Plant Syst. Evol. 250: 27-38 (2005)
DOI 10.1007/s00606-004-0225-0

Plant Systematics

and Evolution
Printed in Austria

Chloroplast DNA haplotypes in Nordic Silene dioica: postglacial
immigration from the east and the south*

J. U. Malm'? and H. C. Prentice'

! Plant Ecology and Systematics, Department of Ecology, Lund University, Lund, Sweden
2 Department of Applied Biology, University of Helsinki, Finland

Received January 26, 2004; accepted July 16, 2004
Published online: November 10, 2004
© Springer-Verlag 2004

Abstract. Analysis of PCR/RFLP variation in 57
Nordic populations of the herb Silene dioica,
revealed 13 composite chloroplast DNA (cpDNA)
haplotypes. The geographic distribution of the
haplotypes suggests that the postglacial coloniza-
tion of Fennoscandia by S. dioica may have
involved immigration of populations from two
main directions. The commonest cpDNA haplo-
type dominates in populations throughout most of
Finland and northern and central Sweden, but is
absent from southern Sweden. The distribution of
this haplotype is interpreted in terms of immigra-
tion from an eastern or northern direction. In
contrast, eight haplotypes that are absent from
northern Fennoscandia are represented in popula-
tions in southern Sweden and in Denmark, sug-
gesting colonization by populations derived from
one or several refugial areas further to the south in
Europe. The overall NE-SW pattern of cpDNA
haplotype variation is similar to, but less diffuse
than, the pattern revealed by allozyme markers.

Key words: Silene dioica, red campion, cpDNA,
postglacial history.

The glacial-interglacial cycles during the Qua-

ternary have played a central role in shaping
the present-day distributions of FEuropean

*cpDNA variation in Nordic Silene dioica.

plant and animal taxa (Andersen and Borns
1994, Hewitt 1996). Fennoscandia and parts of
northern Europe were covered by ice during
the maximum of the last (Weichselian) glaci-
ation (c. 22 000 to 17 000 cal yrs BP). The
Scandinavian ice sheet began to retreat north-
wards from parts of southern and western
Sweden as early as 17 000 cal yrs BP (Sandgren
et al. 1999) and the ice retreat proceeded
rapidly after c¢. 10 200 BP (Berglund 1979,
Bjorck 1995). The deglaciated areas of Fenno-
scandia became successively available for col-
onization by plant and animal populations
that had survived the glacial period in areas to
the south and east of the ice sheet (Tegelstrom
1987; Nordal and Jonsell 1998; Hewitt 1999,
2000).

It has been possible to reconstruct general
directions of postglacial migration in many
European tree species with the help of synthe-
ses of data from pollen diagrams. Isopoll maps
provide some support for the suggestion that
trees colonized Fennoscandia from different
geographic sources (Huntley and Birks 1983).
However, while many trees are wind-pollinated
and provide a reliable pollen record (e.g.
Huntley and Birks 1983), herbaceous plants
and animal-pollinated species are poorly
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represented in the subfossil record (Widmer
and Lexer 2001). Molecular markers now
provide us with an alternative way of inferring
postglacial migrational history in both plants
and animals. The geographic structuring of
present day genetic variation can be used to
reconstruct migration routes and to identify
possible refugial areas (Comes and Kadereit
1998, Newton et al.1999).

Pollen data have indicated that there were
refugial areas for trees in the eastern and
western Mediterranean region (e.g. Bennett
et al. 1991, Brewer et al. 2002). More recently,
compilations of genetic data for both plants
and animals have provided further evidence
for glacial refugia in several parts of the
Mediterranean region (Hewitt 1996, Comes
and Kadereit 1998, Taberlet et al. 1998, Petit
et al. 2002a) and also suggest that there were
refugial areas to the east of the ice sheet in
Russia (Kontula and Viinold 2001, Palmé
et al. 2003).

