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A coalescent-based method was used to investigate the origins of the allotetraploid Arabidopsis suecica, using 52 nuclear
microsatellite loci typed in eight individuals of A. suecica and 14 individuals of its maternal parent Arabidopsis thaliana,
and four short fragments of genomic DNA sequenced in a sample of four individuals of A. suecica and in both its parental
species A. thaliana and Arabidopsis arenosa. All loci were variable in A. thaliana but only 24 of the 52 microsatellite loci
and none of the four sequence fragments were variable in A. suecica. We explore a number of possible evolutionary
scenarios for A. suecica and conclude that it is likely that A. suecica has a recent, unique origin between 12,000 and
300,000 years ago. The time estimates depend strongly on what is assumed about population growth and rates of mutation.
When combined with what is known about the history of glaciations, our results suggest that A. suecica originated south of
its present distribution in Sweden and Finland and then migrated north, perhaps in the wake of the retreating ice.

Introduction

It has long been recognized that polyploidy has
played an important role in speciation, especially in plants
(Stebbins 1971). In contrast with other forms of speciation,
polyploidization is instantaneous: a bona fide “speciation
event.” new polyploid is isolated from its parental species
because backcrossing to either parent is likely to produce
sterile offspring. The new species will therefore evolve in-
dependently of its parental species, and if the polyploidiza-
tion occurs only once there will be no additional gene flow
into the species once it is formed. Indeed, even if it occurs
several times, different polyploid lineages may well be iso-
lated because of the rapid chromosome rearrangements
(Song et al. 1995; Pontes et al. 2004) and changes in gene
expression (Chen, Comai, and Pikaard 1998; Comai et al.
2000; Osborn et al. 2003) that may accompany polyploid-
ization. The fraction of plant species that are of polyploid
origin has been debated; however, it increasingly seems as if
this is not a meaningful question. If polyploid species be-
come “diploidized” over time, then it may well be that all
plant species have polyploid ancestors (Ku ez al. 2000;
Wendel 2000). Although comparative genomics can detect
more ancient events than classical cytology, we will never
be able to detect all events.

Arabidopsis suecica (Fr.) was first described as an al-
lotetraploid (2n = 26) by Hylander (1957), who suggested
Arabidpsis thaliana and Arabidopsis (Cardaminopsis)
arenosa as its parental species, a suggestion since sup-
ported by molecular phylogenetics (Kamm et al. 1995;
O’kane, Schaal, and Al-Shehbaz 1996). A. suecica is found
in Sweden and southern Finland (Hultén 1971) and it is
highly, but not completely, selfing (Sall et al. 2004). A.
thaliana is a highly selfing, cosmopolitan weed, familiar
as the leading model plant. It is diploid (2n = 10), although
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tetraploid A. thaliana individuals are occasionally found
(L. Comai and M. Koornneef, personal communication).
A. arenosa is a European species which is tetraploid
(2n = 4x = 32) in most of its range and reportedly diploid
(2n = 2x = 16) in a small area in eastern Europe (Mesicek
1970). Our observations in the greenhouse indicate that
A. arenosa is self-incompatible and thus an obligate out-
breeder (Sill et al. 2004). Several lines of evidence, includ-
ing most recently cpDNA sequencing, have identified A.
thaliana as the maternal parent of A. suecica (Mummenhoff
and Hurka 1994; Price, Al-Shebaz, and Palmer 1994,
Comai et al. 2000; Sill et al. 2003). Furthermore, when pro-
ducing “artificial” A. suecica through crosses, Comai et al.
(2000) only succeeded in producing viable offspring when
A. thaliana was the maternal parent. Given this, there are
still several possible routes through which A. suecica could
have originated (table 1). The most likely scenario would
appear to involve a normal male gamete from a tetraploid
A. arenosa fertilizing either a normal female gamete from
a tetraploid A. thaliana (which are rare, but do exist), or an
unreduced female gamete from a diploid A. thaliana.

An important aspect of the formation of a polyploid
species is the number of independent origins. Many allo-
polyploid species are believed to have multiple origins
(D. Soltis and P. Soltis 1993). The traditional way to inves-
tigate this question is to produce a phylogenetic tree based
on data from different accessions of the allopolyploid and
its potential parental species. If all the polyploids form a
single branch within the tree, there is evidence of a single
origin, whereas if the allopolyploids appear at different
positions relative to the parent, there is evidence of multiple
origins. This method was used to analyze cpDNA from
A. suecica, and the results indicated a single origin (Séll
et al. 2003). Important drawbacks of this approach include
that it is limited to non-recombining data, such as cpDNA in
plants and mtDNA in animals, and that it provides no mea-
sure of statistical confidence in the conclusions. The gene-
alogy of a single locus does not necessarily reflect the
history of the species (Rosenberg and Nordborg 2002).
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Table 1
Possible Scenarios for the Origin of Arabidopsis suecica
(the number of chromosomes is indicated in parenthesis)

Table 2
Origins of the Four Arabidopsis suecica Individuals
for which Four Fragments were Sequenced

Arabidopsis Arabidopsis
thaliana—maternal arenosa—paternal
Diploid—exists? Tetraploid
2n = 16) (4x = 32)

Diploid (2n = 10) Genome duplication Unreduced ovule
following fertilization
Unreduced pollen Normal meiosis

and fertilization

Tetraploid—rare
(4x = 20)

In this paper we introduce a Bayesian multi-locus
method based on coalescent theory that can be used to infer
the number of origins and the time of the origin of a poly-
ploid. The method is based on a rejection algorithm where
sets of demographic parameters are simulated under a demo-
graphic model of two species (one “parent” and one allo-
polyploid “offspring” species). We utilize our method to
analyze two different data sets: the first is 52 nuclear micro-
satellite markers from 8 A. suecica and 14 A. thaliana in-
dividuals; the second is a smaller data set of four (~0.5 kb
each) sequenced fragments of nuclear DNA from each of
four individuals of A. suecica, as well as from the two pa-
rental species A. thaliana and A. arenosa. We conclude that
there has been a single origin of A. suecica between 12,000
and 300,000 years ago, although the time-of-origin esti-
mates are sensitive to modeling assumptions.

Materials and Methods
Sequencing

DNA was extracted from fresh leaves using Qiagen
miniprep kits. Four A. suecica individuals from four geo-
graphically distinct locations covering much of the species
range were sampled (table 2). Four short fragments located
on chromosome 4 in A. thaliana were polymerase chain
reaction (PCR)-amplified in each of the four A. suecica
individuals, using primers designed from the A. thaliana
genome sequence (Table S1, Supplementary Material on-
line). The primers had previously been used to amplify
and sequence four fragments in 20 accessions of A. thaliana
(see Nordborg and Bergelson (1999) and Hagenblad and
Nordborg (2002) for details on these accessions) and in
one A. arenosa accession from Pited, northern Sweden
(6518N, 2131E). Attempts were made to amplify the frag-
ments from one individual of each of the outgroup species
Capsella bursa-pastoris and Cardamine hirsuta, both of
which were sampled in Lund, southern Sweden (5542N,
1311E). PCRs were run with standard Taq supplied by
Roche Diagnostics (Basel, Switzerland) and according to
the supplier’s recommendations. Sequencing was done
on a Beckman Coulter CEQ 2000 XL sequencer, using re-
agents supplied by the manufacturer. A fourfold dilution of
the reagents was used for sequencing; apart from this, stan-
dard protocols were used. All fragments were sequenced in
both directions and sequences were aligned and evaluated
in Sequencher 4.1 (GeneCode, Ann Arbor, Mich.). Errors
in basecalling were corrected manually after the chromato-
grams were examined.

