles per locus and 17 haplotypes among 17
accessions of the closely related Arabidopsis thaliana, a species
that shares many characteristics with C. bursa-pastoris,
such as a mainly annual, selfing habit and a worldwide
distribution. Since we have not carried out a hierarchical
sampling of accessions in this study, we have no measure
of diversity within and among ‘populations’. Nevertheless,
even though global chloroplast diversity was restricted,
diversity may be rather high locally. For example, four of
the eight haplotypes discovered in the global sample
could be found in the city of Istanbul, and six haplotypes,
including some of the most divergent ones, were found
within an area from Istanbul to Rhodes (Fig. 1).

Evolutionary history of C. bursa-pastoris

The level and pattern of genetic diversity at the chloroplast
microsatellite loci indicates that the effective population
size of C. bursa-pastoris is very small (Table 4). Of course,
even though we have data from seven microsatellite loci,
the lack of recombination in the chloroplast genome means
that inference is, in practice, based on a single locus.
Sufficiently accurate parameter inference from a nonrecom-
bining genome can be obtained with as few as five linked
loci (Wilson & Balding 1998). Nevertheless, extrapolating
conclusions, however robust, based on a single locus to
encompass the whole genome will generally be highly
uncertain, since stochastic variation among genealogies
of unlinked loci can be large (e.g. Nordborg 2001).
Furthermore, loci with uniparental inheritance often
have a lower effective population size than biparentally
inherited loci (Birky et al. 1983). For these reasons, data
from cytoplasmic and nuclear loci might give very different
results (see, e.g. Wall & Przeworski 2000). Genetic diversity
in the nuclear genome of C. bursa-pastoris has been investi-
gated using isozymes and random amplified polymorphic
DNA (RAPD) markers (Neuffer 1996; Yang et al. 1998;
Neuffer & Hurka 1999; Neuffer et al. 1999; Neuffer &
Hoffrogge 2000), but these studies have been largely
descriptive and no attempts have been made at parameter
estimation. Despite the fact that we currently lack
information from nuclear loci, we nevertheless find it
reasonable to regard inferences from chloroplast data in
C. bursa-pastoris as representative for the genome as a
whole on the following grounds: First, the high selfing rate
of C. bursa-pastoris means that genealogies of different loci

— even loci on different chromosomes — will be correlated
due to a reduced incidence of recombination (Nordborg
2000). Indeed, this is evident from observations of linkage
disequilibrium among enzyme loci located on different
linkage groups in C. bursa-pastoris (Neuffer & Hurka 1999;
Neuffer et al. 1999; Linde et al. 2001). Second, since C. bursa-
pastoris also is a hermaphroditic species, the effective
population size of the cytoplasmic and nuclear genomes
will be (nearly) equal (Birky et al. 1983; Pollak 1987). In-
ferences from chloroplast genome data should thus be
more reliable in species like C. bursa-pastoris, than, for
example, in outcrossing forest trees in which the majority
of studies using chloroplast markers have been carried out.

Both the constant size model and the exponential growth
model gave a posterior point estimate of the effective popu-
lation size of less than 2000 (Table 4; Fig. 2a), a number that
certainly is several orders of magnitude smaller than the
species’ current census size. Species that have experienced a
recent and rapid population expansion are expected to
have a limited effective population size and thus to show
little genetic variability (e.g. Nordborg & Innan 2002). For
example, studies using Y-chromosome data have demon-
strated that the human population has grown rapidly from
a small number of individuals (reviewed in Beaumont
2004; see also Wilson et al. 2003). In this study, the most
recent common ancestor of the chloroplast genome
(and, presumably, for reasons given above, for the nuclear
genome as well) was estimated to have existed 7000 or
17 000 years ago, depending on the model used (Table 4;
Fig. 2c). The latter figure is probably closer to the truth
since it is derived from the exponential growth model,
which most likely better reflects the demographic history
of C. bursa-pastoris. This model also suggests that C. bursa-
pastoris has expanded from an effective population size of
1700 during the last 1000–11 000 years (Table 4; Fig. 2d).
Together with information from fossil and historical
records (Willerding 1986; Hurka & Neuffer 1997; Neuffer
& Linde 1999), these results support the view that C. bursa-
pastoris originated in the Middle East and spread with the
diffusion of agriculture following the last glaciation in
Eurasia. The fact that we found a significant isolation-by-
distance effect among the European-Mediterranean acces-
sions, but not in the sample as a whole, is probably a result
of the very recent establishment of C. bursa-pastoris outside
the European-Mediterranean area. A similar scenario has
been proposed for A. thaliana, which is believed to have
colonized Europe from Eurasia and the Iberian Peninsula
(Sharbel et al. 2000). It should be pointed out that a small
number of fossil seeds, identified as C. bursa-pastoris, from
the middle Weichselian and late Wolstonian glaciations
(40 000–100 000 years ago) have been found in England
(Coope et al. 1961; West et al. 1964). While it is uncertain
whether the taxonomic identity of these seeds can be
accurately determined down to species level (H. Hurka,
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personal communication), the present-day distributions of
the three extant Capsella species indicate that the seeds
probably belong to C. bursa-pastoris. Hence, although the
evidence is circumstantial, the species might have a more
ancient origin.