A study of allozyme variation in Nordic
populations of the widespread European herb,
Silene dioica, showed an overall, pattern of
SW-NE genetic differentiation (Malm and
Prentice 2002). This pattern could be detected
by multivariate analysis of allele frequencies at
eight polymorphic loci. However, inspection of
maps of individual allele frequencies revealed a
range of idiosyncratic and semi-congruent
geographic patterns of variation. Although
the allozyme data from S. dioica reveal a
diffuse and locally complex picture of genetic
differentiation, they provide support for a
scenario in which the species immigrated into
the region both from the southwest and from
an eastern or northeastern direction.

Allozyme markers are coded for by nuclear
genes and show biparental inheritance. Pat-
terns of allozyme variation, therefore, reflect
the effects of gene flow and dispersal by both
seed and pollen (Ennos 1994, Schaal et al.
1998). Gene dispersal by pollen may occur
over long distances, particularly in wind-pol-
linated trees. Paternity analyses and other
types of pollen sink experiment also demon-
strate that there may be appreciable levels of

interpopulation gene dispersal by pollen, even
in insect-pollinated taxa and on a short time
scale (e.g. Ellstrand 1992, Dow and Ashley
1996, Schaal et al. 1998). The fact that
allozyme markers often show diffuse and
subtle patterns of geographic variation (e.g.
Finkeldey and Matyas 2003) is likely to reflect
the homogenizing effects of gene dispersal by
pollen on a long time scale.

In contrast to allozymes, both chloroplast
DNA (cpDNA) and mitochondrial DNA
(mtDNA) markers are usually uniparentally
transmitted and behave as single heritable
units (Palmer 1985a, 1985b; Palmer et al.
1987; Weising et al. 1995). The fact that
haploid mtDNA and cpDNA markers can be
used to trace the spread of maternal lineages
makes them particularly useful in the study of
phylogeographic variation. Many studies have
used variation in mtDNA markers to infer
patterns of racial differentiation and migra-
tional history in animals (e.g. Tegelstrom 1987,
Taberlet et al. 1995, Boursot et al. 1996). In
plants, maternally inherited plastid markers
can be used to trace patterns of gene dispersal
by seed (Ennos 1994) and may be expected to
provide a more simplified reflection of migra-
tion processes than allozyme markers.

So far, large-scale European plant studies
using haploid maternally inherited cp- or
mtDNA markers have mostly focussed on
patterns of geographic variation and immigra-
tion history in trees (e.g. Dumolin-Lapégue
et al. 1997, Ferris et al. 1998, Petit et al. 2002a,
Rendell and Ennos 2003) or shrubs (e.g.
Rendell and Ennos 2002). There is a lack of
information on large-scale patterns of geo-
graphic variation in maternally inherited
markers in herbaceous plants. There are also,
so far, few studies that have attempted to
examine the migrational history of Nordic
plant species. Ferris and co-workers included
some Fennoscandian material in their study of
cpDNA variation in two European oak spe-
cies, and their results suggest that there were
two separate immigration routes into southern
Finland — one western and one eastern (Ferris
et al. 1998). In contrast, Nordic populations of
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the shrub Calluna vulgaris show high levels of
cpDNA haplotype diversity and no clear
geographic structure (Rendell and Ennos
2002).

In the present study, we investigated the
geographic structure of cpDNA variation
from throughout the Nordic range of a
widespread herbaceous plant. We used uni-
versal primers developed by Taberlet et al.
(1991) and Demesure et al. (1995) and PCR/
RFLP analysis to characterize the pattern of
cpDNA variation in populations of the
dioecious herb, S. dioica. We investigated
whether cpDNA markers provide evidence
that Nordic populations of S. dioica have
originated from different maternal lineages
and we compared the geographic pattern
revealed by cpDNA markers with that
detected by biparentally inherited allozyme
markers.