Name Location Region Coordinates

Asl Tjornarp S. Sweden 5559N, 1338E
As2 Ytterhogdal C. Sweden 6210N, 1456E
As3 Stocktjérn C. Sweden 6346N, 2011E
As4 Hanko S. Finland 5953N, 2307E

For the allotetraploid A. suecica individuals, the PCR
products were cloned in order to allow individual alleles to
be sequenced. Cloning was done with the pGEMT Easy
Vector System using standard protocols. Clones were then
selected randomly and used for an additional round of PCR
amplification to provide template for direct sequencing of
ten clones from each individual and fragment. Assuming no
bias in cloning or PCR amplification, this gives a 99.9%
chance of amplifying at least one copy of each of the
two ancestral allelic types (A. arenosa and A. thaliana).

Once sequences from the parental genomes in A. sue-
cica had been obtained by sequencing cloned fragments, we
designed allele-specific primers to directly amplify and se-
quence each sequence type. This allowed us to distinguish
variation introduced by cloning and PCR from natural
variation.

Sequencing of cloned PCR fragments from A. suecica
genomic DNA resulted in sequences that could easily be
designated as thaliana-like or arenosa-like by comparison
with sequences from the ancestral species. For each primer
pair, there were always more clones with thaliana-like than
with arenosa-like sequences, and for one fragment, no
arenosa-like sequences at all were obtained even though
an additional 10 clones were sequenced. The bias toward
thaliana-like sequences was not surprising, as the primers
used for PCR amplification were designed using the A.
thaliana genome sequence.

Recombinant fragments were found in 6 out of the
original 40 clones sequenced. Recombination between
chromosomes of different parental origin is possible but
seems unlikely, and allele-specific primers revealed that
the recombinant fragments were indeed cloning artifacts.

In summary we successfully sequenced both the
arenosa-like and the thaliana-like alleles for three out of the
four fragments. For the fourth fragment, only a thaliana-like
sequence was obtained (table 3). There was no variation
within allelic classes, either within or between individuals.

Multiple alignments were done in Sequencher, with
additional adjustments by hand. Genealogical trees were
drawn using the phylogeny program PAUP 4.0.0b10
(Sinauer Associates, Sunderland, USA) or by hand (as
the sequences were on the whole very similar). The trees
were rooted using outgroup sequences when these were
available. NCBI annotation for A. thaliana BAC clone
F6N23 (accession number AF058919) was used to deter-
mine the positions of exons and introns in the fragments.

For the outgroup species, we used whichever species
that was successfully amplified and sequenced. This turned
out to be Cardamine hirsuta for two fragments and Cap-
sella bursa-pastoris for a third. No outgroup was obtained
for the fourth fragment (see table 3, below). The outgroup



Table 3
Sequences Obtained as Part of This Study
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Arabidopsis suecica

Location on
Fragment chromosome 4 Length Thaliana-like Arenosa-like Outgroup
1 233801-234371 668 Asl-As4 Asl-As4 Cardamine hirsuta
2 264692-265062 379 Asl-As4 Asl-As4 Capsella bursa-pastoris
3 269509-269959 450 Asl-As4 Failed C. hirsuta
4 301616-301966 352 Asl-As4 Asl-As4 Failed

Note.—All fragments are located on chromosome 4 in Arabidopsis thaliana and the coordinates are based on the available Col
sequence. The lengths given for the fragments are the length of the aligned sequences excluding the outgroup. In addition to the
sequences listed, one individual of Arabidopsis arenosa was successfully sequenced for all fragments.

sequence was used to assign mutations to either the branch
of A. thaliana or A. arenosa. Mutations that could not be
assigned to any branch were divided evenly between the
two branches. The mutation rates were then calculated
by dividing the number of mutations on each branch by
the product of the length of the sequence and the time since
divergence of the two species.

Microsatellite Analysis

A total of eight A. suecica individuals from geograph-
ically distinct locations covering most of the species range
were sampled in addition to 14 A. thaliana individuals
(table 4). DNA was isolated from young greenhouse-grown
offspring of the sampled plants using a Plant DNeasy kit
from Qiagen according to the manufacturer’s instructions.
DNA integrity was checked by agarose gel electrophoresis
and DNA concentration was determined using fluorometry
with Pico Green (Molecular Probes, Carlsbad, Calif.). A

Table 4

total of 52 microsatellite loci were identified from the
complete sequence of A. thaliana (version 2.0) using Tan-
dem Repeat Finder (Benson 1999) and appropriate primers
(C. Lind-Halldén, C. Halldén, M. Jakobsson, and T. Sill,
unpublished data) were designed with Oligo (v. 6.3). Primer
sequences were subsequently analyzed for specificity using
Blast. One primer for each pair was labeled with either HEX
or 6-FAM. PCR assays were optimized with regard to an-
nealing temperature and primer concentrations. The exact
PCR conditions for each primer pair are available from the
authors on request. PCR reactions contained 5 ng template
DNA, 2 mM MgCl,, 100 uM dNTP (Amersham/Pharmacia,
Uppsala, Sweden), 0.75 units AmpliTaq Gold polymerase
(Applied Biosystems, Foster City, Calif.), 1 X PCR reaction
buffer (Applied Biosystems), and 50-900 nM of each pri-
mer in a final volume of 25 pl. PCR products were resolved
using capillary electrophoresis run on ABI 310 or 3730
sequencers employing GeneScan and GeneMapper v.3.0
software (Applied Biosystems). The allele sizes of the