Apart from a rapid population expansion, other
demographic and evolutionary phenomena can explain
the apparently low effective population size of C. bursa-pastoris.
First, frequent extinctions of local demes followed by repeated
recolonization events may also reduce the effective popu-
lation size (Pannell & Charlesworth 1999; Rousset 2003).
Since C. bursa-pastoris is a poor competitor and local colonies
are probably rather ephemeral, metapopulation dynamics
may have a significant effect on the species’ population
size. Second, a recent selective sweep affecting the whole
species or the recurrent purging of deleterious mutations
(background selection) may lead to reductions in diversity
across the entire genome — including cytoplasmic genomes
— in highly selfing species (Maynard Smith & Haigh 1974;
Charlesworth et al. 1993). For example, Fenster & Ritland
(1992) found lower genetic diversity both for allozymes
and for chloroplast DNA in the selfing plant Mimulus
micranthus compared to the mixed-mating Mimulus guttatus.
Background selection rather than population growth has
been cited as responsible for low genomewide levels of
polymorphism observed at nuclear microsatellite loci in
the widespread and highly selfing nematode Caenorhabditis
elegans (Sivasundar & Hey 2003). Due to the presumably
low rate of recombination in C. bursa-pastoris, selection
practically anywhere in the genome could be responsible
for the species’ small effective population size. We currently
have no means of evaluating these possibilities since they
depend on factors unknown to us, such as the extent of
linkage disequilibrium and the distribution of selective
effects across the genome in C. bursa-pastoris (factors that,
it should be added, are unknown for the vast majority of
species). However, we believe that the combined genetic,
historical, and archaeological evidence support the notion
of a recent expansion of C. bursa-pastoris.

We found a wide spectrum of flowering times among
the 59 accessions included in this study (Table 1). Previous
investigations have demonstrated a correlation between
time to flowering and environmental characteristics in
C. bursa-pastoris, indicating that flowering time represents
an adaptation to local climatic conditions (Neuffer &
Hurka 1986a; Neuffer & Bartelheim 1989; Neuffer 1990).
In a study on North American C. bursa-pastoris accessions,
Neuffer & Hurka (1999) concluded that the occurrence of
early- and late-flowering ecotypes in California was the
result of multiple introductions of pre-existing ecotypes
from Europe rather than the outcome of adaptive evolu-
tion in situ. It has not been clear, however, if the same is
true on a species-wide scale, i.e. whether the observed dif-
ferentiation in flowering time has taken place recently

or represents an ancient polymorphism. If local adapta-
tion maintains distinct flowering-time lineages over evolu-
tionary time, substantial genetic divergence may
accumulate between flowering-time ecotypes. For exam-
ple, using internal transcribed spacer (ITS) sequence data,
Gustafsson & Lönn (2003) found large genetic differences
between early- and late-flowering individuals of the
orchid species Gymnadenia conopsea indicating an ancient
split between the two variants. By contrast, the results of
the present study argue against such a scenario in C. bursa-
pastoris. First, there was no obvious genetic split between
flowering-time ecotypes. We did find a significant differ-
ence in flowering time among chloroplast haplotypes, with
most of the late-flowering accessions belonging to haplo-
type C, but the closely related haplotype B included some
of the earliest flowering accessions (Table 1). Second, the
small effective population size and the apparently recent
origin of extant lineages indicate that flowering-time differ-
ences have evolved during a rather short period of time. This
would, in turn, suggest that flowering time, despite being
a continuously varying trait, is controlled by a small number
of genes. Indeed, it has been shown that the difference in
flowering time between Californian accessions of C. bursa-
pastoris (accessions US721 and US740 in this study) is
governed by only two to three major quantitative trait
loci (QTL) (Linde et al. 2001; A. Ceplitis et al., unpub-
lished). Even if the evidence is not conclusive, these results
demonstrate that important adaptations can evolve rapidly
even when effective population size is restricted (cf. McKay
et al. 2001).