Materials and methods

Plant material. The natural range of the red
campion, Silene dioica (L.) Clairv. (Caryophylla-
ceae), extends over most of northern and central
Europe (Jalas and Suominen 1986). In Fennoscan-
dia, the species grows in nutrient-rich meadows,
along shores and on woodland margins. It also
occurs as a weed, particularly on disturbed road-
sides in Finland. S. dioica is a dioecious, diploid
(2n=24) (Love 1944), short-lived perennial herb
(Baker 1947). The species is pollinated by bumble-
bees, honeybees, butterflies and hoverflies
(Kay et al. 1984). The seeds are mainly dispersed
by gravity (Baker 1947, Giles and Goudet 1997).
Levels of vegetative spread are low (Baker 1947).
Seed was collected from Nordic populations
during 1996-1997 (see Fig. 1 and the Appendix).
Within each locality, seeds were sampled from c. 25
female individuals when possible and the sampled
individuals were usually separated from each other
by more than 5 m. Four wild-collected bulk
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Fig. 1. Localities for the 57 sampled Silene
dioica populations in Fennoscandia and
Denmark (see Appendix for population

codes)
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samples from Norway were obtained through the
botanic gardens’ seed exchange service.

The seed samples were stored at 4°C for at least
1 month and were pretreated with 0.3% gibberellic
acid (4% ProGibb®) before being sown in petri
dishes. The seedlings were transferred to pots with
soil c. five days after germination and the young
plants were grown in a cool greenhouse.

PCR-RFLP analysis of cpDNA. One to five
plants per population were sampled for the cpDNA
analysis. Total DNA was extracted from approx-
imately 50 mg fresh-weight of young leaf material
following a modified (Thell et al. 1998) version of
the CTAB method of Doyle and Doyle (1987).
DNA concentrations were estimated using a
Hoefer DyNA Quant 200 fluorometer or visually
on 1.8% agarose (IBI, Shelton Scientific Inc.) gels
with quantification markers (bacteriophage lambda
DNA from Roche at a concentration of 0.25 pg per
pL).

Twelve fragments of cpDNA were amplified
using the universal primers of Taberlet et al. (1991)
and Demesure et al. (1995) (cf. Grivet et al. 2001).
The PCR mix was as follows: c. 30 ng of template
DNA, 0.6U Tag DNA polymerase (Roche or
Merck), 1 x PCR buffer (Roche or Merck),
3.5 mM MgCl, (Roche or Merck), 100 uM of each
of dATP, dCTP, dGTP, dTTP (Roche)), 0.2 uM of
each primer (Operon) and ddH,O to make up the
volume. The PCR mix was based on a modification
of recipes from K Wolff and NJ Ouborg (personal
communication). Amplifications were performed
using an MJ Research PTC-1197 thermal cycler.
An initial denaturation of 95°C for 4 min was
followed by 40 cycles at 92°C for 45 sec, annealing
at primer-specific temperatures for 45 sec and
elongation at 72°C for primer- specific times. The
PCR reaction was ended by a 10 min elongation
step at 72°C. The annealing temperatures and
elongation times followed King and Ferris (1998)
or NJ Ouborg (personal communication).

Test runs were carried out on one individual
from each of eight geographically separated
Fennoscandian and European populations to
identify variable primer/restriction enzyme combi-
nations. In the initial exploratory runs, 100 pL
PCR reaction volumes were used. After variable
primer-pair/enzyme combinations had been iden-
tified, 25 puL reaction volumes were used on the
remaining samples. A 5 pL subsample of the PCR
product was used to check for successful ampli-

fication and the rest of the amplification product
was divided into subsamples of 10 pL. Each of the
subsamples was digested separately at 37°C for at
least 2 h (or overnight) using 7U of each of seven
different 4bp-cutting (Alul, Cfol, Haelll, Hinfl,
Mspl, Ndell, Rsal) and two 6bp-cutting (EcoRI,
HindI1l) restriction enzymes, giving a total of 108
amplification fragment/enzyme combinations. The
resulting restriction fragments were separated in
1.8% or 4% agarose (IBI, Shelton Scientific Inc.)
gels. Four base-pair ladders ranging in size from
19-1114bp to 500-5000bp (nos. VI, VIII, XVI and
XVII from Roche) were used as size markers. The
gels were stained with ethidium bromide and
visualized and photographed under UV light. If
different restriction enzymes revealed similar poly-
morphisms for a particular primer-pair, it was
assumed that the band-pattern represented a
single length polymorphism and data were col-
lected for only one of the restriction enzymes. The
polymorphic cpDNA regions (containing length
or site mutations) were used to identify composite
haplotypes.