The 14 Arabidopsis thaliana and 8 Arabidopsis suecica Accessions Typed with

52 Microsatellite Markers

Name Species Location Region Coordinates

T160 A. thaliana Viistervik® SC. Sweden 5745N, 1640E
T81 A. thaliana Karhumiki® 'W. Russia 3255N, 3425E
T93 A. thaliana Tvirminne® S. Finland 5951N, 2319E
T104 A. thaliana Nurmes” C. Finland 6332N, 2910E
Oy-0 A. thaliana Oystese Norway 6023N, 0612E
T10 A. thaliana Lilla Edet® SC. Sweden 5806N, 1209E
T700 A. thaliana Anten® SC. Sweden 5759N, 1225E
T340 A. thaliana Hoor* S. Sweden 5556N, 1332E
T350 A. thaliana Klevshult* SC. Sweden 5721N, 1405E
Kas-1 A. thaliana Kashmir India 3436N, 7448E
Lip-1 A. thaliana Lipowiec Poland 5005N, 1927E
Sv-0 A. thaliana Svebolle Denmark 5538N, 1116E
Wil-1 A. thaliana Wilma Lithuenia 5500N, 2500E
Bu-0 A. thaliana Burghaun Germany 5042N, 0943E
S60 A. suecica Vinnas® C. Sweden 6355N, 1946E
S90 A. suecica Vistanbick® C. Sweden 6347N, 1705E
S130 A. suecica Stromsbruk® C. Sweden 6153N, 1719E
As2 (S150) A. suecica Ytterhogdal® C. Sweden 6210N, 1456E
S261 A. suecica Hammarstrand® C. Sweden 6307N, 1622E
S300 A. suecica Sé’)lfj’cirdad C. Sweden 6202N, 1727E
S354 A. suecica Tisalmi® C. Finland 6343N, 2712E
As4 (S361) A. suecica Hanko® S. Finland 5953N, 2307E

Note.—Except in the cases mentioned in the designated footnotes, the accessions were acquired from the Nottingham Seed

Stock Center and The SENDAI Arabidopsis Seed Stock Center.

# Collected by the authors.

® Outi Savolainen, Oulo University.
¢ Hakan Lindstrom, Tjilarne.

4 Svante Holm, Mitthdgskolan.
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microsatellite markers were determined in relation to a size
marker, GeneScan-500 LIZ (Applied Biosystems). The 52
microsatellite loci were recruited from the whole nuclear
A. thaliana genome with an overrepresentation of loci from
chromosome 2.

Models and Rejection Algorithms

Because the sequence data set was much smaller, did
not include a good sample of Swedish A. thaliana acces-
sions, and no variation in A. suecica, we used slightly dif-
ferent models for the two data sets. For the sequence data
we only consider polymorphism within A. suecica, and
restrict ourselves to inferring the time-of-origin under the
assumption of a single origin. Because no variation was
detected in A. suecica the maximum likelihood estimate
of the number of origins would be a single origin under
any model. For the microsatellite data we model polymor-
phism within both species, and infer the number of founders
as well.

Before we describe the explicit models used in this ar-
ticle let us introduce some notation. For a population with
constant size N, the coalescent model states that the time W
during which a sample of size # has j ancestors (2 < j < n)
is exponentially distributed with parameter j(j — 1)/2. The
times for different j are independent and we assume in the
following that time is counted in units of N generations. The
time to the most recent common ancestor 7 is given by

T—-3W, 1)

and the total length of the tree L is

L= > w, @)

When the population size is variable, the times W,
W,_1, ..., W5 are no longer independent. In the case when
the population size grows exponentially (forward in time),
the population size at time ¢ (backwards in time) is
N(#)=N(0)exp(—pt), for some constant value of p. The
conditional distribution of the time W; for which there
are exactly j ancestors, given that the time in which there
are more than j ancestors is s, is (Tavaré et al. 1997; eq. 21):

PW>t|W,+ - + W1 =5)
. s+t
=exp| — <;> / Mu)du |, (3)

where A(7)=exp(pt) in the case of exponential growth.

For a set of parameters ', the conditional probability
density function of ¥ given the data D is denoted f{*V |D),
r(Y)P(D | ¥)

P(D)
n(‘¥)
P(D)

f(¥|D)=

/ P(D | ¥,G)P(G | ¥)dG,  (4)

where n(\P) is the product of the probability density func-
tions (pdf) of the prior distributions and P(G) is the prob-

ability of the genealogy that is given by the joint pdf (3). We
will also assume that mutations occur independently in each
branch with constant rate L. Then, if a branch is of length w,
the number of mutations, k, will be Poisson distributed with
mean wN, Po(k, wNL).

A Model of a Species Founded by One Individual, Model 1

For the sequence data we considered a model (Model
1) where A. suecica grew exponentially from a single indi-
vidual t years (or generations: A. suecica appears to be an-
nual) ago to a present effective size of N individuals (we
tried different scenarios for growth, but they all gave similar
results). Gene genealogies follow the standard coalescent
distribution for a growing population (eq. 3). We assume
that A. suecica is sufficiently highly selfing that the rate
of coalescence is twice that of an equivalent outbreeding
population (Nordborg and Donnelly 1997). Neutral muta-
tions were assumed to occur with probability i, per bp per
generation. For ¥ = {1, N, |1} and by substituting the data
D with the number of segregating sites S, the conditional
pdf (4) can be expressed as (Tavaré et al. 1997):

© o w0 ®

s [5=0 [ [ [ [ 20w, 000

0000

X Po(k, luv)dl dudvdy, (5)

where f(I") denotes the pdf under the coalescent model of the
total length of the genealogy up to min(t, 7). The pdf m, (v),
mv(u) and m(x) are the prior distribution of N, L, and t.

Because the sequenced fragments were located within
a 70-kb region, the degree of selfing influences how we
should treat the seven fragments (four thaliana-like and
three arenosa-like). If A. suecica was completely selfing,
then all seven fragments must have the same genealogy.
If A. suecica was completely outcrossing, then the seven
fragments would probably have almost independent gene-
alogical histories depending on the recombination fraction
between the fragments. We considered both extremes,
complete selfing and complete outcrossing, but the results
turned out to be almost identical so we only present the
results from the former model here.

Estimating the Time-of-origin from Model 1

We assumed uniform prior distributions for the param-
eters. The posterior distribution given the data (eq. 5) was
evaluated using a simple rejection algorithm (cf. Tavaré
et al. 1997):

Algorithm 1. Rejection algorithm for f{t, N, p,|S = k).

1. Simulate a parameter set ¥ = {7, N, |} from the prior
distributions.

2. Simulate a standard haploid (to reflect selfing) coales-
cent for a population that has undergone t generations
of exponential growth from a single individual to reach
a current size of N (eq. 3), and record the total length L
(eq. 2) of the branches up to the minimum of t and T
(eq. 1) of the sample.

3. Accept the parameter set with probability exp(—NL"1,b),
where b is the number of sequenced bases (thus only
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FiG. 1.—Overview of Model 2 that is used in Algorithm 2 to infer the
number of origins of A. suecica and the time-of-origin. Time 0 is the pres-
ent and T is the time-of-origin. N,(0), Ny(0), N/(1), and N(t) are the
population sizes for species ¢ and s at time 0 and .

parameter sets without mutations are accepted), other-
wise reject it.

The parameter values that result from accepted obser-
vations in this algorithm are then samples from the posterior
distribution.