Mutation rates and evolution of chloroplast microsatellites

The mutation rate (µ) is a crucial parameter when making
inferences about demographic history from population
genetic data, since the effective population size (N ) cannot
be inferred independently from µ. Consequently, with
more accurate prior information on µ, more precise
estimates can be made of N. There is currently very little
knowledge of µ for chloroplast microsatellites as no direct
estimates are available. Provan et al. (1999) provided the
first estimate, as far as we are aware, of chloroplast
microsatellite mutation rates. In their study, Provan et al.
(1999) found no polymorphism in any of 17 chloroplast
microsatellite loci in a sample of 64 individuals of the
conifer tree species Pinus torreyana. Assuming a starlike
genealogy they calculated an upper P = 0.05 limit for
µ around 5 × 10−5. This figure is one to three orders of
magnitude smaller than estimates for nuclear microsatellite
loci in plants (Udupa & Baum 2001; Thuillet et al. 2002).
Later studies have reported estimates of µ in the order of
10−3 based on models of constant population size (Marshall
et al. 2002; Semerikov & Lascoux 2003; Robledo-Arnuncio
et al. 2005). In the present study, the posterior point estimate
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of µ for C. bursa-pastoris chloroplast microsatellite loci with
more than seven continuous repeat units was 2.9 × 10−4

when assuming a constant population size, and 2.5 × 10−5

assuming exponential growth (Table 4). Interestingly, when
making similar assumptions about demography, our
estimate of µ comes close to that of Provan et al. (1999).
Despite the disparity between these estimates, they imply
that both the nucleotide substitution rate (Wolfe et al. 1987)
and the microsatellite mutation rate are lower in the
chloroplast genome than in the nuclear genome.

At two of the chloroplast microsatellite loci the repeat
array was interrupted by point mutations leaving the
length of the longest continuous repeat array less than
seven units (Table 2). Neither of these loci showed any
variation among the 59 C. bursa-pastoris accessions. There
are a number of reports in the literature on monomor-
phism at chloroplast microsatellite loci in which point
mutations have occurred within the repeat array. In a study
of European Calluna vulgaris (heather) populations, Rendell &
Ennos (2002) found no variation at any of six chloroplast
microsatellite loci among 205 individuals from 25 popu-
lations. Sequencing revealed that all of the loci had inter-
rupted repeat arrays whose longest continuous segment
was seven units or less. Likewise, three chloroplast micro-
satellite loci with repeat arrays shorter than six units were
monomorphic in a sample of European populations of the
common ivy (Hedera sp.; Grivet & Petit 2002), and similar
findings were made in the common ash (Fraxinus excelsior;
Heuertz et al. 2004). In an extensive survey of 164 mono-
nucleotide repeat loci across the chloroplast genome of
A. thaliana, M. Jakobsson et al. (unpublished) found a thresh-
old of seven repeat units below which loci were invariably
monomorphic. Analogous results have been reported for
nuclear microsatellite loci in A. thaliana (Symonds & Lloyd
2003). These findings clearly indicate that the occurrence of
point mutations splitting up repeat arrays into shorter seg-
ments slows down the evolutionary rate of microsatellite
loci (cf. Rolfsmeier & Lahue 2000). For the present study,
we chose seven A. thaliana chloroplast microsatellite loci
essentially at random, i.e. without prior knowledge of
repeat structure or levels of polymorphism in C. bursa-
pastoris. We found a total of five point mutations at three
of the seven loci (Table 2), a number that may seem high
considering the close relationship between Capsella and
Arabidopsis. However, a rough calculation shows that the
probability of observing five or more substitutions among
a total of 100 nucleotide sites (i.e. the approximate sum of
the repeat array lengths at the seven microsatellite loci) is
actually 0.37 assuming a Poisson-distributed number of
substitutions, a substitution rate of 2 × 10−9 per year (cf.
Wolfe et al. 1987), and a time since the separation of the
Capsella and Arabidopsis lineages of 10 million years (Koch
et al. 2000, 2001). Thus, chloroplast microsatellite loci can
deteriorate in relatively short periods of evolutionary time,

a phenomenon which may explain why loci amplified by the
currently popular ‘universal’ chloroplast microsatellite
primers seldom display widespread intraspecific variability
(Weising & Gardner 1999; Provan et al. 2001). Furthermore,
since monomorphic loci are informative in likelihood-based
analyses, it is clear that care should be taken to determine
the molecular background to microsatellite monomorphism
(e.g. by sequencing) since demographic inference depends
critically on assumptions about mutation rates.

In conclusion, the results of the present study show that
C. bursa-pastoris, one of the world’s most common plant
species, is characterized by a very small effective popu-
lation size, most likely resulting from a recent expansion
across the globe. The species’ expansion appears to have
been accompanied by a rapid evolutionary differentiation
of flowering time ecotypes, the genetic basis of which we
are presently investigating in more detail. Our study also
highlights some of the complexities of chloroplast micro-
satellite evolution, a topic that certainly merits further study.
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