Maternal inheritance of cpDNA has been
shown in Silene latifolia (= S. alba) (McCauley
1994), a species that is closely related to S. dioica,
and in S. hifacensis (Prentice et al. 2003).

Analysis of cpDNA data. The program Arle-
quin 2.000 (Schneider et al. 2000) was used to
calculate a matrix of squared Euclidean distances
between pairs of haplotypes, and the relationships
between the haplotypes were summarized in a
minimum spanning network (MSN). In the MSN
analysis, the polymorphic DNA fragments (‘“‘mark-
ers’’) were treated as characters and the individual
bands for each marker scored as presence/absence
character states. The MSN was drawn with the help
of the program TREEVIEW (Page 1996).

Results

Chloroplast DNA polymorphisms in Nordic
Silene dioica. Preliminary screening of eight
European populations of Silene dioica identi-
fied eight primer-pair/restriction enzyme com-
binations (trnL5-trnlL3’/Rsal,  trnH-trnK/
Haelll, trnK'-trnK?/Hinfl, trnT-trnL]Hinfl,
trn'T-trnL/Rsal, trnL-trnF/Rsal, trnM-rbcL/
Ndell and psbC-trnS/Hindlll) that detected
polymorphic cpDNA regions (Table 1). Seven
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Table 1. Variable primer-pair/restriction enzyme
combinations in Nordic Silene dioica. Primer
sequences are from Taberlet et al. (1991)* and
Demesure et al. (1995)**. Roman numerals
indicate the variable bands (markers)

Primer pair Restriction Marker
enzyme

trnL5’-trnlL.3°* Rsal I, I1, 11T

trnH-trnK** Haelll v, v

trnK - irn K2 * Hinfl VI, VII

trnL-trnF* Rsal VIII, IX, X

trnT-trnL* Rsal XI, XII

trnM-rbcL** Ndell XIII, XIV

of these polymorphic primer-pair/restriction
enzyme combinations were used in the analysis
of the full set of Nordic populations (the psbC-
trnS fragment was excluded from the analyses
because of problems with incomplete digestion
when cutting with HindlIl). Four of the seven
amplified cpDNA fragments contained length
mutations and two fragments contained site
mutations. One fragment (trnT-trnl/Hinfl)
was monomorphic in the Nordic populations.

Three different length variants were
detected in both the rnL5-trnlL3’ and trnL-
trnF fragments, while the #rnH-trnK and the
trnK'-trnK?  fragments each showed two

length variants. The remaining two fragments
(trnT-trnL and truM-rbcL) each contained site
mutations and showed two band phenotypes.

A total of 259 individuals from 57 popu-
lations (Fig. 1) was analyzed, and 13 compos-
ite  cpDNA haplotypes (Table 2) were
distinguished on the basis of the presence/
absence of the ten length and four site variants.
Complete data from all six polymorphic
primer-pair/restriction enzyme combinations
were obtained from most of the populations.
However, repeated attempts failed to produce
amplification products for the rnM-rbcL
primer-pair in a subset of individuals from
several populations. Individuals with missing
data from more than one primer-pair/enzyme
combination are not represented in the haplo-
type map in Fig. 2. Some of the individuals
that lacked data for the trnM-rbcL/Ndell
primer/enzyme combination could have
belonged to either haplotype J or to haplotype
K (Tables 1 and 2; Fig. 2).

Patterns of chloroplast haplotype varia-
tion. Haplotype A (Table 2) is the commonest
haplotype in the Nordic populations of
S. dioica. 1t is found in the majority of the
Norwegian and Finnish populations and the
northern and central Swedish populations. It

Table 2. Thirteen composite cpDNA haplotypes detected in Nordic Silene dioica. The haplotypes are
based on the polymorphic markers in Table 1. The marker states are the presence (1) or absence (0) of
bands. Missing data are indicated by question marks (?)