A Model of a Parent Species and an Offspring
Species, Model 2

For the microsatellite data we considered a model
(Model 2; fig. 1) of two species, ¢ and s (A. thaliana and
A. suecica), which have been completely separated from
each other for 1 years (or generations). Both species have
grown exponentially from ot years ago (0 < o < 1) to
the present. The population size of species  was N,(1) at time
T (as well as at time ot) and has grown to a population size
of N/0) at present. We define N,(t) as the population size
of species s a negligibly short time t, before (backwards
in time) the actual founding event. This means that the n
founders are allowed to increase to Ny(t) during t,, and
the effect of drift during t, will be considered below. Before
(backwards in time) this short initial phase drift is modeled
using the coalescent. The population size of species s grows
exponentially from N(t) to a population size of Ny(0) at
present. After T years (backwards in time) the two popula-
tions were considered to be one population with a constant
population size of N(t)+N,(t). Gene genealogies from 0 to
ot years ago follow the standard coalescent distribution for
a growing population (eq. 3) and the gene genealogies after
at years follow the standard coalescent distribution with
constant population size (see, e.g., Nordborg 2001). We
again assume that both species are sufficiently highly selfing
that the rate of coalescence is twice that of an equivalent out-
breeding population (Nordborg and Donnelly 1997). Micro-
satellite loci were modeled according to a stepwise mutation

Origin of Arabidopsis suecica 1221

model (Ohta and Kimura 1973), that is, mutations were as-
sumed to be Poisson distributed on each branch and a muta-
tion is an addition or a subtraction of one repeat unit at
a particular microsatellite locus. Mutations were assumed
to occur with probability 1, per generation and locus. Here
we use another summary statistic, the average pairwise dif-
ference (S'), to simplify the data D. S” was computed using
the following expression:

S = Z 22’1:2 | Ly — Lii] /(i = 1)]],

i=1 j=1 k>j

(6)

where / is the number of loci, /;; and /; ; are the lengths of
locus i, in individual j and k in repeat units, and 7; is the
number of sampled individuals at locus i. The statistic used
to summarize the data was then

DS = | S/t‘sim - S/t,z)hs | + | S/sgsin1 - S/sgz)hs |7 (7)

where the statistics S’ i, and S’ ; i, are computed from eq.
(6) for simulated data sets for species ¢ and s, and the sta-
tistics S’ ,ps and S’ 55 are computed from eq. (6) for ob-
served data sets for species ¢ and s. The posterior
distributions given the data

f(t,N.(0),N(0),N,(1),Ny(1), 1, | DS<e)  (8)
under Model 2 was evaluated using a rejection algorithm
similar to Algorithm I. The value of o was fixed to a pre-
defined value between 0 and 1. For each of the parameters
a uniform prior distribution was assumed.

Algorithm 2. Rejection algorithm
[z, N(0), Ny(0), N(1), Ny(1), | DS < &).

for

1. Simulate a parameter set ¥ = {1, N(0), N4(0), N«(1),

Ny(v), W, } from the prior distributions.

2. Repeat steps a and b for the total number of modeled

loci, I:

a. Simulate two standard haploid (to reflect selfing) co-
alescent for the two populations (species ¢ and spe-
cies s) until T years ago, where the population sizes
were N,(t) and N(t) (note that the population sizes
were constant from ot years to T years) that have un-
dergone ot generations of exponential growth (eq. 3)
to reach a current sizes of N,(0) and N(0).

b. Simulate a standard haploid coalescent from t years
with constant population size of N,(t)+N(t) for all
remaining lines at 1.

3. Acceptthe parameter setif DS < g, where €is a value > 0,
otherwise reject it.

We chose € to equal B(S’; opsT S’ 5.06s) Where B was set
to some small value (B was chosen to be as small as possible
and still accept reasonable number of samples from the al-
gorithm in a reasonable amount of time. We used = 0.05,
unless otherwise indicated). The parameter values that
result from accepted observations in Algorithm 2 are then
samples from the posterior distributions (8) of the param-
eters. Our model of an ancestral population that splits into
two populations is relatively similar to the model of Hey
(2005). The method described above is derived from Tavaré
et al. (1997) and Pritchard et al. (1999). Our method
uses multi-locus data and infers the number of origins
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of a particular species, which are the major differences be-
tween our method and the method of Prichard et al. (1999).
For additional similar approaches see Approximate Bayes-
ian Computation methods (Beaumont, Zhang, and Balding
2002).

A Model of n Founders, Model 2a

To estimate the number of founders we modified
Model 2 to allow modeling a fixed number of founders,
n slightly. The modified model, Model 2a, includes an extra
parameter n and founders denoted j = 1, ..., n. All lines
from species s that remain at time t are randomly assigned
to the n founders with equal probability (1/n) for each locus
i. We thus do not model drift during the establishment of the
species during the first 1, generations since the appearance
of A. suecica (or, rather, the first A. suecica that could have
been the ancestor of modern A. suecica: it is possible that
earlier polyploidization events occurred that subsequently
went extinct) explicitly. Our results can be viewed as being
conditional on the composition of the species after it has
become established. The maximum number of founders
of species s is then n, but fewer founders are possible in
this model. This is the only difference between Model 2
and Model 2a. The accepted parameter sets are then sam-
ples from the posterior distribution of n. We also used
Model 2a to compare scenarios of different number of
founders n, given the data, for fixed values of 1, N/(0),
N(0), N(t), Ny(1), and . Likelihoods were approximated
by the acceptance rate of Algorithm 2.

An Unequal Contribution Model, Model 2b

Model 2a assumes that each founder j contributed
equally to the founding of the species. A slightly more
realistic model incorporates the possibility of unequal
contributions of the n founders. We therefore made a
modification of Model 2a that allows unequal contributions
of different founders to the whole founding population.
This was done by assigning the lineages of species s that
remain at T to either of the j founders with probability
pj, and Zj’.':l p; = 1. The probability p; can be considered
to be the proportion that founder j contributed to the whole
founding population. The founding population is then
a common gene pool [of population size Ny(t)] at time T
to which each founder ; contributed p;. This founding pop-
ulation is then modeled in the same way as in Model 2. This
model is henceforth known as Model 2b. We approximated
the posterior distribution of p; given the data in the same
way as for Model 2a.

Results
Sequence and Microsatellite Variation in A. thaliana,
A. arenosa, and A. suecica

Sequence divergence between A. thaliana and A. are-
nosa is summarized in table 5. Fragment 1 contained a num-
ber of indels and could not be aligned unambiguously, so
the alignment requiring the least number of indels was used.
The exact number of indels and substitutions will depend on
the alignment, but an alternative alignment seems unlikely
to affect the general conclusions drawn. We also note that

Table 5
Divergence Between Arabidopsis arenosa and
Arabidopsis thaliana

Fragment
1 2 3 4 Total

Coding sequence

No. of sites 0 135 339 286 759

No. fixed difference — 2 28 16 46

Per bp — 0.015 0.088 0.058  0.061

Synonymous — 0 16 8 22

Ks — 0 0254  0.185  0.176

Nonsynonymous — 2 12 8 20

Ka — 0.019 0.048 0.031 0.035
Non-coding sequence

No. of sites 540 234 111 63 950

No. fixed differences 62 15 9 10 96

Per bp 0.125 0.067 0.086 0.178  0.109

Note.—For non-coding sequence, only sites shared by both species have been
included and sites where there has been an indel event between the two species has
been removed from the analysis. K, is the number of nonsynonymous differences per
nonsynonymous site and K is the number of synonymous differences per synony-
mous site. The values for number of fixed differences per bp, K4 and K are corrected
for recurrent mutations using Jukes-Cantor’s one parameter model.

the substitution rates for this fragment are broadly in agree-
ment with those for other fragments, suggesting that the
alignment is reasonable. As expected, non-coding regions
differed more than exons, in particular with respect to in-
dels, which were completely absent from the coding re-
gions. In the coding regions, the rate of synonymous
substitution was higher than the non-synonymous rate
(Ks = 0.18 > K = 0.04).

The divergence time between A. thaliana and A. lyrata
has been estimated to be between 3.8 and 5.8 MYA by
Kuittinen and Aguadé (2000) and to be between 5.1 and
5.4 MYA by Koch, Haubold, and Mitchell-Olds (2000).
As A. arenosa diverged from A. lyrata only after the
two species diverged from A. thaliana (Yang et al.
1999; Heenan, Mitchell, and Koch 2002), 5 Myr is a reason-
able estimate of the divergence time between A. thaliana
and A. arenosa. Using this divergence time (and outgroup
information), the synonymous substitution rate was found
to be 6.0 X 10~ substitutions per bp per year in the A. thali-
ana lineage and 6.2 X 10~ in the A. arenosa lineage. This
is about half of the estimate of 1.5 X 10~ for several Ara-
bidopsis and Arabis species obtained by Koch, Haubold,
and Mitchell-Olds (2000).

The ancestral state of indels could be determined
by comparison with the outgroup sequence, with the ex-
ception of a single bp indel on fragment 4 for which no
outgroup was available, and several complex rearrange-
ments on fragment 1. A. arenosa had only experienced
a slight reduction in size, but the A. thaliana sequences
appeared to be 4% shorter than the ancestral state, which
is similar to the 5% reduction in the A. thaliana intron size
compared to A. lyrata previously found by Wright, Lauga,
and Charlesworth (2002).

A. suecica contains two nuclear genomes, one from
A. thaliana and one from A. arenosa. Thus, when sequenc-
ing, we expected to find two quite different fragments.
When we sequenced the four fragments in A. suecica, four
thaliana-like sequences and three arenosa-like sequences
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Fic. 2.—Inferred gene genealogies for each of the four sequenced fragments. Asia refers to the arenosa-like allele in Arabidopsis suecica individual 7,
Asit analogously for the thaliana-like allele (cf. table 3). Individuals not identified by scientific names are Arabidopsis thaliana accessions. The accessions
Mt-0, Dem-4, NC-6, and Koln are identical to Col in all fragments; Tamm-46 and Kondara are identical to Shakhdara in all fragments. These six
accessions have therefore been left out of the trees above. The number of mutations separating each allele is indicated on the branches.

were obtained (in total seven sequences; table 3). Figure 2
summarizes the observed pattern of variation as gene gene-
alogies. The relationship between the A. suecica sequences
and the ancestral species is evident. For each fragment, the
four identical thaliana-like sequences fall within the cluster
of actual A. thaliana sequences, and there are always A.
thaliana sequences identical to the thaliana-like sequences.
The arenosa-like sequences always cluster with A. arenosa,
but they are different from the single A. arenosa allele we
sequenced. It seems likely, however, that sequences iden-
tical to the four arenosa-like sequences would have been
encountered, had we sequenced a larger sample of A. are-
nosa. Overall, A. suecica appears to have diverged little
from its ancestral species, at least where homologous se-
quences exist. The fact that an arenosa-like allele was
not successfully amplified from one of the four fragments
could imply either that this allele does not amplify with our
primers (although at least one A. arenosa allele does) or that
the allele inherited from A. arenosa has been lost entirely
for this fragment.

A total of 52 microsatellite loci were also typed for 14
A. thaliana and 8 A. suecica accessions. All 52 loci were
variable within A. thaliana and 24 loci were variable in
A. suecica. Because the microsatellites were chosen without
any prior knowledge of variability in either of the two
species, we can compare the variability of these two spe-
cies using all microsatellite loci. A. thaliana is thus more
variable than A. suecica considering all 52 loci (table 6).

A.thaliana was still more variable, even if we only considered
the 24 microsatellite loci that are variable within A. suecica.
There were a total of 384 alleles among the 14 A. thaliana
accessions and 106 among the eight A. suecica accessions.
The comparable number of alleles for eight A. thaliana
accessions would be 259.3 using a rarefaction correction
(Kalinowski 2004) of the 14 A. thaliana accessions.

Number of Founders of A. suecica

We computed the likelihood of the Model 2a for 1-10
founders, using the microsatellite data. We also tested
a wide range of values of the remaining parameters (L,
N(0),N(1),N(0), N(1), 7, and o). However, because only
two parameters, T and N(t), affected the likelihood for

Table 6
Levels of Variation for 8 Arabidopsis suecica and 14
Arabidopsis thaliana Individuals

Statistic A. thaliana A. suecica

Gene diversity (H,) 0.796 0.273

Average pairwise 238.3 39.8
difference (S")

Number of alleles 259.3 (384) 106

Note.—The gene diversity, average pairwise difference, and number of alleles
of A. thaliana and A. suecica from 52 microsatellite loci. The number of alleles for A.
thaliana has been rarefaction corrected to a sample size of eight and the total number
of alleles for the 14 A. thaliana accessions is given in parenthesis.
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FiG. 3.—The likelihood surfaces for an n-founder model as functions
of the time-of-origin, T, and the population size of Arabidopsis suecica at
the time-of-origin, Ny(t). Model 2a and Algorithm 2 was used to compute
the likelihood surfaces (see text for details) with the following parameter
values: |1, ~ uniform(10~>, 10~%), N,(0) = 10°, N,0) = 10%, N,(t) = 10°,
ando = 1. (@ n =1.(b)n =2.(c) n = 10.

different number of founders significantly (results not
shown), we limit our discussion to these parameters.
The parameter o affected the likelihoods moderately. A
small value of o (o0 < 1) resulted in a more evenly dis-
tributed likelihood as a function of T (a more detailed anal-
ysis of the effect of o follows below). However, the effect
on the likelihood distributions was almost identical for any
tested number of founders. Figure 3 shows the likelihood
surfaces for 1, 2, and 10 founders using Model 2a with
remaining parameters held constant. From fig. 3 it is clear
that if Ny(t) is larger than about 500, we can be fairly cer-
tain that the species was founded by one event. However,
there are clearly some parts of the [t, Ny(t)] parameter
space in which the likelihoods are very similar for 1, 2,
and 10 founders. If Ny(7) is less than about 500, the like-
lihoods are similar, except for small values of t. The num-
ber of founders cannot be determined in this part of the
parameter space. The reason that we cannot infer the num-
ber of founders for small values of N; (t) is that all A.
suecica lines have an MRCA before (going backwards
in time) 1, regardless of the number of founders. Figure
4 shows the posterior distribution of the number of
founders (n = 1, ..., 10) for fixed parameter values of
the population sizes and a wide range of values of the
time-of-origin 1. Unless Ny(t) < 1000 there is strong sup-
port for one origin of A. suecica. There also appears to be
little support for T > 40,000 for either value of n (see be-
low for a more detailed estimation of the time-of-origin).