Marker 1 II nm 1v v VI VvVII VII IX X XI XII XIII XIV
Haplotype Marker state

A 0 0 1 1 0 1 0 0 1 0 1 0 1 0
B 0 0 1 1 0 1 0 0 0 1 1 0 ? ?
C 0 0 1 1 0 0 1 0 1 0 1 0 1 0
D 0 0 1 1 0 1 0 1 0 0 1 0 1 0
E 0 0 1 1 0 0 1 1 0 0 1 0 1 0
G 0 0 1 1 0 0 1 0 1 0 1 0 0 1
H 0 0 1 1 0 0 1 1 0 0 1 0 0 1
J 1 0 0 1 0 0 1 0 1 0 0 1 1 0
K 1 0 0 1 0 0 1 0 1 0 0 1 0 1
N 1 0 0 0 1 0 1 1 0 0 0 1 0 1
S 0 1 0 1 0 0 1 1 0 0 1 0 1 0
T 0 1 0 1 0 0 1 0 1 0 1 0 0 1
U 0 1 0 1 0 1 0 0 1 0 1 0 ? ?
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Fig. 2. The distribution of the cpDNA haplotypes
detected in Silene dioica in the Fennoscandia and
Denmark. Haplotype symbols for the eight polymor-
phic populations (N1, S1, S6, S9, S10, S29, S49 and
F17) are enclosed in boxes (see Appendix for
population codes). The haplotypes with missing data
for one primer-pair/enzyme combination are repre-
sented by letters for the haplotypes to which they may
belong

is, however, absent from southern Sweden
(Fig. 2). The southern Swedish part of the
species’ range is, instead, characterized by the
presence of several different haplotypes. The
southwestern tip of Finland also contains a
concentration of different haplotypes. Haplo-
type K is the second most common Nordic
haplotype and occurs in five widely separated
populations (Fig. 2). Of the remaining haplo-
types, only three occur in more than one
population. Haplotype G is restricted to two
populations on the south Swedish coast,
haplotype T is found in three southeastern
Swedish populations and haplotype E occurs
in three populations in west and south Sweden.
Haplotypes B, D, S and U are unique to

N

Fig. 3. Minimum spanning network between the 13
cpDNA haplotypes found in Nordic Silene dioica.
The areas of the circles are proportional to the
frequencies of the haplotypes, with the exception of
the circle for haplotype A which is drawn with a x 10
reduction. There are alternative links between the
following pairs of haplotypes: B— D, D —E, G- H,
T — U. Haplotype codes are given in Table 2

separate populations along the south and
southeastern coast of Sweden and haplotype
J to a north-central Swedish population
(Fig. 2). Haplotype C is present in the only
Danish population that was included in the
study, and haplotypes H and N are restricted
to single populations in southwestern Finland.
Eight populations (Fig. 2), mostly from south
Sweden, contained more than one haplotype
(Fig. 2). The relationships between the 13
Nordic haplotypes in S. dioica are summarized
in the minimum spanning network in Fig. 3.

Discussion

An early study of chloroplast variation (Sand-
brink et al. 1990) hinted at the existence of a
NE/SW pattern in Nordic Silene dioica. The
study was based on classic RFLP markers,
detected low levels of variation and included
only nine Nordic populations. Nevertheless,
one Danish and one south Norwegian popu-
lation showed the same restriction fragment
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pattern as populations further south in
Europe, while material from Sweden and
Finland showed a different restriction pattern
(Sandbrink et al. 1990). The distribution of
cpDNA haplotypes in Nordic populations of
S. dioica in the present study reveals a clear
geographic pattern that can be interpreted
in terms of immigration history. The popula-
tions fall into two main geographic groups —
a haplotypically uniform eastern/northern
group and a variable southern group (Fig. 2).