If there were more than one founder, these founders
may have contributed unequal fractions to the founding
population of A. suecica. We evaluated this scenario using
Model 2b and Algorithm 2. Figure 5a shows the posterior
distribution of the contributing fraction p, from a second
founder, given the model, for four different values of
N,(0) and N(t). The second founding event was arbitrarily
chosen to be the founder that contributed less than 0.5 to

I N (0) = 108, Ny(t) = 105
[ N(0) = 107, Ng(t) = 104
[ N(0) = 108, Ny(t) = 103
] Ns(0) = 108, Ny(1) = 102

P(n)

2 3 4 5 6
Number of founders,

7 8 9 10
n

FiG. 4—The posterior distribution of the number of founders n for
different values of the population size of Arabidopsis suecica. Model
2a and Algorithm 2 was used to compute the distribution for the following
parameter values: T ~ uniform(10%, 10%), N(0) = 108, Ny(t) = 10°, 0 = 1,
and ,, ~ uniform(107>, 1073).
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FiG. 5.—The posterior distribution of the fraction p, contributed by
the second founder to the present population of Arabidopsis suecica
(Model 2b). The posterior distributions are presented for four different val-
ues of the population size of A. suecica [Ny(t) and Ny(0)] and the number of
founders n were 2. The remaining parameters were T ~ uniform(10~>,
107%), N0) = 108, N(t) = 10°, o = 1, in (a) p, ~ uniform(10~2,
107%) and in (b) p,, ~ uniform(10~%, 1073).

the founding population. Note that this model is identical to
Model 2a with n = 2 when p; = p, = 0.5, and it is identical
to Model 2a with n = 1 when p, = 0 (or p; = 0). From fig.
5a we see that if N,(t) > 10*, most of the weight is on small
values of p». It is thus unlikely that a second founder con-
tributed more than 0.05-0.1 to the founding population of
A. suecica given that N(t) > 10* If Ny(t) = 10° we see the
same tendency of smaller values of p, being more likely
than larger values of p,, whereas if Ny(t) = 10 we cannot
distinguish small contributions to the founding population
from a second founder. Figure 5b shows the posterior dis-
tribution of the contributing fraction p, from a second
founder given the data, and when the mutation rate is as-
sumed to be between 10~* and 10>, From fig. 5b it is clear
that the general conclusions about a second founding event
are robust with regard to the mutation rate.

The complete lack of variation in the A. suecica se-
quence data (four thaliana-like fragments and three areno-
sa-like fragments) also suggests that our geographically
diverse sample of A. suecica stem from a single polyploid-
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ization event. Given the level of variation in A. thaliana (the
average pairwise difference per bp was 0.00719, 0.0736,
0.00157 and 0.00301 in the four fragments respectively;
see also fig. 2), it is unlikely that two or more polyploidiza-
tion events would have involved A. thaliana parents iden-
tical at all four fragments (although we note that some
A. thaliana accessions studied are indeed identical in all
four fragments).

Time-of-origin

The time-of-origin of the nuclear genome of A. suecica
was estimated using Model 2, Algorithm 2, and the micro-
satellite data. We used uniform distributions for the six pri-
ors [W,, T, N(0), Ny(0), N(1), N«(t)] and tested different
types of growth scenarios (o0 = 1.0, 0.5, 0.25, or 0.1).
The prior distribution of ,, was uniform in the interval
107> to 107>, These bounds were based on microsatellite
mutation rate estimates from a variety of organisms (Schug,
MacKay, and Aquadro 1997; Vazquez et al. 2000; Xu et al.
2000; Vigouroux et al. 2002). The origin of A. suecica is
unlikely to be more recent than a thousand years ago, given
its present geographical distribution and level of variation.
It is also unlikely that the origin is more than a million years
ago given a divergence between its parents of about 5 Myr.
Thus, we used a uniform distribution between 10 and 10°
as a prior for t. Strong evidence of population growth in
A. thaliana has recently been reported (Nordborg et al.
2005) and we used uniform priors for the past and present
population size of A. thaliana to reflect this: N (0) ~ uni-
form(107, 10%) and N(t) ~ uniform(10°, 107). For the pop-
ulation sizes of A. suecica we used uniform priors, Ny(0) ~
uniform(10°, 10®) and N(t) ~ uniform(1, 10*). In addition
to these “reasonable” priors (runs 1-4 in table 7), several
more or less unrealistic priors were tested (runs 5—11, table
7) to check whether the priors chosen above were justified
or not as control.

Figure 6a shows the posterior distribution of t for four
different growth scenarios and with a uniform prior distri-
bution of 1, between 107> and 10> using “reasonable”
priors for all parameters (runs 1—4 in table 7). It is obvious
from fig. 6a that the growth scenario affects the conclusions
for the time-of-origin of A. suecica. If growth started close
to the origin (o = 1) the posterior probability distribution of
7 is relatively narrow with a median of 45,000 years. If the
growth started long after the origin (o = 0.25 or 0.1) the
posterior distributions of t are quite wide with medians
of 100,000 and 240,000. The probability that t <
12,000 is about 5% for o« = 1 (where 1 is larger at the
5% limit for all o < 1, table 8). Figure 6b shows one minus
the cumulative probability distribution for the same four
growth scenarios. This figure illustrates that the upper limit
of 1 also depends heavily on o. When o > 0.25 we find that
the probability that T > 290,000 is about 5%. Figure 7
shows the heavy negative correlation of t and p,,. For ex-
ample, if p,, > 5 X 1075, then t is <100,000. Clearly, in-
ference of 1 is heavily dependent on what is assumed about
1., and the population growth, whereas the other parameter
had much smaller effects on t.