Haplotype A dominates over much of the
region (Fig. 2) and is widespread in all but the
extreme south of Sweden. Preliminary results
also suggest that haplotype A is absent in
samples from the rest of Europe (J.U. Malm
and H.C. Prentice, unpublished data). Few
other haplotypes co-occur with haplotype A in
the northern and eastern parts of Fennoscan-
dia and most populations in the north and east
contain only haplotype A. The distribution of
this haplotype suggests that northern and
eastern Fennoscandia were colonized after
the last glaciation by populations of S. dioica
that originated from an eastern refugial area.
It is possible that haplotype A also occurred in
southern refugial areas but was lost at some
stage during the species’ expansion into north-
ern Europe. However, data from nuclear
(allozyme) markers in Fennoscandia (Malm
and Prentice 2002) and preliminary data from
cpDNA markers in the rest of Europe (J.U.
Malm and H.C. Prentice, unpublished data)
further support the suggestion that the main
group of Nordic S. dioica populations had an
eastern or northern origin, entering the region
through Finland and then spreading west-
wards and southwards through northern
Sweden (Malm and Prentice 2002). A few
earlier genetic studies have also indicated
eastern or northeastern origins for popula-
tion-groups within Nordic plant or animal
species (e.g. Ferris et al. 1998, Nordal and
Jonsell 1998, Jaarola et al. 1999, Kontula and
Viino6ld 2001, Palmeé et al. 2003).

While northern Fennoscandia is dominated
by a single haplotype (haplotype A), there are
eight haplotypes (B, D, E, G, K, S, T and U),

in addition to haplotype A, present in the
southern third of Sweden (Fig. 2). The Danish
population contains a further haplotype (C).
Haplotype A is completely absent from
Denmark and the extreme south of Sweden.
Denmark and south Sweden appear to have
been colonized by a suite of haplotypes derived
from populations that originated from one or
several refugial areas somewhere in southern
or eastern Europe. It is possible that some of
the rare haplotypes, both in southern Sweden
and elsewhere in the Nordic countries, repre-
sent local mutations. For example, haplotype
D differs from the widespread haplotype A by
only one length mutation in the trnl2-trnF
fragment (Tables 1 and 2). Rare haplotypes
may also represent marginal occurrences of
haplotypes that are more widely distributed
further to the south or east in Europe:
preliminary data from the rest of the species’
European distribution confirm this prediction
for some of the haplotypes (J.U. Malm and
H.C. Prentice, unpublished data).

The southwestern tip of Finland contains
four haplotypes (including haplotype A).
Haplotype K is found in both south Sweden
and southwestern Finland. This haplotype
may have entered Fennoscandia from both
the southwest (into Sweden) and the south-
east (into Finland). Alternatively, haplotype
K may have entered Finland from Estonia
(cf. Kontula and Viindld 2001), or from
southern Sweden via the Aland archipelago.
Similarities between allozyme frequencies in
populations in southern Sweden and south-
western Finland also suggest that the Aland
archipelago may have functioned as a route
for gene flow by pollen or seed dispersal
across the Baltic (Malm and Prentice 2002).
Studies in the Skeppsvik archipelago, an area
of isostatic land uplift further to the north in
the Gulf of Bothnia, have followed the
colonization of newly-formed islands by S.
dioica and show that seed can be dispersed
between islands in water-borne drift material
(Giles and Goudet 1997). Long-distance seed
dispersal may also occur across open areas of
ice or frozen snow.
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The scattered distribution of the other
occurrences of haplotype K (Fig. 2) also sug-
gests long-distance seed dispersal. Although
Nordic S. dioica is mostly found in its natural
coastal, meadow or woodland-margin habi-
tats, it also occurs as a roadside weed, partic-
ularly in eastern and northern Finland (Jonsell
2001). Anthropogenic disturbance (for exam-
ple, during road construction) is likely to have
led to occasional, recent, long-distance dis-
persal of S. dioica seed. Long-distance seed
dispersal may also occur as the result of the
escape of cultivated S. dioica from gardens.