Estimates of microsatellite mutation rates from plants
are in the range of 10~* to 10> mutations per generation
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Table 7

Prior Distributions of the Parameters That were Tested for Inferring the Time-of-origin Using

Algorithm 2

Run Prior distribution® o o T NA0) N/(7) N(0) Ny(7)
1 Uniform(a,b) 1 1073,107°  10%10° 107,10° 10°,10° 10° 10" 1, 10%
2 Uniform(a,b) 0.5 1073, 107°  10%10° 107,10° 10°,10° 10°, 107 1, 10*
3 Uniform(a,b) 025 1073,107°  10% 10° 107, 10°  10° 10° 10°, 10" 1, 10*
4 Uniform(a,b) 0.1 1073,107°  10%10° 107,10° 10°,10° 10° 10" 1, 10%
5 Uniform(a,b) 1 1073, 107%  10%10° 107,10° 10°,10° 10°, 107 1, 10*
6 Uniform(a,b) 0.5 1073, 107% 103 10° 107,10° 10°,10° 10°, 107 1, 10*
7 Uniform(a,b) 025 1073 10*  10° 10° 107, 10°  10° 10° 10°, 10" 1, 10%
8 Uniform(a,b) 0.1 1073, 107%  10%10° 107, 10° 10°,10° 10°, 107 1, 10*
9b Uniform(a,b) 0.1 1074107 10% 10° 1, 10° 1, 10° 1,10° 1, 10°

10° Uniform(a,b) 0.1 107,107 10% 10° 1, 10° 1, 10° 1,10° 1, 10°

11° Uniform(a,b) 0.1 107%, 107%  10% 10° 1, 10° 1, 10° 1,10° 1, 10*

# This is the prior distribution used for p,,, T, N(0), N(t), N,(0), and N(t) between a and b, which are presented under each

parameter in the table.

® For these runs were the acceptance criteria 0.25X(S"; obs S 5 obs) instead of 0.05X(S"; obs S 5 obs)-

(Vigouroux et al. 2002). If we assume that |1, is between
10~* and 107>, the upper bound on t would be much
smaller; T > 44,000 is about 5% for o > 0.25 (fig. 8). Under
this assumption on |1, the probability distributions of t are
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Fi6. 6.—Posterior distributions of t for four different growth scenar-
ios, oo = 1.0 (solid), 0.5 (dashed), 0.25 (dotted-dashed), and 0.1 (dotted),
with a prior mutation rate i, ~ uniform(10~>, 10~) under Model 2. The
prior of T is shown as a solid gray line. (a) Probability distribution of t; (b)
one minus the cumulative probability distribution .

shifted toward the lower end of the prior of t. For example,
the median of T when o = 1, 0.5, and 0.25 is about 9,000,
13,000, and 22,000, respectively.

Given Model 1 described above, what does the fact
that we observed no variation in the four sequenced frag-
ments tell us about t, NV, and p,? It is clear that the infor-
mation in these data is limited: the maximum likelihood
estimate of all three parameters is zero, and the best we
can hope for is to rule out certain parameter combinations.
A similar problem has been studied previously in the con-
text of a human Y chromosome data set without variation
(Tavaré et al. 1997). Figure 9 shows the posterior distribu-
tions using Algorithm 1 for each of the three parameters T,
N, and p,. To emphasize the fact that we can really only
hope to rule out large values, one minus the cumulative dis-
tribution is shown. For example, the probability that T >
200,000 years is about 20% and the probability that T >
650,000 years is about 5%. It is clear that a wide range
of values are plausible for all three parameters. It is also
clear that there is almost no information about N: the cumu-
lative posterior distribution is a straight line, which is the
same as the prior. The only exception is for very small val-
ues of N. The reason for this is that, with the exception of
very small NV, observing no variation is extremely unlikely
unless either T or |, is small enough. A small effective
population size is not a good explanation for the data.

It is much more likely that the lack of variation reflects
the relatively recent origin of A. suecica. It may seem

Table 8

The 90% Credibility Regions of p,, and 7 of the Posterior
Distributions Obtained from Algorithm 2 for Different
Growth Scenarios, o, and Mutation Rates, w,,

Prior Posterior (90% interval)
Run o Hy X 107 Hy X 107 TXx 107
1 1 1, 100 1.6,7.0 11.9, 248
2 0.5 1, 100 1.8,8.2 15.1, 157
3 0.25 1, 100 19,94 20.7, 291
4 0.1 1, 100 1.9, 10.3 35.6, 663
5 1 10, 100 10.2, 18.7 2.8, 14.9
6 0.5 10, 100 10.2, 19.6 4.8, 25.1
7 0.25 10, 100 10.2, 19.4 7.8,44.2
8 0.1 10, 100 10.2, 19.7 13.7, 107
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Fic. 7.—Joint cumulative posterior density of t and i, under
Model 2 (run 1, table 7), where the prior of ,, was between 107> and
10~ and o0 = 1.0.

disappointing that we cannot pin down this origin more nar-
rowly than indicated in fig. 9. The reason for this is the un-
certainty in . Similar to what was observed for the
microsatellite model (fig. 7), the joint posterior density
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FiG. 8.—Cumulative probability distribution T when the mutation
rate, [, is between 10~* and 10~2 under Model 2. Four different growth
scenarios are shown, o = 1.0 (solid), 0.5 (dashed), 0.25 (dotted-dashed),
and 0.1 (dotted). The prior of T is shown as a solid gray line.
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F16. 9.—Cumulative posterior distributions of L, T, and N, estimated
under Model 1 (see text for details).

of T and |1, show a very strong negative correlation between
the two parameters (fig. 10). We originally assumed a uni-
form prior between 10~ and 10~ for i, based on mutation
rates estimated above and earlier reports of mutation rates
of Arabidopsis and Arabis species (e.g., Koch, Haubold,
and Mitchell-Olds 2000). If we were willing to assume that
1, > 10~®, the marginal posterior distribution for T would
change dramatically. As shown in fig. 11, the probability
that T > 200,000 years is now about 7% instead of the
20% we obtained earlier. Figure 11 illustrates how strongly
these kinds of evolutionary inferences depend on what is
assumed. It is clear that with a high pi,; the estimate of t will
be low and visa versa.



1228

Jakobsson et al.

%10

0.1 0.5 1.0 1.5 2.0
s X 108

Fic. 10.—Joint cumulative posterior density of T and p, under
Model 1 (see text for details).

Discussion
Number of Origins

Unlike other forms of speciation, speciation by poly-
ploidization is instantaneous. It is the result of a well-
defined, discrete event (or events), and in contrast to,
say, humans it is clearly meaningful to ask when and where
the species arose. The new polyploid species is expected to
be isolated from its parental species because crosses be-
tween a polyploid and its parental species are most likely
infertile. However, repeated polyploidization events may
result in a polyploid species with multiple origins. If alleles
at a given locus of all existing individuals of a polyploid
species have an MRCA before (going backwards in time)
or at the time-of-origin, at least two scenarios are possible.
These alleles either have an MRCA before the time-of-
origin simply because of drift, or the species was founded
by one polyploidization event. In addition to these two sce-
narios, the polyploid species may be the result of more that
one polyploidization event of genetically very closely re-
lated parental individuals. This scenario would be very dif-
ficult if not impossible to distinguish genetically from
a scenario of only one founding event. On the other hand,
this case would lead to a polyploid species which, effec-
tively, can be considered to be of a single origin because
the founding individuals were genetically very similar. Dis-
tinguishing between single and multiple origins using poly-
morphism data is not trivial. In particular, the observation of

10
Tx 105

FiG. 11.—Cumulative posterior distribution for t under different as-
sumptions about |, under Model 1. The dashed line is the posterior dis-
tribution of T when 107 < p, < 1077 and the solid line represents the
posterior distribution when 1078 < W < 1077,

monophyly at one or a small number of loci with respect
to the parental species does not imply a single origin: alleles
in the polyploid species could be monophyletic with respect
to the parental species simply because they happen to
coalesce more recently than the origins of the species
(Rosenberg and Nordborg 2002).