As predicted, cpDNA markers reveal a less
diffuse pattern of geographic differentiation
than the nuclear (allozyme) markers used in
the earlier study of Nordic S. dioica (Malm
and Prentice 2002). While the northern/eastern
populations are characterized by the more-or-
less universal and uniform presence of the
chloroplast haplotype A, allozyme data reveal
complex trends of population differentiation
within the same northeastern group of popu-
lations. Allozyme data also detect a more
continuous pattern of intergradation between
the two main groups of populations (Malm
and Prentice 2002).

Allozyme markers reflect gene flow by pollen
as well as dispersal by seed, and the complex,
semi-congruent patterns shown by individual
allozymes in S. dioica are consistent with exten-
sive gene flow by pollen, over a prolonged period
of time (Malm and Prentice 2002). In contrast,
maternally inherited chloroplast markers detect
only the more conservative dynamics of popula-
tion establishment and dispersal by seed. The
fact that uniparentally inherited haploid mark-
ers are more susceptible than diploid nuclear
markers to the effects of genetic drift in small
populations (Ennos 1994, Schaal et al. 1998) is
likely to promote the sorting of haplotype
lincages and the development of geographi-
cally-structured haplotype distributions. Hap-
lotype sorting, as a result of bottlenecks in
refugial populations or founder events during
range-expansion, is likely to be particularly
pronounced in dioecious species such as
S. dioica, where the effective population size for

the chloroplast genome is about one quarter of
that for the nuclear genome (Schaal et al. 1998).

The present study was designed to investi-
gate the geographic distribution of cpDNA
haplotypes rather than focussing on levels of
intrapopulation haplotype diversity, and we
gave wide geographic coverage priority over
within-population  replication. = However,
despite the small sample sizes (< 5 individuals
per population), there is a geographic trend in
the levels of within-population haplotype
polymorphism. Only eight populations con-
tained more than one haplotype, and all but
two of the polymorphic populations were from
the extreme south of Finland or from the
southern third of Sweden (Fig. 2). Only five of
the populations that contained haplotype A
also contained a second haplotype, and the
majority of the northern and eastern popula-
tions appear to be fixed for haplotype A.

The fixation of S. dioica for a single
haplotype over much of the Nordic region
differs from the situation observed in Calluna
vulgaris, where the majority of the investigated
populations in the region contained two to
four haplotypes (Rendell and Ennos 2002). In
contrast to the situation for temperate trees,
both palaeoecological data and the structure of
cpDNA variation suggest that Calluna was not
restricted to small, southern or eastern glacial
refugia with long migration distances into
northern Europe. There is little phylogeo-
graphic pattern across Europe, and northern
European Calluna populations have retained a
high haplotypic diversity (Rendell and Ennos
2002). Nordic populations of Betula pendula
are also characterized by an admixture of
cpDNA haplotypes and populations typically
contain more than one haplotype (Palmé et al.
2003). In contrast, the tendency for different
regions of Europe to be dominated by partic-
ular haplotypes (as is the case with the
S. dioica A-haplotype), or groups of haplo-
types, is consistent with a scenario of postgla-
cial spread from separate eastern and/or
southern refugial populations (e.g. Demesure
et al. 1996, Dumolin-Lapegue et al. 1997,
Palmé and Vendramin 2002, Petit et al. 2002b).
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Regional sorting of haplotype lineages and a
general northward and westward decline in
haplotype diversity can be interpreted as a
consequence of genetic bottlenecks in small
refugial populations, or founder effects and the
progressive loss of haplotypes during range
expansion (Petit et al. 2002b).
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Appendix

Population numbers and collecting localities
for Fennoscandian Silene dioica. The seed
samples were collected from wild populations
by the authors except for populations N46-
NO93 (obtained via the European botanical
gardens exchange service) and populations
F25, S42-S50 and D1 (collected by colleagues
from wild populations). Pooled samples from
more than one year are indicated by #. S =
Sweden, F =Finland, N=Norway, D=
Denmark. The numbers of progeny individuals
included in the cpDNA analyses are given in
parentheses.

F2 (4) Eteli-Hame, Sdiksmiki. F3 (5)
Varsinais-Suomi, Kisko, SW Toija, Harké-
haka. F4 (3) Uusimaa, Helsinki, Niinisaari,
Niinilahti. F5 (2) Eteli-Hime, Lammi, Kinn-
ala, Revisvuori. F6 (1) Eteli-Hame, Hartola,
Ruskealan tila, Seppidldnmiki. F7 (1) Eteld-
Karjala, Luumdiki, Haimiala, Kankaan hau-
tuumaa. F8 (2) Laatokan Karjala, Parikkala,

Rasvaniemi. F11 (3) Vaasa, Vaskiluoto. F13
(4) Eteld-Pohjanmaa, Teuva, Teuvajoki. F14
(1) Satakunta, Pori, Yyteri, Herrainpdivdin
niemi. F16 (2) Etelda-Hdme, Valkeakoski,
Tallinméki. F17 (3) Satakunta, Rauma, Pet-
djis. F18 (4) Varsinais-Suomi, Piikkio, Puo-
sta, Puostantie. F19 (4) Varsinais-Suomi,
Korppoo. F20 (1) Varsinais-Suomi, Turku,
Ruissalo. F21 (3) Pohjois-Pohjanmaa, Ala-
Tornio. F22 (3) Pohjois-Pohjanmaa, Rovan-
iemen maalaiskunta, Pekkala. F24 (5) Kemin
Lappi, Kangosjoki. F25 (5) Keski-Po-
hjanmaa, Oja, Kokkola, Bodd, Knitsund.
F27 (4) Enontekion Lappi, Kilpisjirvi, Sa-
ana. F31 (5) Inarin Lappi, Ivalo, Tolonen.
F34 (5) Pohjois-Pohjanmaa, Kiiminki. F38
(4) Pohjois-Karjala, Joensuu — Varkaus
region. S1 (5) Skane, Hérslov parish. S5 (1)
Vistergotland, Vistra Tunhem parish. S6 (4)
Dalsland, Edsleskog parish. S8 (5) Vistergot-
land, Amnehérad parish. S9 (2) Skane, Bara
kommun, Foértuna. S10 (5) Skane, Horte.
S13 (1) Skédne, Degeberga. S15 (1) Blekinge,
Ronneby, W Goholm castle. S18 (2) Bo-
huslidn, Fiskebackskil, Skafté, Vigerod. S19
(5) Hailsingland, Enanger, Gamla kyrka. S23
(4) Jimtland, Pilgrimstad. S27 (4) Visterbot-
ten, Umed, Skeppsvik. S29 (3) Asele Lapp-
mark, Vilhelmina. S33 (5) Lycksele
Lappmark, Mosekélla. S36 (5) Lule Lapp-
mark, Gillivare. S38 (5) Norrbotten, Lulea,
Bjorkon, Bjorkvigen. S42 (5) Ostergdtland,
Harstena. S43 (5) Ostergotland, Eknon. S46
(5) Lule lappmark, Saltolouhta area. S47 (3)
Lycksele Lappmark, Ammarnés, Ammarfjil-
let. S48 (4) Lule Lappmark, Rapailven, S
Vassja mountain. S49 (5) Uppland, Uppsala,
Morga hage. S50 (1) Oland, Hogby. N1 (5)
Sor-Trondelag, Ale. N2 (5) Nordland, Stor-
forshei, Skogly. N3 (5) Nordland, Skjersta.
N4 (4) Nordland, Efjord. N5 (3) Troms,
Rotsund. N7 (4) Finnmark, Kralsund, Nev-
erfjord. N46# (4) Oppland, Ringebu, Vena-
bygdsfjellet, Olavbu, Trabelia. N47# (5) Sor-
Trondelag, Orland, Storfosna, Storhaugen.
N77# (5) Oppland, Vaga, Gjendesheim. N93
(5) Finnmark, Neiden, Skoltebyen. D1 (5)
Jutland, Horsens, S Bygholm’s lake.
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