We investigated the number of origins of A. suecica
using an explicit coalescent model. We found that the likeli-
hood of different founder numbers was determined by two
parameters: the time-of-origin, 1, and the population size
of A. suecica immediately after the founding, N(t). We
concluded that there is power to infer a single founder if
Ny(t) > 500. It is worth clarifying what this means (cf.
fig. 3). First, it is obvious that we cannot say anything about
the number of founders if t is sufficiently large because all
lineages will have coalesced with A. suecica. However, the
low level of polymorphism in A. suecica argues against a
very large 1 (unless the population size is tiny). Second, we
are not interested in founder lines that went extinct in a small
number of generations. To model multiple origins, we con-
sider the composition of A. suecica immediately after the
most recent founder event that resulted in an established
population. We define the population size of A. suecica at
this time N(t). Thus, the statement that there is power to
infer a single founder if Ny(t) > 500 means that we can reject
multiple founders unless the total (effective) population
size when multiple lineages last existed was less than
500. This seems unlikely given the high reproductive rate
of Arabidopsis, and the fact polyploidization events are rare
so that each founding event is likely to have been isolated
(geographically) from other founding events for some time.
An initial population size of 500 is quickly reached given the
mode of reproduction of A. suecica (Sill et al. 2004).

For simplicity, we do not explicitly model multiple
origins at different points in time (our method tests for mul-
tiple origins at one point in time). Nonetheless, our results
bear on this (rather more plausible scenario) as well. In par-
ticular, our “unequal contribution” model (Model 2b) can
be thought of as modeling a situation where two founding
populations were established at different points in time,
and have reached different sizes. We then consider the fu-
ture of the merged population. We believe that the general



conclusions we reach about what can, and cannot be in-
ferred about multiple founding events would be valid under
more detailed models as well. However, an explicit model
of multiple founding events at different points in time
would require many assumptions about initial demography,
and is beyond the scope of this paper.

In summary, then, we believe that the current genome
of A. suecica stems from a single founding event. While it
is possible that some variation was inherited from A. are-
nosa (and survived the original bottleneck that must have
taken place), it seems likely that the genome inherited
from A. thaliana was originally that of an homozygous
inbred parent.

Time-of-origin

The coalescent method was also used to estimate the
time-of-origin of A. suecica. This was done separately using
microsatellite data and sequence data. The results were
more sensitive to assumptions than those for the number
of founders. The microsatellite data show that the origin
probably is >12,000 years ago, unless the microsatellite
mutation rate is high (if w,, > 10~*, then we can only con-
clude that the origin most likely is >3,000 years ago). The
upper limit of the origin is almost certainly <290,000 years
ago (based on the microsatellite data). Figures 6, 8, and 11
illustrate how strongly these kinds of evolutionary inferen-
ces depend on the assumptions. If we are willing to assume
that the mutation rates are in the higher end of the intervals
(W > 10~* and iy > 107%), then the upper bounds on the
time-of-origins will be much lower, T < 44,000 for the mi-
crosatellites and T < 200,000 for the sequence data. An ad-
vantage of the Bayesian approach taken here is that it
provides a natural way of making uncertainty about para-
meters explicit. Our estimate of i, based on divergence be-
tween A. thaliana and A. arenosa is about 6 X 10~ ~, but this
estimate has considerable uncertainty. In our simulations,
we assumed a uniform distribution for p: we could have
chosen some other distribution and obtained a different pos-
terior distribution. This may seem arbitrary, but the correct
conclusion is that there is not enough information in the
sequence data. It should be remembered, however, that
most estimates of divergence times in evolutionary biology
treat the mutation rate as constant, completely ignoring the
uncertainty.

There are strong genetic indications of growth for the
A. thaliana population (Nordborg et al. 2005) and the A.
suecica population must necessarily have grown since its
origin. It is plausible that the growth has occurred in con-
nection with the retreat of the ice cover of the last glaciation
because both these species are presently found in areas that
were completely or partly covered by ice. For scenarios
when the growth started relatively late (o = 0.25 or 0.1)
we find that the time-of-origin (and thus the real starting
time of growth) is further back in time than for scenarios
when the growth started relatively early (oo = 0.5 or 1; figs.
6 and 8). Thus the real starting time of the growth for the
different growth scenarios tends to be shifted toward a
common point in time.

Estimates of the age of the most recent common an-
cestor of the A. suecica chloroplast genome (Sill ef al.
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2003; Jakobsson et al. 2005) are consistent with the esti-
mates obtained here.

Place of Origin

Because the present range of A. suecica was covered by
ice during the last glaciation (Andersen and Borns 1997),
and because we estimate the origin to be >12,000 years
ago, the species have probably originated somewhere south
of Sweden and Finland and then migrated to its present
range. If this is the case, then, because A. suecica is not found
outside Sweden and Finland today, the species must have
become extinct in the areas where it originated.

The fragment genealogies in fig. 2 reveal that the thali-
ana-like sequence from A. suecica always falls within
clades of sequences from A. thaliana. As expected given
the level of linkage disequilibrium in A. thaliana (Nordborg
et al. 2002), the thaliana-like sequence clusters with differ-
ent A. thaliana accessions in different fragments. However,
it is always identical to the two accessions Lund and Vim-
merby from southern Sweden as well as the accession Pu-2-
8 from the Czech Republic. Studies of cpDNA have found
that A. suecica clusters with A. thaliana originating from
southern Sweden and central Europe (Sill er al. 2003;
Jakobsson et al. 2005). In subsequent studies, we found
many A. thaliana accessions from southern Sweden, as well
as some from middle Sweden, and central and southern
Europe, that carry a sequence identical to the thaliana-like
sequences at fragments 1 and 4 (Hagenblad et al. 2004).
Moreover, all A. suecica accessions cluster together when
the accessions in the microsatellite data are analyzed using
a Neighbor-Joining algorithm (Saitou and Nei 1987; data
not presented). The A. thaliana accessions clustering clos-
est to the A. suecica branch were from southern and central
Sweden (T160, T340 and T350), Finland (T81), western
Russia (T93), Poland (Lip-0), and Lithuania (Wil-0). These
observations suggest that A. suecica migrated to Sweden
and Finland in the wake of the retreating ice together with
A. thaliana individuals related to its ancestor followed by
extinction of the species outside Sweden and Finland.

Supplementary Material

The new sequences reported in this paper are available
from GenBank with accession numbers AY319334-
AY319368. A. thaliana sequences are available from
GenBank with accession numbers AY092437-AY (092456,
AY092477-AY092496, AY092517-AY092536, and
AY092637-AY092656. The above data and Table SI
are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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